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4. Architectures for Grids

• Why build better architectures?

• Convolutional layers

• Pyramids

• Architecture zoo

• Neural fields and positional encodings
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Multilayer Perceptron

1.4. TOKEN NETS 5

1.4 Token nets

We will use the term token nets to refer to computation graphs that use tokens as the
primary nodes, rather than neurons.

Note that the
terminology in this
chapter is not standard.
The term “token nets”,
and the token layer
definitions we have given,
are our own invention.

Token nets are just like neural nets, alternating between
layers that mix nodes in linear combinations (e.g., fully-connected linear layers, convolutional
layers, etc) and layers that apply a pointwise nonlinearity to each node (e.g., relus, per-token
MLPs). Of course, since tokens are simply groups of neurons, every token net is itself also a
neural net, just viewed di↵erently – it is a net of sub-nets. Below we show a standard neural
net and a token net side by side, to emphasize the similarities in their operations:

Neural net

linear comb of neurons .

neuron-wise nonlinearity .

linear comb of neurons .

Token net

linear comb of tokens .

token-wise nonlinearity .

linear comb of tokens .

The arrows here represent any functional dependency between the nodes (note that dif-
ferent arrows represent di↵erent types of functions).

1.5 The attention layer

Attention layers define a special kind of linear combination of tokens. Rather than param-
eterizing the linear combination with a matrix of free parameters W, attention layers use a
di↵erent matrix, which we call the attention matrix A. The important di↵erence between A

and W is that A is data-dependent, that is, the values of A are a function the data input
to the network. In the diagram below, we indicate the data-dependency with the function
labeled f , and we color the attention matrix red to indicate that it is constructed from
transformed data rather than being free parameters (for which we use the color blue): Here we make the

connection between
attention and fc layers.
You can also make the
connection between
attention and pooling
layers. From that
perspective attention is a
kind of dyanmic pooling :
it’s mean pooling but
with a weighted average
where the weights are
dynamically decided
based on the input data.

tin

tout

W

fc layer

A

f

attn layer

The equation for an attention layer is the same as for a linear layer except that the weights
are a function of some other data (left unspecified for now but we will see concrete examples
below):

A = f(. . .) / attention (1.16)

Zout = AZin (1.17)

The key question, of course, is “what exactly is f”? What inputs does f depend on and
what is f ’s mathematical form? Before writing out the exact equations, we will start with
the intuition: f is a function that determines how much “attention” to apply to each token

+ Universal
+ Simple (elegant theory) 
+ Embarassingly parallel

.

.

- Weak inductive biases 
- Sample inefficient / data

hungry
- Dense (fully-connected) 

linear layers take a lot of 
compute
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Why use other architectures?

Learned solution
<latexit sha1_base64="r/K6UKHLszsS4pWHNEHzl8EIvWw=">AAAB+XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2FhYRzAckR9jbm0uW7O0du3uBcOSf2FgoYus/sfPfuEmu0MQHA4/3ZpiZF6SCa+O6387G5tb2zm5pr7x/cHh0XDk5beskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDf3OxNUmifyyUxT9GM6lDzijBorDSqVB6RKYkh0IrKlVHVr7gJknXgFqUKB5qDy1Q8TlsUoDRNU657npsbPqTKcCZyV+5nGlLIxHWLPUklj1H6+uHxGLq0SkihRtqQhC/X3RE5jradxYDtjakZ61ZuL/3m9zEQ3fs5lmhmUbLkoygQxCZnHQEKukBkxtYQyxe2thI2ooszYsMo2BG/15XXSrtc8t+Y91quN2yKOEpzDBVyBB9fQgHtoQgsYTOAZXuHNyZ0X5935WLZuOMXMGfyB8/kDnYqToQ==</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit>

True solution
<latexit sha1_base64="T8+5rR5NmtQkkrD6FEadCnEXjkQ=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0aLYk2lpjwSmBDZodZmDA7s86DhBC+w8ZCY2z9GDv/xlnYQsGT3OTMOfdm7j1Rypk2vv/tFba2d3b3ivulg8Oj45Py6VlbS6sIbRHJpepGWFPOBG0ZZjjtporiJOK0E03uM78zpUozKZpmltIwwSPBYkawcVLYVJYiLbnNXoNyxa/6S6BNEuSkAjkag/JXfyiJTagwhGOte4GfmnCOlWGE00WpbzVNMZngEe05KnBCdThfLr1AV04ZolgqV8Kgpfp7Yo4TrWdJ5DoTbMZ63cvE/7yeNfFtOGcitYYKsvoothwZibIE0JApSgyfOYKJYm5XRMZYYWJcTiUXQrB+8iZp16qBXw0ea5X6XR5HES7gEq4hgBuowwM0oAUEnuAZXuHNm3ov3rv3sWotePnMOfyB9/kD+imSNw==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit>

All mappings X ! Y
<latexit sha1_base64="xPseeCU9uYhk+LW8+AeyioTmXWc=">AAACG3icbVDLSgNBEJz1GeNr1aOXwUTwFHZz0WPUi8cI5iFJCL2T2WTIzOwyM6uEZf/Di7/ixYMingQP/o2TB6KJBQ1FVTfdXUHMmTae9+UsLa+srq3nNvKbW9s7u+7efl1HiSK0RiIeqWYAmnImac0ww2kzVhREwGkjGF6O/cYdVZpF8saMYtoR0JcsZASMlbpu+ZxzLCCOmexrXGwLMAMCPG1muK1Yf2BAqege/+i3WbHrFrySNwFeJP6MFNAM1a770e5FJBFUGsJB65bvxaaTgjKMcJrl24mmMZAh9GnLUgmC6k46+S3Dx1bp4TBStqTBE/X3RApC65EIbOf4Rj3vjcX/vFZiwrNOymScGCrJdFGYcGwiPA4K95iixPCRJUAUs7diMgAFxNg48zYEf/7lRVIvl3yv5F+XC5WLWRw5dIiO0Any0SmqoCtURTVE0AN6Qi/o1Xl0np03533auuTMZg7QHzif30Z+oY8=</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit>

Fits the data
<latexit sha1_base64="imQi3QTvgJKMFpfatawUQbGMtrc=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WNREI8V7Ae0oWw223bpZhN3J4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb+d+e8K1EbF6xGnC/YgOlRgIRtFK/p1AQ3DESUiR9ssVt+ouQNaJl5MK5Gj0y1+9MGZpxBUySY3pem6CfkY1Cib5rNRLDU8oG9Mh71qqaMSNny2OnpELq4RkEGtbCslC/T2R0ciYaRTYzojiyKx6c/E/r5vi4NrPhEpS5IotFw1SSTAm8wRIKDRnKKeWUKaFvZWwEdWUoc2pZEPwVl9eJ61a1XOr3kOtUr/J4yjCGZzDJXhwBXW4hwY0gcETPMMrvDkT58V5dz6WrQUnnzmFP3A+fwAjjZGr</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit>
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Why use other architectures?

Learned solution
<latexit sha1_base64="r/K6UKHLszsS4pWHNEHzl8EIvWw=">AAAB+XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2FhYRzAckR9jbm0uW7O0du3uBcOSf2FgoYus/sfPfuEmu0MQHA4/3ZpiZF6SCa+O6387G5tb2zm5pr7x/cHh0XDk5beskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDf3OxNUmifyyUxT9GM6lDzijBorDSqVB6RKYkh0IrKlVHVr7gJknXgFqUKB5qDy1Q8TlsUoDRNU657npsbPqTKcCZyV+5nGlLIxHWLPUklj1H6+uHxGLq0SkihRtqQhC/X3RE5jradxYDtjakZ61ZuL/3m9zEQ3fs5lmhmUbLkoygQxCZnHQEKukBkxtYQyxe2thI2ooszYsMo2BG/15XXSrtc8t+Y91quN2yKOEpzDBVyBB9fQgHtoQgsYTOAZXuHNyZ0X5935WLZuOMXMGfyB8/kDnYqToQ==</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit>

True solution
<latexit sha1_base64="T8+5rR5NmtQkkrD6FEadCnEXjkQ=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0aLYk2lpjwSmBDZodZmDA7s86DhBC+w8ZCY2z9GDv/xlnYQsGT3OTMOfdm7j1Rypk2vv/tFba2d3b3ivulg8Oj45Py6VlbS6sIbRHJpepGWFPOBG0ZZjjtporiJOK0E03uM78zpUozKZpmltIwwSPBYkawcVLYVJYiLbnNXoNyxa/6S6BNEuSkAjkag/JXfyiJTagwhGOte4GfmnCOlWGE00WpbzVNMZngEe05KnBCdThfLr1AV04ZolgqV8Kgpfp7Yo4TrWdJ5DoTbMZ63cvE/7yeNfFtOGcitYYKsvoothwZibIE0JApSgyfOYKJYm5XRMZYYWJcTiUXQrB+8iZp16qBXw0ea5X6XR5HES7gEq4hgBuowwM0oAUEnuAZXuHNm3ov3rv3sWotePnMOfyB9/kD+imSNw==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit>

All mappings X ! Y
<latexit sha1_base64="xPseeCU9uYhk+LW8+AeyioTmXWc=">AAACG3icbVDLSgNBEJz1GeNr1aOXwUTwFHZz0WPUi8cI5iFJCL2T2WTIzOwyM6uEZf/Di7/ixYMingQP/o2TB6KJBQ1FVTfdXUHMmTae9+UsLa+srq3nNvKbW9s7u+7efl1HiSK0RiIeqWYAmnImac0ww2kzVhREwGkjGF6O/cYdVZpF8saMYtoR0JcsZASMlbpu+ZxzLCCOmexrXGwLMAMCPG1muK1Yf2BAqege/+i3WbHrFrySNwFeJP6MFNAM1a770e5FJBFUGsJB65bvxaaTgjKMcJrl24mmMZAh9GnLUgmC6k46+S3Dx1bp4TBStqTBE/X3RApC65EIbOf4Rj3vjcX/vFZiwrNOymScGCrJdFGYcGwiPA4K95iixPCRJUAUs7diMgAFxNg48zYEf/7lRVIvl3yv5F+XC5WLWRw5dIiO0Any0SmqoCtURTVE0AN6Qi/o1Xl0np03533auuTMZg7QHzif30Z+oY8=</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit>

Fits the data
<latexit sha1_base64="imQi3QTvgJKMFpfatawUQbGMtrc=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WNREI8V7Ae0oWw223bpZhN3J4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb+d+e8K1EbF6xGnC/YgOlRgIRtFK/p1AQ3DESUiR9ssVt+ouQNaJl5MK5Gj0y1+9MGZpxBUySY3pem6CfkY1Cib5rNRLDU8oG9Mh71qqaMSNny2OnpELq4RkEGtbCslC/T2R0ciYaRTYzojiyKx6c/E/r5vi4NrPhEpS5IotFw1SSTAm8wRIKDRnKKeWUKaFvZWwEdWUoc2pZEPwVl9eJ61a1XOr3kOtUr/J4yjCGZzDJXhwBXW4hwY0gcETPMMrvDkT58V5dz6WrQUnnzmFP3A+fwAjjZGr</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit>

Effect of adding more data.
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Why use other architectures?

F
<latexit sha1_base64="EMr2CMGEx4jaB+rjB417hZxm8Lw=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFkUxGUF+4A2lMl00g6dzISZG6GEfoYbF4q49Wvc+TdO2iy09cDA4Zx7mXNPmAhu0PO+ndLa+sbmVnm7srO7t39QPTxqG5VqylpUCaW7ITFMcMlayFGwbqIZiUPBOuHkNvc7T0wbruQjThMWxGQkecQpQSv1+jHBMSUiu5sNqjWv7s3hrhK/IDUo0BxUv/pDRdOYSaSCGNPzvQSDjGjkVLBZpZ8alhA6ISPWs1SSmJkgm0eeuWdWGbqR0vZJdOfq742MxMZM49BO5hHNspeL/3m9FKPrIOMySZFJuvgoSoWLys3vd4dcM4piagmhmtusLh0TTSjaliq2BH/55FXSvqj7Xt1/uKw1boo6ynACp3AOPlxBA+6hCS2goOAZXuHNQefFeXc+FqMlp9g5hj9wPn8Ad+eRXA==</latexit><latexit sha1_base64="C37eKHacRvYWCkA84U9H3g6euPA=">AAACF3icjVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFQVwq2AdMh5JJM21oJhmSjFCGfoYLN/6KGxG3uvNvzLSz0NaFBwKHc+7l5pww4Uwb1/1ySiura+sb5c3K1vbO7l51/6CtZaoIbRHJpeqGWFPOBG0ZZjjtJoriOOS0E46vcr/zQJVmUtybSUKDGA8FixjBxkp+L8ZmRDDPrqf9as2tuzOgZeIVpAYF/jfer372BpKkMRWGcKy177mJCTKsDCOcTiu9VNMEkzEeUt9SgWOqg2yWa4pOrDJAkVT2CYNm6s+NDMdaT+LQTuY59KKXi395fmqiiyBjIkkNFWR+KEo5MhLlJaEBU5QYPrEEE8XsXxEZYYWJsVVWbHRvMegyaZ/VPbfu3Z3XmpdFZ2U4gmM4BQ8a0IQbuIUWEJDwCM/w6jw5L86b8z4fLTnFziH8gvPxDXORmNU=</latexit><latexit sha1_base64="C37eKHacRvYWCkA84U9H3g6euPA=">AAACF3icjVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFQVwq2AdMh5JJM21oJhmSjFCGfoYLN/6KGxG3uvNvzLSz0NaFBwKHc+7l5pww4Uwb1/1ySiura+sb5c3K1vbO7l51/6CtZaoIbRHJpeqGWFPOBG0ZZjjtJoriOOS0E46vcr/zQJVmUtybSUKDGA8FixjBxkp+L8ZmRDDPrqf9as2tuzOgZeIVpAYF/jfer372BpKkMRWGcKy177mJCTKsDCOcTiu9VNMEkzEeUt9SgWOqg2yWa4pOrDJAkVT2CYNm6s+NDMdaT+LQTuY59KKXi395fmqiiyBjIkkNFWR+KEo5MhLlJaEBU5QYPrEEE8XsXxEZYYWJsVVWbHRvMegyaZ/VPbfu3Z3XmpdFZ2U4gmM4BQ8a0IQbuIUWEJDwCM/w6jw5L86b8z4fLTnFziH8gvPxDXORmNU=</latexit><latexit sha1_base64="C37eKHacRvYWCkA84U9H3g6euPA=">AAACF3icjVDLSgMxFL1TX7W+qi7dBIvgqsyIUJdFQVwq2AdMh5JJM21oJhmSjFCGfoYLN/6KGxG3uvNvzLSz0NaFBwKHc+7l5pww4Uwb1/1ySiura+sb5c3K1vbO7l51/6CtZaoIbRHJpeqGWFPOBG0ZZjjtJoriOOS0E46vcr/zQJVmUtybSUKDGA8FixjBxkp+L8ZmRDDPrqf9as2tuzOgZeIVpAYF/jfer372BpKkMRWGcKy177mJCTKsDCOcTiu9VNMEkzEeUt9SgWOqg2yWa4pOrDJAkVT2CYNm6s+NDMdaT+LQTuY59KKXi395fmqiiyBjIkkNFWR+KEo5MhLlJaEBU5QYPrEEE8XsXxEZYYWJsVVWbHRvMegyaZ/VPbfu3Z3XmpdFZ2U4gmM4BQ8a0IQbuIUWEJDwCM/w6jw5L86b8z4fLTnFziH8gvPxDXORmNU=</latexit>

Learned solution
<latexit sha1_base64="r/K6UKHLszsS4pWHNEHzl8EIvWw=">AAAB+XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2FhYRzAckR9jbm0uW7O0du3uBcOSf2FgoYus/sfPfuEmu0MQHA4/3ZpiZF6SCa+O6387G5tb2zm5pr7x/cHh0XDk5beskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDf3OxNUmifyyUxT9GM6lDzijBorDSqVB6RKYkh0IrKlVHVr7gJknXgFqUKB5qDy1Q8TlsUoDRNU657npsbPqTKcCZyV+5nGlLIxHWLPUklj1H6+uHxGLq0SkihRtqQhC/X3RE5jradxYDtjakZ61ZuL/3m9zEQ3fs5lmhmUbLkoygQxCZnHQEKukBkxtYQyxe2thI2ooszYsMo2BG/15XXSrtc8t+Y91quN2yKOEpzDBVyBB9fQgHtoQgsYTOAZXuHNyZ0X5935WLZuOMXMGfyB8/kDnYqToQ==</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit>

True solution
<latexit sha1_base64="T8+5rR5NmtQkkrD6FEadCnEXjkQ=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0aLYk2lpjwSmBDZodZmDA7s86DhBC+w8ZCY2z9GDv/xlnYQsGT3OTMOfdm7j1Rypk2vv/tFba2d3b3ivulg8Oj45Py6VlbS6sIbRHJpepGWFPOBG0ZZjjtporiJOK0E03uM78zpUozKZpmltIwwSPBYkawcVLYVJYiLbnNXoNyxa/6S6BNEuSkAjkag/JXfyiJTagwhGOte4GfmnCOlWGE00WpbzVNMZngEe05KnBCdThfLr1AV04ZolgqV8Kgpfp7Yo4TrWdJ5DoTbMZ63cvE/7yeNfFtOGcitYYKsvoothwZibIE0JApSgyfOYKJYm5XRMZYYWJcTiUXQrB+8iZp16qBXw0ea5X6XR5HES7gEq4hgBuowwM0oAUEnuAZXuHNm3ov3rv3sWotePnMOfyB9/kD+imSNw==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit>

