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Bill Freeman, Phillip Isola 

Lecture 10
CNNs and Spatial Processing



• Pset 4 out today 

• Question 3 is on backprop, which correspond to next Monday’s 
material, save it for last 

• preview of backprop at end of this lecture 

• Review lectures 5 through 8 for background on signal processing, 
convolution, and multiscale image processing — this is the 
technology that underlies convnets!

Announcements



10. CNNs and Spatial Processing

• How to use deep nets for images 

• New layer types: convolutional, pooling 

• Feature maps and multichannel representations 

• Popular architectures: Alexnet, VGG, Resnets 

• Getting to know learned filters 

• Unit visualization



“Fish”Classifier

Image classification

image x label y
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Problem: 

What happens to objects that are bigger?


What if an object crosses multiple cells?



“Cell”-based approach is limited. 

What can we do instead?
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What’s the object class of the center pixel?
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<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

“Sky”f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

“Bird”f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

“Bird”f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

What’s the object class of the center pixel?

Training data
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,

n o
,

n o
,

…

x

“Bird”

“Bird”

“Sky”

y
<latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit>



f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

This problem is called semantic segmentation

(Colors represent one-hot codes)



“Sky”f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

“Sky”f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

“Bird”f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

“Bird”f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

What’s the object class of the center pixel?

Translation invariance: process 
each patch in the same way.

An equivariant mapping:
f(translate(x)) = translate(f(x))

<latexit sha1_base64="KMnIvy+dQsz0iXf2ViJSQawgrQ0="></latexit><latexit sha1_base64="KMnIvy+dQsz0iXf2ViJSQawgrQ0="></latexit><latexit sha1_base64="KMnIvy+dQsz0iXf2ViJSQawgrQ0="></latexit><latexit sha1_base64="KMnIvy+dQsz0iXf2ViJSQawgrQ0="></latexit>

f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>



W
<latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit>

W
<latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit>

W
<latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit><latexit sha1_base64="CDzLxFzk8prSUB9aSxXIuNQDFkw="></latexit>

W computes a weighted sum of all pixels in the patch

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

W is a convolutional kernel applied to the full image!



Convolution

filter



Fully-connected (fc) layer

Fully-connected network

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

W
<latexit sha1_base64="Ggo3WPYQVP54iv8XulakDlzRgTw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1pkNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfLFJD7</latexit><latexit sha1_base64="Ggo3WPYQVP54iv8XulakDlzRgTw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1pkNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfLFJD7</latexit><latexit sha1_base64="Ggo3WPYQVP54iv8XulakDlzRgTw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1pkNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfLFJD7</latexit><latexit sha1_base64="Ggo3WPYQVP54iv8XulakDlzRgTw=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdh1pkNqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDaz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAEDBc/wCm+OcV6cd+djMVpyip1j+APn8wfLFJD7</latexit>

b
<latexit sha1_base64="GzkDGoTHQZtfUngWQn2o7T4JC7s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhFswG1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBgmd4hTfHOC/Ou/OxGC05xc4x/IHz+QPby5EG</latexit><latexit sha1_base64="GzkDGoTHQZtfUngWQn2o7T4JC7s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhFswG1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBgmd4hTfHOC/Ou/OxGC05xc4x/IHz+QPby5EG</latexit><latexit sha1_base64="GzkDGoTHQZtfUngWQn2o7T4JC7s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhFswG1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBgmd4hTfHOC/Ou/OxGC05xc4x/IHz+QPby5EG</latexit><latexit sha1_base64="GzkDGoTHQZtfUngWQn2o7T4JC7s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8A2lMl00g6dTMLMjVBC/8KNC0Xc+jfu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST29zvPHFtRKwecJpwP6IjJULBKFrpsR9RHAdhFswG1Zpbd+cgq8QrSA0KNAfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWapoxI2fzRPPyJlVhiSMtX0KyVz9vZHRyJhpFNjJPKFZ9nLxP6+XYnjtZ0IlKXLFFh+FqSQYk/x8MhSaM5RTSyjTwmYlbEw1ZWhLqtgSvOWTV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBgmd4hTfHOC/Ou/OxGC05xc4x/IHz+QPby5EG</latexit>

z
<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit> g(z)

<latexit sha1_base64="81NECp3OS1MldEH5E6Zw4xCsH8A="></latexit><latexit sha1_base64="81NECp3OS1MldEH5E6Zw4xCsH8A="></latexit><latexit sha1_base64="81NECp3OS1MldEH5E6Zw4xCsH8A="></latexit><latexit sha1_base64="81NECp3OS1MldEH5E6Zw4xCsH8A="></latexit>



x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit> w

<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

Locally connected network

Often, we assume output is a 
local function of input.

If we use the same weights 
(weight sharing) to compute 
each local function, we get a 
convolutional neural network.

z
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Conv layer

x
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Convolutional neural network

Often, we assume output is a 
local function of input.

If we use the same weights 
(weight sharing) to compute 
each local function, we get a 
convolutional neural network.

z
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Weight sharing

x
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Conv layer

Often, we assume output is a 
local function of input.

