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Temporal error on SPHERE

Small wind 
V = 3 m/s

Medium Wind 
V = 11 m/s 

Strong wind 
V = 22 m/s



24th July 2019  |  ESO AIA2019 - Machine learning based atmosphere prediction for XAO |  Markus Bonse

Temporal Error

Wavefront 
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Science 
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update the correction

How to deal with 
the temporal 

error? (2) Prediction

Problem: Measurements are lagging behind the turbulence evolution

(1) Increase loop speed
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Open-loop prediction task

…
?
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<latexit sha1_base64="uwNoUq09dszo4cw5p+Z0sMUWsJc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSFMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtc1WaDcsWtuguRdfByqECu5qD81R/GLI24QiapMT3PTdDPqEbBJJ+V+qnhCWUTOuI9i4pG3PjZYuMZubDOkISxtk8hWbi/JzIaGTONAtsZURyb1drc/K/WSzGs+5lQSYpcseVHYSoJxmR+PhkKzRnKqQXKtLC7EjammjK0IZVsCN7qyevQrlU9y/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYKnuEV3hzjvDjvzseyteDkM6fwR87nDzSYkJA=</latexit><latexit sha1_base64="uwNoUq09dszo4cw5p+Z0sMUWsJc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSFMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtc1WaDcsWtuguRdfByqECu5qD81R/GLI24QiapMT3PTdDPqEbBJJ+V+qnhCWUTOuI9i4pG3PjZYuMZubDOkISxtk8hWbi/JzIaGTONAtsZURyb1drc/K/WSzGs+5lQSYpcseVHYSoJxmR+PhkKzRnKqQXKtLC7EjammjK0IZVsCN7qyevQrlU9y/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYKnuEV3hzjvDjvzseyteDkM6fwR87nDzSYkJA=</latexit><latexit sha1_base64="uwNoUq09dszo4cw5p+Z0sMUWsJc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSFMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtc1WaDcsWtuguRdfByqECu5qD81R/GLI24QiapMT3PTdDPqEbBJJ+V+qnhCWUTOuI9i4pG3PjZYuMZubDOkISxtk8hWbi/JzIaGTONAtsZURyb1drc/K/WSzGs+5lQSYpcseVHYSoJxmR+PhkKzRnKqQXKtLC7EjammjK0IZVsCN7qyevQrlU9y/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYKnuEV3hzjvDjvzseyteDkM6fwR87nDzSYkJA=</latexit><latexit sha1_base64="uwNoUq09dszo4cw5p+Z0sMUWsJc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSFMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtc1WaDcsWtuguRdfByqECu5qD81R/GLI24QiapMT3PTdDPqEbBJJ+V+qnhCWUTOuI9i4pG3PjZYuMZubDOkISxtk8hWbi/JzIaGTONAtsZURyb1drc/K/WSzGs+5lQSYpcseVHYSoJxmR+PhkKzRnKqQXKtLC7EjammjK0IZVsCN7qyevQrlU9y/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYKnuEV3hzjvDjvzseyteDkM6fwR87nDzSYkJA=</latexit>