All mappings X ! Y
<latexit sha1_base64="xPseeCU9uYhk+LW8+AeyioTmXWc=">AAACG3icbVDLSgNBEJz1GeNr1aOXwUTwFHZz0WPUi8cI5iFJCL2T2WTIzOwyM6uEZf/Di7/ixYMingQP/o2TB6KJBQ1FVTfdXUHMmTae9+UsLa+srq3nNvKbW9s7u+7efl1HiSK0RiIeqWYAmnImac0ww2kzVhREwGkjGF6O/cYdVZpF8saMYtoR0JcsZASMlbpu+ZxzLCCOmexrXGwLMAMCPG1muK1Yf2BAqege/+i3WbHrFrySNwFeJP6MFNAM1a770e5FJBFUGsJB65bvxaaTgjKMcJrl24mmMZAh9GnLUgmC6k46+S3Dx1bp4TBStqTBE/X3RApC65EIbOf4Rj3vjcX/vFZiwrNOymScGCrJdFGYcGwiPA4K95iixPCRJUAUs7diMgAFxNg48zYEf/7lRVIvl3yv5F+XC5WLWRw5dIiO0Any0SmqoCtURTVE0AN6Qi/o1Xl0np03533auuTMZg7QHzif30Z+oY8=</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit><latexit sha1_base64="id8mSZMICsLSLmY0zIz0BE1SP2c=">AAACQHicjVC7TsMwFHV4lvIqMLJYtEhMVdIFxgILI0j0gdqqunGd1KrtRLYDqqL+B1/DwMLOxh+wIMTKhNtGCFoGjmTp6JxzdX2PH3Omjeu+OAuLS8srq7m1/PrG5tZ2YWe3rqNEEVojEY9U0wdNOZO0ZpjhtBkrCsLntOEPzsd+45YqzSJ5bYYx7QgIJQsYAWOlbqFyyjkWEMdMhhqX2gJMnwBPmyPcVizsG1AqusPf+s2o1C0U3bI7AZ4nXkaKKMP/4t3Cc7sXkURQaQgHrVueG5tOCsowwuko3040jYEMIKQtSyUIqjvppIARPrRKDweRsk8aPFF/TqQgtB4K3ybHh+hZbyz+5bUSE5x0UibjxFBJpouChGMT4XGbuMcUJYYPLQGimP0rJn1QQIztPG9P92YPnSf1Stlzy95VpVg9yzrLoX10gI6Qh45RFV2gS1RDBN2jB/SE3pxH59V5dz6m0QUnm9lDv+B8fgFkmqkI</latexit>

F – Hypothesis space
<latexit sha1_base64="lV8wYyi/QSmSDjfa5yJQdPr9MW0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o63gpiXpRpdFQbqsYB/QhjKZ3rRDJw9mJkIIXbvxV9y4UMStX+DOv3HSZqGtBwYO59x7597jRpxJZVnfRmFtfWNzq7hd2tnd2z8wD486MowFhTYNeSh6LpHAWQBtxRSHXiSA+C6Hrju9yfzuAwjJwuBeJRE4PhkHzGOUKC0NzdPKwCdqQglPb2cVXK3iZhKFagKSSSwjQmFolq2aNQdeJXZOyihHa2h+DUYhjX0IFOVEyr5tRcpJiVCMcpiVBrEEPXhKxtDXNCA+SCednzLD51oZYS8U+gUKz9XfHSnxpUx8V1dme8tlLxP/8/qx8q6clAVRrCCgi4+8mGMV4iwXPGICqOKJJoQKpnfFdEIEoUqnV9Ih2Msnr5JOvWZbNfuuXm5c53EU0Qk6QxfIRpeogZqohdqIokf0jF7Rm/FkvBjvxseitGDkPcfoD4zPH7rZmaU=</latexit><latexit sha1_base64="6jWAzMyILNDxZJfBq6YVWddN4t0=">AAACL3icjVC7SgNBFJ2Nrxhfq5Y2o4lgk7CbRsugICkVzAOSJcxO7iZDZh/MzArLktqvsbDxQ2xEELH1L5xNttDEwgMDh3Pu5c45bsSZVJb1ZhRWVtfWN4qbpa3tnd09c/+gLcNYUGjRkIei6xIJnAXQUkxx6EYCiO9y6LiTq8zv3IOQLAzuVBKB45NRwDxGidLSwDyu9H2ixpTw9HpawdUqbiZRqMYgmcQyIhQGZtmqWTPgZWLnpIxy/G98YL70hyGNfQgU5UTKnm1FykmJUIxymJb6sQR9fUJG0NM0ID5IJ53lneJTrQyxFwr9AoVn6s+NlPhSJr6rJ7NwctHLxL+8Xqy8CydlQRQrCOj8kBdzrEKclYeHTABVPNGEUMH0XzEdE0Go0hWXdHR7MegyaddrtlWzb+vlxmXeWREdoRN0hmx0jhqoiW5QC1H0gB7RM3o3noxX48P4nI8WjHznEP2C8fUNyjGhHg==</latexit><latexit sha1_base64="6jWAzMyILNDxZJfBq6YVWddN4t0=">AAACL3icjVC7SgNBFJ2Nrxhfq5Y2o4lgk7CbRsugICkVzAOSJcxO7iZDZh/MzArLktqvsbDxQ2xEELH1L5xNttDEwgMDh3Pu5c45bsSZVJb1ZhRWVtfWN4qbpa3tnd09c/+gLcNYUGjRkIei6xIJnAXQUkxx6EYCiO9y6LiTq8zv3IOQLAzuVBKB45NRwDxGidLSwDyu9H2ixpTw9HpawdUqbiZRqMYgmcQyIhQGZtmqWTPgZWLnpIxy/G98YL70hyGNfQgU5UTKnm1FykmJUIxymJb6sQR9fUJG0NM0ID5IJ53lneJTrQyxFwr9AoVn6s+NlPhSJr6rJ7NwctHLxL+8Xqy8CydlQRQrCOj8kBdzrEKclYeHTABVPNGEUMH0XzEdE0Go0hWXdHR7MegyaddrtlWzb+vlxmXeWREdoRN0hmx0jhqoiW5QC1H0gB7RM3o3noxX48P4nI8WjHznEP2C8fUNyjGhHg==</latexit><latexit sha1_base64="6jWAzMyILNDxZJfBq6YVWddN4t0=">AAACL3icjVC7SgNBFJ2Nrxhfq5Y2o4lgk7CbRsugICkVzAOSJcxO7iZDZh/MzArLktqvsbDxQ2xEELH1L5xNttDEwgMDh3Pu5c45bsSZVJb1ZhRWVtfWN4qbpa3tnd09c/+gLcNYUGjRkIei6xIJnAXQUkxx6EYCiO9y6LiTq8zv3IOQLAzuVBKB45NRwDxGidLSwDyu9H2ixpTw9HpawdUqbiZRqMYgmcQyIhQGZtmqWTPgZWLnpIxy/G98YL70hyGNfQgU5UTKnm1FykmJUIxymJb6sQR9fUJG0NM0ID5IJ53lneJTrQyxFwr9AoVn6s+NlPhSJr6rJ7NwctHLxL+8Xqy8CydlQRQrCOj8kBdzrEKclYeHTABVPNGEUMH0XzEdE0Go0hWXdHR7MegyaddrtlWzb+vlxmXeWREdoRN0hmx0jhqoiW5QC1H0gB7RM3o3noxX48P4nI8WjHznEP2C8fUNyjGhHg==</latexit>

Fits the data
<latexit sha1_base64="imQi3QTvgJKMFpfatawUQbGMtrc=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WNREI8V7Ae0oWw223bpZhN3J4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb+d+e8K1EbF6xGnC/YgOlRgIRtFK/p1AQ3DESUiR9ssVt+ouQNaJl5MK5Gj0y1+9MGZpxBUySY3pem6CfkY1Cib5rNRLDU8oG9Mh71qqaMSNny2OnpELq4RkEGtbCslC/T2R0ciYaRTYzojiyKx6c/E/r5vi4NrPhEpS5IotFw1SSTAm8wRIKDRnKKeWUKaFvZWwEdWUoc2pZEPwVl9eJ61a1XOr3kOtUr/J4yjCGZzDJXhwBXW4hwY0gcETPMMrvDkT58V5dz6WrQUnnzmFP3A+fwAjjZGr</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit><latexit sha1_base64="rLD+/5By5sQx0k6ixAvCbnjjq0Y=">AAACGXicjVC7SgNBFJ2NrxhfUUubwSBYhd00WgYFsVQwD0iWcHd2kgyZnV1n7gphyXdY2PgrNiKWWvk3TpItNLHwwMDhnHO5c0+QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OwHApFG+gQMnbieYQBZK3gtHl1G89cG1ErO5wnHA/goESfcEAreRfCTQUh5yGgNArV9yqOwNdJl5OKiTH/+K98kc3jFkacYVMgjEdz03Qz0CjYJJPSt3U8ATYCAa8Y6mCiBs/m102oSdWCWk/1vYppDP150QGkTHjKLDJCHBoFr2p+JfXSbF/7mdCJSlyxeaL+qmkGNNpTTQUmjOUY0uAaWH/StkQNDC0ZZbs6d7iocukWat6btW7rVXqF3lnRXJEjskp8cgZqZNrckMahJF78kieyavz5Lw4b877PFpw8plD8gvO5zcoUpkk</latexit>

Less data, better architecture.

We can pin down truth either 
by adding more data, or by 
using a more constrained 
architecture. 
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y = f(x)
<latexit sha1_base64="PO4kAs10oUlojaCT2T/MRTPTYFU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LLZCvZSkF70IRS8eK9gPbEPZbDft0s0m7G7EEPovvHhQxKv/xpv/xk2bg7Y+GHi8N8PMPC/iTGnb/rYKa+sbm1vF7dLO7t7+QfnwqKPCWBLaJiEPZc/DinImaFszzWkvkhQHHqddb3qT+d1HKhULxb1OIuoGeCyYzwjWRnqoJugK+bWn8+qwXLHr9hxolTg5qUCO1rD8NRiFJA6o0IRjpfqOHWk3xVIzwumsNIgVjTCZ4jHtGypwQJWbzi+eoTOjjJAfSlNCo7n6eyLFgVJJ4JnOAOuJWvYy8T+vH2v/0k2ZiGJNBVks8mOOdIiy99GISUo0TwzBRDJzKyITLDHRJqSSCcFZfnmVdBp1x647d41K8zqPowgncAo1cOACmnALLWgDAQHP8ApvlrJerHfrY9FasPKZY/gD6/MHNKePSQ==</latexit><latexit sha1_base64="Fdd+u9IxmYD53iPLVqWRc+F5Mn8=">AAACFnicjVC7TsMwFL0pr1JeBUYWixapLFXSpSxIFSyMINGHaKPKcZ3WquNEtoOIov4FAwu/woIQK2Ljb3DbDNAycCRLR+ecq+t7vIgzpW37y8qtrK6tb+Q3C1vbO7t7xf2DlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXUb99TqVgobnUSUTfAQ8F8RrA20l05QefIrzyclvvFkl21Z0DLxMlICTL8L94vfvYGIYkDKjThWKmuY0faTbHUjHA6KfRiRSNMxnhIu4YKHFDlprOzJujEKAPkh9I8odFM/TmR4kCpJPBMMsB6pBa9qfiX1421f+amTESxpoLMF/kxRzpE047QgElKNE8MwUQy81dERlhiok2TBXO6s3joMmnVqo5ddW5qpcZF1lkejuAYKuBAHRpwBdfQBAICHuEZXq0n68V6s97n0ZyVzRzCL1gf3+UalsI=</latexit><latexit sha1_base64="Fdd+u9IxmYD53iPLVqWRc+F5Mn8=">AAACFnicjVC7TsMwFL0pr1JeBUYWixapLFXSpSxIFSyMINGHaKPKcZ3WquNEtoOIov4FAwu/woIQK2Ljb3DbDNAycCRLR+ecq+t7vIgzpW37y8qtrK6tb+Q3C1vbO7t7xf2DlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXUb99TqVgobnUSUTfAQ8F8RrA20l05QefIrzyclvvFkl21Z0DLxMlICTL8L94vfvYGIYkDKjThWKmuY0faTbHUjHA6KfRiRSNMxnhIu4YKHFDlprOzJujEKAPkh9I8odFM/TmR4kCpJPBMMsB6pBa9qfiX1421f+amTESxpoLMF/kxRzpE047QgElKNE8MwUQy81dERlhiok2TBXO6s3joMmnVqo5ddW5qpcZF1lkejuAYKuBAHRpwBdfQBAICHuEZXq0n68V6s97n0ZyVzRzCL1gf3+UalsI=</latexit><latexit sha1_base64="Fdd+u9IxmYD53iPLVqWRc+F5Mn8=">AAACFnicjVC7TsMwFL0pr1JeBUYWixapLFXSpSxIFSyMINGHaKPKcZ3WquNEtoOIov4FAwu/woIQK2Ljb3DbDNAycCRLR+ecq+t7vIgzpW37y8qtrK6tb+Q3C1vbO7t7xf2DlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXUb99TqVgobnUSUTfAQ8F8RrA20l05QefIrzyclvvFkl21Z0DLxMlICTL8L94vfvYGIYkDKjThWKmuY0faTbHUjHA6KfRiRSNMxnhIu4YKHFDlprOzJujEKAPkh9I8odFM/TmR4kCpJPBMMsB6pBa9qfiX1421f+amTESxpoLMF/kxRzpE047QgElKNE8MwUQy81dERlhiok2TBXO6s3joMmnVqo5ddW5qpcZF1lkejuAYKuBAHRpwBdfQBAICHuEZXq0n68V6s97n0ZyVzRzCL1gf3+UalsI=</latexit>

f: 5 layer ReLU-net
<latexit sha1_base64="SNqQKdzfQBR5udWz8115rRgGH6A=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCF0tSEMVT0YsHD1VMW2hD2Wwn7dLNJuxuhFDqX/HiQRGv/hBv/hu3bQ7a+mDg8d4MM/OChDOlHefbKqysrq1vFDdLW9s7u3v2/kFTxamk4NGYx7IdEAWcCfA00xzaiQQSBRxaweh66rceQSoWiwedJeBHZCBYyCjRRurZ5fASn2FOMpD4Hm69UwG6Z1ecqjMDXiZuTiooR6Nnf3X7MU0jEJpyolTHdRLtj4nUjHKYlLqpgoTQERlAx1BBIlD+eHb8BB8bpY/DWJoSGs/U3xNjEimVRYHpjIgeqkVvKv7ndVIdXvhjJpJUg6DzRWHKsY7xNAncZxKo5pkhhEpmbsV0SCSh2uRVMiG4iy8vk2at6jpV965WqV/lcRTRITpCJ8hF56iOblADeYiiDD2jV/RmPVkv1rv1MW8tWPlMGf2B9fkDupSThQ==</latexit><latexit sha1_base64="t0Odu17jSelIm8hDzeUEesspHA4=">AAACIXicjVBNS8NAFNzUr1q/oj16WSyCF0tSEMVT0YsHDyqmLbShbLYv7dLNJuxuhFD6Wzx48a94EelN/DNu2xy09eDAwjAzj7dvgoQzpR3n0yqsrK6tbxQ3S1vbO7t79v5BQ8WppODRmMeyFRAFnAnwNNMcWokEEgUcmsHweuo3n0AqFotHnSXgR6QvWMgo0Ubq2uXwEp9hTjKQ+AFuvVMBumtXnKozA14mbk4qKMf/4l170unFNI1AaMqJUm3XSbQ/IlIzymFc6qQKEkKHpA9tQwWJQPmj2YVjfGyUHg5jaZ7QeKb+nBiRSKksCkwyInqgFr2p+JfXTnV44Y+YSFINgs4XhSnHOsbTunCPSaCaZ4YQKpn5K6YDIgnVptSSOd1dPHSZNGpV16m697VK/SrvrIgO0RE6QS46R3V0g+6QhyjK0DN6Re/Wi/VmfViTebRg5TNl9AvW1zf5c5r+</latexit><latexit sha1_base64="t0Odu17jSelIm8hDzeUEesspHA4=">AAACIXicjVBNS8NAFNzUr1q/oj16WSyCF0tSEMVT0YsHDyqmLbShbLYv7dLNJuxuhFD6Wzx48a94EelN/DNu2xy09eDAwjAzj7dvgoQzpR3n0yqsrK6tbxQ3S1vbO7t79v5BQ8WppODRmMeyFRAFnAnwNNMcWokEEgUcmsHweuo3n0AqFotHnSXgR6QvWMgo0Ubq2uXwEp9hTjKQ+AFuvVMBumtXnKozA14mbk4qKMf/4l170unFNI1AaMqJUm3XSbQ/IlIzymFc6qQKEkKHpA9tQwWJQPmj2YVjfGyUHg5jaZ7QeKb+nBiRSKksCkwyInqgFr2p+JfXTnV44Y+YSFINgs4XhSnHOsbTunCPSaCaZ4YQKpn5K6YDIgnVptSSOd1dPHSZNGpV16m697VK/SrvrIgO0RE6QS46R3V0g+6QhyjK0DN6Re/Wi/VmfViTebRg5TNl9AvW1zf5c5r+</latexit><latexit sha1_base64="t0Odu17jSelIm8hDzeUEesspHA4=">AAACIXicjVBNS8NAFNzUr1q/oj16WSyCF0tSEMVT0YsHDyqmLbShbLYv7dLNJuxuhFD6Wzx48a94EelN/DNu2xy09eDAwjAzj7dvgoQzpR3n0yqsrK6tbxQ3S1vbO7t79v5BQ8WppODRmMeyFRAFnAnwNNMcWokEEgUcmsHweuo3n0AqFotHnSXgR6QvWMgo0Ubq2uXwEp9hTjKQ+AFuvVMBumtXnKozA14mbk4qKMf/4l170unFNI1AaMqJUm3XSbQ/IlIzymFc6qQKEkKHpA9tQwWJQPmj2YVjfGyUHg5jaZ7QeKb+nBiRSKksCkwyInqgFr2p+JfXTnV44Y+YSFINgs4XhSnHOsbTunCPSaCaZ4YQKpn5K6YDIgnVptSSOd1dPHSZNGpV16m697VK/SrvrIgO0RE6QS46R3V0g+6QhyjK0DN6Re/Wi/VmfViTebRg5TNl9AvW1zf5c5r+</latexit>