If we use the same weights 
(weight sharing) to compute 
each local function, we get a 
convolutional neural network.
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z = w � x+ b
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Linear system:

A linear function f can be written  
as a matrix multiplication:

y x y [n] =
N−1

∑
k=0

h [n, k] x [k]

y = f(x)

x
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…
…

It can also be represented as a fully 
connected linear neural network

h [n, k]

n indexes rows, 
k indexes columns

h [n, k]

h [n, k] Is the strength of the connection 
between x[k] and y[n]



Convolution

A LTI function f can be written  
as a matrix multiplication:

y x x
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It can also be represented as a  
convolutional layer of neural net:

n indexes rows, 
k indexes columns h [n − k] Is the strength of the connection 

between x[k] and y[n]

h [−1]
h [0]
h [1]

h [−1]
h [0]
h [1]

h [−1]
h [0]

h [1]

h [n − k]

y [n] =
1

∑
k=−1

h [k] x [n − k]



0

BBBB@

a b c d e
f a b c d
g f a b c
h g f a b
i h g f a

1

CCCCA
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Toeplitz matrix

e.g., pixel image
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x
<latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit>

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>

• Constrained linear layer 
• Fewer parameters —> easier to learn, less overfitting



⇤<latexit sha1_base64="OlYXa5TGZ2jG1EJYshioKcqCJPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpvHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fcAGMrg==</latexit><latexit sha1_base64="OlYXa5TGZ2jG1EJYshioKcqCJPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpvHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fcAGMrg==</latexit><latexit sha1_base64="OlYXa5TGZ2jG1EJYshioKcqCJPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpvHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fcAGMrg==</latexit><latexit sha1_base64="OlYXa5TGZ2jG1EJYshioKcqCJPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpvHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fcAGMrg==</latexit>=<latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit>

x
<latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit>

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>



⇤<latexit sha1_base64="OlYXa5TGZ2jG1EJYshioKcqCJPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpvHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fcAGMrg==</latexit><latexit sha1_base64="OlYXa5TGZ2jG1EJYshioKcqCJPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpvHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fcAGMrg==</latexit><latexit sha1_base64="OlYXa5TGZ2jG1EJYshioKcqCJPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpvHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fcAGMrg==</latexit><latexit sha1_base64="OlYXa5TGZ2jG1EJYshioKcqCJPw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8MJME/YgOJQ85o8ZKjYt+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrcuq51a9xlWldpvHUYQTOIVz8OAaanAPdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fcAGMrg==</latexit>

=<latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit>

x
<latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit>

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>



Conv layers can be applied to arbitrarily-sized inputs



Five views on convolutional layers

1. Equivariant with translation


2. Patch processing


3. Image filter


4. Parameter sharing 


5. A way to process variable-sized tensors

f(translate(x)) = translate(f(x))
<latexit sha1_base64="KMnIvy+dQsz0iXf2ViJSQawgrQ0="></latexit><latexit sha1_base64="KMnIvy+dQsz0iXf2ViJSQawgrQ0="></latexit><latexit sha1_base64="KMnIvy+dQsz0iXf2ViJSQawgrQ0="></latexit><latexit sha1_base64="KMnIvy+dQsz0iXf2ViJSQawgrQ0="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>



What if we have color?
(aka multiple input channels?)



w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Conv layer

Multiple channel inputs

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>

x
<latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit>

RN⇥C ! RN⇥1
<latexit sha1_base64="BQpYSY3K1PeyM825bth/tJyo7Jg=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFNwUu3ElVewDmlgm02k7dPJg5kYpIR/jxl9x48IHLtz4LU7aLLTtgQuHc+7l3nu8SHAFlvVtFJaWV1bXiuuljc2t7R1zd6+pwlhS1qChCGXbI4oJHrAGcBCsHUlGfE+wljeqZX7rgUnFw+AOxhFzfTIIeJ9TAlrqmheOT2Doecltep9cYwe4zxSupdiRfDAEImX4iBf22GnXLFsVawI8T+yclFGOetf8cHohjX0WABVEqY5tReAmRAKngqUlJ1YsInREBqyjaUD0HjeZPJniI630cD+UugLAE/XvREJ8pca+pzuzc9Wsl4mLvE4M/XM34UEUAwvodFE/FhhCnCWGe1wyCmKsCaGS61sxHRJJKOhcSzoEe/bledI8qdhWxb45LVcv8ziK6AAdomNkozNURVeojhqIoif0gt7Qu/FsvBqfxte0tWDkM/voH4yfX2ZTpT4=</latexit><latexit sha1_base64="BQpYSY3K1PeyM825bth/tJyo7Jg=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFNwUu3ElVewDmlgm02k7dPJg5kYpIR/jxl9x48IHLtz4LU7aLLTtgQuHc+7l3nu8SHAFlvVtFJaWV1bXiuuljc2t7R1zd6+pwlhS1qChCGXbI4oJHrAGcBCsHUlGfE+wljeqZX7rgUnFw+AOxhFzfTIIeJ9TAlrqmheOT2Doecltep9cYwe4zxSupdiRfDAEImX4iBf22GnXLFsVawI8T+yclFGOetf8cHohjX0WABVEqY5tReAmRAKngqUlJ1YsInREBqyjaUD0HjeZPJniI630cD+UugLAE/XvREJ8pca+pzuzc9Wsl4mLvE4M/XM34UEUAwvodFE/FhhCnCWGe1wyCmKsCaGS61sxHRJJKOhcSzoEe/bledI8qdhWxb45LVcv8ziK6AAdomNkozNURVeojhqIoif0gt7Qu/FsvBqfxte0tWDkM/voH4yfX2ZTpT4=</latexit><latexit sha1_base64="BQpYSY3K1PeyM825bth/tJyo7Jg=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFNwUu3ElVewDmlgm02k7dPJg5kYpIR/jxl9x48IHLtz4LU7aLLTtgQuHc+7l3nu8SHAFlvVtFJaWV1bXiuuljc2t7R1zd6+pwlhS1qChCGXbI4oJHrAGcBCsHUlGfE+wljeqZX7rgUnFw+AOxhFzfTIIeJ9TAlrqmheOT2Doecltep9cYwe4zxSupdiRfDAEImX4iBf22GnXLFsVawI8T+yclFGOetf8cHohjX0WABVEqY5tReAmRAKngqUlJ1YsInREBqyjaUD0HjeZPJniI630cD+UugLAE/XvREJ8pca+pzuzc9Wsl4mLvE4M/XM34UEUAwvodFE/FhhCnCWGe1wyCmKsCaGS61sxHRJJKOhcSzoEe/bledI8qdhWxb45LVcv8ziK6AAdomNkozNURVeojhqIoif0gt7Qu/FsvBqfxte0tWDkM/voH4yfX2ZTpT4=</latexit><latexit sha1_base64="BQpYSY3K1PeyM825bth/tJyo7Jg=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0VwVRIRFNwUu3ElVewDmlgm02k7dPJg5kYpIR/jxl9x48IHLtz4LU7aLLTtgQuHc+7l3nu8SHAFlvVtFJaWV1bXiuuljc2t7R1zd6+pwlhS1qChCGXbI4oJHrAGcBCsHUlGfE+wljeqZX7rgUnFw+AOxhFzfTIIeJ9TAlrqmheOT2Doecltep9cYwe4zxSupdiRfDAEImX4iBf22GnXLFsVawI8T+yclFGOetf8cHohjX0WABVEqY5tReAmRAKngqUlJ1YsInREBqyjaUD0HjeZPJniI630cD+UugLAE/XvREJ8pca+pzuzc9Wsl4mLvE4M/XM34UEUAwvodFE/FhhCnCWGe1wyCmKsCaGS61sxHRJJKOhcSzoEe/bledI8qdhWxb45LVcv8ziK6AAdomNkozNURVeojhqIoif0gt7Qu/FsvBqfxte0tWDkM/voH4yfX2ZTpT4=</latexit>