�k
<latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit>

�k�1
<latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit>

�k�2
<latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit>

Goal: Find a model             which predicts the future ˆ�k+d
<latexit sha1_base64="jSbm7ZersXvRRoNzXHck91FlQgU=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFEISSiGCXBTcuK9haaEKYTCbt0MkkzNwUSsibuHGhiFvfxJ1v47TNQlsPDHycey/3zgkzwTU4zrdV29jc2t6p7zb29g8Oj+zjk75Oc0VZj6YiVYOQaCa4ZD3gINggU4wkoWBP4eRuXn+aMqV5Kh9hljE/ISPJY04JGCuwbW9MoPCyMQ+KyVVUloHddFrOQngd3AqaqFI3sL+8KKV5wiRQQbQeuk4GfkEUcCpY2fByzTJCJ2TEhgYlSZj2i8XlJb4wToTjVJknAS/c3xMFSbSeJaHpTAiM9Wptbv5XG+YQt/2CyywHJulyUZwLDCmex4AjrhgFMTNAqOLmVkzHRBEKJqyGCcFd/fI69K9bruGHm2anXcVRR2foHF0iF92iDrpHXdRDFE3RM3pFb1ZhvVjv1seytWZVM6foj6zPH9j/k8A=</latexit><latexit sha1_base64="jSbm7ZersXvRRoNzXHck91FlQgU=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFEISSiGCXBTcuK9haaEKYTCbt0MkkzNwUSsibuHGhiFvfxJ1v47TNQlsPDHycey/3zgkzwTU4zrdV29jc2t6p7zb29g8Oj+zjk75Oc0VZj6YiVYOQaCa4ZD3gINggU4wkoWBP4eRuXn+aMqV5Kh9hljE/ISPJY04JGCuwbW9MoPCyMQ+KyVVUloHddFrOQngd3AqaqFI3sL+8KKV5wiRQQbQeuk4GfkEUcCpY2fByzTJCJ2TEhgYlSZj2i8XlJb4wToTjVJknAS/c3xMFSbSeJaHpTAiM9Wptbv5XG+YQt/2CyywHJulyUZwLDCmex4AjrhgFMTNAqOLmVkzHRBEKJqyGCcFd/fI69K9bruGHm2anXcVRR2foHF0iF92iDrpHXdRDFE3RM3pFb1ZhvVjv1seytWZVM6foj6zPH9j/k8A=</latexit><latexit sha1_base64="jSbm7ZersXvRRoNzXHck91FlQgU=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFEISSiGCXBTcuK9haaEKYTCbt0MkkzNwUSsibuHGhiFvfxJ1v47TNQlsPDHycey/3zgkzwTU4zrdV29jc2t6p7zb29g8Oj+zjk75Oc0VZj6YiVYOQaCa4ZD3gINggU4wkoWBP4eRuXn+aMqV5Kh9hljE/ISPJY04JGCuwbW9MoPCyMQ+KyVVUloHddFrOQngd3AqaqFI3sL+8KKV5wiRQQbQeuk4GfkEUcCpY2fByzTJCJ2TEhgYlSZj2i8XlJb4wToTjVJknAS/c3xMFSbSeJaHpTAiM9Wptbv5XG+YQt/2CyywHJulyUZwLDCmex4AjrhgFMTNAqOLmVkzHRBEKJqyGCcFd/fI69K9bruGHm2anXcVRR2foHF0iF92iDrpHXdRDFE3RM3pFb1ZhvVjv1seytWZVM6foj6zPH9j/k8A=</latexit><latexit sha1_base64="jSbm7ZersXvRRoNzXHck91FlQgU=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFEISSiGCXBTcuK9haaEKYTCbt0MkkzNwUSsibuHGhiFvfxJ1v47TNQlsPDHycey/3zgkzwTU4zrdV29jc2t6p7zb29g8Oj+zjk75Oc0VZj6YiVYOQaCa4ZD3gINggU4wkoWBP4eRuXn+aMqV5Kh9hljE/ISPJY04JGCuwbW9MoPCyMQ+KyVVUloHddFrOQngd3AqaqFI3sL+8KKV5wiRQQbQeuk4GfkEUcCpY2fByzTJCJ2TEhgYlSZj2i8XlJb4wToTjVJknAS/c3xMFSbSeJaHpTAiM9Wptbv5XG+YQt/2CyywHJulyUZwLDCmex4AjrhgFMTNAqOLmVkzHRBEKJqyGCcFd/fI69K9bruGHm2anXcVRR2foHF0iF92iDrpHXdRDFE3RM3pFb1ZhvVjv1seytWZVM6foj6zPH9j/k8A=</latexit>

f✓(...)
<latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit>

f✓(...)
<latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit>

f✓ (�k,�k�1,�k�2, ...) = ˆ�k+d
<latexit sha1_base64="J9k/tJR6VPE5EM0BwAZ1yRqXpyE="></latexit><latexit sha1_base64="J9k/tJR6VPE5EM0BwAZ1yRqXpyE="></latexit><latexit sha1_base64="J9k/tJR6VPE5EM0BwAZ1yRqXpyE="></latexit><latexit sha1_base64="J9k/tJR6VPE5EM0BwAZ1yRqXpyE="></latexit>