Learned solution
<latexit sha1_base64="r/K6UKHLszsS4pWHNEHzl8EIvWw=">AAAB+XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2FhYRzAckR9jbm0uW7O0du3uBcOSf2FgoYus/sfPfuEmu0MQHA4/3ZpiZF6SCa+O6387G5tb2zm5pr7x/cHh0XDk5beskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDf3OxNUmifyyUxT9GM6lDzijBorDSqVB6RKYkh0IrKlVHVr7gJknXgFqUKB5qDy1Q8TlsUoDRNU657npsbPqTKcCZyV+5nGlLIxHWLPUklj1H6+uHxGLq0SkihRtqQhC/X3RE5jradxYDtjakZ61ZuL/3m9zEQ3fs5lmhmUbLkoygQxCZnHQEKukBkxtYQyxe2thI2ooszYsMo2BG/15XXSrtc8t+Y91quN2yKOEpzDBVyBB9fQgHtoQgsYTOAZXuHNyZ0X5935WLZuOMXMGfyB8/kDnYqToQ==</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit>

True solution
<latexit sha1_base64="T8+5rR5NmtQkkrD6FEadCnEXjkQ=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0aLYk2lpjwSmBDZodZmDA7s86DhBC+w8ZCY2z9GDv/xlnYQsGT3OTMOfdm7j1Rypk2vv/tFba2d3b3ivulg8Oj45Py6VlbS6sIbRHJpepGWFPOBG0ZZjjtporiJOK0E03uM78zpUozKZpmltIwwSPBYkawcVLYVJYiLbnNXoNyxa/6S6BNEuSkAjkag/JXfyiJTagwhGOte4GfmnCOlWGE00WpbzVNMZngEe05KnBCdThfLr1AV04ZolgqV8Kgpfp7Yo4TrWdJ5DoTbMZ63cvE/7yeNfFtOGcitYYKsvoothwZibIE0JApSgyfOYKJYm5XRMZYYWJcTiUXQrB+8iZp16qBXw0ea5X6XR5HES7gEq4hgBuowwM0oAUEnuAZXuHNm3ov3rv3sWotePnMOfyB9/kD+imSNw==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit>

-
-
Training data

<latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit>
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Architectures enable us to generalize 
outside the training distribution.

y = ax+ sin(bx2)
<latexit sha1_base64="d3DTzSZFQgLKWzl+Uog4Rgr2wJE=">AAAB/XicbVDLSgNBEOyNrxhf8XHzMhiEiBB2g6AXIejFYwTzgGQNs5PZZMjs7DIzK1lD8Fe8eFDEq//hzb9xkuxBEwsaiqpuuru8iDOlbfvbyiwtr6yuZddzG5tb2zv53b26CmNJaI2EPJRNDyvKmaA1zTSnzUhSHHicNrzB9cRvPFCpWCjudBJRN8A9wXxGsDZSJ3+QoEuEh+gUtRUTRW94Xz5BnXzBLtlToEXipKQAKaqd/Fe7G5I4oEITjpVqOXak3RGWmhFOx7l2rGiEyQD3aMtQgQOq3NH0+jE6NkoX+aE0JTSaqr8nRjhQKgk80xlg3Vfz3kT8z2vF2r9wR0xEsaaCzBb5MUc6RJMoUJdJSjRPDMFEMnMrIn0sMdEmsJwJwZl/eZHUyyXHLjm3Z4XKVRpHFg7hCIrgwDlU4AaqUAMCj/AMr/BmPVkv1rv1MWvNWOnMPvyB9fkDTeSTLg==</latexit><latexit sha1_base64="HjJXHNAuz+mTpw53uiO8RKT7dIM=">AAACInicjVDLSgMxFL1TX7W+xsfOTbAIFaHMFEE3QtGNSwX7gHYsmTRtQzOZIclIx6H/4sKNv+JG1JXgx5g+Ftq68EDgcM653NzjR5wp7TifVmZhcWl5JbuaW1vf2Nyyt3eqKowloRUS8lDWfawoZ4JWNNOc1iNJceBzWvP7lyO/dk+lYqG41UlEvQB3BeswgrWRWvZegs4RHqBj1FRMFPzBXekItey8U3TGQPPEnZI8TPG/eMt+b7ZDEgdUaMKxUg3XibSXYqkZ4XSYa8aKRpj0cZc2DBU4oMpLxycO0aFR2qgTSvOERmP150SKA6WSwDfJAOuemvVG4l9eI9adMy9lIoo1FWSyqBNzpEM06gu1maRE88QQTCQzf0WkhyUm2rSaM6e7s4fOk2qp6DpF9+YkX76YdpaFfTiAArhwCmW4gmuoAIEHeIRneLWerBfrzfqYRDPWdGYXfsH6+gZ+mZqn</latexit><latexit sha1_base64="HjJXHNAuz+mTpw53uiO8RKT7dIM=">AAACInicjVDLSgMxFL1TX7W+xsfOTbAIFaHMFEE3QtGNSwX7gHYsmTRtQzOZIclIx6H/4sKNv+JG1JXgx5g+Ftq68EDgcM653NzjR5wp7TifVmZhcWl5JbuaW1vf2Nyyt3eqKowloRUS8lDWfawoZ4JWNNOc1iNJceBzWvP7lyO/dk+lYqG41UlEvQB3BeswgrWRWvZegs4RHqBj1FRMFPzBXekItey8U3TGQPPEnZI8TPG/eMt+b7ZDEgdUaMKxUg3XibSXYqkZ4XSYa8aKRpj0cZc2DBU4oMpLxycO0aFR2qgTSvOERmP150SKA6WSwDfJAOuemvVG4l9eI9adMy9lIoo1FWSyqBNzpEM06gu1maRE88QQTCQzf0WkhyUm2rSaM6e7s4fOk2qp6DpF9+YkX76YdpaFfTiAArhwCmW4gmuoAIEHeIRneLWerBfrzfqYRDPWdGYXfsH6+gZ+mZqn</latexit><latexit sha1_base64="HjJXHNAuz+mTpw53uiO8RKT7dIM=">AAACInicjVDLSgMxFL1TX7W+xsfOTbAIFaHMFEE3QtGNSwX7gHYsmTRtQzOZIclIx6H/4sKNv+JG1JXgx5g+Ftq68EDgcM653NzjR5wp7TifVmZhcWl5JbuaW1vf2Nyyt3eqKowloRUS8lDWfawoZ4JWNNOc1iNJceBzWvP7lyO/dk+lYqG41UlEvQB3BeswgrWRWvZegs4RHqBj1FRMFPzBXekItey8U3TGQPPEnZI8TPG/eMt+b7ZDEgdUaMKxUg3XibSXYqkZ4XSYa8aKRpj0cZc2DBU4oMpLxycO0aFR2qgTSvOERmP150SKA6WSwDfJAOuemvVG4l9eI9adMy9lIoo1FWSyqBNzpEM06gu1maRE88QQTCQzf0WkhyUm2rSaM6e7s4fOk2qp6DpF9+YkX76YdpaFfTiAArhwCmW4gmuoAIEHeIRneLWerBfrzfqYRDPWdGYXfsH6+gZ+mZqn</latexit>

A good architecture is one that can 
represent the true function and is 
otherwise minimal (and is also easy to 
search over via gradient-based 
learning, easy to parallelize, fast on 
GPU, etc).

Learned solution
<latexit sha1_base64="r/K6UKHLszsS4pWHNEHzl8EIvWw=">AAAB+XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2FhYRzAckR9jbm0uW7O0du3uBcOSf2FgoYus/sfPfuEmu0MQHA4/3ZpiZF6SCa+O6387G5tb2zm5pr7x/cHh0XDk5beskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDf3OxNUmifyyUxT9GM6lDzijBorDSqVB6RKYkh0IrKlVHVr7gJknXgFqUKB5qDy1Q8TlsUoDRNU657npsbPqTKcCZyV+5nGlLIxHWLPUklj1H6+uHxGLq0SkihRtqQhC/X3RE5jradxYDtjakZ61ZuL/3m9zEQ3fs5lmhmUbLkoygQxCZnHQEKukBkxtYQyxe2thI2ooszYsMo2BG/15XXSrtc8t+Y91quN2yKOEpzDBVyBB9fQgHtoQgsYTOAZXuHNyZ0X5935WLZuOMXMGfyB8/kDnYqToQ==</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit>

True solution
<latexit sha1_base64="T8+5rR5NmtQkkrD6FEadCnEXjkQ=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0aLYk2lpjwSmBDZodZmDA7s86DhBC+w8ZCY2z9GDv/xlnYQsGT3OTMOfdm7j1Rypk2vv/tFba2d3b3ivulg8Oj45Py6VlbS6sIbRHJpepGWFPOBG0ZZjjtporiJOK0E03uM78zpUozKZpmltIwwSPBYkawcVLYVJYiLbnNXoNyxa/6S6BNEuSkAjkag/JXfyiJTagwhGOte4GfmnCOlWGE00WpbzVNMZngEe05KnBCdThfLr1AV04ZolgqV8Kgpfp7Yo4TrWdJ5DoTbMZ63cvE/7yeNfFtOGcitYYKsvoothwZibIE0JApSgyfOYKJYm5XRMZYYWJcTiUXQrB+8iZp16qBXw0ea5X6XR5HES7gEq4hgBuowwM0oAUEnuAZXuHNm3ov3rv3sWotePnMOfyB9/kD+imSNw==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit>

-
-
Training data

<latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit>
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Preview: better architectures can approximate important 
function classes more efficiently.

Goal: Fit this image 
(a function x,y —> l) ReLU-net TanH-net ReLU P.E. RBF ReLU SIREN

[Sitzmann*, Martel*, Bergman, Lindell, Wetzstein, NeurIPS 2020] 

(Note: this result may be due to improved approximation ability but it might also be due to 
improved optimization ability; these two effects are typically coupled in experiments)

© Sitzmann, et al. All rights reserved. This content is excluded from our Creative Commons license. For more information, see 
https://ocw.mit.edu/help/faq-fair-use/

9



f: 5 layer sin-net (SIREN)
<latexit sha1_base64="vjs93xprbTex0+99M34kou2LvoQ=">AAACA3icbVDLSgNBEJyNrxhfUW96GQxCPBh2A6J4CoqgF4mPPCAJYXbSmwyZnV1mZoUlBLz4K148KOLVn/Dm3zhJ9qCJBQ1FVTfdXW7ImdK2/W2l5uYXFpfSy5mV1bX1jezmVlUFkaRQoQEPZN0lCjgTUNFMc6iHEojvcqi5/fORX3sAqVgg7nUcQssnXcE8Rok2Uju7453iI8xJDBIrJg4FaJy/u7q9uD5oZ3N2wR4DzxInITmUoNzOfjU7AY18EJpyolTDsUPdGhCpGeUwzDQjBSGhfdKFhqGC+KBag/EPQ7xvlA72AmlKaDxWf08MiK9U7Lum0ye6p6a9kfif14i0d9IaMBFGGgSdLPIijnWAR4HgDpNANY8NIVQycyumPSIJ1Sa2jAnBmX55llSLBccuODfFXOksiSONdtEeyiMHHaMSukRlVEEUPaJn9IrerCfrxXq3PiatKSuZ2UZ/YH3+AM81la8=</latexit><latexit sha1_base64="CUtaVYNcKPMzR5NIlmtsNwJccZk=">AAACKHicjVDLSgMxFM3UV62vqjvdBItQF5aZgiiuiiLoRnz1AW0pmfROG5rJDElGGErBr3Hhxl8RQaRbv8S0nYW2LjwQOJxzLjf3uCFnStv20ErNzS8sLqWXMyura+sb2c2tigoiSaFMAx7ImksUcCagrJnmUAslEN/lUHV75yO/+ghSsUA86DiEpk86gnmMEm2kVnbHO8VHmJMYJFZMHArQOH9/dXdxfdDK5uyCPQaeJU5CcijB/+Kt7HujHdDIB6EpJ0rVHTvUzT6RmlEOg0wjUhAS2iMdqBsqiA+q2R8fOsD7RmljL5DmCY3H6s+JPvGVin3XJH2iu2raG4l/efVIeyfNPhNhpEHQySIv4lgHeNQabjMJVPPYEEIlM3/FtEskodp0mzGnO9OHzpJKseDYBee2mCudJZ2l0S7aQ3nkoGNUQpfoBpURRU/oGb2iD+vFerM+reEkmrKSmW30C9bXN1UanSg=</latexit><latexit sha1_base64="CUtaVYNcKPMzR5NIlmtsNwJccZk=">AAACKHicjVDLSgMxFM3UV62vqjvdBItQF5aZgiiuiiLoRnz1AW0pmfROG5rJDElGGErBr3Hhxl8RQaRbv8S0nYW2LjwQOJxzLjf3uCFnStv20ErNzS8sLqWXMyura+sb2c2tigoiSaFMAx7ImksUcCagrJnmUAslEN/lUHV75yO/+ghSsUA86DiEpk86gnmMEm2kVnbHO8VHmJMYJFZMHArQOH9/dXdxfdDK5uyCPQaeJU5CcijB/+Kt7HujHdDIB6EpJ0rVHTvUzT6RmlEOg0wjUhAS2iMdqBsqiA+q2R8fOsD7RmljL5DmCY3H6s+JPvGVin3XJH2iu2raG4l/efVIeyfNPhNhpEHQySIv4lgHeNQabjMJVPPYEEIlM3/FtEskodp0mzGnO9OHzpJKseDYBee2mCudJZ2l0S7aQ3nkoGNUQpfoBpURRU/oGb2iD+vFerM+reEkmrKSmW30C9bXN1UanSg=</latexit><latexit sha1_base64="CUtaVYNcKPMzR5NIlmtsNwJccZk=">AAACKHicjVDLSgMxFM3UV62vqjvdBItQF5aZgiiuiiLoRnz1AW0pmfROG5rJDElGGErBr3Hhxl8RQaRbv8S0nYW2LjwQOJxzLjf3uCFnStv20ErNzS8sLqWXMyura+sb2c2tigoiSaFMAx7ImksUcCagrJnmUAslEN/lUHV75yO/+ghSsUA86DiEpk86gnmMEm2kVnbHO8VHmJMYJFZMHArQOH9/dXdxfdDK5uyCPQaeJU5CcijB/+Kt7HujHdDIB6EpJ0rVHTvUzT6RmlEOg0wjUhAS2iMdqBsqiA+q2R8fOsD7RmljL5DmCY3H6s+JPvGVin3XJH2iu2raG4l/efVIeyfNPhNhpEHQySIv4lgHeNQabjMJVPPYEEIlM3/FtEskodp0mzGnO9OHzpJKseDYBee2mCudJZ2l0S7aQ3nkoGNUQpfoBpURRU/oGb2iD+vFerM+reEkmrKSmW30C9bXN1UanSg=</latexit>

y = f(x)
<latexit sha1_base64="PO4kAs10oUlojaCT2T/MRTPTYFU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LLZCvZSkF70IRS8eK9gPbEPZbDft0s0m7G7EEPovvHhQxKv/xpv/xk2bg7Y+GHi8N8PMPC/iTGnb/rYKa+sbm1vF7dLO7t7+QfnwqKPCWBLaJiEPZc/DinImaFszzWkvkhQHHqddb3qT+d1HKhULxb1OIuoGeCyYzwjWRnqoJugK+bWn8+qwXLHr9hxolTg5qUCO1rD8NRiFJA6o0IRjpfqOHWk3xVIzwumsNIgVjTCZ4jHtGypwQJWbzi+eoTOjjJAfSlNCo7n6eyLFgVJJ4JnOAOuJWvYy8T+vH2v/0k2ZiGJNBVks8mOOdIiy99GISUo0TwzBRDJzKyITLDHRJqSSCcFZfnmVdBp1x647d41K8zqPowgncAo1cOACmnALLWgDAQHP8ApvlrJerHfrY9FasPKZY/gD6/MHNKePSQ==</latexit><latexit sha1_base64="Fdd+u9IxmYD53iPLVqWRc+F5Mn8=">AAACFnicjVC7TsMwFL0pr1JeBUYWixapLFXSpSxIFSyMINGHaKPKcZ3WquNEtoOIov4FAwu/woIQK2Ljb3DbDNAycCRLR+ecq+t7vIgzpW37y8qtrK6tb+Q3C1vbO7t7xf2DlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXUb99TqVgobnUSUTfAQ8F8RrA20l05QefIrzyclvvFkl21Z0DLxMlICTL8L94vfvYGIYkDKjThWKmuY0faTbHUjHA6KfRiRSNMxnhIu4YKHFDlprOzJujEKAPkh9I8odFM/TmR4kCpJPBMMsB6pBa9qfiX1421f+amTESxpoLMF/kxRzpE047QgElKNE8MwUQy81dERlhiok2TBXO6s3joMmnVqo5ddW5qpcZF1lkejuAYKuBAHRpwBdfQBAICHuEZXq0n68V6s97n0ZyVzRzCL1gf3+UalsI=</latexit><latexit sha1_base64="Fdd+u9IxmYD53iPLVqWRc+F5Mn8=">AAACFnicjVC7TsMwFL0pr1JeBUYWixapLFXSpSxIFSyMINGHaKPKcZ3WquNEtoOIov4FAwu/woIQK2Ljb3DbDNAycCRLR+ecq+t7vIgzpW37y8qtrK6tb+Q3C1vbO7t7xf2DlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXUb99TqVgobnUSUTfAQ8F8RrA20l05QefIrzyclvvFkl21Z0DLxMlICTL8L94vfvYGIYkDKjThWKmuY0faTbHUjHA6KfRiRSNMxnhIu4YKHFDlprOzJujEKAPkh9I8odFM/TmR4kCpJPBMMsB6pBa9qfiX1421f+amTESxpoLMF/kxRzpE047QgElKNE8MwUQy81dERlhiok2TBXO6s3joMmnVqo5ddW5qpcZF1lkejuAYKuBAHRpwBdfQBAICHuEZXq0n68V6s97n0ZyVzRzCL1gf3+UalsI=</latexit><latexit sha1_base64="Fdd+u9IxmYD53iPLVqWRc+F5Mn8=">AAACFnicjVC7TsMwFL0pr1JeBUYWixapLFXSpSxIFSyMINGHaKPKcZ3WquNEtoOIov4FAwu/woIQK2Ljb3DbDNAycCRLR+ecq+t7vIgzpW37y8qtrK6tb+Q3C1vbO7t7xf2DlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXUb99TqVgobnUSUTfAQ8F8RrA20l05QefIrzyclvvFkl21Z0DLxMlICTL8L94vfvYGIYkDKjThWKmuY0faTbHUjHA6KfRiRSNMxnhIu4YKHFDlprOzJujEKAPkh9I8odFM/TmR4kCpJPBMMsB6pBa9qfiX1421f+amTESxpoLMF/kxRzpE047QgElKNE8MwUQy81dERlhiok2TBXO6s3joMmnVqo5ddW5qpcZF1lkejuAYKuBAHRpwBdfQBAICHuEZXq0n68V6s97n0ZyVzRzCL1gf3+UalsI=</latexit>