y =
X

c

wc � xc

<latexit sha1_base64="BlttQN6MG/XK0dBfsqeDqApf5jE="></latexit><latexit sha1_base64="BlttQN6MG/XK0dBfsqeDqApf5jE="></latexit><latexit sha1_base64="BlttQN6MG/XK0dBfsqeDqApf5jE="></latexit><latexit sha1_base64="BlttQN6MG/XK0dBfsqeDqApf5jE="></latexit>



w2
<latexit sha1_base64="YBpbs9lJphDaXoUI3POfZtfYqK4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPqApZTK9aYdOJmFmopTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OIyrNY/lgpgn2IzqSPOSMGiv5fkTNOAizp9mgPqhU3Zo7B1klXkGqUKA5qHz5w5ilEUrDBNW657mJ6WdUGc4Ezsp+qjGhbEJH2LNU0gh1P5tnnpFzqwxJGCv7pCFz9fdGRiOtp1FgJ/OMetnLxf+8XmrC637GZZIalGxxKEwFMTHJCyBDrpAZMbWEMsVtVsLGVFFmbE1lW4K3/OVV0q7XPLfm3V9WGzdFHSU4hTO4AA+uoAF30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5AypdkcA=</latexit><latexit sha1_base64="YBpbs9lJphDaXoUI3POfZtfYqK4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPqApZTK9aYdOJmFmopTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OIyrNY/lgpgn2IzqSPOSMGiv5fkTNOAizp9mgPqhU3Zo7B1klXkGqUKA5qHz5w5ilEUrDBNW657mJ6WdUGc4Ezsp+qjGhbEJH2LNU0gh1P5tnnpFzqwxJGCv7pCFz9fdGRiOtp1FgJ/OMetnLxf+8XmrC637GZZIalGxxKEwFMTHJCyBDrpAZMbWEMsVtVsLGVFFmbE1lW4K3/OVV0q7XPLfm3V9WGzdFHSU4hTO4AA+uoAF30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5AypdkcA=</latexit><latexit sha1_base64="YBpbs9lJphDaXoUI3POfZtfYqK4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPqApZTK9aYdOJmFmopTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OIyrNY/lgpgn2IzqSPOSMGiv5fkTNOAizp9mgPqhU3Zo7B1klXkGqUKA5qHz5w5ilEUrDBNW657mJ6WdUGc4Ezsp+qjGhbEJH2LNU0gh1P5tnnpFzqwxJGCv7pCFz9fdGRiOtp1FgJ/OMetnLxf+8XmrC637GZZIalGxxKEwFMTHJCyBDrpAZMbWEMsVtVsLGVFFmbE1lW4K3/OVV0q7XPLfm3V9WGzdFHSU4hTO4AA+uoAF30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5AypdkcA=</latexit><latexit sha1_base64="YBpbs9lJphDaXoUI3POfZtfYqK4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6cVnBPqApZTK9aYdOJmFmopTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OIyrNY/lgpgn2IzqSPOSMGiv5fkTNOAizp9mgPqhU3Zo7B1klXkGqUKA5qHz5w5ilEUrDBNW657mJ6WdUGc4Ezsp+qjGhbEJH2LNU0gh1P5tnnpFzqwxJGCv7pCFz9fdGRiOtp1FgJ/OMetnLxf+8XmrC637GZZIalGxxKEwFMTHJCyBDrpAZMbWEMsVtVsLGVFFmbE1lW4K3/OVV0q7XPLfm3V9WGzdFHSU4hTO4AA+uoAF30IQWMEjgGV7hzUmdF+fd+ViMrjnFzgn8gfP5AypdkcA=</latexit>

Conv layer

Multiple channel outputs

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>

x
<latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit>

yk =
X

c

wkc � xc

<latexit sha1_base64="VNawK5xwG6dp6jt9DnTFcbZrwJg="></latexit><latexit sha1_base64="VNawK5xwG6dp6jt9DnTFcbZrwJg="></latexit><latexit sha1_base64="VNawK5xwG6dp6jt9DnTFcbZrwJg="></latexit><latexit sha1_base64="VNawK5xwG6dp6jt9DnTFcbZrwJg="></latexit>

