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Hint:  Don't do this yourself!  
Always steal from other people!
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CONVOLUTIONAL NET

image weights

ball car
grumpy

 cat

hat

One’s hot label

x y
w1

<latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit>

wi
<latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit>

f(x;w) ! y

.05 .1 .9 .04
<latexit sha1_base64="xcDhVZtEZdTzCsw2Xjrl7cB3BKI="></latexit>
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CONVOLUTIONAL NET

ball car
grumpy

 cat

hat

One’s hot label

x y
w1

<latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit>

wi
<latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit> .05 .1 .9 .04

<latexit sha1_base64="xcDhVZtEZdTzCsw2Xjrl7cB3BKI="></latexit>

Three ingredients
• convolutions
• non-linearities
• pooling
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CONVOLUTION

xInput 
image

w1
<latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit>

Convolutional filter

5 3 8

12
7

1 9 4
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xInput 
image

w1
<latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit>
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<latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit>
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CONVOLUTION

11



xInput 
image

w1
<latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit>

CONVOLUTION
“Feature map”

12



VARIANTS OF CONV

13



3x3 conv 
produces 

feature maps  
that are 2 units 

smaller

PADDING

x

14



PADDING

padding=1

x

Output is same size 
as input 

15



STRIDE

stride=2 cuts 
resolution by 

half

x x

16



TRANSPOSE / DECONVOLUTION

x x

xx

17



RELU

18



xInput 
image

RELU NONLINEARITY

5
0

0

2
7

0

1
3

0

remove negatives

w1
<latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit><latexit sha1_base64="OJ+lcsmiQh5EQyty2OG5Qk7ZLPU=">AAACAXicbZDPSgMxEMZn67+6/qt69BIsgqeyK4Iei148VrSt0C4lm862odnskmSVUnry7FWfwZt49Ul8BN/CtN2DbR0I/Pi+GWbyhang2njet1NYWV1b3yhuulvbO7t7pf2Dhk4yxbDOEpGoh5BqFFxi3XAj8CFVSONQYDMcXE/85iMqzRN5b4YpBjHtSR5xRo2V7p46fqdU9iretMgy+DmUIa9ap/TT7iYsi1EaJqjWLd9LTTCiynAmcOy2M40pZQPaw5ZFSWPUwWh66picWKVLokTZJw2Zqn8nRjTWehiHtjOmpq8XvYn4n9fKTHQZjLhMM4OSzRZFmSAmIZN/ky5XyIwYWqBMcXsrYX2qKDM2Hded2yM5w8haY5uNv5jEMjTOKr7l2/Ny9SpPqQhHcAyn4MMFVOEGalAHBj14gVd4c56dd+fD+Zy1Fpx85hDmyvn6BRdgluU=</latexit>

5
-3

-8

2
7

-9

1
3

-2

“Feature map”
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POOLING

20



POOLING
moving to lower resolutions

2
5

1
3

5

0
6

8
3

2
0

1
1

2
3
0

4

4
2

8

Max pooling

Average pooling

Strided convolution
(aka downsampling)

21



THAT’S ALL YOU NEED!

image weights

ball car
grumpy

 cat

hat

One’s hot label

x y
w1

<latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit>

wi
<latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit>

f(x;w) ! y

.05 .1 .9 .04
<latexit sha1_base64="xcDhVZtEZdTzCsw2Xjrl7cB3BKI="></latexit>

22

(sort of)



MNIST
Modified National Institute of Standards and Technology

23



LENET
LeCun et al, 1998

28x28
images

6 maps

28x28
14x14

6 maps 16 maps

10x10

16 maps

5x5

120 
84 10

The first successful convnet
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IMAGENET DATASET
2010

1K classes Usually 224x224 resolution1M Images



IMAGENET HISTORY

8 layers
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ALEX NET
Named for Alex Krizhevsky, 2012

27



VGG

8 layers

19 layers

IMAGENET HISTORY

Note:  ZF net won the challenge

28



VGG
Visual graphics group, Oxford 

29



2D CONV NETS

conv
work

conv
work
4X1X

conv
work
1/4 X (2X feature maps) + (1/2 resolution) 