(1) Train the parameters       of              on the training data.✓
<latexit sha1_base64="w5PhM1u4Y0OzcSKKWtUwMs2MtTI=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RbDHghePFewHtEvJptk2NpssyaxQSv+DFw+KePX/ePPfmLZ70NYXAg/vzJCZN0qlsOj7315hY3Nre6e4W9rbPzg8Kh+ftKzODONNpqU2nYhaLoXiTRQoeSc1nCaR5O1ofDuvt5+4sUKrB5ykPEzoUIlYMIrOavVwxJH2yxW/6i9E1iHIoQK5Gv3yV2+gWZZwhUxSa7uBn2I4pQYFk3xW6mWWp5SN6ZB3HSqacBtOF9vOyIVzBiTWxj2FZOH+npjSxNpJErnOhOLIrtbm5n+1boZxLZwKlWbIFVt+FGeSoCbz08lAGM5QThxQZoTblbARNZShC6jkQghWT16H1lU1cHx/XanX8jiKcAbncAkB3EAd7qABTWDwCM/wCm+e9l68d+9j2Vrw8plT+CPv8weg948e</latexit><latexit sha1_base64="w5PhM1u4Y0OzcSKKWtUwMs2MtTI=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RbDHghePFewHtEvJptk2NpssyaxQSv+DFw+KePX/ePPfmLZ70NYXAg/vzJCZN0qlsOj7315hY3Nre6e4W9rbPzg8Kh+ftKzODONNpqU2nYhaLoXiTRQoeSc1nCaR5O1ofDuvt5+4sUKrB5ykPEzoUIlYMIrOavVwxJH2yxW/6i9E1iHIoQK5Gv3yV2+gWZZwhUxSa7uBn2I4pQYFk3xW6mWWp5SN6ZB3HSqacBtOF9vOyIVzBiTWxj2FZOH+npjSxNpJErnOhOLIrtbm5n+1boZxLZwKlWbIFVt+FGeSoCbz08lAGM5QThxQZoTblbARNZShC6jkQghWT16H1lU1cHx/XanX8jiKcAbncAkB3EAd7qABTWDwCM/wCm+e9l68d+9j2Vrw8plT+CPv8weg948e</latexit><latexit sha1_base64="w5PhM1u4Y0OzcSKKWtUwMs2MtTI=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RbDHghePFewHtEvJptk2NpssyaxQSv+DFw+KePX/ePPfmLZ70NYXAg/vzJCZN0qlsOj7315hY3Nre6e4W9rbPzg8Kh+ftKzODONNpqU2nYhaLoXiTRQoeSc1nCaR5O1ofDuvt5+4sUKrB5ykPEzoUIlYMIrOavVwxJH2yxW/6i9E1iHIoQK5Gv3yV2+gWZZwhUxSa7uBn2I4pQYFk3xW6mWWp5SN6ZB3HSqacBtOF9vOyIVzBiTWxj2FZOH+npjSxNpJErnOhOLIrtbm5n+1boZxLZwKlWbIFVt+FGeSoCbz08lAGM5QThxQZoTblbARNZShC6jkQghWT16H1lU1cHx/XanX8jiKcAbncAkB3EAd7qABTWDwCM/wCm+e9l68d+9j2Vrw8plT+CPv8weg948e</latexit><latexit sha1_base64="w5PhM1u4Y0OzcSKKWtUwMs2MtTI=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2RbDHghePFewHtEvJptk2NpssyaxQSv+DFw+KePX/ePPfmLZ70NYXAg/vzJCZN0qlsOj7315hY3Nre6e4W9rbPzg8Kh+ftKzODONNpqU2nYhaLoXiTRQoeSc1nCaR5O1ofDuvt5+4sUKrB5ykPEzoUIlYMIrOavVwxJH2yxW/6i9E1iHIoQK5Gv3yV2+gWZZwhUxSa7uBn2I4pQYFk3xW6mWWp5SN6ZB3HSqacBtOF9vOyIVzBiTWxj2FZOH+npjSxNpJErnOhOLIrtbm5n+1boZxLZwKlWbIFVt+FGeSoCbz08lAGM5QThxQZoTblbARNZShC6jkQghWT16H1lU1cHx/XanX8jiKcAbncAkB3EAd7qABTWDwCM/wCm+e9l68d+9j2Vrw8plT+CPv8weg948e</latexit>

