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Impact of CNNs

AlexNet

• 2010–2017: large-scale 
image classification 
challenge 

• Recent AI boom 
• 1960s, 1980s, today: 

neural networks 
• Since 1980s: CNNs 
• Around and before and 

after 2012: other CNNs 
on GPUs

ImageNet results
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[ Russakovsky et al, "ImageNet Large Scale Visual Recognition Challenge”, IJCV, 2015 ]
[ https://en.wikipedia.org/wiki/ImageNet#History_of_the_ImageNet_Challenge ]
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Images

• Recall: images are made of pixels
[ https://en.wikipedia.org/wiki/Pixel#/media/File:Pixel-example.png ]

• Potential uses of image classification: Detect tumor 
(type) from medical scans, image search online, 
autonomous driving
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Images
• We’ll focus on grayscale 

images 
• Each pixel takes a value 

between 0 and P 
• Here, 0: black, 1: white 
• Common to use larger P

1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

• How do we use an image 
as an input for a neural 
net?
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<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2

<latexit sha1_base64="NGq5xJYg8Qt6ZP8Ue8ATey4qnyU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVkxLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099g77ZUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdV93bs0rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98QCo2m</latexit>x3
<latexit sha1_base64="7JA0lCSV0hL9BDUBA8FnNlcfajs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPvvFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2Lqnt3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcRjo2n</latexit>x4

<latexit sha1_base64="8HqlbF7GImDt5KhUBUJT41n2RLQ=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolY9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFa9ace8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AETEo2o</latexit>x5

<latexit sha1_base64="X4ufMiOG+B2jxOkvi9CHbreBwvs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtB1Sax/LejBP0IzqQPOSMGivdPfbOe+WKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyX9I8qXpnVff2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d4Tw7b877vLXg5DP78AvOxzcUlo2p</latexit>x6
<latexit sha1_base64="cJiNlYUojiamKs11FsxIFGd/qN0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Koko9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFe+y4t5dlGvXeRwFOIYTOAMPqlCDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEWGo2q</latexit>x7

<latexit sha1_base64="uhC+iWf19zq2Jte9fVQOqHktr4c=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Koko9lj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6KYdXPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3zindZce8uyrXrPI4CHMMJnIEHV1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEXno2r</latexit>x8
<latexit sha1_base64="mS9REryrEFi312XeIIz58pBUdQ4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx4r2g9oQ9lsJ+3SzSbsbsQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099i77JUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhBd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdVd3b00rtKo+jCAdwCMfgwTnU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98ZIo2s</latexit>x9

<latexit sha1_base64="J+sAAX2cnKusMtAZlZtpZeoZN24=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoseiF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIbi/G3V1hZXVvfKG6WtrZ3dvfK+wdNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3UfOplPp70yhVcxTOgZeLnpAI56r3yV7evaBozaakgxnR8nNggI9pyKtik1E0NSwgdkQHrOCpJzEyQza6doBOn9FGktCtp0Uz9PZGR2JhxHLrOmNihWfSm4n9eJ7XRVZBxmaSWSTpfFKUCWYWmr6M+14xaMXaEUM3drYgOiSbUuoBKLgR/8eVl0jyr+hdVfHdeqV3ncRThCI7hFHy4hBrcQh0aQOEBnuEV3jzlvXjv3se8teDlM4fwB97nD0EGjuo=</latexit>x10

<latexit sha1_base64="Na7x2guS+A8RfrrOCGtxCs75aUA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoseiF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb6/vfXmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQNy61g7UQzEoeCtcLRzdRvPTJtuJL3dpywICYDySNOiXVS86mXYTzplSt+1Z8BLROckwrkqPfKX92+omnMpKWCGNPBfmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk6c0keR0q6kRTP190RGYmPGceg6Y2KHZtGbiv95ndRGV0HGZZJaJul8UZQKZBWavo76XDNqxdgRQjV3tyI6JJpQ6wIquRDw4svLpHlWxRdV/+68UrvO4yjCERzDKWC4hBrcQh0aQOEBnuEV3jzlvXjv3se8teDlM4fwB97nD0KLjus=</latexit>x11
<latexit sha1_base64="tMhoamqR4kyJdaGoPhblEVsZz2Q=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld2i6LHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3UfOplfnXSK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrVin9R8e7Oy7XrPI4CHMMJnIEPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD0QQjuw=</latexit>x12

<latexit sha1_base64="pfL1q3IQPn4aQF2VvHMPTw1t2rM=">AAAB7XicbVDLSgMxFL3xWeur6tJNsAiuyowPdFl047KCfUA7lEyaaWMzyZBkxDL0H9y4UMSt/+POvzFtZ6GtBy4czrmXe+8JE8GN9bxvtLS8srq2Xtgobm5t7+yW9vYbRqWasjpVQulWSAwTXLK65VawVqIZiUPBmuHwZuI3H5k2XMl7O0pYEJO+5BGnxDqp8dTN/LNxt1T2Kt4UeJH4OSlDjlq39NXpKZrGTFoqiDFt30tskBFtORVsXOykhiWEDkmftR2VJGYmyKbXjvGxU3o4UtqVtHiq/p7ISGzMKA5dZ0zswMx7E/E/r53a6CrIuExSyySdLYpSga3Ck9dxj2tGrRg5Qqjm7lZMB0QTal1ARReCP//yImmcVvyLind3Xq5e53EU4BCO4AR8uIQq3EIN6kDhAZ7hFd6QQi/oHX3MWpdQPnMAf4A+fwBFlY7t</latexit>x13
<latexit sha1_base64="v+de/i4qTMOxK+BtFYEsdSBYmIg=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoZuq3Hpk2XMl7O05YEJOB5BGnxDqp+dTL/PNJr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeVf2Lqnd3Xqld53EU4QiO4RR8uIQa3EIdGkDhAZ7hFd6QQi/oHX3MWwsonzmEP0CfP0caju4=</latexit>x14