RN⇥C ! RN⇥K
<latexit sha1_base64="VjeMC0qvUdAVC+tkfLxvhWRYlyk="></latexit><latexit sha1_base64="VjeMC0qvUdAVC+tkfLxvhWRYlyk="></latexit><latexit sha1_base64="VjeMC0qvUdAVC+tkfLxvhWRYlyk="></latexit><latexit sha1_base64="VjeMC0qvUdAVC+tkfLxvhWRYlyk="></latexit>



Conv layer

… …
W1

<latexit sha1_base64="ULVvVePFmvgO9Tgbb0e+uacsitA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CEMplO2qGTSZi5EUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEqRQGXffbWVvf2NzaruxUd/f2Dw5rR8cdk2Sa8TZLZKJ7ITVcCsXbKFDyXqo5jUPJu+HkrvC7T1wbkahHnKY8iOlIiUgwilby/ZjiOIzy7mzgDWp1t+HOQVaJV5I6lGgNal/+MGFZzBUySY3pe26KQU41Cib5rOpnhqeUTeiI9y1VNOYmyOeZZ+TcKkMSJdo+hWSu/t7IaWzMNA7tZJHRLHuF+J/XzzC6CXKh0gy5YotDUSYJJqQogAyF5gzl1BLKtLBZCRtTTRnamqq2BG/5y6ukc9nw3Ib3cFVv3pZ1VOAUzuACPLiGJtxDC9rAIIVneIU3J3NenHfnYzG65pQ7J/AHzucP9+qRnw==</latexit><latexit sha1_base64="ULVvVePFmvgO9Tgbb0e+uacsitA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CEMplO2qGTSZi5EUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEqRQGXffbWVvf2NzaruxUd/f2Dw5rR8cdk2Sa8TZLZKJ7ITVcCsXbKFDyXqo5jUPJu+HkrvC7T1wbkahHnKY8iOlIiUgwilby/ZjiOIzy7mzgDWp1t+HOQVaJV5I6lGgNal/+MGFZzBUySY3pe26KQU41Cib5rOpnhqeUTeiI9y1VNOYmyOeZZ+TcKkMSJdo+hWSu/t7IaWzMNA7tZJHRLHuF+J/XzzC6CXKh0gy5YotDUSYJJqQogAyF5gzl1BLKtLBZCRtTTRnamqq2BG/5y6ukc9nw3Ib3cFVv3pZ1VOAUzuACPLiGJtxDC9rAIIVneIU3J3NenHfnYzG65pQ7J/AHzucP9+qRnw==</latexit><latexit sha1_base64="ULVvVePFmvgO9Tgbb0e+uacsitA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CEMplO2qGTSZi5EUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEqRQGXffbWVvf2NzaruxUd/f2Dw5rR8cdk2Sa8TZLZKJ7ITVcCsXbKFDyXqo5jUPJu+HkrvC7T1wbkahHnKY8iOlIiUgwilby/ZjiOIzy7mzgDWp1t+HOQVaJV5I6lGgNal/+MGFZzBUySY3pe26KQU41Cib5rOpnhqeUTeiI9y1VNOYmyOeZZ+TcKkMSJdo+hWSu/t7IaWzMNA7tZJHRLHuF+J/XzzC6CXKh0gy5YotDUSYJJqQogAyF5gzl1BLKtLBZCRtTTRnamqq2BG/5y6ukc9nw3Ib3cFVv3pZ1VOAUzuACPLiGJtxDC9rAIIVneIU3J3NenHfnYzG65pQ7J/AHzucP9+qRnw==</latexit><latexit sha1_base64="ULVvVePFmvgO9Tgbb0e+uacsitA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9CEMplO2qGTSZi5EUrob7hxoYhbf8adf+OkzUJbDwwczrmXe+aEqRQGXffbWVvf2NzaruxUd/f2Dw5rR8cdk2Sa8TZLZKJ7ITVcCsXbKFDyXqo5jUPJu+HkrvC7T1wbkahHnKY8iOlIiUgwilby/ZjiOIzy7mzgDWp1t+HOQVaJV5I6lGgNal/+MGFZzBUySY3pe26KQU41Cib5rOpnhqeUTeiI9y1VNOYmyOeZZ+TcKkMSJdo+hWSu/t7IaWzMNA7tZJHRLHuF+J/XzzC6CXKh0gy5YotDUSYJJqQogAyF5gzl1BLKtLBZCRtTTRnamqq2BG/5y6ukc9nw3Ib3cFVv3pZ1VOAUzuACPLiGJtxDC9rAIIVneIU3J3NenHfnYzG65pQ7J/AHzucP9+qRnw==</latexit>

…

Multiple channels

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>

x
<latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit>

yk =
X

c

wkc � xc

<latexit sha1_base64="VNawK5xwG6dp6jt9DnTFcbZrwJg="></latexit><latexit sha1_base64="VNawK5xwG6dp6jt9DnTFcbZrwJg="></latexit><latexit sha1_base64="VNawK5xwG6dp6jt9DnTFcbZrwJg="></latexit><latexit sha1_base64="VNawK5xwG6dp6jt9DnTFcbZrwJg="></latexit>

wK
<latexit sha1_base64="AhjnanPXiNkEikm0FFbDzC+k1QM="></latexit><latexit sha1_base64="AhjnanPXiNkEikm0FFbDzC+k1QM="></latexit><latexit sha1_base64="AhjnanPXiNkEikm0FFbDzC+k1QM="></latexit><latexit sha1_base64="AhjnanPXiNkEikm0FFbDzC+k1QM="></latexit>