Learned solution
<latexit sha1_base64="r/K6UKHLszsS4pWHNEHzl8EIvWw=">AAAB+XicbVA9SwNBEJ3zM8avqKXNYhCswl0aLYM2FhYRzAckR9jbm0uW7O0du3uBcOSf2FgoYus/sfPfuEmu0MQHA4/3ZpiZF6SCa+O6387G5tb2zm5pr7x/cHh0XDk5beskUwxbLBGJ6gZUo+ASW4Ybgd1UIY0DgZ1gfDf3OxNUmifyyUxT9GM6lDzijBorDSqVB6RKYkh0IrKlVHVr7gJknXgFqUKB5qDy1Q8TlsUoDRNU657npsbPqTKcCZyV+5nGlLIxHWLPUklj1H6+uHxGLq0SkihRtqQhC/X3RE5jradxYDtjakZ61ZuL/3m9zEQ3fs5lmhmUbLkoygQxCZnHQEKukBkxtYQyxe2thI2ooszYsMo2BG/15XXSrtc8t+Y91quN2yKOEpzDBVyBB9fQgHtoQgsYTOAZXuHNyZ0X5935WLZuOMXMGfyB8/kDnYqToQ==</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit><latexit sha1_base64="MwaYmRn3yiY5/PgpmbOwJYrCf1M=">AAACHnicjVC7SgNBFJ2Nrxhfq5Y2g0GwCrtptAzaWFgomAckS5idvZsMmZ1ZZmYDYcmfWNj4KzYigpX+jZNkC00sPDBwOOdc7twTppxp43lfTmltfWNzq7xd2dnd2z9wD49aWmaKQpNKLlUnJBo4E9A0zHDopApIEnJoh6Prmd8eg9JMigczSSFIyECwmFFirNR33VsgSkCEteTZQqp6NW8OvEr8glRRgf/F++5HL5I0S0AYyonWXd9LTZATZRjlMK30Mg0poSMygK6lgiSgg3x+3hSfWSXCsVT2CYPn6s+JnCRaT5LQJhNihnrZm4l/ed3MxJdBzkSaGRB0sSjOODYSz7rCEVNADZ9YQqhi9q+YDoki1NhGK/Z0f/nQVdKq13yv5t/Xq42rorMyOkGn6Bz56AI10A26Q01E0Rg9omf06jw5L86b876Ilpxi5hj9gvP5DeRcmxo=</latexit>

True solution
<latexit sha1_base64="T8+5rR5NmtQkkrD6FEadCnEXjkQ=">AAAB9HicbVC7TgJBFL2LL8QXamkzkZhYkV0aLYk2lpjwSmBDZodZmDA7s86DhBC+w8ZCY2z9GDv/xlnYQsGT3OTMOfdm7j1Rypk2vv/tFba2d3b3ivulg8Oj45Py6VlbS6sIbRHJpepGWFPOBG0ZZjjtporiJOK0E03uM78zpUozKZpmltIwwSPBYkawcVLYVJYiLbnNXoNyxa/6S6BNEuSkAjkag/JXfyiJTagwhGOte4GfmnCOlWGE00WpbzVNMZngEe05KnBCdThfLr1AV04ZolgqV8Kgpfp7Yo4TrWdJ5DoTbMZ63cvE/7yeNfFtOGcitYYKsvoothwZibIE0JApSgyfOYKJYm5XRMZYYWJcTiUXQrB+8iZp16qBXw0ea5X6XR5HES7gEq4hgBuowwM0oAUEnuAZXuHNm3ov3rv3sWotePnMOfyB9/kD+imSNw==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit><latexit sha1_base64="h43mUn/tYW6FP5NOnUp5tucTAyw=">AAACGXicjVC5TgMxFHwbrhCuACWNRYREFe2mgTKChhKkXFKyiryOk1jx2osPpGiV76Cg4VdoEKKEir/Bm2wBCQUjWRrPvCd7Jko408b3v7zC2vrG5lZxu7Szu7d/UD48amlpFaFNIrlUnQhrypmgTcMMp51EURxHnLajyXXmtx+o0kyKhpkmNIzxSLAhI9g4KWwoS5GW3Ga3frniV/050CoJclKBHP8b75c/egNJbEyFIRxr3Q38xIQpVoYRTmelntU0wWSCR7TrqMAx1WE6TzZDZ04ZoKFU7giD5urPjRTHWk/jyE3G2Iz1speJf3lda4aXYcpEYg0VZPHQ0HJkJMpqQgOmKDF86ggmirm/IjLGChPjyiy56MFy0FXSqlUDvxrc1Sr1q7yzIpzAKZxDABdQhxu4hSYQuIdHeIZX78l78d6898Vowct3juEXvM9vEzmZsA==</latexit>

-
-
Training data

<latexit sha1_base64="4gXZsPFg4PMoPOoO47pTNWzkob0=">AAAB9HicbVA9SwNBEN2LXzF+RS1tFoNgFe7SaBm0sYyQL0iOMLe3lyzZ2zt35wIh5HfYWChi64+x89+4Sa7QxAcDj/dmmJkXpFIYdN1vp7C1vbO7V9wvHRweHZ+UT8/aJsk04y2WyER3AzBcCsVbKFDybqo5xIHknWB8v/A7E66NSFQTpyn3YxgqEQkGaCW/qUEooYY0BIRBueJW3SXoJvFyUiE5GoPyVz9MWBZzhUyCMT3PTdGfgUbBJJ+X+pnhKbAxDHnPUgUxN/5sefScXlklpFGibSmkS/X3xAxiY6ZxYDtjwJFZ9xbif14vw+jWnwmVZsgVWy2KMkkxoYsEaCg0ZyinlgDTwt5K2Qg0MLQ5lWwI3vrLm6Rdq3pu1XusVep3eRxFckEuyTXxyA2pkwfSIC3CyBN5Jq/kzZk4L86787FqLTj5zDn5A+fzB45lkfA=</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit><latexit sha1_base64="KIEC2gUM/Lx6/12Vb5kKoK5oAyk=">AAACGXicjVC7SgNBFL0bXzG+opY2g0GwCrtptAzaWCrkBckS7s7OJkNmZ9eZWSGEfIeFjb9iI2KplX/jJNlCEwsPDBzOOZc79wSp4Nq47pdTWFvf2Nwqbpd2dvf2D8qHRy2dZIqyJk1EojoBaia4ZE3DjWCdVDGMA8Haweh65rcfmNI8kQ0zTpkf40DyiFM0VvIbCrnkckBCNNgvV9yqOwdZJV5OKpDjf/F++aMXJjSLmTRUoNZdz02NP0FlOBVsWuplmqVIRzhgXUslxkz7k/llU3JmlZBEibJPGjJXf05MMNZ6HAc2GaMZ6mVvJv7ldTMTXfoTLtPMMEkXi6JMEJOQWU0k5IpRI8aWIFXc/pXQISqkxpZZsqd7y4euklat6rlV765WqV/lnRXhBE7hHDy4gDrcwC00gcI9PMIzvDpPzovz5rwvogUnnzmGX3A+vwGdI5lp</latexit>

[Sitzmann*, Martel*, Bergman, Lindell, Wetzstein, NeurIPS 2020] 
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Convolutional Neural Networks
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Photo credit: Fredo Durand

© Fredo Durand. All rights reserved. This content is 
excluded from our Creative Commons license. For more 
information, see 
https://ocw.mit.edu/help/faq-fair-use/
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© Fredo Durand. All rights reserved. This content is excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/help/faq-fair-use/
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BirdClassifier

© Fredo Durand. All rights reserved. This content is excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/help/faq-fair-use/

14



BirdClassifier Bird

© Fredo Durand. All rights reserved. This content is excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/help/faq-fair-use/
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SkyClassifier
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© Fredo Durand. All rights reserved. This content is excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/help/faq-fair-use/
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© Fredo Durand. All rights reserved. This content is excluded from our Creative Commons license. For 
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cCNN
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Problem: 

What if objects don’t fit neatly into these patches?  

How to increase the resolution of the output map?

© Fredo Durand. All rights reserved. This content is excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/help/faq-fair-use/

18



Smaller patches increase resolution, but not easy to recognize content in small 

each patch

Instead: we will use large but overlapping patches

© Fredo Durand. All rights reserved. This content is excluded from our Creative Commons license. For 
more information, see https://ocw.mit.edu/help/faq-fair-use/
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Skyf
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>

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

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

Training data

n o
,

n o
,

n o
,

…

x

Bird

Bird

Sky

y
<latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit><latexit sha1_base64="vxBEnhzMsLfh3VlVCSTOZDBJ93o="></latexit>
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This problem is called semantic segmentation

(Colors represent one-hot codes)

cCNN

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

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

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

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

What’s the object class of the center pixel?

Translation invariance: process 
each patch in the same way.

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

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

f
<latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit><latexit sha1_base64="b4HLEbhr7TEtaehBb4ygFYyuiV8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AyvGM6g==</latexit>
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W computes a weighted sum of all pixels in the patch
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W is a convolutional kernel applied to the full image!
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Linear, shift-invariant transformation
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2 Draft of Foundations of Computer Vision by Torralba, Isola, Freeman

Notice that this is quite different than the neural nets we saw in chapter ??, which output
a single prediction for the entire image; CNNs output a two-dimensional (2D) array of
predictions.

We may also chop up the image into overlapping patches. If we do this densely, such that
each patch is one pixel offset from the last, we get a full resolution image of predictions
(figure 1.3):

Figure 1.3: Dense
input-output mapping.

cCNN

…

Now that looks impressive! This CNN solved a task known as semantic segmentation,
which is the task of assigning a class label to each pixel in an image. One reason CNNs
are powerful is because they map an input image to an output image with the same shape,
rather than outputting a single label like in the nets we saw in previous chapters. CNNs can
also be generalized to input and output other kinds of structures. The key property is that
the output matches the topology of the input: an ND tensor of inputs will be mapped to an
N-dimensional (ND) tensor of outputs.

Keeping in mind that chopping up and predicting is really all a CNN is doing, we will
now dive into the details of how they work.

1.2 Convolutional Layers

CNNs are neural networks that are composed of convolutional layers. A convolutional
layer transforms inputs xin to outputs xout by convolving xin with one or more filters w.
A convolutional layer with a single filter looks like this:

In this chapter, we deviate
slightly from our usual

notation and use
lowercase for

convolutional filter w,
regardless of whether the
kernel is a 1D array, a 2D

array, or an ND array.

xout = w ?xin + b / conv (1.1)

“Convolutional” layers in
deep nets are typically

actually defined as
cross-correlations (?) and

we stick to that convention
in this book. We need not

worry about the misnomer
because whether you

implement the layers with
convolution or

cross-correlation usually
makes no difference for

learning. This is because
both span an identical
hypothesis space (any

cross-correlation can be
converted to an equivalent

convolution by flipping
the filter horizontally and

vertically).

where w is the kernel and b is the bias; ✓ = [w, b] are the parameters of this layer. Recalling
the definition of the operator ? from chapter ??, we give here an example of a convolutional
layer over a 2D array xin, using a square kernel of size K ⇥ K:

xout[n, m] = b +
KX

k1,k2=–K

w[k1, k2]xin[n + k1, m + k2] / conv (expanded) (1.2)

As discussed in chapter ??, convolution is just a special kind of linear transform. Similarly,
a convolutional layer is just a special kind of linear layer. It is a linear layer whose matrix
W is a Toeplitz. We can view it either as a matrix or as a neural net, as shown in figure 1.4,
which shows the case of a 1D convolution over a one-dimensional (1D) signal xin, with
zero bias.
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Fully-connected (fc) layer

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

Locally connected network

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

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

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

If we use the same weights 
(weight sharing) to compute
each local function, we get a 
convolutional neural network.
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w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Conv layer

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

Convolutional neural network

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

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

z = w ? x+ b
<latexit sha1_base64="NoVJZF/ilGeBgcc6oMfkDvxZF3Q=">AAACFXicbVDLSsNAFL3xWesr6tLNYBEEpSQi6EYounFZwT6gKWUynbRDJw9mJmoN+Qk3/oobF4q4Fdz5N07aKNp6YODMOfdy7z1uxJlUlvVpzMzOzS8sFpaKyyura+vmxmZdhrEgtEZCHoqmiyXlLKA1xRSnzUhQ7LucNtzBeeY3rqmQLAyu1DCibR/3AuYxgpWWOuaB42PVd73kLkWn6PtzkyJHKix+hNsU7SO3Y5assjUCmiZ2TkqQo9oxP5xuSGKfBopwLGXLtiLVTrBQjHCaFp1Y0giTAe7RlqYB9qlsJ6OrUrSrlS7yQqFfoNBI/d2RYF/Koe/qymxLOell4n9eK1beSTthQRQrGpDxIC/mSIUoiwh1maBE8aEmmAimd0WkjwUmSgdZ1CHYkydPk/ph2bbK9uVRqXKWx1GAbdiBPbDhGCpwAVWoAYF7eIRneDEejCfj1Xgbl84Yec8W/IHx/gUZ656+</latexit><latexit sha1_base64="y15vIOyds4dOHLUm94RKHhQ3VwU=">AAACOnicjVDLSgMxFM34rPU16tJNsAiCUmZE0I1QdONSwT6gU0omzbShmQfJHbUO8xN+jQs3/oI7t25E3PoBZtpRtHXhgcDJOfeSnONGgiuwrGdjanpmdm6+sFBcXFpeWTXX1msqjCVlVRqKUDZcopjgAasCB8EakWTEdwWru/3TzK9fMal4GFzCIGItn3QD7nFKQEttc8/xCfRcL7lN8TH+ulyn2FFA5Ldwk+Jd7LbNklW2hsCTxM5JCeX433jbfHI6IY19FgAVRKmmbUXQSogETgVLi06sWERon3RZU9OA+Ey1kmH0FG9rpYO9UOoTAB6qPzcS4is18F09mUVR414m/uU1Y/COWgkPohhYQEcPebHAEOKsR9zhklEQA00IlVz/FdMekYSCbruoo9vjQSdJbb9sW2X74qBUOck7K6BNtIV2kI0OUQWdoXNURRTdoXv0iF6NB+PFeDPeR6NTRr6zgX7B+PgE10emNw==</latexit><latexit sha1_base64="y15vIOyds4dOHLUm94RKHhQ3VwU=">AAACOnicjVDLSgMxFM34rPU16tJNsAiCUmZE0I1QdONSwT6gU0omzbShmQfJHbUO8xN+jQs3/oI7t25E3PoBZtpRtHXhgcDJOfeSnONGgiuwrGdjanpmdm6+sFBcXFpeWTXX1msqjCVlVRqKUDZcopjgAasCB8EakWTEdwWru/3TzK9fMal4GFzCIGItn3QD7nFKQEttc8/xCfRcL7lN8TH+ulyn2FFA5Ldwk+Jd7LbNklW2hsCTxM5JCeX433jbfHI6IY19FgAVRKmmbUXQSogETgVLi06sWERon3RZU9OA+Ey1kmH0FG9rpYO9UOoTAB6qPzcS4is18F09mUVR414m/uU1Y/COWgkPohhYQEcPebHAEOKsR9zhklEQA00IlVz/FdMekYSCbruoo9vjQSdJbb9sW2X74qBUOck7K6BNtIV2kI0OUQWdoXNURRTdoXv0iF6NB+PFeDPeR6NTRr6zgX7B+PgE10emNw==</latexit><latexit sha1_base64="y15vIOyds4dOHLUm94RKHhQ3VwU=">AAACOnicjVDLSgMxFM34rPU16tJNsAiCUmZE0I1QdONSwT6gU0omzbShmQfJHbUO8xN+jQs3/oI7t25E3PoBZtpRtHXhgcDJOfeSnONGgiuwrGdjanpmdm6+sFBcXFpeWTXX1msqjCVlVRqKUDZcopjgAasCB8EakWTEdwWru/3TzK9fMal4GFzCIGItn3QD7nFKQEttc8/xCfRcL7lN8TH+ulyn2FFA5Ldwk+Jd7LbNklW2hsCTxM5JCeX433jbfHI6IY19FgAVRKmmbUXQSogETgVLi06sWERon3RZU9OA+Ey1kmH0FG9rpYO9UOoTAB6qPzcS4is18F09mUVR414m/uU1Y/COWgkPohhYQEcPebHAEOKsR9zhklEQA00IlVz/FdMekYSCbruoo9vjQSdJbb9sW2X74qBUOck7K6BNtIV2kI0OUQWdoXNURRTdoXv0iF6NB+PFeDPeR6NTRr6zgX7B+PgE10emNw==</latexit>