<latexit sha1_base64="K/0pDP5MIlTaWG6nzCQ1WBY8lYc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0x6DHoxWME84BkCbOT2WTMPJaZWTEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7rkWrDlLy344SGAg8kixnB1knNp14WVCe9Utmv+DOgZRLkpAw56r3SV7evSCqotIRjYzqBn9gww9oywumk2E0NTTAZ4QHtOCqxoCbMZtdO0KlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6OuozTYnlY0cw0czdisgQa0ysC6joQggWX14mzfNKUK34dxfl2nUeRwGO4QTOIIBLqMEt1KEBBB7gGV7hzVPei/fufcxbV7x85gj+wPv8AUifju8=</latexit>x15

<latexit sha1_base64="aSKnhlL+27wbuSRr8E2+rbzsFik=">AAAB7XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbduKxgH9AOJZNm2thMMiQZsQz9BzcuFHHr/7jzb0zbWWjrgQuHc+7l3nvCRHBjPe8bLS2vrK6tFzaKm1vbO7ulvf2GUammrE6VULoVEsMEl6xuuRWslWhG4lCwZji8mfjNR6YNV/LejhIWxKQvecQpsU5qPHUz/2LcLZW9ijcFXiR+TsqQo9YtfXV6iqYxk5YKYkzb9xIbZERbTgUbFzupYQmhQ9JnbUcliZkJsum1Y3zslB6OlHYlLZ6qvycyEhszikPXGRM7MPPeRPzPa6c2ugoyLpPUMklni6JUYKvw5HXc45pRK0aOEKq5uxXTAdGEWhdQ0YXgz7+8SBqnFf+84t2dlavXeRwFOIQjOAEfLqEKt1CDOlB4gGd4hTek0At6Rx+z1iWUzxzAH6DPH0okjvA=</latexit>x16
<latexit sha1_base64="LGOInrlPnJwa8B72Go2YxnSNJmY=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1R4jHoxWME84BkCbOT2WTMPJaZWTEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7rkWrDlLy344SGAg8kixnB1knNp14WVCe9Utmv+DOgZRLkpAw56r3SV7evSCqotIRjYzqBn9gww9oywumk2E0NTTAZ4QHtOCqxoCbMZtdO0KlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6OuozTYnlY0cw0czdisgQa0ysC6joQggWX14mzfNKcFnx7y7Ktes8jgIcwwmcQQBVqMEt1KEBBB7gGV7hzVPei/fufcxbV7x85gj+wPv8AUupjvE=</latexit>x17

<latexit sha1_base64="Bm/m/wn14ntcrvlfeUGE0eHl/hg=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV1RzDHoxWME84BkCbOT2WTMPJaZWTEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7rkWrDlLy344SGAg8kixnB1knNp14WVCe9Utmv+DOgZRLkpAw56r3SV7evSCqotIRjYzqBn9gww9oywumk2E0NTTAZ4QHtOCqxoCbMZtdO0KlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtXw4zJJLVUkvmiOOXIKjR9HfWZpsTysSOYaOZuRWSINSbWBVR0IQSLLy+T5nkluKz4dxfl2nUeRwGO4QTOIIArqMEt1KEBBB7gGV7hzVPei/fufcxbV7x85gj+wPv8AU0ujvI=</latexit>x18
<latexit sha1_base64="cPP2dXPjxAmc22IjQLNMtvwllBE=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV1R1FvRi8cK9gPapWTTbBubTZYkK5al/8GLB0W8+n+8+W9M2z1o64OBx3szzMwLE8GN9bxvtLS8srq2Xtgobm5t7+yW9vYbRqWasjpVQulWSAwTXLK65VawVqIZiUPBmuHwZuI3H5k2XMl7O0pYEJO+5BGnxDqp8dTN/Ktxt1T2Kt4UeJH4OSlDjlq39NXpKZrGTFoqiDFt30tskBFtORVsXOykhiWEDkmftR2VJGYmyKbXjvGxU3o4UtqVtHiq/p7ISGzMKA5dZ0zswMx7E/E/r53a6DLIuExSyySdLYpSga3Ck9dxj2tGrRg5Qqjm7lZMB0QTal1ARReCP//yImmcVvzzind3Vq5e53EU4BCO4AR8uIAq3EIN6kDhAZ7hFd6QQi/oHX3MWpdQPnMAf4A+fwBOs47z</latexit>x19

<latexit sha1_base64="3MSrafS0eKZ/rix+aY4YyFHqVwM=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4Ktmi6LHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGYvztrayurW9sFraK2zu7e/ulg8OmUammrEGVULodEsMEl6xhuRWsnWhG4lCwVji6mfqtR6YNV/LejhMWxGQgecQpsU5qPvWyKp70SmVcwTOgZeLnpAw56r3SV7evaBozaakgxnR8nNggI9pyKtik2E0NSwgdkQHrOCpJzEyQza6doFOn9FGktCtp0Uz9PZGR2JhxHLrOmNihWfSm4n9eJ7XRVZBxmaSWSTpfFKUCWYWmr6M+14xaMXaEUM3drYgOiSbUuoCKLgR/8eVl0qxW/IsKvjsv167zOApwDCdwBj5cQg1uoQ4NoPAAz/AKb57yXrx372PeuuLlM0fwB97nD0KMjus=</latexit>x20

<latexit sha1_base64="12549Q9a6Dp6AAIqnpJAaSe9vo0=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld2i6LHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3UfOplVX/SK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrVin9R8e7Oy7XrPI4CHMMJnIEPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD0QRjuw=</latexit>x21
<latexit sha1_base64="wgy2W6uxLrkzUO8luBXedW0rEJQ=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld2i6LHoxWMF+wHtUrJpto3NJkuSFcvS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/Vbj0wbruS9HScsiMlA8ohTYp3UfOpl1eqkVyp7FW8GvEz8nJQhR71X+ur2FU1jJi0VxJiO7yU2yIi2nAo2KXZTwxJCR2TAOo5KEjMTZLNrJ/jUKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gogvBX3x5mTSrFf+i4t2dl2vXeRwFOIYTOAMfLqEGt1CHBlB4gGd4hTek0At6Rx/z1hWUzxzBH6DPH0WWju0=</latexit>x22