=
Same number of operations

Twice as many maps

Half the resolution

30



VGG

8 layers

19 layers

IMAGENET HISTORY

GoogLeNet

31



GOOGLENET

32



GOOGLENET

33



VGG

8 layers

19 layers

IMAGENET HISTORY

GoogLeNet
ResNet
152 layers

34



x

Active region

}

Changes to shallow layers change
 mean of deeper activations

“Internal covariant shift”
Ioffe & Szegedy, “Batch Normalization…”, 2015

BATCH NORMALIZATION

35



BATCH NORMALIZATION

x

Ioffe & Szegedy, “Batch Normalization…”, 2015

⇤� µ

�

Batch norm

36



grumpy
 cat

0 0 1 0

One’s hot label

x

Ioffe & Szegedy, “Batch Normalization…”, 2015

⇤� µ

�

Batch norm

Mean intensity of feature 
map over training batch

STD over 
training batch

�
z � µ

�
+ ⌘

<latexit sha1_base64="Pg365pecyNgX1B9Czf+YbjldT/Y=">AAACDnicbVBNS8NAEN34WetX1KOXxVIQxJJUQY9FLx4r2A9oSplsN+3S3STsboQa8gu8+Fe8eFDEq2dv/hu3bQ7a+mDg8d4MM/P8mDOlHefbWlpeWV1bL2wUN7e2d3btvf2mihJJaINEPJJtHxTlLKQNzTSn7VhSED6nLX90PfFb91QqFoV3ehzTroBByAJGQBupZ5e9AQgBGHuBBJI+4FPsiSRLPcUGAjJ8gj2qoWeXnIozBV4kbk5KKEe9Z395/YgkgoaacFCq4zqx7qYgNSOcZkUvUTQGMoIB7RgagqCqm07fyXDZKH0cRNJUqPFU/T2RglBqLHzTKUAP1bw3Ef/zOokOLrspC+NE05DMFgUJxzrCk2xwn0lKNB8bAkQycysmQzC5aJNg0YTgzr+8SJrVintWqd6el2pXeRwFdIiO0DFy0QWqoRtURw1E0CN6Rq/ozXqyXqx362PWumTlMwfoD6zPH6ozmzs=</latexit>
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grumpy
 cat

0 0 1 0

One’s hot label

x

Ioffe & Szegedy, “Batch Normalization…”, 2015

⇤� µ

�

Batch norm

Trainable parameter

Trainable parameter

�
z � µ

�
+ ⌘

<latexit sha1_base64="Pg365pecyNgX1B9Czf+YbjldT/Y=">AAACDnicbVBNS8NAEN34WetX1KOXxVIQxJJUQY9FLx4r2A9oSplsN+3S3STsboQa8gu8+Fe8eFDEq2dv/hu3bQ7a+mDg8d4MM/P8mDOlHefbWlpeWV1bL2wUN7e2d3btvf2mihJJaINEPJJtHxTlLKQNzTSn7VhSED6nLX90PfFb91QqFoV3ehzTroBByAJGQBupZ5e9AQgBGHuBBJI+4FPsiSRLPcUGAjJ8gj2qoWeXnIozBV4kbk5KKEe9Z395/YgkgoaacFCq4zqx7qYgNSOcZkUvUTQGMoIB7RgagqCqm07fyXDZKH0cRNJUqPFU/T2RglBqLHzTKUAP1bw3Ef/zOokOLrspC+NE05DMFgUJxzrCk2xwn0lKNB8bAkQycysmQzC5aJNg0YTgzr+8SJrVintWqd6el2pXeRwFdIiO0DFy0QWqoRtURw1E0CN6Rq/ozXqyXqx362PWumTlMwfoD6zPH6ozmzs=</latexit>
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grumpy
 cat

0 0 1 0

One’s hot label

x

Ioffe & Szegedy, “Batch Normalization…”, 2015

⇤� µ

�

Batch norm

�
z � µ

�
+ ⌘

<latexit sha1_base64="Pg365pecyNgX1B9Czf+YbjldT/Y=">AAACDnicbVBNS8NAEN34WetX1KOXxVIQxJJUQY9FLx4r2A9oSplsN+3S3STsboQa8gu8+Fe8eFDEq2dv/hu3bQ7a+mDg8d4MM/P8mDOlHefbWlpeWV1bL2wUN7e2d3btvf2mihJJaINEPJJtHxTlLKQNzTSn7VhSED6nLX90PfFb91QqFoV3ehzTroBByAJGQBupZ5e9AQgBGHuBBJI+4FPsiSRLPcUGAjJ8gj2qoWeXnIozBV4kbk5KKEe9Z395/YgkgoaacFCq4zqx7qYgNSOcZkUvUTQGMoIB7RgagqCqm07fyXDZKH0cRNJUqPFU/T2RglBqLHzTKUAP1bw3Ef/zOokOLrspC+NE05DMFgUJxzrCk2xwn0lKNB8bAkQycysmQzC5aJNg0YTgzr+8SJrVintWqd6el2pXeRwFdIiO0DFy0QWqoRtURw1E0CN6Rq/ozXqyXqx362PWumTlMwfoD6zPH6ozmzs=</latexit>

Test time
Replace with “running mean” 

and “running variance”
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RESIDUAL CONNECTIONS

“VGG”-like
Net

40



ResNet

RESIDUAL CONNECTIONS

41



RESNET-34

42



WHY ARE SKIP 
CONNECTIONS GOOD?