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

If we use the same weights 
(weight sharing) to compute
each local function, we get a 
convolutional neural network.
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w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

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

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

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

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

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

Weight sharing

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

Conv layer

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

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

z = w ? x+ b
<latexit sha1_base64="NoVJZF/ilGeBgcc6oMfkDvxZF3Q=">AAACFXicbVDLSsNAFL3xWesr6tLNYBEEpSQi6EYounFZwT6gKWUynbRDJw9mJmoN+Qk3/oobF4q4Fdz5N07aKNp6YODMOfdy7z1uxJlUlvVpzMzOzS8sFpaKyyura+vmxmZdhrEgtEZCHoqmiyXlLKA1xRSnzUhQ7LucNtzBeeY3rqmQLAyu1DCibR/3AuYxgpWWOuaB42PVd73kLkWn6PtzkyJHKix+hNsU7SO3Y5assjUCmiZ2TkqQo9oxP5xuSGKfBopwLGXLtiLVTrBQjHCaFp1Y0giTAe7RlqYB9qlsJ6OrUrSrlS7yQqFfoNBI/d2RYF/Koe/qymxLOell4n9eK1beSTthQRQrGpDxIC/mSIUoiwh1maBE8aEmmAimd0WkjwUmSgdZ1CHYkydPk/ph2bbK9uVRqXKWx1GAbdiBPbDhGCpwAVWoAYF7eIRneDEejCfj1Xgbl84Yec8W/IHx/gUZ656+</latexit><latexit sha1_base64="y15vIOyds4dOHLUm94RKHhQ3VwU=">AAACOnicjVDLSgMxFM34rPU16tJNsAiCUmZE0I1QdONSwT6gU0omzbShmQfJHbUO8xN+jQs3/oI7t25E3PoBZtpRtHXhgcDJOfeSnONGgiuwrGdjanpmdm6+sFBcXFpeWTXX1msqjCVlVRqKUDZcopjgAasCB8EakWTEdwWru/3TzK9fMal4GFzCIGItn3QD7nFKQEttc8/xCfRcL7lN8TH+ulyn2FFA5Ldwk+Jd7LbNklW2hsCTxM5JCeX433jbfHI6IY19FgAVRKmmbUXQSogETgVLi06sWERon3RZU9OA+Ey1kmH0FG9rpYO9UOoTAB6qPzcS4is18F09mUVR414m/uU1Y/COWgkPohhYQEcPebHAEOKsR9zhklEQA00IlVz/FdMekYSCbruoo9vjQSdJbb9sW2X74qBUOck7K6BNtIV2kI0OUQWdoXNURRTdoXv0iF6NB+PFeDPeR6NTRr6zgX7B+PgE10emNw==</latexit><latexit sha1_base64="y15vIOyds4dOHLUm94RKHhQ3VwU=">AAACOnicjVDLSgMxFM34rPU16tJNsAiCUmZE0I1QdONSwT6gU0omzbShmQfJHbUO8xN+jQs3/oI7t25E3PoBZtpRtHXhgcDJOfeSnONGgiuwrGdjanpmdm6+sFBcXFpeWTXX1msqjCVlVRqKUDZcopjgAasCB8EakWTEdwWru/3TzK9fMal4GFzCIGItn3QD7nFKQEttc8/xCfRcL7lN8TH+ulyn2FFA5Ldwk+Jd7LbNklW2hsCTxM5JCeX433jbfHI6IY19FgAVRKmmbUXQSogETgVLi06sWERon3RZU9OA+Ey1kmH0FG9rpYO9UOoTAB6qPzcS4is18F09mUVR414m/uU1Y/COWgkPohhYQEcPebHAEOKsR9zhklEQA00IlVz/FdMekYSCbruoo9vjQSdJbb9sW2X74qBUOck7K6BNtIV2kI0OUQWdoXNURRTdoXv0iF6NB+PFeDPeR6NTRr6zgX7B+PgE10emNw==</latexit><latexit sha1_base64="y15vIOyds4dOHLUm94RKHhQ3VwU=">AAACOnicjVDLSgMxFM34rPU16tJNsAiCUmZE0I1QdONSwT6gU0omzbShmQfJHbUO8xN+jQs3/oI7t25E3PoBZtpRtHXhgcDJOfeSnONGgiuwrGdjanpmdm6+sFBcXFpeWTXX1msqjCVlVRqKUDZcopjgAasCB8EakWTEdwWru/3TzK9fMal4GFzCIGItn3QD7nFKQEttc8/xCfRcL7lN8TH+ulyn2FFA5Ldwk+Jd7LbNklW2hsCTxM5JCeX433jbfHI6IY19FgAVRKmmbUXQSogETgVLi06sWERon3RZU9OA+Ey1kmH0FG9rpYO9UOoTAB6qPzcS4is18F09mUVR414m/uU1Y/COWgkPohhYQEcPebHAEOKsR9zhklEQA00IlVz/FdMekYSCbruoo9vjQSdJbb9sW2X74qBUOck7K6BNtIV2kI0OUQWdoXNURRTdoXv0iF6NB+PFeDPeR6NTRr6zgX7B+PgE10emNw==</latexit>

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

If we use the same weights 
(weight sharing) to compute
each local function, we get a 
convolutional neural network.
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(Fully-connected) linear layer
xout = Wxin + b
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We already saw that convolutional filters are useful for image processing in parts ??

and ??. In those parts, we introduced a variety of hand-designed filter banks with useful
properties. A CNN instead learns an effective filter bank.

1.2.1 Multi-Input, Multi-Output Convolutional Layers

In image processing, convolution usually refers to filtering a 1-channel signal and pro-
ducing a 1-channel output, e.g., filtering a grayscale image and producing a scalar-valued
response image. In neural networks, convolutional layers are more general, and typically
map a multichannel input to a multichannel output. In this section we define how to handle
multichannel inputs, then how to handle multichannel outputs, and then put them together
to define the fully general convolutional layer.

Multichannel Inputs Suppose we have an RGB image xin 2 R3⇥N⇥M . To apply a
convolutional layer to such a multichannel image we simply use a multichannel filter
w 2 RC⇥K⇥K , filter each input channel with the corresponding filter channel, and sum the
responses:

xout =
X

c

w[c, :, :] ?xin[c, :, :] + b[c] / conv (multichannel in) (1.3)

Multichannel Outputs Above we saw a convolutional layer with just a single filter. More
commonly each convolutional layer in a neural network will apply a set of filters, i.e. a filter
bank.

We introduced filter banks
in chapter ??. The
difference here is that in
CNNs the filter weights
are learned.

If we have a bank of C filters w0, …, wC–1, and apply them to a grayscale input image
xin 2 RN⇥M , we get C output images:

xout[0, :, :] = w[0, :, :] ?xin + b[0] (1.4)

...

xout[C, :, :] = w[C – 1, :, :] ?xin + b[C – 1] (1.5)

Now xout is an image with C channels. Each channel is the response of the input image to
one of the filters.

We use the term “image”
to refer to any 2D array of
measurements or features.
An image does not have to
be a conventional
photograph.

We call each of these channels a feature map, as it shows some features
of the input, such as where the vertical edges are.

Multi-Input, Multi-Output Putting both of the above together, we can define a general
convolutional layer that maps a signal with Cin input channels to a signal with Cout output
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ducing a 1-channel output, e.g., filtering a grayscale image and producing a scalar-valued
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xin 2 RN⇥M , we get C output images:
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measurements or features.
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Convolutional layer
xout = w ? xin + b
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Toeplitz matrix

e.g., pixel image
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• Constrained linear layer

• Fewer parameters —> easier to learn, less overfitting
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x
<latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit><latexit sha1_base64="Z4e5y6nMs9sbXeAltyY2IdHf0NI="></latexit>

y
<latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit><latexit sha1_base64="+PDuWgTwP6aw2EvoElq4vv1lwm4="></latexit>
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=<latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit>

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

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

Conv layers can be applied to arbitrarily-sized inputs 
(generalizes beyond the training data due to an architectural structure!)
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Five views on convolutional layers
1. Equivariant with translation

2. Patch processing

3. Image filter

4. Parameter sharing

5. A way to process variable-sized tensors

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

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

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

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

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

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

w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>
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What happens when you stack convolutional layers?

i
i

i
i

i
i

i
i

20 Draft of Foundations of Computer Vision by Torralba, Isola, Freeman

1.9 CNN as a Sliding Filter

The core of CNNs are the convolutional layers, and in this section we will consider a CNN
with only conv layers interleaved with pointwise nonlinearities. Such a CNN is sometimes
called a fully convolutional network or FCN [4]. What we will show below is that a whole
FCN is just another sliding image filter.

To see why, consider a CNN that processes a 1D signal, and outputs a feature map xL.
Take two feature vectors in the output map, xL[:, i] and xL[:, j]. The feature vector at loca-
tion i is some function of the input patch in its receptive field, xL[:, i] = F(xin[:, RF(i)]),
where RF returns the coordinates of the receptive field in the input image. It turns out that
the feature vector at pixel j is produced by the same function, just applied to a different
patch of the input: xL[:, j] = F(xin[:, RF(j)]).

This is easiest to understand with a visual proof, which we give in figure 1.28 (pointwise
nonlinearities are omitted for clarity):

Figure 1.28: A CNN is
a non-linear filter. Edge

colors indicate shared
weights; two edges with
the same color have the

same weight. The colors
demonstrate that the same

function F is applied to
each patch of input nodes.

xL[i]

xL[j]

xL[i]

xL[j]

F

F

To understand this property, first imagine the CNN has no pointwise nonlinearities. Then
the entire CNN is just the composition of a sequence of convolutions, which itself is a con-
volution (by equation (??), convolving a signal with multiple filters in a row is equivalent
to convolving the signal with a single equivalent filter). Therefore, a CNN with no nonlin-
earities is itself just a single big convolutional filter. The key property of such a system is
that it processes each input patch independently and identically. Now notice that this key
property is unchanged when we add pointwise nonlinearities, because they introduce no
interaction between neurons or pixels (they are pointwise after all). Hence it follows that a
complete CNN, made up only of convolutional layers and pointwies nonlinearities, is itself
a nonlinear operator that applies the same transformation independently and identically to
each patch of the input signal, i.e. a nonlinear filter!

This is why, in the intro to
this chapter, we visualized
a CNN as chopping up an

image into patches and
applying the same

“classifier” function to
each patch.

1.10 Why Process Images Patch by Patch?

As we have seen above, a fully convoutional CNN can be thought of a function that
processes each patch of the input independently and identically.

Although some CNNs
have non-convolutional
layers, like gap and fc

layers, what defines CNNs
is the stack of fully

convolutional layers, i.e.
the convolutions and

pointwise activations.

In this section we will discuss why these two propties are useful for image processing.

Property #1: Treating Patches as Independent This is a divide-and-conquer strategy. If
you were to try to understand a complex problem, you might break it up into small pieces

i
i

i
i

i
i

i
i
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To see why, consider a CNN that processes a 1D signal, and outputs a feature map xL.
Take two feature vectors in the output map, xL[:, i] and xL[:, j]. The feature vector at loca-
tion i is some function of the input patch in its receptive field, xL[:, i] = F(xin[:, RF(i)]),
where RF returns the coordinates of the receptive field in the input image. It turns out that
the feature vector at pixel j is produced by the same function, just applied to a different
patch of the input: xL[:, j] = F(xin[:, RF(j)]).

This is easiest to understand with a visual proof, which we give in figure 1.28 (pointwise
nonlinearities are omitted for clarity):
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To understand this property, first imagine the CNN has no pointwise nonlinearities. Then
the entire CNN is just the composition of a sequence of convolutions, which itself is a con-
volution (by equation (??), convolving a signal with multiple filters in a row is equivalent
to convolving the signal with a single equivalent filter). Therefore, a CNN with no nonlin-
earities is itself just a single big convolutional filter. The key property of such a system is
that it processes each input patch independently and identically. Now notice that this key
property is unchanged when we add pointwise nonlinearities, because they introduce no
interaction between neurons or pixels (they are pointwise after all). Hence it follows that a
complete CNN, made up only of convolutional layers and pointwies nonlinearities, is itself
a nonlinear operator that applies the same transformation independently and identically to
each patch of the input signal, i.e. a nonlinear filter!

This is why, in the intro to
this chapter, we visualized
a CNN as chopping up an

image into patches and
applying the same

“classifier” function to
each patch.

1.10 Why Process Images Patch by Patch?

As we have seen above, a fully convoutional CNN can be thought of a function that
processes each patch of the input independently and identically.

Although some CNNs
have non-convolutional
layers, like gap and fc

layers, what defines CNNs
is the stack of fully

convolutional layers, i.e.
the convolutions and

pointwise activations.

In this section we will discuss why these two propties are useful for image processing.

Property #1: Treating Patches as Independent This is a divide-and-conquer strategy. If
you were to try to understand a complex problem, you might break it up into small pieces

The whole CNN acts like a (nonlinear) convolutional filter!
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What if we have color?
(aka multiple input channels?)
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w
<latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit><latexit sha1_base64="flGO7PvVKXBCQgR5lTxUTj9RLc4="></latexit>

Conv layer

Multichannel inputs

<latexit sha1_base64="aO4X3frcXqNTHyEJVPXhOfLSmdw=">AAACHnicbVDLSgNBEJz1GeMr6tHLYBA8hV3R6DHoxZNEMQ/IxjA7mTVDZmeXmV5JGPZLvPgrXjwoInjSv3HyOKixoKGo6qa7K0gE1+C6X87c/MLi0nJuJb+6tr6xWdjarus4VZTVaCxi1QyIZoJLVgMOgjUTxUgUCNYI+ucjv3HPlOaxvIFhwtoRuZM85JSAlTqFYz8i0AtCM8g6xgc2AAATp5Bl2OcST9zAXGe3xsM+8IhpfJl1CkW35I6BZ4k3JUU0RbVT+PC7MU0jJoEKonXLcxNoG6KAU8GyvJ9qlhDaJ3esZakkdk/bjN/L8L5VujiMlS0JeKz+nDAk0noYBbZzdK7+643E/7xWCuFp23CZpMAknSwKU4EhxqOscJcrRkEMLSFUcXsrpj2iCAWbaN6G4P19eZbUD0teuVS+OipWzqZx5NAu2kMHyEMnqIIuUBXVEEUP6Am9oFfn0Xl23pz3SeucM53ZQb/gfH4DUrKj0A==</latexit>

xout 2 R1⇥N
<latexit sha1_base64="XVOvXrM1NOCAUPiMLCVpq/nRofw=">AAACHXicbVDLSgNBEJyNrxhfUY9eBoPgKexqiB6DXjxJFPOAbAyzk9lkyOzsMtMrCcv+iBd/xYsHRTx4Ef/GyeOgiQUNRVU33V1eJLgG2/62MkvLK6tr2fXcxubW9k5+d6+uw1hRVqOhCFXTI5oJLlkNOAjWjBQjgSdYwxtcjv3GA1Oah/IORhFrB6Qnuc8pASN18iU3IND3/GSYdhIX2BAAEi7TFLtc4qnpJbfpfXKKXeAB0/g67eQLdtGeAC8SZ0YKaIZqJ//pdkMaB0wCFUTrlmNH0E6IAk4FS3NurFlE6ID0WMtQScyedjL5LsVHRuliP1SmJOCJ+nsiIYHWo8AzneNz9bw3Fv/zWjH4523zbBQDk3S6yI8FhhCPo8JdrhgFMTKEUMXNrZj2iSIUTKA5E4Iz//IiqZ8UnXKxfFMqVC5mcWTRATpEx8hBZ6iCrlAV1RBFj+gZvaI368l6sd6tj2lrxprN7KM/sL5+AFQuo0c=</latexit>

xin 2 R3⇥N

<latexit sha1_base64="p0EFA6rYEjeP6cP+dw/d9sBwav4="></latexit>

xout =
X

c

w[c, :] ? xin[c, :] + b[c]

<latexit sha1_base64="ry85mk2qXenD/5I2Nm5NfN4U/qc=">AAACD3icbVC7TsMwFL3hWcqrwMhiUYGYqoSiwljBwlgQfUhNqRzXaa06TmQ7oCrKH7DwKywMIMTKysbf4LQdoOVIlo7PuVf33uNFnClt29/WwuLS8spqbi2/vrG5tV3Y2W2oMJaE1knIQ9nysKKcCVrXTHPaiiTFgcdp0xteZn7znkrFQnGrRxHtBLgvmM8I1kbqFo7cAOuB5ycPKXKZQJOvl9ykd0kZuZoFVKFy2i0U7ZI9BponzpQUYYpat/Dl9kISB1RowrFSbceOdCfBUjPCaZp3Y0UjTIa4T9uGCmzmdJLxPSk6NEoP+aE0T2g0Vn93JDhQahR4pjJbV816mfif1461f95JmIhiTQWZDPJjjnSIsnBQj0lKNB8ZgolkZldEBlhiok2EeROCM3vyPGmclJxKqXJ9WqxeTOPIwT4cwDE4cAZVuIIa1IHAIzzDK7xZT9aL9W59TEoXrGnPHvyB9fkDrwuccA==</latexit>

w 2 R3⇥3
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<latexit sha1_base64="ARjWqNGPC3XeoLwKZfYHW4ecVNo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEF1ISkSquim5cVrAPaEOZTCft0MkkzEyUGvolblwo4tZPceffOGmz0NYDA4dz7uWeOX7MmdKO820VVlbX1jeKm6Wt7Z3dsr2331JRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77J/PYDlYpF4l5PYuqFeChYwAjWRurb5V6I9cgP0sdp1z298vp2xak6M6Bl4uakAjkaffurN4hIElKhCcdKdV0n1l6KpWaE02mplygaYzLGQ9o1VOCQKi+dBZ+iY6MMUBBJ84RGM/X3RopDpSahbyazmGrRy8T/vG6ig0svZSJONBVkfihIONIRylpAAyYp0XxiCCaSmayIjLDERJuuSqYEd/HLy6R1VnVr1drdeaV+nddRhEM4ghNw4QLqcAsNaAKBBJ7hFd6sJ+vFerc+5qMFK985gD+wPn8AQ5eS2A==</latexit>

w[1, :]