<latexit sha1_base64="jsjUVuh2kYXi/ixUvWQC2Ojdyhs=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiieyiRo9ELx4xkYUENqRbulDptpu2ayQb/oMXDxrj1f/jzX9jgT0o+JJJXt6bycy8MOFMG9f9dgorq2vrG8XN0tb2zu5eef/A1zJVhDaJ5FK1Q6wpZ4I2DTOcthNFcRxy2gpHN1O/9UiVZlLcm3FCgxgPBIsYwcZK/lMvq51NeuWKW3VnQMvEy0kFcjR65a9uX5I0psIQjrXueG5iggwrwwink1I31TTBZIQHtGOpwDHVQTa7doJOrNJHkVS2hEEz9fdEhmOtx3FoO2NshnrRm4r/eZ3URFdBxkSSGirIfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4lfq3oXVffuvFK/zuMowhEcwyl4cAl1uIUGNIHAAzzDK7w50nlx3p2PeWvByWcO4Q+czx9HG47u</latexit>x23
<latexit sha1_base64="cItam02TUcfGSyHwkkQNSapobW8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFT0WvXisYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3Mz9ziNVmklxb6Yx9SM8EixkBBsrtZ8Gaa0+G5QrbtXNgFaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/TS7dobOrDJEoVS2hEGZ+nsixZHW0yiwnRE2Y73szcX/vF5iwis/ZSJODBVksShMODISzV9HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6Rdq3oXVfeuXmlc53EU4QRO4Rw8uIQG3EITWkDgAZ7hFd4c6bw4787HorXg5DPH8AfO5w9IoI7v</latexit>x24

<latexit sha1_base64="TydbgZUIEHwnyTv6S7DC1UHKQPk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktFj0WvXisYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+55EqzaS4N9OY+hEeCRYygo2V2k+DtFafDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhFd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6Rdq3r1qnt3UWlc53EU4QRO4Rw8uIQG3EITWkDgAZ7hFd4c6bw4787HorXg5DPH8AfO5w9KJY7w</latexit>x25



Previous neural nets in this class

<latexit sha1_base64="AtJtjzw5Di51mrbGp6Uv55+E150=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AENAo2k</latexit>x1
<latexit sha1_base64="ZXSuBGkmMKn4rpnM6x5dT2R25j4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEOho2l</latexit>x2

<latexit sha1_base64="B1pwU2JRVAB4dpn6t+NGyIzL2QQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtKJvNpl272Q27k0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGpVpyhpUCaXbITFMcMkayFGwdqoZSULBWuHwbua3RkwbruQjjlMWJKQvecwpQSs1u6NIoemVK17Vm8NdJX5OKpCj3it/dSNFs4RJpIIY0/G9FIMJ0c ipYNNSNzMsJXRI+qxjqSQJM8Fkfu3UPbNK5MZK25LoztXfExOSGDNOQtuZEByYZW8m/ud1MoxvggmXaYZM0sWiOBMuKnf2uhtxzSiKsSWEam5vdemAaELRBlSyIfjLL6+S5kXVv6p6D5eV2m0eRxFO4BTOwYdrqME91KEBFJ7gGV7hzVHOi/PufCxaC04+cwx/4Hz+AMzBj0Y=</latexit>...

<latexit sha1_base64="XQR7X0YH+SyaImQx9E361CjrIGs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqr+3Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/bLGPBw==</latexit>

⌃

<latexit sha1_base64="XQR7X0YH+SyaImQx9E361CjrIGs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqr+3Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/bLGPBw==</latexit>

⌃

<latexit sha1_base64="XQR7X0YH+SyaImQx9E361CjrIGs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqr+3Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/bLGPBw==</latexit>

⌃

<latexit sha1_base64="mh5/sETdGTqQJQFHuyoHKyKXVq0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zinc26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVff+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx98fo8C</latexit>

f (1)

<latexit sha1_base64="mh5/sETdGTqQJQFHuyoHKyKXVq0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zinc26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVff+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx98fo8C</latexit>

f (1)

<latexit sha1_base64="mh5/sETdGTqQJQFHuyoHKyKXVq0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zinc26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVff+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx98fo8C</latexit>

f (1)

<latexit sha1_base64="B1pwU2JRVAB4dpn6t+NGyIzL2QQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtKJvNpl272Q27k0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGpVpyhpUCaXbITFMcMkayFGwdqoZSULBWuHwbua3RkwbruQjjlMWJKQvecwpQSs1u6NIoemVK17Vm8NdJX5OKpCj3it/dSNFs4RJpIIY0/G9FIMJ0cipYNNSNzMsJXRI+qxjqSQJM8Fkfu3UPbNK5MZK25LoztXfExOSGDNOQtuZEByYZW8m/ud1MoxvggmXaYZM0sWiOBMuKnf2uhtxzSiKsSWEam5vdemAaELRBlSyIfjLL6+S5kXVv6p6D5eV2m0eRxFO4BTOwYdrqME91KEBFJ7gGV7hzVHOi/PufCxaC04+cwx/4Hz+AMzBj0Y=</latexit>...
<latexit sha1_base64="B1pwU2JRVAB4dpn6t+NGyIzL2QQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtKJvNpl272Q27k0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGpVpyhpUCaXbITFMcMkayFGwdqoZSULBWuHwbua3RkwbruQjjlMWJKQvecwpQSs1u6NIoemVK17Vm8NdJX5OKpCj3it/dSNFs4RJpIIY0/G9FIMJ0cipYNNSNzMsJXRI+qxjqSQJM8Fkfu3UPbNK5MZK25LoztXfExOSGDNOQtuZEByYZW8m/ud1MoxvggmXaYZM0sWiOBMuKnf2uhtxzSiKsSWEam5vdemAaELRBlSyIfjLL6+S5kXVv6p6D5eV2m0eRxFO4BTOwYdrqME91KEBFJ7gGV7hzVHOi/PufCxaC04+cwx/4Hz+AMzBj0Y=</latexit>...