43



VISUALIZING LOSS FUNCTIONS: 
FILTER NORMALIZATION

Step 1:

Find 
minimizer

w

30 million dimensions
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Step 2:
Random

directions
u, v

u v

w

VISUALIZING LOSS FUNCTIONS: 
FILTER NORMALIZATION

45



Step 3

Plot

u v

Li, Xu, Taylor, G.  “Visualizing the loss landscape of neural nets.”

VISUALIZING LOSS FUNCTIONS: 
FILTER NORMALIZATION
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CHAOTIC TRANSITIONS
VGG-9
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CHAOTIC TRANSITIONS
VGG-20
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CHAOTIC TRANSITIONS
VGG-56

49



CHAOTIC TRANSITIONS
VGG-110
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CHAOTIC TRANSITIONS

VGG-20 VGG-56 VGG-110

Convexity Chaos51



CHAOTIC TRANSITIONS

VGG-20 VGG-56 VGG-110

Convexity Chaos52



CHAOTIC TRANSITIONS
VGG-20 VGG-56 VGG-110

ResNet-20 ResNet-56 ResNet-11053



VGG-110

Shafahi et al. “Visualizing the loss landscape of neural nets”54



DENSENET
121 LAYERS

Shafahi et al. “Visualizing the loss landscape of neural nets”55



DENSENET
121 LAYERS

Huang et al, “Densely Connected,” 201656



VGG

8 layers

19 layers

IMAGENET HISTORY

GoogLeNet
ResNet
152 layers

Ensemble

57



VGG

8 layers

19 layers

IMAGENET HISTORY

GoogLeNet
ResNet
152 layers

SENet
154 layers

58



SENET
squeeze and excite network

Hu et al 2017

µ
<latexit sha1_base64="NgpSGP6ScUbTlGTZ3AiFQYfoNYQ="></latexit>

µ
<latexit sha1_base64="NgpSGP6ScUbTlGTZ3AiFQYfoNYQ="></latexit> µ

<latexit sha1_base64="NgpSGP6ScUbTlGTZ3AiFQYfoNYQ="></latexit>

"squeeze"
global average pooling

FC relu FC

sigmoid
µ̂

<latexit sha1_base64="iVXmXbIMIro+ke/euGtZJ3WRKVw="></latexit>

µ̂
<latexit sha1_base64="iVXmXbIMIro+ke/euGtZJ3WRKVw="></latexit>

µ̂
<latexit sha1_base64="iVXmXbIMIro+ke/euGtZJ3WRKVw="></latexit>

⇥
<latexit sha1_base64="OD6T8gT0PFr0FuPqQ0IbRDYO33w="></latexit>

"excite"
multiply

SENet block
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AUTO ML

Zoph et al, 2017 60



CONTROLLING 
COMPUTATIONAL COST

61



GROUPED 
CONVOLUTION

62

<latexit sha1_base64="nwgv5/2UGkfhSL4LYZe9w0SbNLw=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DuXiMYB6QXcPsZDYZMvtgplcIS37DiwdFvPoz3vwbJ8keNLGgoajqprvLT6TQaNvfVmFjc2t7p7hb2ts/ODwqH590dJwqxtsslrHq+VRzKSLeRoGS9xLFaehL3vUnzbnffeJKizh6wGnCvZCOIhEIRtFI7uSxRlwUIdekOShX7Kq9AFknTk4qkKM1KH+5w5ilIY+QSap137ET9DKqUDDJZyU31TyhbEJHvG9oRM0aL1vcPCMXRhmSIFamIiQL9fdERkOtp6FvOkOKY73qzcX/vH6KwY2XiShJkUdsuShIJcGYzAMgQ6E4Qzk1hDIlzK2EjamiDE1MJROCs/ryOunUqs5VtX5frzRu8ziKcAbncAkOXEMD7qAFbWCQwDO8wpuVWi/Wu/WxbC1Y+cwp/IH1+QPqE5D3</latexit>