<latexit sha1_base64="6rt9GtCII23CdhXxbkulOfLyyPY=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEF1ISkSquim5cVrAPaEOZTCft0MkkzEyUGvolblwo4tZPceffOGmz0NYDA4dz7uWeOX7MmdKO820VVlbX1jeKm6Wt7Z3dsr2331JRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77J/PYDlYpF4l5PYuqFeChYwAjWRurb5V6I9cgP0sdp1zm98vp2xak6M6Bl4uakAjkaffurN4hIElKhCcdKdV0n1l6KpWaE02mplygaYzLGQ9o1VOCQKi+dBZ+iY6MMUBBJ84RGM/X3RopDpSahbyazmGrRy8T/vG6ig0svZSJONBVkfihIONIRylpAAyYp0XxiCCaSmayIjLDERJuuSqYEd/HLy6R1VnVr1drdeaV+nddRhEM4ghNw4QLqcAsNaAKBBJ7hFd6sJ+vFerc+5qMFK985gD+wPn8AQhCS1w==</latexit>

w[0, :]

Conv layer

Multichannel outputs

<latexit sha1_base64="Ss0ZSM2UYuWcBbcaelnyqJcHxIY="></latexit>

xout[0, :] = w[0, :] ? xin + b[0]

...

xout[C, :] = w[C � 1, :] ? xin + b[C � 1]

<latexit sha1_base64="63E/4rqON7b5/X3mOb+ZmGhJGOA=">AAACHnicbVBNS8NAEN3Ur1q/oh69LBbBU0lEq0fRiyepYlVoYtlsN3XpZhN2J2JZ8ku8+Fe8eFBE8KT/xu3HQasPBh7vzTAzL8oE1+B5X05panpmdq48X1lYXFpecVfXLnWaK8qaNBWpuo6IZoJL1gQOgl1nipEkEuwq6h0P/Ks7pjRP5QX0MxYmpCt5zCkBK7XdvSAhcBvF5r5omwDYPQCYNIeiwAGXeORG5ry4MTs4AJ4wjU+Ltlv1at4Q+C/xx6SKxmi03Y+gk9I8YRKoIFq3fC+D0BAFnApWVIJcs4zQHumylqWS2D2hGb5X4C2rdHCcKlsS8FD9OWFIonU/iWzn4Fw96Q3E/7xWDvFBaLjMcmCSjhbFucCQ4kFWuMMVoyD6lhCquL0V01uiCAWbaMWG4E++/Jdc7tT8eq1+tls9PBrHUUYbaBNtIx/to0N0ghqoiSh6QE/oBb06j86z8+a8j1pLznhmHf2C8/kNVECj0Q==</latexit>

xout 2 R2⇥N
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xin 2 R1⇥N

Filter bank of C filters
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Figure 24.5: Multi-
channel convolution.
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channels. Here is what this looks like for an image xin 2 RCin⇥N⇥M , where c2 indexes the
output channel, with c2 2 {0, …, Cout – 1}:

xout[c2, :, :] =
CinX

c1=1

w[c1, c2, :, :] ?xin[c1, :, :] + b[c2] / conv (multi-in-out) (24.6)

Notation for multichannel convolutions can get hard to keep track of, so let’s spell out a
few of the pieces here, which are also visualized in figure 24.5:
• xin[c1, :, :] is the c1-th channel of the input signal.
• The filter bank is Cout filters, [w[:, 0, :, :], …, w[:, Cout – 1, :, :]], each of which applies

one convolutional filter per input channel and then sums the responses over all these
filters.

• This convolutional layer maps inputs xin 2 RCin⇥N⇥M to outputs xout 2 RCout⇥N⇥M .
• The filter bank is represented by a tensor w 2 RCin⇥Cout⇥K⇥K , where K is the (spatial,

square) kernel size.

It’s important to get comfortable with the shapes of the data and parameter tensors that
get processed through different neural architectures. This is essential when designing and
building these architectures, and when analyzing and debugging them. Let’s go through
an example with concrete numbers. Consider data xin, which is an RGB image of size
128 ⇥ 128 pixels. We will pass it through a convoluational layer that applies a bank of 3 ⇥ 3
filters (this refers to the spatial extent of the filters). We omit the bias terms for simplicity.
The output ends up being a 96 ⇥ 128 ⇥ 128 tensor, as shown in figure 24.6.

Figure 24.6: A convolu-
tional layer that applies
a bank of 3⇥ 3 filters.
How many parameters
does each filter have?

How many filters are in
the filter bank? Source:
created by Jonas Wulff.

…

…

Filter Bank with 
3x3 filters

128
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xin 2 R3⇥128⇥128
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xout 2 R96⇥128⇥128
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To check your understanding, you should be able to answer the following questions:

i
i

i
i

i
i

i
i

338 Chapter 24

Figure 24.5: Multi-
channel convolution.
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channels. Here is what this looks like for an image xin 2 RCin⇥N⇥M , where c2 indexes the
output channel, with c2 2 {0, …, Cout – 1}:

xout[c2, :, :] =
CinX

c1=1

w[c1, c2, :, :] ?xin[c1, :, :] + b[c2] / conv (multi-in-out) (24.6)

Notation for multichannel convolutions can get hard to keep track of, so let’s spell out a
few of the pieces here, which are also visualized in figure 24.5:
• xin[c1, :, :] is the c1-th channel of the input signal.
• The filter bank is Cout filters, [w[:, 0, :, :], …, w[:, Cout – 1, :, :]], each of which applies

one convolutional filter per input channel and then sums the responses over all these
filters.

• This convolutional layer maps inputs xin 2 RCin⇥N⇥M to outputs xout 2 RCout⇥N⇥M .
• The filter bank is represented by a tensor w 2 RCin⇥Cout⇥K⇥K , where K is the (spatial,

square) kernel size.

It’s important to get comfortable with the shapes of the data and parameter tensors that
get processed through different neural architectures. This is essential when designing and
building these architectures, and when analyzing and debugging them. Let’s go through
an example with concrete numbers. Consider data xin, which is an RGB image of size
128 ⇥ 128 pixels. We will pass it through a convoluational layer that applies a bank of 3 ⇥ 3
filters (this refers to the spatial extent of the filters). We omit the bias terms for simplicity.
The output ends up being a 96 ⇥ 128 ⇥ 128 tensor, as shown in figure 24.6.

Figure 24.6: A convolu-
tional layer that applies
a bank of 3⇥ 3 filters.
How many parameters
does each filter have?

How many filters are in
the filter bank? Source:
created by Jonas Wulff.

…

…

Filter Bank with 
3x3 filters
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xin 2 R3⇥128⇥128
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To check your understanding, you should be able to answer the following questions:

Input channel Output channel
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[Figure modified from Andrea Vedaldi]

Input features A bank of 2 filters
2-dimensional output

feature maps

xin 2 RCin⇥H⇥W ! xout 2 RCout⇥H⇥W
<latexit sha1_base64="OmIi8wfgZAnqReIhT6D4GcJV09c="></latexit><latexit sha1_base64="Wcazzbx5UpFRxBqE9uagqhZrdcs="></latexit><latexit sha1_base64="Wcazzbx5UpFRxBqE9uagqhZrdcs="></latexit><latexit sha1_base64="Wcazzbx5UpFRxBqE9uagqhZrdcs="></latexit>
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Feature maps

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

Input

conv1 (after first conv layer)

conv2 (after second conv layer)

Image © Fredo Durand. All rights reserved. 
This content is excluded from our Creative 
Commons license. For more information, 
see https://ocw.mit.edu/help/faq-fair-use/
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Multiple channels: Example

How many parameters does each filter have? 

(a) 9       (b) 27     (c) 96     (d) 864
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Figure 24.5: Multi-
channel convolution.
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channels. Here is what this looks like for an image xin 2 RCin⇥N⇥M , where c2 indexes the
output channel, with c2 2 {0, …, Cout – 1}:

xout[c2, :, :] =
CinX

c1=1

w[c1, c2, :, :] ?xin[c1, :, :] + b[c2] / conv (multi-in-out) (24.6)

Notation for multichannel convolutions can get hard to keep track of, so let’s spell out a
few of the pieces here, which are also visualized in figure 24.5:
• xin[c1, :, :] is the c1-th channel of the input signal.
• The filter bank is Cout filters, [w[:, 0, :, :], …, w[:, Cout – 1, :, :]], each of which applies

one convolutional filter per input channel and then sums the responses over all these
filters.

• This convolutional layer maps inputs xin 2 RCin⇥N⇥M to outputs xout 2 RCout⇥N⇥M .
• The filter bank is represented by a tensor w 2 RCin⇥Cout⇥K⇥K , where K is the (spatial,

square) kernel size.

It’s important to get comfortable with the shapes of the data and parameter tensors that
get processed through different neural architectures. This is essential when designing and
building these architectures, and when analyzing and debugging them. Let’s go through
an example with concrete numbers. Consider data xin, which is an RGB image of size
128 ⇥ 128 pixels. We will pass it through a convoluational layer that applies a bank of 3 ⇥ 3
filters (this refers to the spatial extent of the filters). We omit the bias terms for simplicity.
The output ends up being a 96 ⇥ 128 ⇥ 128 tensor, as shown in figure 24.6.

Figure 24.6: A convolu-
tional layer that applies
a bank of 3⇥ 3 filters.
How many parameters
does each filter have?

How many filters are in
the filter bank? Source:
created by Jonas Wulff.

…

…

Filter Bank with 
3x3 filters

128

128

3 96

128

128

xin 2 R3⇥128⇥128
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xout 2 R96⇥128⇥128
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To check your understanding, you should be able to answer the following questions:
44



Multiple channels: Example

How many filters are in the bank? 

(a) 3       (b) 27     (c) 96     (d) can’t say
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Figure 24.5: Multi-
channel convolution.
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channels. Here is what this looks like for an image xin 2 RCin⇥N⇥M , where c2 indexes the
output channel, with c2 2 {0, …, Cout – 1}:

xout[c2, :, :] =
CinX

c1=1

w[c1, c2, :, :] ?xin[c1, :, :] + b[c2] / conv (multi-in-out) (24.6)

Notation for multichannel convolutions can get hard to keep track of, so let’s spell out a
few of the pieces here, which are also visualized in figure 24.5:
• xin[c1, :, :] is the c1-th channel of the input signal.
• The filter bank is Cout filters, [w[:, 0, :, :], …, w[:, Cout – 1, :, :]], each of which applies

one convolutional filter per input channel and then sums the responses over all these
filters.

• This convolutional layer maps inputs xin 2 RCin⇥N⇥M to outputs xout 2 RCout⇥N⇥M .
• The filter bank is represented by a tensor w 2 RCin⇥Cout⇥K⇥K , where K is the (spatial,

square) kernel size.

It’s important to get comfortable with the shapes of the data and parameter tensors that
get processed through different neural architectures. This is essential when designing and
building these architectures, and when analyzing and debugging them. Let’s go through
an example with concrete numbers. Consider data xin, which is an RGB image of size
128 ⇥ 128 pixels. We will pass it through a convoluational layer that applies a bank of 3 ⇥ 3
filters (this refers to the spatial extent of the filters). We omit the bias terms for simplicity.
The output ends up being a 96 ⇥ 128 ⇥ 128 tensor, as shown in figure 24.6.

Figure 24.6: A convolu-
tional layer that applies
a bank of 3⇥ 3 filters.
How many parameters
does each filter have?

How many filters are in
the filter bank? Source:
created by Jonas Wulff.

…

…

Filter Bank with 
3x3 filters

128

128

3 96

128

128

xin 2 R3⇥128⇥128
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<latexit sha1_base64="AU2G4BsRmUwVdR63DMzCvR/VG8k=">AAACLHicbVBNS8NAEN34WetX1aOXxSJ4KomI1luxF49VrBaaWDbbjS5uNmF3Ii1LfpAX/4ogHizi1d/hts1Bqw8GHu/NMDMvTAXX4LojZ25+YXFpubRSXl1b39isbG1f6yRTlLVpIhLVCYlmgkvWBg6CdVLFSBwKdhM+NMf+zSNTmifyCoYpC2JyJ3nEKQEr9SpNPyZwH0ZmkPeMD2wAACbJIM+xzyWeuqG5zG/N6TH2gcdMY++w/oPmvUrVrbkT4L/EK0gVFWj1Kq9+P6FZzCRQQbTuem4KgSEKOBUsL/uZZimhD+SOdS2VxG4KzOTZHO9bpY+jRNmSgCfqzwlDYq2HcWg7x8frWW8s/ud1M4jqgeEyzYBJOl0UZQJDgsfJ4T5XjIIYWkKo4vZWTO+JIhRsvmUbgjf78l9yfVjz3Jp3cVRtnBVxlNAu2kMHyEMnqIHOUQu1EUVP6AW9o5Hz7Lw5H87ntHXOKWZ20C84X999Hqg1</latexit><latexit sha1_base64="uVg5F2yUvL+HUa9Tf0dSAVgmlfw=">AAACUXicjVFNSwMxEJ2u360fVY9egkXwVHZFtN6KXjyqWBW6tWTTrAaz2SWZlZawP8hfI+hFf4oXMf04qPXgQODx3gwz7yXKpDDo++8lb2Z2bn5hcalcWV5ZXauub1yZNNeMt1gqU30TUcOlULyFAiW/yTSnSST5dfRwMtSvH7k2IlWXOMh4J6F3SsSCUXRUt3oSJhTvo9j2i64NkfcR0aY5FgUJhSJjNbIXxa09OiAhioQbEuw1vsGiW635dX9UZBoEE1CDSf2vvVt9CXspyxOukElqTDvwM+xYqlEwyYtymBueUfZA73jbQUXdOR07SqQgO47pkTjV7ikkI/b7hKWJMYMkcp1Dh+a3NiT/0to5xo2OFSrLkSs2XhTnkmBKhvGSntCcoRw4QJkW7lbC7qmmDN0nlJ314LfRaXC1Vw/8enC+X2seTzJbhC3Yhl0I4BCacApn0AIGT/AMb/BZei19eOB541avNJnZhB/lVb4ANiissQ==</latexit><latexit sha1_base64="uVg5F2yUvL+HUa9Tf0dSAVgmlfw=">AAACUXicjVFNSwMxEJ2u360fVY9egkXwVHZFtN6KXjyqWBW6tWTTrAaz2SWZlZawP8hfI+hFf4oXMf04qPXgQODx3gwz7yXKpDDo++8lb2Z2bn5hcalcWV5ZXauub1yZNNeMt1gqU30TUcOlULyFAiW/yTSnSST5dfRwMtSvH7k2IlWXOMh4J6F3SsSCUXRUt3oSJhTvo9j2i64NkfcR0aY5FgUJhSJjNbIXxa09OiAhioQbEuw1vsGiW635dX9UZBoEE1CDSf2vvVt9CXspyxOukElqTDvwM+xYqlEwyYtymBueUfZA73jbQUXdOR07SqQgO47pkTjV7ikkI/b7hKWJMYMkcp1Dh+a3NiT/0to5xo2OFSrLkSs2XhTnkmBKhvGSntCcoRw4QJkW7lbC7qmmDN0nlJ314LfRaXC1Vw/8enC+X2seTzJbhC3Yhl0I4BCacApn0AIGT/AMb/BZei19eOB541avNJnZhB/lVb4ANiissQ==</latexit><latexit sha1_base64="uVg5F2yUvL+HUa9Tf0dSAVgmlfw=">AAACUXicjVFNSwMxEJ2u360fVY9egkXwVHZFtN6KXjyqWBW6tWTTrAaz2SWZlZawP8hfI+hFf4oXMf04qPXgQODx3gwz7yXKpDDo++8lb2Z2bn5hcalcWV5ZXauub1yZNNeMt1gqU30TUcOlULyFAiW/yTSnSST5dfRwMtSvH7k2IlWXOMh4J6F3SsSCUXRUt3oSJhTvo9j2i64NkfcR0aY5FgUJhSJjNbIXxa09OiAhioQbEuw1vsGiW635dX9UZBoEE1CDSf2vvVt9CXspyxOukElqTDvwM+xYqlEwyYtymBueUfZA73jbQUXdOR07SqQgO47pkTjV7ikkI/b7hKWJMYMkcp1Dh+a3NiT/0to5xo2OFSrLkSs2XhTnkmBKhvGSntCcoRw4QJkW7lbC7qmmDN0nlJ314LfRaXC1Vw/8enC+X2seTzJbhC3Yhl0I4BCacApn0AIGT/AMb/BZei19eOB541avNJnZhB/lVb4ANiissQ==</latexit>

To check your understanding, you should be able to answer the following questions:
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When mapping from 

using an filter of spatial extent  

Number of parameters per filter: 

Number of filters:

Filter sizes

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

<latexit sha1_base64="9cLabO3/LxRRdhAgTJGLMSaToB8=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXoRcIpgHJOsyO5lNhsw+mOlVQsh/ePGgiFf/xZt/4yTZgyYWNBRV3XR3+YkUGm3728qtrW9sbuW3Czu7e/sHxcOjlo5TxXiTxTJWHZ9qLkXEmyhQ8k6iOA19ydv+6Gbmtx+50iKO7nGccDekg0gEglE00kPdc0gPRcg1qXsVr1iyy/YcZJU4GSlBhoZX/Or1Y5aGPEImqdZdx07QnVCFgkk+LfRSzRPKRnTAu4ZG1CxyJ/Orp+TMKH0SxMpUhGSu/p6Y0FDrceibzpDiUC97M/E/r5ticOVORJSkyCO2WBSkkmBMZhGQvlCcoRwbQpkS5lbChlRRhiaoggnBWX55lbQqZadart5dlGrXWRx5OIFTOAcHLqEGt9CAJjBQ8Ayv8GY9WS/Wu/WxaM1Z2cwx/IH1+QPy6JGG</latexit>