<latexit sha1_base64="Fb3hi8hR2BWe0eDYkp+899mM8dA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9eKxgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Gbqt56o0iyS92YcU1/ggWQhI9hY6eHqMS17p5Oe1yuW3Io7A1omXkZKkKHeK351+xFJBJWGcKx1x3Nj46dYGUY4nRS6iaYxJiM8oB1LJRZU++ns4Ak6sUofhZGyJQ2aqb8nUiy0HovAdgpshnrRm4r/eZ3EhJd+ymScGCrJfFGYcGQiNP0e9ZmixPCxJZgoZm9FZIgVJsZmVLAheIsvL5PmWcU7r7h31VLtOosjD0dwDGXw4AJqcAt1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wdsTo+B</latexit>

A(1)
1

<latexit sha1_base64="NcY6PJXe7Si37tBZSwua0cIZu3w=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuUfRY9eKxgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Gbqt56o0iyS92YcU1/ggWQhI9hY6eHqMS17p5NetVcsuRV3BrRMvIyUIEO9V/zq9iOSCCoN4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWSiyo9tPZwRN0YpU+CiNlSxo0U39PpFhoPRaB7RTYDPWiNxX/8zqJCS/9lMk4MVSS+aIw4chEaPo96jNFieFjSzBRzN6KyBArTIzNqGBD8BZfXibNasU7r7h3Z6XadRZHHo7gGMrgwQXU4Bbq0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w9t0o+C</latexit>

A(1)
2

<latexit sha1_base64="lA5204msC4kXOAaHgu1RXU9jGE8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9OKxgv3Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrqt56o0iySd2YcU1/ggWQhI9hY6f7hMS17p5Oe1yuW3Io7A1omXkZKkKHeK351+xFJBJWGcKx1x3Nj46dYGUY4nRS6iaYxJiM8oB1LJRZU++ns4Ak6sUofhZGyJQ2aqb8nUiy0HovAdgpshnrRm4r/eZ3EhJd+ymScGCrJfFGYcGQiNP0e9ZmixPCxJZgoZm9FZIgVJsZmVLAheIsvL5PmWcU7r7i31VLtKosjD0dwDGXw4AJqcAN1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8weS+o+a</latexit>

Z(1)
1

<latexit sha1_base64="OdK+6FuUbDYpdkPhD3zTiNCyDqQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuUfRY9OKxgv3Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrqt56o0iySd2YcU1/ggWQhI9hY6f7hMS17p5NetVcsuRV3BrRMvIyUIEO9V/zq9iOSCCoN4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWSiyo9tPZwRN0YpU+CiNlSxo0U39PpFhoPRaB7RTYDPWiNxX/8zqJCS/9lMk4MVSS+aIw4chEaPo96jNFieFjSzBRzN6KyBArTIzNqGBD8BZfXibNasU7r7i3Z6XaVRZHHo7gGMrgwQXU4Abq0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w+Ufo+b</latexit>

Z(1)
2

<latexit sha1_base64="XQR7X0YH+SyaImQx9E361CjrIGs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqr+3Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/bLGPBw==</latexit>

⌃
<latexit sha1_base64="7+bboTMS14xgmBY6wy7SKdjOPHY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2E3KHoMevEYwTwgiWF20psMmZ1dZmaFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7/FhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGptk81Ci6xYbgR2I4V0tAX2PLHtzO/9YRK80g+mEmMvZAOJQ84o8ZKreAxLVfPp/1iya24c5BV4mWkBBnq/eJXdxCxJERpmKBadzw3Nr2UKsOZwGmhm2iMKRvTIXYslTRE3Uvn507JmVUGJIiULWnIXP09kdJQ60no286QmpFe9mbif14nMcF1L+UyTgxKtlgUJIKYiMx+JwOukBkxsYQyxe2thI2ooszYhAo2BG/55VXSrFa8y4p7f1Gq3WRx5OEETqEMHlxBDe6gDg1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5/MHfgSPAw==</latexit>

f (2)
<latexit sha1_base64="+6XaMJiu4Mf16JSceYhZKxMMk1Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuUfRY9OKxgv3Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrqt56o0iySd2YcU1/ggWQhI9hY6f7hMS1XTyc9r1csuRV3BrRMvIyUIEO9V/zq9iOSCCoN4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWSiyo9tPZwRN0YpU+CiNlSxo0U39PpFhoPRaB7RTYDPWiNxX/8zqJCS/9lMk4MVSS+aIw4chEaPo96jNFieFjSzBRzN6KyBArTIzNqGBD8BZfXibNasU7r7i3Z6XaVRZHHo7gGMrgwQXU4Abq0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w+Ugo+b</latexit>

Z(2)
1

<latexit sha1_base64="8lgTC+3gYt9pwQVmqFgK5vKFOIM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuUfRY9eKxgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Gbqt56o0iyS92YcU1/ggWQhI9hY6eHqMS1XTyc9r1csuRV3BrRMvIyUIEO9V/zq9iOSCCoN4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWSiyo9tPZwRN0YpU+CiNlSxo0U39PpFhoPRaB7RTYDPWiNxX/8zqJCS/9lMk4MVSS+aIw4chEaPo96jNFieFjSzBRzN6KyBArTIzNqGBD8BZfXibNasU7r7h3Z6XadRZHHo7gGMrgwQXU4Bbq0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w9t1o+C</latexit>