RN⇥C ! RN⇥K
<latexit sha1_base64="VjeMC0qvUdAVC+tkfLxvhWRYlyk="></latexit><latexit sha1_base64="VjeMC0qvUdAVC+tkfLxvhWRYlyk="></latexit><latexit sha1_base64="VjeMC0qvUdAVC+tkfLxvhWRYlyk="></latexit><latexit sha1_base64="VjeMC0qvUdAVC+tkfLxvhWRYlyk="></latexit>



[Figure modified from Andrea Vedaldi]

Input features A bank of 2 filters
2-dimensional output 

feature maps

xl 2 RH⇥W⇥Cl
<latexit sha1_base64="vJZAUA15xRqc+ReLyO+jQWgCuJg="></latexit><latexit sha1_base64="vJZAUA15xRqc+ReLyO+jQWgCuJg="></latexit><latexit sha1_base64="vJZAUA15xRqc+ReLyO+jQWgCuJg="></latexit><latexit sha1_base64="vJZAUA15xRqc+ReLyO+jQWgCuJg="></latexit>

x(l+1) 2 RH⇥W⇥C(l+1)
<latexit sha1_base64="Uj3xZEguwelrOErTHcR7oTgVQfQ="></latexit><latexit sha1_base64="Uj3xZEguwelrOErTHcR7oTgVQfQ="></latexit><latexit sha1_base64="Uj3xZEguwelrOErTHcR7oTgVQfQ="></latexit><latexit sha1_base64="Uj3xZEguwelrOErTHcR7oTgVQfQ="></latexit>

!
<latexit sha1_base64="cYBMGJY2jQVGVm5s+gGxMkrHk44="></latexit><latexit sha1_base64="cYBMGJY2jQVGVm5s+gGxMkrHk44="></latexit><latexit sha1_base64="cYBMGJY2jQVGVm5s+gGxMkrHk44="></latexit><latexit sha1_base64="cYBMGJY2jQVGVm5s+gGxMkrHk44="></latexit>



Feature maps

Image source: https://stackoverflow.com/questions/45678473/convolution-neural-networks-all-feature-maps-are-blackpixel-value-is-0

• Each layer can be thought of as a set of C feature maps aka channels 
• Each feature map is an NxM image 



Multiple channels: Example

…

…

Filter Bank with 
3x3 filters

128

128

3 96

128

128

How many parameters does each filter have? 

(a) 9       (b) 27     (c) 96     (d) 864

xl
<latexit sha1_base64="/LTeRqFbTs0RVtMYGZGxbEnX9DE="></latexit><latexit sha1_base64="/LTeRqFbTs0RVtMYGZGxbEnX9DE="></latexit><latexit sha1_base64="/LTeRqFbTs0RVtMYGZGxbEnX9DE="></latexit><latexit sha1_base64="/LTeRqFbTs0RVtMYGZGxbEnX9DE="></latexit>

x(l+1)
<latexit sha1_base64="MHsilugc31pvjDHj45u5zmQWIKA="></latexit><latexit sha1_base64="MHsilugc31pvjDHj45u5zmQWIKA="></latexit><latexit sha1_base64="MHsilugc31pvjDHj45u5zmQWIKA="></latexit><latexit sha1_base64="MHsilugc31pvjDHj45u5zmQWIKA="></latexit>



Multiple channels: Example

…

…

Filter Bank with 
3x3 filters

128

128

3 96

128

128

How many filters are in the bank? 

(a) 3       (b) 27     (c) 96     (d) can’t say

xl
<latexit sha1_base64="/LTeRqFbTs0RVtMYGZGxbEnX9DE="></latexit><latexit sha1_base64="/LTeRqFbTs0RVtMYGZGxbEnX9DE="></latexit><latexit sha1_base64="/LTeRqFbTs0RVtMYGZGxbEnX9DE="></latexit><latexit sha1_base64="/LTeRqFbTs0RVtMYGZGxbEnX9DE="></latexit>

x(l+1)
<latexit sha1_base64="MHsilugc31pvjDHj45u5zmQWIKA="></latexit><latexit sha1_base64="MHsilugc31pvjDHj45u5zmQWIKA="></latexit><latexit sha1_base64="MHsilugc31pvjDHj45u5zmQWIKA="></latexit><latexit sha1_base64="MHsilugc31pvjDHj45u5zmQWIKA="></latexit>



When mapping from 

 
 
using an filter of spatial extent  
 
 
Number of parameters per filter: 

Number of filters:

Filter sizes

xl 2 RH⇥W⇥Cl
<latexit sha1_base64="vJZAUA15xRqc+ReLyO+jQWgCuJg="></latexit><latexit sha1_base64="vJZAUA15xRqc+ReLyO+jQWgCuJg="></latexit><latexit sha1_base64="vJZAUA15xRqc+ReLyO+jQWgCuJg="></latexit><latexit sha1_base64="vJZAUA15xRqc+ReLyO+jQWgCuJg="></latexit>

x(l+1) 2 RH⇥W⇥C(l+1)
<latexit sha1_base64="Uj3xZEguwelrOErTHcR7oTgVQfQ="></latexit><latexit sha1_base64="Uj3xZEguwelrOErTHcR7oTgVQfQ="></latexit><latexit sha1_base64="Uj3xZEguwelrOErTHcR7oTgVQfQ="></latexit><latexit sha1_base64="Uj3xZEguwelrOErTHcR7oTgVQfQ="></latexit>

M ⇥N
<latexit sha1_base64="q/C+CSwP8f3DmDQOHnrM5XAQmbI="></latexit><latexit sha1_base64="q/C+CSwP8f3DmDQOHnrM5XAQmbI="></latexit><latexit sha1_base64="q/C+CSwP8f3DmDQOHnrM5XAQmbI="></latexit><latexit sha1_base64="q/C+CSwP8f3DmDQOHnrM5XAQmbI="></latexit>