K1 ⇥K2

<latexit sha1_base64="WZOAvda7x6+dUbOZEzPPP8shmFs=">AAACAnicbZDLSsNAFIZPvNZ6i7oSN4NFcFWSItVlsRuhmwr2Am0Ik+mkHTqZhJmJUEpx46u4caGIW5/CnW/jtI2grT8MfPznHM6cP0g4U9pxvqyV1bX1jc3cVn57Z3dv3z44bKo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGFan9dY9lYrF4k6PEupFuC9YyAjWxvLt45rvoq5mEVWo5pd+sOpz3y44RWcmtAxuBgXIVPftz24vJmlEhSYcK9VxnUR7Yyw1I5xO8t1U0QSTIe7TjkGBzSJvPDthgs6M00NhLM0TGs3c3xNjHCk1igLTGWE9UIu1qflfrZPq8MobM5GkmgoyXxSmHOkYTfNAPSYp0XxkABPJzF8RGWCJiTap5U0I7uLJy9AsFd1ysXx7UahcZ3Hk4ARO4RxcuIQK3EAdGkDgAZ7gBV6tR+vZerPe560rVjZzBH9kfXwDCHyV8Q==</latexit>

K1 ⇥K2 ⇥ Cl

<latexit sha1_base64="DgtZ/W2iTgMr11HZyoRAd+2maLM="></latexit>

xl 2 RCl⇥N⇥M ! x(l+1) 2 RC(l+1)⇥N⇥M
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<latexit sha1_base64="FduA+3BDbskgbCl2jxilRhY1o6I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFhPBKtzFQsugjWUE8wHJEfY2c8mSvb1jd08IIX/DxkIRW/+Mnf/GveQKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu8zvPKHSPJaPZpqgH9GR5CFn1FipX72qEjamUqLQg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcx/owqw5nAeamfakwom9AR9iyVNELtzxY3z8mFVYYkjJUtachC/T0xo5HW0yiwnRE1Y73qZeJ/Xi814Y0/4zJJDUq2XBSmgpiYZAGQIVfIjJhaQpni9tYsAUWZsTGVbAje6svrpF2veW7Ne6hXGrd5HEU4g3O4BA+uoQH30IQWMEjgGV7hzUmdF+fd+Vi2Fpx85hT+wPn8AcGIkNc=</latexit><latexit sha1_base64="3krzB1hQzibur+Yrl3CndoBSing=">AAACGHicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxlLBPCBZwuzkbjJkdnaZmRVCyG9Y2PgrNiK26fwbZ5Mt1Fh4YOBwzrncuSdIBNfGdT+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyT+e1HVJrH8sFMEvQjOpQ85IwaK/WqF1XCRlRKFLpfrrg1dwGySrycVCDH/+L98rw3iFkaoTRMUK27npsYf0qV4UzgrNRLNSaUjekQu5ZKGqH2p4vDZuTMKgMSxso+achC/T4xpZHWkyiwyYiakf7tZeJfXjc14ZU/5TJJDUq2XBSmgpiYZC2RAVfIjJhYQpni9q9ZTYoyY7ss2dO934eukla95rk1775eaVznnRXhBE7hHDy4hAbcwh00gUECT/ACb86z8+q8Ox/LaMHJZ47hB5z5F6j2mFA=</latexit><latexit sha1_base64="3krzB1hQzibur+Yrl3CndoBSing=">AAACGHicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxlLBPCBZwuzkbjJkdnaZmRVCyG9Y2PgrNiK26fwbZ5Mt1Fh4YOBwzrncuSdIBNfGdT+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyT+e1HVJrH8sFMEvQjOpQ85IwaK/WqF1XCRlRKFLpfrrg1dwGySrycVCDH/+L98rw3iFkaoTRMUK27npsYf0qV4UzgrNRLNSaUjekQu5ZKGqH2p4vDZuTMKgMSxso+achC/T4xpZHWkyiwyYiakf7tZeJfXjc14ZU/5TJJDUq2XBSmgpiYZC2RAVfIjJhYQpni9q9ZTYoyY7ss2dO934eukla95rk1775eaVznnRXhBE7hHDy4hAbcwh00gUECT/ACb86z8+q8Ox/LaMHJZ47hB5z5F6j2mFA=</latexit><latexit sha1_base64="3krzB1hQzibur+Yrl3CndoBSing=">AAACGHicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxlLBPCBZwuzkbjJkdnaZmRVCyG9Y2PgrNiK26fwbZ5Mt1Fh4YOBwzrncuSdIBNfGdT+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyT+e1HVJrH8sFMEvQjOpQ85IwaK/WqF1XCRlRKFLpfrrg1dwGySrycVCDH/+L98rw3iFkaoTRMUK27npsYf0qV4UzgrNRLNSaUjekQu5ZKGqH2p4vDZuTMKgMSxso+achC/T4xpZHWkyiwyYiakf7tZeJfXjc14ZU/5TJJDUq2XBSmgpiYZC2RAVfIjJhYQpni9q9ZTYoyY7ss2dO934eukla95rk1775eaVznnRXhBE7hHDy4hAbcwh00gUECT/ACb86z8+q8Ox/LaMHJZ47hB5z5F6j2mFA=</latexit>

[H ⇥W ⇥ 3]
<latexit sha1_base64="2vUmZjyfiIe2H3QPcBoTjSXZedM=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDreCqJHWhy6KbLivYC6ShTKaTduhkEmYmQgnd+CpuXCji1sdw59s4bSNo6w8DH/85hzPnDxLOlHacL6uwtr6xuVXcLu3s7u0f2IdHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E49tZvfNApWKxuNeThPoRHgoWMoK1sfr2ScVroJ5mEVWo8wOXfqVvl52qMxdaBTeHMuRq9u3P3iAmaUSFJhwr5blOov0MS80Ip9NSL1U0wWSMh9QzKLBZ5GfzA6bo3DgDFMbSPKHR3P09keFIqUkUmM4I65Fars3M/2peqsNrP2MiSTUVZLEoTDnSMZqlgQZMUqL5xAAmkpm/IjLCEhNtMiuZENzlk1ehXau6TtW9q5XrN3kcRTiFM7gAF66gDg1oQgsITOEJXuDVerSerTfrfdFasPKZY/gj6+MbOZ6U3Q==</latexit><latexit sha1_base64="jqdCGhSeuEhH/al241IamK9R+o4=">AAACJXicjVDLSsNAFJ3UV62vqAsXbgZbwVVJ6kKXRTddKtgHpKFMppN26GQSZm6EEvo1Ltz4K26KCK78FadtBG1deGHgcM65zD0nSATX4DgfVmFtfWNzq7hd2tnd2z+wD49aOk4VZU0ai1h1AqKZ4JI1gYNgnUQxEgWCtYPR7UxvPzKleSwfYJwwPyIDyUNOCRiqZ59UvAbuAo+Yxu1vcOlXenbZqTrzwavAzUEZ5fM/e8+edvsxTSMmgQqitec6CfgZUcCpYJNSN9UsIXREBswzUBJzjZ/NU07wuWH6OIyVeRLwnP25kZFI63EUGGdEYKiXtRn5l+alEF77GZdJCkzSxUdhKjDEeFYZ7nPFKIixAYQqbm7FdEgUoWCKLZno7nLQVdCqVV2n6t7XyvWbvLMiOkVn6AK56ArVUQPdoSaiaIKe0AuaWs/Wq/VmvS+sBSvfOUa/xvr8AqUBnFY=</latexit><latexit sha1_base64="jqdCGhSeuEhH/al241IamK9R+o4=">AAACJXicjVDLSsNAFJ3UV62vqAsXbgZbwVVJ6kKXRTddKtgHpKFMppN26GQSZm6EEvo1Ltz4K26KCK78FadtBG1deGHgcM65zD0nSATX4DgfVmFtfWNzq7hd2tnd2z+wD49aOk4VZU0ai1h1AqKZ4JI1gYNgnUQxEgWCtYPR7UxvPzKleSwfYJwwPyIDyUNOCRiqZ59UvAbuAo+Yxu1vcOlXenbZqTrzwavAzUEZ5fM/e8+edvsxTSMmgQqitec6CfgZUcCpYJNSN9UsIXREBswzUBJzjZ/NU07wuWH6OIyVeRLwnP25kZFI63EUGGdEYKiXtRn5l+alEF77GZdJCkzSxUdhKjDEeFYZ7nPFKIixAYQqbm7FdEgUoWCKLZno7nLQVdCqVV2n6t7XyvWbvLMiOkVn6AK56ArVUQPdoSaiaIKe0AuaWs/Wq/VmvS+sBSvfOUa/xvr8AqUBnFY=</latexit><latexit sha1_base64="jqdCGhSeuEhH/al241IamK9R+o4=">AAACJXicjVDLSsNAFJ3UV62vqAsXbgZbwVVJ6kKXRTddKtgHpKFMppN26GQSZm6EEvo1Ltz4K26KCK78FadtBG1deGHgcM65zD0nSATX4DgfVmFtfWNzq7hd2tnd2z+wD49aOk4VZU0ai1h1AqKZ4JI1gYNgnUQxEgWCtYPR7UxvPzKleSwfYJwwPyIDyUNOCRiqZ59UvAbuAo+Yxu1vcOlXenbZqTrzwavAzUEZ5fM/e8+edvsxTSMmgQqitec6CfgZUcCpYJNSN9UsIXREBswzUBJzjZ/NU07wuWH6OIyVeRLwnP25kZFI63EUGGdEYKiXtRn5l+alEF77GZdJCkzSxUdhKjDEeFYZ7nPFKIixAYQqbm7FdEgUoWCKLZno7nLQVdCqVV2n6t7XyvWbvLMiOkVn6AK56ArVUQPdoSaiaIKe0AuaWs/Wq/VmvS+sBSvfOUa/xvr8AqUBnFY=</latexit>

…

…

Layer 2 feature maps
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<latexit sha1_base64="z/ctxzpvcMhtGrZhbWMjWOFbjfY=">AAAB9XicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0XPRK5eMREPhKoZLtMYcN22+xuNaThf3jxoDFe/S/e/DduoQcFXzLJy3szmZnnx5wp7TjfVmFjc2t7p7hb2ts/ODwqH590VJRIim0a8Uj2fKKQM4FtzTTHXiyRhD7Hrj9tZn73EaVikbjXsxi9kIwFCxgl2kgP1eawXrXphAiBXA3LFafmLGCvEzcnFcjRGpa/BqOIJiEKTTlRqu86sfZSIjWjHOelQaIwJnRKxtg3VJAQlZcurp7bF0YZ2UEkTQltL9TfEykJlZqFvukMiZ6oVS8T//P6iQ6uvZSJONEo6HJRkHBbR3YWgT1iEqnmM0MIlczcmiUgCdUmqJIJwV19eZ106jXXqbl39UrjJo+jCGdwDpfgwhU04BZa0AYKEp7hFd6sJ+vFerc+lq0FK585hT+wPn8ABxeRjA==</latexit><latexit sha1_base64="IYdIRh+F8De9iOrLOQA45gzmnT0=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hzUqzYdEyGQq0G54tScOexV4uakAjn+Fx+UP/rDiCYhCk05UarnOrH2UiI1oxxnpX6iMCZ0QkbYM1SQEJWXzk+b2WdGGdpBJM0T2p6rPydSEio1DX2TDIkeq2UvE//yeokOLr2UiTjRKOhiUZBwW0d21pM9ZBKp5lNDCJXM/DWrSRKqTZslc7q7fOgqaddrrlNzb+uVxlXeWRFO4BTOwYULaMA13EALKEh4hGd4tZ6sF+vNel9EC1Y+cwy/YH1+AwYUmQU=</latexit><latexit sha1_base64="IYdIRh+F8De9iOrLOQA45gzmnT0=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hzUqzYdEyGQq0G54tScOexV4uakAjn+Fx+UP/rDiCYhCk05UarnOrH2UiI1oxxnpX6iMCZ0QkbYM1SQEJWXzk+b2WdGGdpBJM0T2p6rPydSEio1DX2TDIkeq2UvE//yeokOLr2UiTjRKOhiUZBwW0d21pM9ZBKp5lNDCJXM/DWrSRKqTZslc7q7fOgqaddrrlNzb+uVxlXeWRFO4BTOwYULaMA13EALKEh4hGd4tZ6sF+vNel9EC1Y+cwy/YH1+AwYUmQU=</latexit><latexit sha1_base64="IYdIRh+F8De9iOrLOQA45gzmnT0=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hzUqzYdEyGQq0G54tScOexV4uakAjn+Fx+UP/rDiCYhCk05UarnOrH2UiI1oxxnpX6iMCZ0QkbYM1SQEJWXzk+b2WdGGdpBJM0T2p6rPydSEio1DX2TDIkeq2UvE//yeokOLr2UiTjRKOhiUZBwW0d21pM9ZBKp5lNDCJXM/DWrSRKqTZslc7q7fOgqaddrrlNzb+uVxlXeWRFO4BTOwYULaMA13EALKEh4hGd4tZ6sF+vNel9EC1Y+cwy/YH1+AwYUmQU=</latexit>

(
<latexit sha1_base64="q4WCp+vNSk6GA1s6N0x45fCcZO8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ac0oWy203TpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmGLZZIhLVC6lGwSW2DTcCe6lCGocCu+Hkbu53n1BpnshHM00xiGkk+YgzaqzU9Zs8ivx8UK25dXcBsk68gtSgQGtQ/fKHCctilIYJqnXfc1MT5FQZzgTOKn6mMaVsQiPsWyppjDrIF+fOyIVVhmSUKFvSkIX6eyKnsdbTOLSdMTVjverNxf+8fmZGt0HOZZoZlGy5aJQJYhIy/50MuUJmxNQSyhS3txI2pooyYxOq2BC81ZfXSeeq7rl17+G61mgWcZThDM7hEjy4gQbcQwvawGACz/AKb07qvDjvzseyteQUM6fwB87nDyI/j2w=</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit>

Layer 2 
filters 

(4x zoom)