A(2)
1

<latexit sha1_base64="VmE/6Hy5IAbRRIqwsvlCNSDoT78=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXFD0WvXisYD+gXUs2zbah2WRJZsWy7M/w4kERr/4ab/4b03YP2vpg4PHeDDPzglhwA6777RRWVtfWN4qbpa3tnd298v5By6hEU9akSijdCYhhgkvWBA6CdWLNSBQI1g7GN1O//ci04UrewyRmfkSGkoecErBS96mfRg9p1TvNsn654tbcGfAy8XJSQTka/fJXb6BoEjEJVBBjup4bg58SDZwKlpV6iWExoWMyZF1LJYmY8dPZyRk+scoAh0rbkoBn6u+JlETGTKLAdkYERmbRm4r/ed0Ewis/5TJOgEk6XxQmAoPC0//xgGtGQUwsIVRzeyumI6IJBZtSyYbgLb68TFpnNe+i5t6dV+rXeRxFdISOURV56BLV0S1qoCaiSKFn9IreHHBenHfnY95acPKZQ/QHzucP5x2RAA==</latexit>xm(1)

<latexit sha1_base64="xY91iMFY1Vn6YwSSJR9zdO20uho=">AAAB+nicbZC7TsMwFIZPuJZyS2FksaiQylIlCARjBQtjkehFtKFyXKe16jiR7YCqkEdhYQAhVp6EjbfBbTNAyy9Z+vSfc3SOfz/mTGnH+baWlldW19YLG8XNre2dXbu011RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qa1FsPVCoWiVs9jqkX4oFgASNYG6tnl+7u04p7nPVSMYOsZ5edqjMVWgQ3hzLkqvfsr24/IklIhSYcK9VxnVh7KZaaEU6zYjdRNMZkhAe0Y1DgkCovnZ6eoSPj9FEQSfOERlP390SKQ6XGoW86Q6yHar42Mf+rdRIdXHgpE3GiqSCzRUHCkY7QJAfUZ5ISzccGMJHM3IrIEEtMtEmraEJw57+8CM2TqntWdW5Oy7XLPI4CHMAhVMCFc6jBNdShAQQe4Rle4c16sl6sd+tj1rpk5TP78EfW5w/00pMo</latexit>

Z(1)
n(1)

<latexit sha1_base64="rYy/z9tKV5d1JwATHp81EbAmrwE=">AAAB+nicbZC7TsMwFIZPuJZyS2FksaiQylIlCARjgYWxSPQitaFyXKe16jiR7YCqkEdhYQAhVp6EjbfBbTNAyy9Z+vSfc3SOfz/mTGnH+baWlldW19YLG8XNre2dXbu011RRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qe1FsPVCoWiTs9jqkX4oFgASNYG6tnly7v04p7nPVSMYOsZ5edqjMVWgQ3hzLkqvfsr24/IklIhSYcK9VxnVh7KZaaEU6zYjdRNMZkhAe0Y1DgkCovnZ6eoSPj9FEQSfOERlP390SKQ6XGoW86Q6yHar42Mf+rdRIdXHgpE3GiqSCzRUHCkY7QJAfUZ5ISzccGMJHM3IrIEEtMtEmraEJw57+8CM2TqntWdW5Py7WrPI4CHMAhVMCFc6jBDdShAQQe4Rle4c16sl6sd+tj1rpk5TP78EfW5w/NXpMP</latexit>

A(1)
n(1)

• Recall: Fully connected layer: every input is 
connected to every output by a weight

But we know more about images: 
• Spatial locality 
• Translation invariance5



Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

6 [ https://www.nature.com/articles/s41591-018-0268-3 ]



Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

A filter:

After 
convolution*:

-1 1 -1 0 * -1 + 0 * 1 + 1 * -1 = -1

-1

6



Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

A filter: -1 1 -1

After 
convolution*:

*correlation

-1 0 -1 0 -2 1 -1 0

6



Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

A filter: -1 1 -1

After 
convolution*:

After ReLU:

*correlation

0 0 0 0 0 1 0 0

-1 0 -1 0 -2 1 -1 0

What does the filter do?

6



Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

A filter: -1 1 -1

After 
convolution*:

After ReLU:

*correlation

0 0

-1 0 -1 0 -2 1 -1 0

0 0 0 0 0 1 0 0

7



-1 0 -1 0 -2 1 -1 0

Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

A filter:

After 
convolution*:

After ReLU:

*correlation

0

0 0

0 0 0 0 0 1 0 0

-1 1 -1

7



Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

A filter:

After 
convolution*: -1 0 -1 0 -2 1 -1 0

After ReLU:

*correlation

0 0

0 0

0 0 0 0 0 1 0 0

-1 1 -1

7



Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

A filter: -1 1 -1

After 
convolution*: -1 0 -1 0 -2 1 -1 0

After ReLU: 0 0 0 0 0 1 0 0

*correlation

0 0

0 0

0 0

7



Convolutional Layer: 1D example

0 0 1 1 1 0 1 0 0 0A 1D image:

A filter:

After 
convolution*:

After ReLU:

*correlation

with bias bw1
<latexit sha1_base64="BGIvv1Que1aISVw+1pGEuT4uC1M=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120y7dbMLuRCmhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qnn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs1qxTuvVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AELeI2j</latexit>

w2
<latexit sha1_base64="k9TH6JRVGzznxlg0BHK2AhK6Dh8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120y7dbMLuRCmhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMM/I2k</latexit>

w3
<latexit sha1_base64="Jqap7piIcWW5up2+v3ATn2Y9lBE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI9ELx4xyiOBDZkdemHC7OxmZlZDCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlit3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8ADoCNpQ==</latexit>

• How many weights (including bias)? 4 
• How many weights (including biases) for fully connected 

layer with 10 inputs & 10 outputs? 10 x 11 = 110 

0 0

9



Convolutional Layer: 2D example

A 2D 
image:

1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

10



Convolutional Layer: 2D example

A 2D 
image:

A filter: -1 -1 -1
-1 1 -1
-1 -1 -1

1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

After 
convolution:

10



Convolutional Layer: 2D example

A 2D 
image:

A filter: -1 -1 -1
-1 1 -1
-1 -1 -1

1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

After 
convolution:

-7-1 + 0 + -1 
+ -1 + 0 + -1 

+ -1 + - 1 + -1 
= -7

10



Convolutional Layer: 2D example

A 2D 
image:

A filter: -1 -1 -1
-1 1 -1
-1 -1 -1

1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

After 
convolution:

-7 -2 -4
-5 -2 -5
-7 -2 -5

10



Convolutional Layer: 2D example

A 2D 
image:

A filter: -1 -1 -1
-1 1 -1
-1 -1 -1

After 
convolution:

-7 -2 -4
-5 -2 -5
-7 -2 -5

0 0 0 0 0 0 0
0 0
0 0
0 0
0 0
0 0
0 0 0 0 0 0 0

1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

11



0 -4 0 -3 -1
-2 1
-2 -2
-2 0
0 -4 0 -4 0

Convolutional Layer: 2D example

A 2D 
image:

A filter: -1 -1 -1
-1 1 -1
-1 -1 -1

After 
convolution:

-7 -2 -4
-5 -2 -5
-7 -2 -5

0 0 0 0 0 0 0
0 0
0 0
0 0
0 0
0 0
0 0 0 0 0 0 0

1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

11



0 0 0 0 0
0 1
0 0
0 0
0 0 0 0 0

Convolutional Layer: 2D example

A 2D 
image:

A filter: -1 -1 -1
-1 1 -1
-1 -1 -1

After 
convolution 
& ReLU:

0 0 0
0 0 0
0 0 0

0 0 0 0 0 0 0
0 0
0 0
0 0
0 0
0 0
0 0 0 0 0 0 0

1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

12



Convolutional Layer: 2D example

A 2D 
image:

A filter:1 0 1 0 0
1 0 1 0 1
1 1 1 0 0
1 0 1 0 1
1 0 1 0 1

with bias b

15

<latexit sha1_base64="QlsM2dggxtgzLnqp+4bMsRf/ZVU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbSbt0swm7G6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa6f+p5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+i6t6dV2rXeRxFOIJjOAUPLqEGt1CHBjAYwDO8wpsjnBfn3fmYtxacfOYQ/sD5/AELfI2j</latexit>w1
<latexit sha1_base64="oVJcOsDudS7FaBF/+xxQDMC2lfM=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGi/YA2lM120y7dbMLuRCmhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindRce/Oy7XrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AENAI2k</latexit>w2

<latexit sha1_base64="mY+XmIFwtvHVaLmrEgLEX84mUw4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgckS5id9CZDZmeXmVklLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099g77ZUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdV93bs0rtKo+jCAdwCMfgwQXU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98OhI2l</latexit>w3

<latexit sha1_base64="a/ctvwEmGuMu8aQfgCV6dyfrb7s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK9gPaUDbbTbt0swm7E6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPvvFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2Lqnt3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcQCI2m</latexit>w4
<latexit sha1_base64="R444yGBUcmJznaj/jKbBYKpOibw=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolY9Fj04rGi/YA2lM120y7dbMLuRCmhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFa9ace8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AERjI2n</latexit>w5

<latexit sha1_base64="1xzRbkoR6XxfDMGLTzzdR7LUp3w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYJSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtB1Sax/LejBP0IzqQPOSMGivdPfbOe+WKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyX9I8qXpnVff2tFK7yuMowgEcwjF4cAE1uIE6NIDBAJ7gBV4d4Tw7b877vLXg5DP78AvOxzcTEI2o</latexit>w6

<latexit sha1_base64="XldiIY2labfSxLfDQRFhh6LCjIs=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Koko9Vj04rGi/YA2lM120y7dbMLuRCmhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFe+y4t5dlGvXeRwFOIYTOAMPqlCDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEUlI2p</latexit>w7
<latexit sha1_base64="m9YlpP68fnh7NiD55cYhbrdinbA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Koko9lj04rGi/YA2lM120y7dbMLuRCmhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrp/qlX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6KYdXPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs3zindZce8uyrXrPI4CHMMJnIEHV1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AEWGI2q</latexit>w8

<latexit sha1_base64="O5kKQomgYIo2CvfmdGook/KD8y4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx4r2g9oQ9lsJ+3SzSbsbpQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlBpHst7M07Qj+hA8pAzaqx099i77JUrbtWdgfwlXk4qkKPeK392+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOiFHVumTMFa2pCEz9edERiOtx1FgOyNqhnrRm4r/eZ3UhBd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI3uLLf0nzpOqdVd3b00rtKo+jCAdwCMfgwTnU4Abq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H98XnI2r</latexit>w9



Convolutional Layer: 3D example
A 3D 
image:

A filter:

• Tensor: generalization of a 
matrix 
• E.g. 1D: vector, 2D: matrix

[ https://en.wikipedia.org/wiki/TensorFlow ]

[ https://helpx.adobe.com/photoshop/key-concepts/skew.html ]
height

width

depth
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Convolutional Layer: multiple filters
An 
image:

F1

F2

F3

• Collection of 
filters in the 
layer: filter bank

• Each resulting 
image is a channel

17



Max pooling layer: 2D example
Output from the 
convolutional 
layer & ReLU:

0 0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

0 0 1 1
1 1 1 1
1 1 0 0
1 1 0 0

After max 
pooling:

Max pooling: returns 
max of its arguments 
• E.g. size 3x3 (“size 3”) 
• E.g. stride 1
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Max pooling layer: 2D example
Output from the 
convolutional 
layer & ReLU:

0 0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

0 1
1 0

• Can use stride with filters too 
• No weights in max pooling

After max 
pooling:

Max pooling: returns 
max of its arguments 
• E.g. size 3x3 (“size 3”) 
• E.g. stride 3