M ⇥N ⇥ Cl
<latexit sha1_base64="5rD0xqjrK2yaXDiAWmCG4mBa8aw="></latexit><latexit sha1_base64="5rD0xqjrK2yaXDiAWmCG4mBa8aw="></latexit><latexit sha1_base64="5rD0xqjrK2yaXDiAWmCG4mBa8aw="></latexit><latexit sha1_base64="5rD0xqjrK2yaXDiAWmCG4mBa8aw="></latexit>

C(l+1)
<latexit sha1_base64="VgqbhEzWfnxIlOhhVaxtxhRcGos="></latexit><latexit sha1_base64="VgqbhEzWfnxIlOhhVaxtxhRcGos="></latexit><latexit sha1_base64="VgqbhEzWfnxIlOhhVaxtxhRcGos="></latexit><latexit sha1_base64="VgqbhEzWfnxIlOhhVaxtxhRcGos="></latexit>

!
<latexit sha1_base64="cYBMGJY2jQVGVm5s+gGxMkrHk44="></latexit><latexit sha1_base64="cYBMGJY2jQVGVm5s+gGxMkrHk44="></latexit><latexit sha1_base64="cYBMGJY2jQVGVm5s+gGxMkrHk44="></latexit><latexit sha1_base64="cYBMGJY2jQVGVm5s+gGxMkrHk44="></latexit>



We need translation and scale invariance

Pooling and downsampling



Image pyramids



Gaussian Pyramid

!41

1/2

1/2

1/2

1/2



Multiscale representations are great!

Gaussian Pyr Laplacian Pyr

How can we use multi-scale modeling in Convnets?



Steerable Pyramid

!43

x=



Pooling

Filter Pool

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Max pooling

yk =
1

|N | max
j2N (j)

hj
<latexit sha1_base64="K7IRQfnwSqLw3zy6PpwNJtDg2N8="></latexit><latexit sha1_base64="K7IRQfnwSqLw3zy6PpwNJtDg2N8="></latexit><latexit sha1_base64="K7IRQfnwSqLw3zy6PpwNJtDg2N8="></latexit><latexit sha1_base64="K7IRQfnwSqLw3zy6PpwNJtDg2N8="></latexit>max

<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit> z

<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit>

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>



Pooling

Filter Pool

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

Max pooling

yk =
1

|N | max
j2N (j)

hj
<latexit sha1_base64="K7IRQfnwSqLw3zy6PpwNJtDg2N8="></latexit><latexit sha1_base64="K7IRQfnwSqLw3zy6PpwNJtDg2N8="></latexit><latexit sha1_base64="K7IRQfnwSqLw3zy6PpwNJtDg2N8="></latexit><latexit sha1_base64="K7IRQfnwSqLw3zy6PpwNJtDg2N8="></latexit>⌃

<latexit sha1_base64="xl6gt5zesTVLaQIKxfcD+hK+ntk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MZXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia+NXg7rJSv87jKMIJnMI5BFCDOtxCA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPa1+PAw==</latexit><latexit sha1_base64="xl6gt5zesTVLaQIKxfcD+hK+ntk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MZXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia+NXg7rJSv87jKMIJnMI5BFCDOtxCA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPa1+PAw==</latexit><latexit sha1_base64="xl6gt5zesTVLaQIKxfcD+hK+ntk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MZXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia+NXg7rJSv87jKMIJnMI5BFCDOtxCA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPa1+PAw==</latexit><latexit sha1_base64="xl6gt5zesTVLaQIKxfcD+hK+ntk=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmgckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye1evdsKHC/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MZXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia+NXg7rJSv87jKMIJnMI5BFCDOtxCA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPa1+PAw==</latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit> z

<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit>

h
<latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit><latexit sha1_base64="s/jkUN/MTrcLX2+8k4Crz0Qr6uA="></latexit>

Mean pooling

yk =
1

|N |
X

j2N (j)

hj

<latexit sha1_base64="eH0Sfo9WJddOXtTRCbdbk0NJiMU="></latexit><latexit sha1_base64="eH0Sfo9WJddOXtTRCbdbk0NJiMU="></latexit><latexit sha1_base64="eH0Sfo9WJddOXtTRCbdbk0NJiMU="></latexit><latexit sha1_base64="eH0Sfo9WJddOXtTRCbdbk0NJiMU="></latexit>



Pooling — Why?

Pooling across spatial locations achieves 
stability w.r.t. small translations:

max
<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>



Pooling — Why?

Pooling across spatial locations achieves 
stability w.r.t. small translations:

max
<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>

large response 
regardless of exact 
position of edge



Pooling — Why?

Pooling across spatial locations achieves 
stability w.r.t. small translations:

max
<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>



⇡<latexit sha1_base64="1q/1tZx1S5Cts5qr+pV12vBHIps=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FLx4r2A9ol5JNs21oNglJVixLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUw1oS0iudTdCBvKmaAtyyynXaUpTiJOO9HkNvc7j1QbJsWDnSoaJngkWMwItk7q9LFSWj4NqjW/7s+BVklQkBoUaA6qX/2hJGlChSUcG9MLfGXDDGvLCKezSj81VGEywSPac1TghJowm587Q2dOGaJYalfCorn6eyLDiTHTJHKdCbZjs+zl4n9eL7XxdZgxoVJLBVksilOOrET572jINCWWTx3BRDN3KyJjrDGxLqGKCyFYfnmVtC/qgV8P7i9rjZsijjKcwCmcQwBX0IA7aEILCEzgGV7hzVPei/fufSxaS14xcwx/4H3+AJNij7Y=</latexit><latexit sha1_base64="1q/1tZx1S5Cts5qr+pV12vBHIps=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FLx4r2A9ol5JNs21oNglJVixLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUw1oS0iudTdCBvKmaAtyyynXaUpTiJOO9HkNvc7j1QbJsWDnSoaJngkWMwItk7q9LFSWj4NqjW/7s+BVklQkBoUaA6qX/2hJGlChSUcG9MLfGXDDGvLCKezSj81VGEywSPac1TghJowm587Q2dOGaJYalfCorn6eyLDiTHTJHKdCbZjs+zl4n9eL7XxdZgxoVJLBVksilOOrET572jINCWWTx3BRDN3KyJjrDGxLqGKCyFYfnmVtC/qgV8P7i9rjZsijjKcwCmcQwBX0IA7aEILCEzgGV7hzVPei/fufSxaS14xcwx/4H3+AJNij7Y=</latexit><latexit sha1_base64="1q/1tZx1S5Cts5qr+pV12vBHIps=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FLx4r2A9ol5JNs21oNglJVixLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUw1oS0iudTdCBvKmaAtyyynXaUpTiJOO9HkNvc7j1QbJsWDnSoaJngkWMwItk7q9LFSWj4NqjW/7s+BVklQkBoUaA6qX/2hJGlChSUcG9MLfGXDDGvLCKezSj81VGEywSPac1TghJowm587Q2dOGaJYalfCorn6eyLDiTHTJHKdCbZjs+zl4n9eL7XxdZgxoVJLBVksilOOrET572jINCWWTx3BRDN3KyJjrDGxLqGKCyFYfnmVtC/qgV8P7i9rjZsijjKcwCmcQwBX0IA7aEILCEzgGV7hzVPei/fufSxaS14xcwx/4H3+AJNij7Y=</latexit><latexit sha1_base64="1q/1tZx1S5Cts5qr+pV12vBHIps=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FLx4r2A9ol5JNs21oNglJVixLf4QXD4p49fd489+YbfegrQ8GHu/NMDMvUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jUw1oS0iudTdCBvKmaAtyyynXaUpTiJOO9HkNvc7j1QbJsWDnSoaJngkWMwItk7q9LFSWj4NqjW/7s+BVklQkBoUaA6qX/2hJGlChSUcG9MLfGXDDGvLCKezSj81VGEywSPac1TghJowm587Q2dOGaJYalfCorn6eyLDiTHTJHKdCbZjs+zl4n9eL7XxdZgxoVJLBVksilOOrET572jINCWWTx3BRDN3KyJjrDGxLqGKCyFYfnmVtC/qgV8P7i9rjZsijjKcwCmcQwBX0IA7aEILCEzgGV7hzVPei/fufSxaS14xcwx/4H3+AJNij7Y=</latexit>

[“Unreasonable effectiveness of Deep Features as a Perceptual Metric”, Zhang et al. 2018]

CNNs are stable w.r.t. diffeomorphisms



Pooling across channels — Why?
Pooling across feature channels (filter outputs) 
can achieve other kinds of invariances:

large response 
for any edge, 

regardless of its 
orientation

[Derived from slide by Andrea Vedaldi]



Computation in a neural net

“clown fish”…

f(x) = fL(. . . f2(f1(x)))

Filt
er

ReL
U

Dow
nsa

mple

Clas
sify



Filter Pool

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>

and downsample

z
<latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit><latexit sha1_base64="wuPPxHGycRk9LxdCP3Oa7Y9dA/8="></latexit> g(z)

<latexit sha1_base64="81NECp3OS1MldEH5E6Zw4xCsH8A="></latexit><latexit sha1_base64="81NECp3OS1MldEH5E6Zw4xCsH8A="></latexit><latexit sha1_base64="81NECp3OS1MldEH5E6Zw4xCsH8A="></latexit><latexit sha1_base64="81NECp3OS1MldEH5E6Zw4xCsH8A="></latexit>

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

b
<latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit><latexit sha1_base64="Zw6uj4B9ijrxqqr5GkbNE3e9deo=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1U9lvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwBzza2p</latexit>

Downsampling



Downsampling

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Filter Downsample

x
<latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit><latexit sha1_base64="qs7zOlksqv4NNZKed59cy1KO4ZM="></latexit>

1
<latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit><latexit sha1_base64="pmA/HjHGmdiSmfGZsk6vLuvv37s=">AAACO3icfZDLSgMxFIYz9VbrrdWlm8EqiEiZEUGXRV24EVuwF+iUciY9bUMzmSHJiGXoE7jVx/FBXLsTt+5NL4K24oHAx3/+JOf8fsSZ0o7zaqUWFpeWV9KrmbX1jc2tbG67qsJYUqzQkIey7oNCzgRWNNMc65FECHyONb9/OerX7lEqFoo7PYiwGUBXsA6joI1UdlvZvFNwxmXPgzuFPJlWqZWz9r12SOMAhaYclGq4TqSbCUjNKMdhxosVRkD70MWGQQEBqmYynnRoHxilbXdCaY7Q9lj9eSOBQKlB4BtnALqnZnsj8a9eI9ad82bCRBRrFHTyUSfmtg7t0dp2m0mkmg8MAJXMzGrTHkig2oSTyXhXaJaReGMevo1Qgg7lUeKB7AbwMDTLdb3jEf1nZOLbaMjk6s6mOA/Vk4LrFNzyab54MU04TXbJHjkkLjkjRXJNSqRCKEHySJ7Is/VivVnv1sfEmrKmd3bIr7I+vwAZpq14</latexit>
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Strided operations