k2 ⇥ C

Feature cost

Feature cost
<latexit sha1_base64="9bm5TfrKlBur04YoCAio584zV44=">AAAB+XicbVBNT8JAEJ3iF+JX1aOXjcQEL9gSoh6JXDxiIh8JVLJdtrBhu212tySk4Z948aAxXv0n3vw3LtCDgi+Z5OW9mczM82POlHacbyu3sbm1vZPfLeztHxwe2ccnLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW374/rcb0+oVCwSj3oaUy/EQ8ECRrA2Ut+2x08V1NMspAqV6lfDy75ddMrOAmiduBkpQoZG3/7qDSKShFRowrFSXdeJtZdiqRnhdFboJYrGmIzxkHYNFdis8tLF5TN0YZQBCiJpSmi0UH9PpDhUahr6pjPEeqRWvbn4n9dNdHDrpUzEiaaCLBcFCUc6QvMY0IBJSjSfGoKJZOZWREZYYqJNWAUTgrv68jppVcrudbn6UC3W7rI48nAG51ACF26gBvfQgCYQmMAzvMKblVov1rv1sWzNWdnMKfyB9fkDZTaSNw==</latexit>

k2 ⇥ (C/g)



SEPARABLE CONV

63

MobileNet
2017



BOTTLENECKS

64 Stolen from He 2015



INVERTED BOTTLENECK

65

MobileNetv2
2019

Hashed boxed have no non-linearity



66

EfficientNet
2020



67

EfficientNet
2020

Optimize scaling parameters to get 
best performance for fixed cost

Do architecture search once on 
small models, then scale it up

EfficientNet-B0
Based on MobileNet



EfficientNet
2020



Revisiting ResNets
2021

Train (modified) ResNets with modern tricks 
The resolution scaling of EfficientNet is inefficient

ResNet-RS trains faster then EffNetResNets are faster than EffNets
despite having more FLOPs



CONV NET
SECRET SAUCE

70



FLEXIBILITY

f(x;w) ! y

image weights

ball car
grumpy

 cat

hat

0 0 1 0

One’s hot label

x y
w1

<latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit>

wi
<latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit>
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Neural loss function
f(x;w) ! y

car
grumpy

 cat

hat

0 0 1 0

One’s hot label

y

ball

L(w) = min
w

X

i

kf(xi;w)� yik2

w1
<latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit><latexit sha1_base64="UfjSuN0X3dJRIR9aQfKBZasZn34=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXX9bqnsVbwpyDLxc1KGHLVu6afdi1ka oTRMUK1bvpeYTkaV4Uzg2G2nGhPKhrSPLUsljVB3sumpY3JilR4JY2VLGjJV/05kNNJ6FAW2M6JmoBe9ifif10pNeNnJuExSg5LNFoWpICYmk79JjytkRowsoUxxeythA6ooMzYd153bIznD0Fpjm42/mMQyaZxVfK/i356Xq1d5SkU4gmM4BR8uoAo3UIM6MOjDC7zCm/PsvDsfzuesteDkM4cwB+frFxdeluU=</latexit>

wi
<latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit>

x
FLEXIBILITY
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Neural net loss landscapes have bad minima

But we don’t find them

Neural nets “like” to learn natural image behavior
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Ulyanov, “Deep Image Prior”74
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random vector
(frozen)

wi
<latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit><latexit sha1_base64="d96mskUPBfSUp9ih23g0ari3WWA=">AAACAXicbVA9SwNBEJ2LX/H8ilraLAbBKtyJoGXQxjKiSYQkhL3NXLJkb+/Y3VPCkcraVn+Dndj6S/wJ/gs3yRUm8cHA470ZZuYFieDaeN63U1hZXVvfKG66W9s7u3ul/YOGjlPFsM5iEauHgGoUXGLdcCPwIVFIo0BgMxheT/zmIyrNY3lvRgl2ItqXPOSMGivdPXV5t1T2Kt4UZJn4OSlDjlq39NPuxSyNUBomqNYt30tMJ6PKcCZw7LZTjQllQ9rHlqWSRqg72fTUMTmxSo+EsbIlDZmqfycyGmk9igLbGVEz0IveRPzPa6UmvOxkXCapQclmi8JUEBOTyd+kxxUyI0aWUKa4vZWwAVWUGZuO687tkZxhaK2xzcZfTGKZNM4qvlfxb8/L1as8pSIcwTGcgg8XUIUbqEEdGPThBV7hzXl23p0P53PWWnDymUOYg/P1C3FGlx0=</latexit>

min
network params

`(network output, known pixels)
<latexit sha1_base64="wm8ATo0Fi6vv3xVbnnx6Tww/ne0="></latexit>

Ulyanov, “Deep Image Prior”75
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Ulyanov, “Deep Image Prior”76
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Ulyanov, “Deep Image Prior”Ulyanov, “Deep Image Prior”77



TRANSFORMERS?
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Not in this lecture