f✓(...)
<latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit>

Training data Test data 

    model  f✓(...)
<latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit>

(2) Use the trained             on the test dataf✓(...)
<latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit><latexit sha1_base64="+IHguG22ccgkuxbOvJ9pd4DxJsg=">AAAB9HicbZBNS8NAEIY3ftb6VfXoZbEI9RISEfRY9OKxgv2ANpTNdtIu3Wzi7qRQSn+HFw+KePXHePPfuG1z0NYXFh7emWFm3zCVwqDnfTtr6xubW9uFneLu3v7BYenouGGSTHOo80QmuhUyA1IoqKNACa1UA4tDCc1weDerN0egjUjUI45TCGLWVyISnKG1gqjbwQEgq7iue9EtlT3Xm4uugp9DmeSqdUtfnV7CsxgUcsmMafteisGEaRRcwrTYyQykjA9ZH9oWFYvBBJP50VN6bp0ejRJtn0I6d39PTFhszDgObWfMcGCWazPzv1o7w+gmmAiVZgiKLxZFmaSY0FkCtCc0cJRjC4xrYW+lfMA042hzKtoQ/OUvr0Lj0vUtP1yVq7d5HAVySs5IhfjkmlTJPamROuHkiTyTV/LmjJwX5935WLSuOfnMCfkj5/MHNCyRDg==</latexit>

Time [frames]

Generalisation - good performance on the test dataKey Challenge: 

(2) Prediction
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Classical Neural Networks and Linear Models

…

�k+1
<latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit>

�k
<latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit>

�k�1
<latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit>

�k�2
<latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit><latexit sha1_base64="2BZ8tVW67CZD9+X0e7kosDz7pHw=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJimCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uarNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVo16qe5fvrSqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzekkJI=</latexit>

1D vector Neural network or linear model

flatten

Input layer Hidden layer Prediction

reshape

Lots of parameters!

(2) Prediction

Spatial and temporal 
structure is not used!

BUT:
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Encoding the nature of the turbulence

�k+1
<latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit>
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<latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit>
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<latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit>

…
1.) Locality

2.) Spatial invariance
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<latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit><latexit sha1_base64="oXVW4V6VCzrDQAyFvak8Tam1cQU=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tFEISSSMEeC148VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B219YeHhnRl25g0SKQy67rdT2Njc2t4p7pb29g8Oj8rHJ20Tp5rxFotlrLsBNVwKxVsoUPJuojmNAsk7weR2Xu88cW1ErB5wmnA/oiMlQsEoWuuxn4zFIJtcebNBueJW3YXIOng5VCBXc1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGeRUUjbvxssfGMXFhnSMJY26eQLNzfExmNjJlGge2MKI7Nam1u/lfrpRjW/UyoJEWu2PKjMJUEYzI/nwyF5gzl1AJlWthdCRtTTRnakEo2BG/15HVoX1c9y/e1SqOex1GEMziHS/DgBhpwB01oAQMFz/AKb45xXpx352PZWnDymVP4I+fzBzMTkI8=</latexit>
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<latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit><latexit sha1_base64="GvbGxywbC3TM2MoMYTwEPrdbbrI=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEeyx4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuE1z0NYXFh7emWFn3iCRwqDrfjuljc2t7Z3ybmVv/+DwqHp80jFxqhlvs1jGuhdQw6VQvI0CJe8lmtMokLwbTG8X9e4T10bE6gFnCfcjOlYiFIyitXqDZCKG2XQ+rNbcupuLrINXQA0KtYbVr8EoZmnEFTJJjel7boJ+RjUKJvm8MkgNTyib0jHvW1Q04sbP8n3n5MI6IxLG2j6FJHd/T2Q0MmYWBbYzojgxq7WF+V+tn2LY8DOhkhS5YsuPwlQSjMnieDISmjOUMwuUaWF3JWxCNWVoI6rYELzVk9ehc1X3LN9f15qNIo4ynME5XIIHN9CEO2hBGxhIeIZXeHMenRfn3flYtpacYuYU/sj5/AFXY5Af</latexit>
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<latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit>…