Stride 2 Strided operations combine a 
given operation (convolution or 
pooling) and downsampling into 
a single operation.
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“clown fish”
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Computation in a neural net

f(x) = fL(. . . f2(f1(x)))



Receptive fields



Receptive fields
3x1 Filter Pool and downsample 

by 2

RF = RF + floor(3/2)*2

kernel size

RF = RF*2

downsample 
factor

Pool and downsample 
by 2

RF = RF*2

Bird

Sky

Sky

Sky



[http://fomoro.com/tools/receptive-fields/index.html]



Some networks
… and what makes them work





2012: AlexNet 
5 conv. layers

Error: 16.4%

[Krizhevsky et al: ImageNet Classification with Deep Convolutional Neural Networks, NIPS 2012]



Alexnet — [Krizhevsky et al. NIPS 2012]
[227x227x3] INPUT

[55x55x96] CONV1: 96 11x11 filters at stride 4, pad 0  
[27x27x96] MAX POOL1: 3x3 filters at stride 2  
[27x27x96] NORM1: Normalization layer

[27x27x256] CONV2: 256 5x5 filters at stride 1, pad 2 
[13x13x256] MAX POOL2: 3x3 filters at stride 2  
[13x13x256] NORM2: Normalization layer 

[13x13x384] CONV3: 384 3x3 filters at stride 1, pad 1 

[13x13x384] CONV4: 384 3x3 filters at stride 1, pad 1 

[13x13x256] CONV5: 256 3x3 filters at stride 1, pad 1  
[6x6x256] MAX POOL3: 3x3 filters at stride 2

[4096] FC6: 4096 neurons

[4096] FC7: 4096 neurons

[1000] FC8: 1000 neurons (class scores)



What filters are learned?



A B

C D

What filters are learned?



Get to know your units

fx

fy

11x11 convolution kernel

(3 color channels)



Get to know your units
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Get to know your units
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Get to know your units
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Get to know your units
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Get to know your units
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Get to know your units
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fy



Get to know your units

96 Units in conv1



[Slide from Andrea Vedaldi]





2014: VGG 
16 conv. layers

Error: 7.3%

[Simonyan & Zisserman: Very Deep Convolutional Networks 
for Large-Scale Image Recognition, ICLR 2015]



VGG-Net [Simonyan & Zisserman, 2015]

Main developments 

• Small convolutional kernels: only 3x3 
 
 
 

• Increased depth (5 -> 16/19 layers)

2014: VGG 
16 conv. layers

Error: 7.3%



Chaining convolutions

 77

3x3

25 coefficients, but only 
18 degrees of freedom

3x3

=

5x5

=

9 coefficients, but only 
6 degrees of freedom.  
Only separable filters… would this be enough?





[He et al: Deep Residual Learning for Image Recognition, CVPR 2016]

2016: ResNet 
>100 conv. layers

Error: 3.6%



ResNet [He et al, 2016]

Main developments 

• Increased depth possible 
through residual blocks

2016: ResNet 
>100 conv. layers

Error: 3.6%



Residual Blocks



Residual Blocks

Why do they work? 

•Gradients can propagate faster 
(via the identity mapping) 

• Within each block, only small 
residuals have to be learned



Wx

If output has a different size:If output has same size as input:

Projects into the right 
dimensionality:


dim(F(x)) = dim(Wx)



Make them bigger

AlexNet 
5 conv. layers

VGG 
16 conv. layers

GoogLeNet 
22 conv. layers

ResNet 
>100 conv. layers

2012 2013 2014 2015 2016



Some debugging advice



Other good things to know

[Derived from slide by Marc’Aurelio Ranzato]

•  Check gradients numerically by finite differences 

•  Visualize hidden activations — should be uncorrelated and high variance

Good training: hidden units are sparse across samples and across features.



Other good things to know

[Derived from slide by Marc’Aurelio Ranzato]

•  Check gradients numerically by finite differences 

•  Visualize hidden activations — should be uncorrelated and high variance

Bad training: many hidden units ignore the input and/or exhibit strong correlations.



Other good things to know

[Derived from slide by Marc’Aurelio Ranzato]

•  Check gradients numerically by finite differences 

•  Visualize hidden activations — should be uncorrelated and high variance

•  Visualize filters

Good training: learned filters exhibit structure and are uncorrelated.



…

dolphin
cat
grizzly bear
angel fish
chameleon

iguana
elephant
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How much the total cost is increased or decreased by changing the 
parameters.
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Optimizing parameters versus optimizing inputs



How much the “chameleon” score is increased or decreased by 
changing the image pixels.

…
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iguana
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Optimizing parameters versus optimizing inputs



Unit visualization via backprop

argmax
x

yj
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Unit visualization

Make an image that maximizes the “cat”  
output neuron:

[https://distill.pub/2017/feature-visualization/]
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[https://distill.pub/2017/feature-visualization/]

Make an image that maximizes the 
value of neuron j on layer l of the 

network:

Unit visualization

argmax
x

hlj + �R(x)
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“Deep dream” [https://ai.googleblog.com/2015/06/inceptionism-going-deeper-into-neural.html]



Preview of backprop
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Backpropagation is a way of 
efficiently computing the 
gradient dJ/dθ of a neural net.



Preview of backprop



Differentiable programming

An emerging term for general models with these 
properties is differentiable programming.

Deep nets are popular for a few reasons: 
1. High capacity 
2. Easy to optimize (differentiable) 
3. Compositional “block based programming”



10. CNNs and Spatial Processing

• How to use deep nets for images 

• New layer types: convolutional, pooling 

• Feature maps and multichannel representations 

• Popular architectures: Alexnet, VGG, Resnets 

• Getting to know learned filters 

• Unit visualization