19



[ https://www.mathworks.com/solutions/deep-learning/convolutional-neural-network.html ]

input
Conv 

+ ReLU 
Max 
pool

Conv 
+ ReLU 

Max 
pool

flatten
fully connected

softmax

feature learning

classification

<latexit sha1_base64="QNX7duAJ2oSmDhyy8pSktqv2xZg=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAIESTsiqLgJejFU4hgHpAsy+xkNhky+2CmVxLWHPwVLx4U8epvePNvnCR70MSChqKqm+4uLxZcgWV9GwuLS8srq7m1/PrG5ta2ubNbV1EiKavRSESy6RHFBA9ZDTgI1owlI4EnWMPr34z9xgOTikfhPQxj5gSkG3KfUwJacs39NrAByCCtVEbFwRVunOCGax27ZsEqWRPgeWJnpIAyVF3zq92JaBKwEKggSrVsKwYnJRI4FWyUbyeKxYT2SZe1NA1JwJSTTu4f4SOtdLAfSV0h4In6eyIlgVLDwNOdAYGemvXG4n9eKwH/0kl5GCfAQjpd5CcCQ4THYeAOl4yCGGpCqOT6Vkx7RBIKOrK8DsGefXme1E9L9nnJujsrlK+zOHLoAB2iIrLRBSqjW1RFNUTRI3pGr+jNeDJejHfjY9q6YGQze+gPjM8fCUiUzA==</latexit>

NN(x;W,W0)
<latexit sha1_base64="fLBAq4QNHt6x49astMKifX19cb0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD54uNAA==</latexit>x

20

CNNs: example architecture
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A familiar pattern
1. Choose how to predict label (given features & parameters) 
2. Choose a loss (between guessed label & actual label) 
3. Choose parameters by trying to minimize the training loss

* a key difference: NN can 
mean a lot of different things

Neural 
networks 
(e.g. CNNs):

<latexit sha1_base64="az9R8sU7FxNXFzehHRl7qQ565GU=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKLHohfxUCrYptCGsNlu2qWbD3YnYok5+Fe8eFDEq3/Dm//GbZuDtj4YeLw3w8w8L+ZMgml+a4WFxaXlleJqaW19Y3NL395pySgRhDZJxCPR9rCknIW0CQw4bceC4sDj1PaGV2PfvqdCsii8g1FMnQD3Q+YzgkFJrr5346ZdoA8ggrRez7KKfWy75pGrl82qOYExT6yclFGOhqt/dXsRSQIaAuFYyo5lxuCkWAAjnGalbiJpjMkQ92lH0RAHVDrp5P7MOFRKz/AjoSoEY6L+nkhxIOUo8FRngGEgZ72x+J/XScC/cFIWxgnQkEwX+Qk3IDLGYRg9JigBPlIEE8HUrQYZYIEJqMhKKgRr9uV50jqpWmdV8/a0XLvM4yiifXSAKshC56iGrlEDNRFBj+gZvaI37Ul70d61j2lrQctndtEfaJ8/FMqVeg==</latexit>

JNN(W,W0)

Logistic 
regression:

Linear 
regression:

<latexit sha1_base64="9fwBA+jzJMmGIcZt9eBy/2FVPAM=">AAACCnicbVDLSgNBEJyNrxhfUY9eVoMQQcKuKHoMehHxEME8IAnL7KSTDJmdXWZ6xbDs2Yu/4sWDIl79Am/+jZPHQaMFTRdV3cx0+ZHgGh3ny8rMzS8sLmWXcyura+sb+c2tmg5jxaDKQhGqhk81CC6hihwFNCIFNPAF1P3Bxciv34HSPJS3OIygHdCe5F3OKBrJy+9eeUkL4R5VkFxzmabFFvYB6eGkec6Bly84JWcM+y9xp6RApqh4+c9WJ2RxABKZoFo3XSfCdkIVciYgzbViDRFlA9qDpqGSBqDbyfiU1N43SsfuhsqURHus/txIaKD1MPDNZECxr2e9kfif14yxe9ZOuIxiBMkmD3VjYWNoj3KxO1wBQzE0hDLFzV9t1qeKMjTp5UwI7uzJf0ntqOSelJyb40L5fBpHluyQPVIkLjklZXJJKqRKGHkgT+SFvFqP1rP1Zr1PRjPWdGeb/IL18Q1WLZql</latexit>

JLin(✓, ✓0)

training loss 
over points 
1 to n

<latexit sha1_base64="P+oeEV7Dg8lLlxEjqmoW9Juoa4o=">AAACC3icbVDJSgNBEO1xjXEb9ehlSBAiSJgRRY9BLyIeIpgFkjD0dGqSJj0L3TViGObuxV/x4kERr/6AN//GznLQxAdFPd6rorueFwuu0La/jYXFpeWV1dxafn1jc2vb3NmtqyiRDGosEpFselSB4CHUkKOAZiyBBp6Ahje4HPmNe5CKR+EdDmPoBLQXcp8zilpyzcK1m7YRHlAG6U3U41lWamMfkB5NmmsfumbRLttjWPPEmZIimaLqml/tbsSSAEJkgirVcuwYOymVyJmALN9OFMSUDWgPWpqGNADVSce3ZNaBVrqWH0ldIVpj9fdGSgOlhoGnJwOKfTXrjcT/vFaC/nkn5WGcIIRs8pCfCAsjaxSM1eUSGIqhJpRJrv9qsT6VlKGOL69DcGZPnif147JzWrZvT4qVi2kcObJPCqREHHJGKuSKVEmNMPJInskreTOejBfj3fiYjC4Y05098gfG5w8mnpsX</latexit>