Frozen-flow:  
We do not expect the 
turbulence to jump 

Homogeneous:  
The temporal evolution of 
the turbulence should be 
similar for all positions 

one local predictor for all 
positions

(2) Prediction
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Convolutional Neural Networks

Input frames Filter maps

Kernels

stack

Layer output

seperate

Convolutional Layer

Fully-connected Layer
Input frames Layer output

1.) Locality
2.) Spatial invariance

Fully convolutional CNNs -  
no dense layers!
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How many past frames do we need?

Different conditions might require more or less temporal information…

[SPHERE data - open loop reconstruction]
Time 

 [frames]4000

Time 
 [frames]

20000
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Convolutional Long Short Term Memory Networks
Combine CNNs with Long Short Term Memory Networks

hidden 
state  

1

hidden 
state  

2

hidden 
state 

 k

hidden 
state 

k

hidden 
state 
k+1

init  
state

copy 
hidden 
state

… …

Decoder  Network

Encoder  Network

Lorem ipsum dolor sit amet, consectetur adipiscing elit.

Example with text:

Lorem ipsum consectetur

adipiscing elit

Learn how much past information is needed
[Shi Xingjian et al 2015]
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Convolutional Long Short Term Memory Networks

  Every                  is a convolutional layer

�0
<latexit sha1_base64="AHjouhz/CcNi1mtSazBnV+YYeZk=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2paDHghePFewHtEvJprNtbDZZkqxQSv+DFw+KePX/ePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2Nb+f19hNqw5V8sJMUw4QOJY85o9ZZrV464n2/X674VX8hsg5BDhXI1eiXv3oDxbIEpWWCGtMN/NSGU6otZwJnpV5mMKVsTIfYdShpgiacLradkQvnDEistHvSkoX7e2JKE2MmSeQ6E2pHZrU2N/+rdTMb34RTLtPMomTLj+JMEKvI/HQy4BqZFRMHlGnudiVsRDVl1gVUciEEqyevQ+uqGji+r1XqtTyOIpzBOVxCANdQhztoQBMYPMIzvMKbp7wX7937WLYWvHzmFP7I+/wBNY6O1A==</latexit><latexit sha1_base64="AHjouhz/CcNi1mtSazBnV+YYeZk=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2paDHghePFewHtEvJprNtbDZZkqxQSv+DFw+KePX/ePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2Nb+f19hNqw5V8sJMUw4QOJY85o9ZZrV464n2/X674VX8hsg5BDhXI1eiXv3oDxbIEpWWCGtMN/NSGU6otZwJnpV5mMKVsTIfYdShpgiacLradkQvnDEistHvSkoX7e2JKE2MmSeQ6E2pHZrU2N/+rdTMb34RTLtPMomTLj+JMEKvI/HQy4BqZFRMHlGnudiVsRDVl1gVUciEEqyevQ+uqGji+r1XqtTyOIpzBOVxCANdQhztoQBMYPMIzvMKbp7wX7937WLYWvHzmFP7I+/wBNY6O1A==</latexit><latexit sha1_base64="AHjouhz/CcNi1mtSazBnV+YYeZk=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2paDHghePFewHtEvJprNtbDZZkqxQSv+DFw+KePX/ePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2Nb+f19hNqw5V8sJMUw4QOJY85o9ZZrV464n2/X674VX8hsg5BDhXI1eiXv3oDxbIEpWWCGtMN/NSGU6otZwJnpV5mMKVsTIfYdShpgiacLradkQvnDEistHvSkoX7e2JKE2MmSeQ6E2pHZrU2N/+rdTMb34RTLtPMomTLj+JMEKvI/HQy4BqZFRMHlGnudiVsRDVl1gVUciEEqyevQ+uqGji+r1XqtTyOIpzBOVxCANdQhztoQBMYPMIzvMKbp7wX7937WLYWvHzmFP7I+/wBNY6O1A==</latexit><latexit