JLogi(✓, ✓0)

ith data 
point

prediction 
for ith point

<latexit sha1_base64="PVj72nlBUNUdBkc+vBHkYo0pyeo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWuank16x5FbcGcgy8TJSggy1XvGr049YEqI0TFCt254bm25KleFM4KTQSTTGlI3oANuWShqi7qazcyfkxCp9EkTKljRkpv6eSGmo9Tj0bWdIzVAvelPxP6+dmOCqm3IZJwYlmy8KEkFMRKa/kz5XyIwYW0KZ4vZWwoZUUWZsQgUbgrf48jJpnFW8i4p7d16qXmdx5OEIjqEMHlxCFW6hBnVgMIJneIU3J3ZenHfnY96ac7KZQ/gD5/MH7YKPTA==</latexit>

x(i)
<latexit sha1_base64="Hrmv9y45nqcHt+mRsahjikZ4j6c=">AAACFHicbVC7SgNBFJ31GeMramkzGISIEnZFUbAJ2lhYqBgVsmuYndxNhsw+mLkrCUs+wsZfsbFQxNbCzr9xErfwdeByD+fcy8w9fiKFRtv+sMbGJyanpgszxdm5+YXF0tLypY5TxaHOYxmra59pkCKCOgqUcJ0oYKEv4crvHg39q1tQWsTRBfYT8ELWjkQgOEMjNUubLkIPVZidxG1xDu1BpXeTVcTG4IC62AFkW3lv2hvNUtmu2iPQv8TJSZnkOG2W3t1WzNMQIuSSad1w7AS9jCkUXMKg6KYaEsa7rA0NQyMWgvay0VEDum6UFg1iZSpCOlK/b2Qs1Lof+mYyZNjRv72h+J/XSDHY9zIRJSlCxL8eClJJMabDhGhLKOAo+4YwroT5K+UdphhHk2PRhOD8PvkvudyuOrtV+2ynXDvM4yiQVbJGKsQhe6RGjskpqRNO7sgDeSLP1r31aL1Yr1+jY1a+s0J+wHr7BLixnfE=</latexit>

LogiReg(x(i); ✓, ✓0)

<latexit sha1_base64="PVj72nlBUNUdBkc+vBHkYo0pyeo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWuank16x5FbcGcgy8TJSggy1XvGr049YEqI0TFCt254bm25KleFM4KTQSTTGlI3oANuWShqi7qazcyfkxCp9EkTKljRkpv6eSGmo9Tj0bWdIzVAvelPxP6+dmOCqm3IZJwYlmy8KEkFMRKa/kz5XyIwYW0KZ4vZWwoZUUWZsQgUbgrf48jJpnFW8i4p7d16qXmdx5OEIjqEMHlxCFW6hBnVgMIJneIU3J3ZenHfnY96ac7KZQ/gD5/MH7YKPTA==</latexit>

x(i)
<latexit sha1_base64="LEVSSpcGzOf5tJyC6SoahjEeTkk=">AAACE3icbVA9SwNBEN3z2/gVtbRZDEIiEu5EUbAJ2lhYRDEqJDHsbSbJ4t7esTsnCUf+g41/xcZCEVsbO/+Nm+QKjT4Y5vHeDLvz/EgKg6775UxMTk3PzM7NZxYWl5ZXsqtrVyaMNYcKD2Wob3xmQAoFFRQo4SbSwAJfwrV/dzLwr+9BGxGqS+xFUA9YW4mW4Ayt1Mhu1xC6qIPkTKgLaPfz3dskLwr9I1rDDiDbSXvDLTSyObfoDkH/Ei8lOZKi3Mh+1pohjwNQyCUzpuq5EdYTplFwCf1MLTYQMX7H2lC1VLEATD0Z3tSnW1Zp0laobSmkQ/XnRsICY3qBbycDhh0z7g3E/7xqjK3DeiJUFCMoPnqoFUuKIR0ERJtCA0fZs4RxLexfKe8wzTjaGDM2BG/85L/karfo7Rfd871c6TiNY45skE2SJx45ICVySsqkQjh5IE/khbw6j86z8+a8j0YnnHRnnfyC8/EN5HKdfw==</latexit>

LinReg(x(i); ✓, ✓0)

<latexit sha1_base64="PVj72nlBUNUdBkc+vBHkYo0pyeo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXFD0GvXiMYB6QxDA76U2GzM4uM7NiWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffESleSTvzTjGbkgHkgecUWOl5tNDWuank16x5FbcGcgy8TJSggy1XvGr049YEqI0TFCt254bm25KleFM4KTQSTTGlI3oANuWShqi7qazcyfkxCp9EkTKljRkpv6eSGmo9Tj0bWdIzVAvelPxP6+dmOCqm3IZJwYlmy8KEkFMRKa/kz5XyIwYW0KZ4vZWwoZUUWZsQgUbgrf48jJpnFW8i4p7d16qXmdx5OEIjqEMHlxCFW6hBnVgMIJneIU3J3ZenHfnY96ac7KZQ/gD5/MH7YKPTA==</latexit>

x(i)
<latexit sha1_base64="D8QXAKOFosG0SkNrEIVeVNFg2tg=">AAACBXicbVDLSgNBEJz1GeNr1aMeBoOQgIRdURS8BL14ChFMNpDEZXYymwyZfTDTKwlLLl78FS8eFPHqP3jzb5w8DppY0FBUddPd5cWCK7Csb2NhcWl5ZTWzll3f2NzaNnd2aypKJGVVGolI1j2imOAhqwIHweqxZCTwBHO83vXIdx6YVDwK72AQs1ZAOiH3OSWgJdc8aALrgwzScnmY79+neV4YXmLnGDuuVXDNnFW0xsDzxJ6SHJqi4ppfzXZEk4CFQAVRqmFbMbRSIoFTwYbZZqJYTGiPdFhD05AETLXS8RdDfKSVNvYjqSsEPFZ/T6QkUGoQeLozINBVs95I/M9rJOBftFIexgmwkE4W+YnAEOFRJLjNJaMgBpoQKrm+FdMukYSCDi6rQ7BnX54ntZOifVa0bk9zpatpHBm0jw5RHtnoHJXQDaqgKqLoET2jV/RmPBkvxrvxMWldMKYze+gPjM8fP+2XGA==</latexit>

NN(x(i);W,W0)