sha1_base64="AHjouhz/CcNi1mtSazBnV+YYeZk=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2paDHghePFewHtEvJprNtbDZZkqxQSv+DFw+KePX/ePPfmLZ70NYXAg/vzJCZN0oFN9b3v73CxubW9k5xt7S3f3B4VD4+aRmVaYZNpoTSnYgaFFxi03IrsJNqpEkksB2Nb+f19hNqw5V8sJMUw4QOJY85o9ZZrV464n2/X674VX8hsg5BDhXI1eiXv3oDxbIEpWWCGtMN/NSGU6otZwJnpV5mMKVsTIfYdShpgiacLradkQvnDEistHvSkoX7e2JKE2MmSeQ6E2pHZrU2N/+rdTMb34RTLtPMomTLj+JMEKvI/HQy4BqZFRMHlGnudiVsRDVl1gVUciEEqyevQ+uqGji+r1XqtTyOIpzBOVxCANdQhztoQBMYPMIzvMKbp7wX7937WLYWvHzmFP7I+/wBNY6O1A==</latexit>
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�k
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ˆ�k+1
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Combine CNNs with Long Short Term Memory Networks

hidden 
state  

1

hidden 
state  

2

hidden 
state 

k

hidden 
state 
k+1

init  
state

copy 
hidden 
state

…

…

Decoder  Network

Encoder  Network

Predictions:

Past Information

hidden 
state 

 k

[Shi Xingjian et al 2015]
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Noise Robustness on Simulations

EOFS -  
Linear Predictive Filter 

[O. Guyon 2017]

ConvLSTM 
improve  

robustness!
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Prediction on SPHERE data
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<latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit><latexit sha1_base64="QqnOzn8PfIXjvwBVj1esRyyFp3k=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8GJJpGCPBS8eK9gPbEPZbDft0s0m7E6EEvovvHhQxKv/xpv/xm2bg7a+sPDwzgw78waJFAZd99spbGxube8Ud0t7+weHR+Xjk7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrfXYT8ZikE2uvNmgXHGr7kJkHbwcKpCrOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPoqIRN3622HhGLqwzJGGs7VNIFu7viYxGxkyjwHZGFMdmtTY3/6v1UgzrfiZUkiJXbPlRmEqCMZmfT4ZCc4ZyaoEyLeyuhI2ppgxtSCUbgrd68jq0r6ue5ftapVHP4yjCGZzDJXhwAw24gya0gIGCZ3iFN8c4L86787FsLTj5zCn8kfP5AzYfkJE=</latexit>…

Think about possible assumptions

What is special about my data?

Search for a good architecture

LSTM / RNN / GRU …?

GAN?

CNN?
MLP?

PixelCNN?

VAE?

Auto Encoder?

…?
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One more thing - How important is time?
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Appendix



24th July 2019  |  ESO AIA2019 - Machine learning based atmosphere prediction for XAO |  Markus Bonse

eXtreme Adaptive Optics error budget

EPICS modeling, C. Verinaud
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Baselines
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Dynamic Filter Networks
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ConvLSTM Layer