… …

… ……

C2 filters
<latexit sha1_base64="b3tghYikx6zRGYEgE8s3jCD6uw8=">AAAB9HicbVDLTgIxFL2DL8QX6tJNI5i4IjNsdElk4xITeSQwIZ3SgYa2M7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefc3NsTxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2mzczvzqjSLJKPZh5TX+CxZCEj2FjJrzaH9SoKGTc2MyxX3Jq7BNokXk4qkKM1LH8NRhFJBJWGcKx133Nj46dYGUY4XZQGiaYxJlM8pn1LJRZU++ny6AW6ssoIhZGyTxq0VH9PpFhoPReBTQpsJnrdy8T/vH5iwls/ZTJODJVktShMODIRyhpAI6YoMXxuCSaK2VsRmWCFSdZByZbgrX95k3TqNc+teQ/1SuMur6MIF3AJ1+DBDTTgHlrQBgJP8Ayv8ObMnBfn3flYRQtOPnMOf+B8/gBge5Ev</latexit><latexit sha1_base64="PcjfL2Wwso1ciEpqg8a1mdhCcf4=">AAACGXicjVC7TsMwFL0pr1JeBUYWixaJqUq6wFjRhREk+pDaqHJcp7Xq2MF2kKqo38HAwq+wIMQIE3+D02aAloEjWTo651xd3xPEnGnjul9OYW19Y3OruF3a2d3bPygfHrW1TBShLSK5VN0Aa8qZoC3DDKfdWFEcBZx2gkkz8zsPVGkmxZ2ZxtSP8EiwkBFsrORXm4N6FYWMG5sZlCtuzZ0DrRIvJxXI8b/4oPzRH0qSRFQYwrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYsFTii2k/nl83QmVWGKJTKPmHQXP05keJI62kU2GSEzVgve5n4l9dLTHjpp0zEiaGCLBaFCUdGoqwmNGSKEsOnlmCimP0rImOsMMmKKtnTveVDV0m7XvPcmndbrzSu8s6KcAKncA4eXEADruEGWkDgHh7hGV6dJ+fFeXPeF9GCk88cwy84n99TVJio</latexit><latexit sha1_base64="PcjfL2Wwso1ciEpqg8a1mdhCcf4=">AAACGXicjVC7TsMwFL0pr1JeBUYWixaJqUq6wFjRhREk+pDaqHJcp7Xq2MF2kKqo38HAwq+wIMQIE3+D02aAloEjWTo651xd3xPEnGnjul9OYW19Y3OruF3a2d3bPygfHrW1TBShLSK5VN0Aa8qZoC3DDKfdWFEcBZx2gkkz8zsPVGkmxZ2ZxtSP8EiwkBFsrORXm4N6FYWMG5sZlCtuzZ0DrRIvJxXI8b/4oPzRH0qSRFQYwrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYsFTii2k/nl83QmVWGKJTKPmHQXP05keJI62kU2GSEzVgve5n4l9dLTHjpp0zEiaGCLBaFCUdGoqwmNGSKEsOnlmCimP0rImOsMMmKKtnTveVDV0m7XvPcmndbrzSu8s6KcAKncA4eXEADruEGWkDgHh7hGV6dJ+fFeXPeF9GCk88cwy84n99TVJio</latexit><latexit sha1_base64="PcjfL2Wwso1ciEpqg8a1mdhCcf4=">AAACGXicjVC7TsMwFL0pr1JeBUYWixaJqUq6wFjRhREk+pDaqHJcp7Xq2MF2kKqo38HAwq+wIMQIE3+D02aAloEjWTo651xd3xPEnGnjul9OYW19Y3OruF3a2d3bPygfHrW1TBShLSK5VN0Aa8qZoC3DDKfdWFEcBZx2gkkz8zsPVGkmxZ2ZxtSP8EiwkBFsrORXm4N6FYWMG5sZlCtuzZ0DrRIvJxXI8b/4oPzRH0qSRFQYwrHWPc+NjZ9iZRjhdFbqJ5rGmEzwiPYsFTii2k/nl83QmVWGKJTKPmHQXP05keJI62kU2GSEzVgve5n4l9dLTHjpp0zEiaGCLBaFCUdGoqwmNGSKEsOnlmCimP0rImOsMMmKKtnTveVDV0m7XvPcmndbrzSu8s6KcAKncA4eXEADruEGWkDgHh7hGV6dJ+fFeXPeF9GCk88cwy84n99TVJio</latexit>
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<latexit sha1_base64="FwCsHS+X4ZViEs6BKb41PrB2GR8=">AAAB9XicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0XPRK5eMREPhKoZLtMYcN22+xuNaThf3jxoDFe/S/e/DduoQcFXzLJy3szmZnnx5wp7TjfVmFjc2t7p7hb2ts/ODwqH590VJRIim0a8Uj2fKKQM4FtzTTHXiyRhD7Hrj9tZn73EaVikbjXsxi9kIwFCxgl2kgP1ebQrdp0QoRAroblilNzFrDXiZuTCuRoDctfg1FEkxCFppwo1XedWHspkZpRjvPSIFEYEzolY+wbKkiIyksXV8/tC6OM7CCSpoS2F+rviZSESs1C33SGRE/UqpeJ/3n9RAfXXspEnGgUdLkoSLitIzuLwB4xiVTzmSGESmZuzRKQhGoTVMmE4K6+vE469Zrr1Ny7eqVxk8dRhDM4h0tw4QoacAstaAMFCc/wCm/Wk/VivVsfy9aClc+cwh9Ynz8FiZGL</latexit><latexit sha1_base64="LT8ZH1xiigXVc9J/dPmDzhVhXnE=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hy4VZuOiRDI1aBccWrOHPYqcXNSgRz/iw/KH/1hRJMQhaacKNVznVh7KZGaUY6zUj9RGBM6ISPsGSpIiMpL56fN7DOjDO0gkuYJbc/VnxMpCZWahr5JhkSP1bKXiX95vUQHl17KRJxoFHSxKEi4rSM768keMolU86khhEpm/prVJAnVps2SOd1dPnSVtOs116m5t/VK4yrvrAgncArn4MIFNOAabqAFFCQ8wjO8Wk/Wi/VmvS+iBSufOYZfsD6/AQRhmQQ=</latexit><latexit sha1_base64="LT8ZH1xiigXVc9J/dPmDzhVhXnE=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hy4VZuOiRDI1aBccWrOHPYqcXNSgRz/iw/KH/1hRJMQhaacKNVznVh7KZGaUY6zUj9RGBM6ISPsGSpIiMpL56fN7DOjDO0gkuYJbc/VnxMpCZWahr5JhkSP1bKXiX95vUQHl17KRJxoFHSxKEi4rSM768keMolU86khhEpm/prVJAnVps2SOd1dPnSVtOs116m5t/VK4yrvrAgncArn4MIFNOAabqAFFCQ8wjO8Wk/Wi/VmvS+iBSufOYZfsD6/AQRhmQQ=</latexit><latexit sha1_base64="LT8ZH1xiigXVc9J/dPmDzhVhXnE=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hy4VZuOiRDI1aBccWrOHPYqcXNSgRz/iw/KH/1hRJMQhaacKNVznVh7KZGaUY6zUj9RGBM6ISPsGSpIiMpL56fN7DOjDO0gkuYJbc/VnxMpCZWahr5JhkSP1bKXiX95vUQHl17KRJxoFHSxKEi4rSM768keMolU86khhEpm/prVJAnVps2SOd1dPnSVtOs116m5t/VK4yrvrAgncArn4MIFNOAabqAFFCQ8wjO8Wk/Wi/VmvS+iBSufOYZfsD6/AQRhmQQ=</latexit>

[H/8⇥W/8⇥ C2]
<latexit sha1_base64="3dDPXf0PZ71ECZ3d5L7tTKdNgAI=">AAACBnicbZDLSsNAFIZPvNZ6i7oUYbAVXNWkG7ssdtNlBXuBNITJdNIOnVyYmQgldOXGV3HjQhG3PoM738ZpG1Bbfxj4+M85nDm/n3AmlWV9GWvrG5tb24Wd4u7e/sGheXTckXEqCG2TmMei52NJOYtoWzHFaS8RFIc+p11/3JjVu/dUSBZHd2qSUDfEw4gFjGClLc88KzvNqxrqKxZSibo/2PCqbtkzS1bFmgutgp1DCXK1PPOzP4hJGtJIEY6ldGwrUW6GhWKE02mxn0qaYDLGQ+pojLBe5WbzM6boQjsDFMRCv0ihuft7IsOhlJPQ150hViO5XJuZ/9WcVAU1N2NRkioakcWiIOVIxWiWCRowQYniEw2YCKb/isgIC0yUTq6oQ7CXT16FTrViWxX7tlqq3+RxFOAUzuESbLiGOjShBW0g8ABP8AKvxqPxbLwZ74vWNSOfOYE/Mj6+AW0hlog=</latexit><latexit sha1_base64="9FKedWM7e8tPAbZFgOVnp/dV/ck=">AAACK3icjVDLSsNAFL3xWesr6lKEwVZwVZNu7LLYTZcK9gFpCJPppB06eTAzEUroyq9x4cZP0Y2KW//DaRtQWxdeGDiccy5zz/ETzqSyrDdjZXVtfWOzsFXc3tnd2zcPDtsyTgWhLRLzWHR9LClnEW0ppjjtJoLi0Oe0448aU71zR4VkcXSrxgl1QzyIWMAIVpryzJOy07yooZ5iIZWo8w0bXtUte2bJqlizQcvAzkEJ8vmf3TOfe/2YpCGNFOFYSse2EuVmWChGOJ0Ue6mkCSYjPKCOhhHW97jZLOsEnWmmj4JY6BcpNGN/bmQ4lHIc+toZYjWUi9qU/EtzUhXU3IxFSapoROYfBSlHKkbT4lCfCUoUH2uAiWD6VkSGWGCidL1FHd1eDLoM2tWKbVXsm2qpfpV3VoBjOIVzsOES6tCEa2gBgXt4gCd4NR6NF+Pd+JhbV4x85wh+jfH5BQ58ngE=</latexit><latexit sha1_base64="9FKedWM7e8tPAbZFgOVnp/dV/ck=">AAACK3icjVDLSsNAFL3xWesr6lKEwVZwVZNu7LLYTZcK9gFpCJPppB06eTAzEUroyq9x4cZP0Y2KW//DaRtQWxdeGDiccy5zz/ETzqSyrDdjZXVtfWOzsFXc3tnd2zcPDtsyTgWhLRLzWHR9LClnEW0ppjjtJoLi0Oe0448aU71zR4VkcXSrxgl1QzyIWMAIVpryzJOy07yooZ5iIZWo8w0bXtUte2bJqlizQcvAzkEJ8vmf3TOfe/2YpCGNFOFYSse2EuVmWChGOJ0Ue6mkCSYjPKCOhhHW97jZLOsEnWmmj4JY6BcpNGN/bmQ4lHIc+toZYjWUi9qU/EtzUhXU3IxFSapoROYfBSlHKkbT4lCfCUoUH2uAiWD6VkSGWGCidL1FHd1eDLoM2tWKbVXsm2qpfpV3VoBjOIVzsOES6tCEa2gBgXt4gCd4NR6NF+Pd+JhbV4x85wh+jfH5BQ58ngE=</latexit><latexit sha1_base64="9FKedWM7e8tPAbZFgOVnp/dV/ck=">AAACK3icjVDLSsNAFL3xWesr6lKEwVZwVZNu7LLYTZcK9gFpCJPppB06eTAzEUroyq9x4cZP0Y2KW//DaRtQWxdeGDiccy5zz/ETzqSyrDdjZXVtfWOzsFXc3tnd2zcPDtsyTgWhLRLzWHR9LClnEW0ppjjtJoLi0Oe0448aU71zR4VkcXSrxgl1QzyIWMAIVpryzJOy07yooZ5iIZWo8w0bXtUte2bJqlizQcvAzkEJ8vmf3TOfe/2YpCGNFOFYSse2EuVmWChGOJ0Ue6mkCSYjPKCOhhHW97jZLOsEnWmmj4JY6BcpNGN/bmQ4lHIc+toZYjWUi9qU/EtzUhXU3IxFSapoROYfBSlHKkbT4lCfCUoUH2uAiWD6VkSGWGCidL1FHd1eDLoM2tWKbVXsm2qpfpV3VoBjOIVzsOES6tCEa2gBgXt4gCd4NR6NF+Pd+JhbV4x85wh+jfH5BQ58ngE=</latexit>

…

Layer 1 feature maps

Layer 1 
filters 

(4x zoom)
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C1 filters
<latexit sha1_base64="BuCXgXxFT3mU3yf71y5iI04mws0=">AAAB9HicbVDLTgIxFL2DL8QX6tJNI5i4IjNsdElk4xITeSQwIZ3SgYa2M7YdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefc3NsTxJxp47rfTmFre2d3r7hfOjg8Oj4pn551dJQoQtsk4pHqBVhTziRtG2Y47cWKYhFw2g2mzczvzqjSLJKPZh5TX+CxZCEj2FjJrzaHXhWFjBubGZYrbs1dAm0SLycVyNEalr8Go4gkgkpDONa677mx8VOsDCOcLkqDRNMYkyke076lEguq/XR59AJdWWWEwkjZJw1aqr8nUiy0novAJgU2E73uZeJ/Xj8x4a2fMhknhkqyWhQmHJkIZQ2gEVOUGD63BBPF7K2ITLDCJOugZEvw1r+8STr1mufWvId6pXGX11GEC7iEa/DgBhpwDy1oA4EneIZXeHNmzovz7nysogUnnzmHP3A+fwBe7pEu</latexit><latexit sha1_base64="dUtJjXNH7STy24sTAWRDNzG1ejw=">AAACGXicjVC7TsMwFL0ur1JeBUYWixaJqUq6wFjRhREk+pDaqHJcp7XqOMF2kKqo38HAwq+wIMQIE3+D02aAloEjWTo651xd3+PHgmvjOF+osLa+sblV3C7t7O7tH5QPj9o6ShRlLRqJSHV9opngkrUMN4J1Y8VI6AvW8SfNzO88MKV5JO/MNGZeSEaSB5wSYyWv2hy4VRxwYWxmUK44NWcOvErcnFQgx//ig/JHfxjRJGTSUEG07rlObLyUKMOpYLNSP9EsJnRCRqxnqSQh0146v2yGz6wyxEGk7JMGz9WfEykJtZ6Gvk2GxIz1speJf3m9xASXXsplnBgm6WJRkAhsIpzVhIdcMWrE1BJCFbd/xXRMFKFZUSV7urt86Cpp12uuU3Nv65XGVd5ZEU7gFM7BhQtowDXcQAso3MMjPMMrekIv6A29L6IFlM8cwy+gz29Ropin</latexit><latexit sha1_base64="dUtJjXNH7STy24sTAWRDNzG1ejw=">AAACGXicjVC7TsMwFL0ur1JeBUYWixaJqUq6wFjRhREk+pDaqHJcp7XqOMF2kKqo38HAwq+wIMQIE3+D02aAloEjWTo651xd3+PHgmvjOF+osLa+sblV3C7t7O7tH5QPj9o6ShRlLRqJSHV9opngkrUMN4J1Y8VI6AvW8SfNzO88MKV5JO/MNGZeSEaSB5wSYyWv2hy4VRxwYWxmUK44NWcOvErcnFQgx//ig/JHfxjRJGTSUEG07rlObLyUKMOpYLNSP9EsJnRCRqxnqSQh0146v2yGz6wyxEGk7JMGz9WfEykJtZ6Gvk2GxIz1speJf3m9xASXXsplnBgm6WJRkAhsIpzVhIdcMWrE1BJCFbd/xXRMFKFZUSV7urt86Cpp12uuU3Nv65XGVd5ZEU7gFM7BhQtowDXcQAso3MMjPMMrekIv6A29L6IFlM8cwy+gz29Ropin</latexit><latexit sha1_base64="dUtJjXNH7STy24sTAWRDNzG1ejw=">AAACGXicjVC7TsMwFL0ur1JeBUYWixaJqUq6wFjRhREk+pDaqHJcp7XqOMF2kKqo38HAwq+wIMQIE3+D02aAloEjWTo651xd3+PHgmvjOF+osLa+sblV3C7t7O7tH5QPj9o6ShRlLRqJSHV9opngkrUMN4J1Y8VI6AvW8SfNzO88MKV5JO/MNGZeSEaSB5wSYyWv2hy4VRxwYWxmUK44NWcOvErcnFQgx//ig/JHfxjRJGTSUEG07rlObLyUKMOpYLNSP9EsJnRCRqxnqSQh0146v2yGz6wyxEGk7JMGz9WfEykJtZ6Gvk2GxIz1speJf3m9xASXXsplnBgm6WJRkAhsIpzVhIdcMWrE1BJCFbd/xXRMFKFZUSV7urt86Cpp12uuU3Nv65XGVd5ZEU7gFM7BhQtowDXcQAso3MMjPMMrekIv6A29L6IFlM8cwy+gz29Ropin</latexit>

…
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<latexit sha1_base64="FwCsHS+X4ZViEs6BKb41PrB2GR8=">AAAB9XicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0XPRK5eMREPhKoZLtMYcN22+xuNaThf3jxoDFe/S/e/DduoQcFXzLJy3szmZnnx5wp7TjfVmFjc2t7p7hb2ts/ODwqH590VJRIim0a8Uj2fKKQM4FtzTTHXiyRhD7Hrj9tZn73EaVikbjXsxi9kIwFCxgl2kgP1ebQrdp0QoRAroblilNzFrDXiZuTCuRoDctfg1FEkxCFppwo1XedWHspkZpRjvPSIFEYEzolY+wbKkiIyksXV8/tC6OM7CCSpoS2F+rviZSESs1C33SGRE/UqpeJ/3n9RAfXXspEnGgUdLkoSLitIzuLwB4xiVTzmSGESmZuzRKQhGoTVMmE4K6+vE469Zrr1Ny7eqVxk8dRhDM4h0tw4QoacAstaAMFCc/wCm/Wk/VivVsfy9aClc+cwh9Ynz8FiZGL</latexit><latexit sha1_base64="LT8ZH1xiigXVc9J/dPmDzhVhXnE=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hy4VZuOiRDI1aBccWrOHPYqcXNSgRz/iw/KH/1hRJMQhaacKNVznVh7KZGaUY6zUj9RGBM6ISPsGSpIiMpL56fN7DOjDO0gkuYJbc/VnxMpCZWahr5JhkSP1bKXiX95vUQHl17KRJxoFHSxKEi4rSM768keMolU86khhEpm/prVJAnVps2SOd1dPnSVtOs116m5t/VK4yrvrAgncArn4MIFNOAabqAFFCQ8wjO8Wk/Wi/VmvS+iBSufOYZfsD6/AQRhmQQ=</latexit><latexit sha1_base64="LT8ZH1xiigXVc9J/dPmDzhVhXnE=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hy4VZuOiRDI1aBccWrOHPYqcXNSgRz/iw/KH/1hRJMQhaacKNVznVh7KZGaUY6zUj9RGBM6ISPsGSpIiMpL56fN7DOjDO0gkuYJbc/VnxMpCZWahr5JhkSP1bKXiX95vUQHl17KRJxoFHSxKEi4rSM768keMolU86khhEpm/prVJAnVps2SOd1dPnSVtOs116m5t/VK4yrvrAgncArn4MIFNOAabqAFFCQ8wjO8Wk/Wi/VmvS+iBSufOYZfsD6/AQRhmQQ=</latexit><latexit sha1_base64="LT8ZH1xiigXVc9J/dPmDzhVhXnE=">AAACGnicjVC7TsNAEFyHVwivACWNRYJEFdlpoIxIQwkSeUiJic6XdXLK+WzdnZEiK/9BQcOv0CBEh2j4G86JC0goGOmk0cys9nb8mDOlHefLKqytb2xuFbdLO7t7+wflw6O2ihJJsUUjHsmuTxRyJrClmebYjSWS0OfY8SfNzO88oFQsEnd6GqMXkpFgAaNEG+m+2hy4VZuOiRDI1aBccWrOHPYqcXNSgRz/iw/KH/1hRJMQhaacKNVznVh7KZGaUY6zUj9RGBM6ISPsGSpIiMpL56fN7DOjDO0gkuYJbc/VnxMpCZWahr5JhkSP1bKXiX95vUQHl17KRJxoFHSxKEi4rSM768keMolU86khhEpm/prVJAnVps2SOd1dPnSVtOs116m5t/VK4yrvrAgncArn4MIFNOAabqAFFCQ8wjO8Wk/Wi/VmvS+iBSufOYZfsD6/AQRhmQQ=</latexit>

(

<latexit sha1_base64="q4WCp+vNSk6GA1s6N0x45fCcZO8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ac0oWy203TpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmGLZZIhLVC6lGwSW2DTcCe6lCGocCu+Hkbu53n1BpnshHM00xiGkk+YgzaqzU9Zs8ivx8UK25dXcBsk68gtSgQGtQ/fKHCctilIYJqnXfc1MT5FQZzgTOKn6mMaVsQiPsWyppjDrIF+fOyIVVhmSUKFvSkIX6eyKnsdbTOLSdMTVjverNxf+8fmZGt0HOZZoZlGy5aJQJYhIy/50MuUJmxNQSyhS3txI2pooyYxOq2BC81ZfXSeeq7rl17+G61mgWcZThDM7hEjy4gQbcQwvawGACz/AKb07qvDjvzseyteQUM6fwB87nDyI/j2w=</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit>
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ch
an

n
el
s

<latexit sha1_base64="FduA+3BDbskgbCl2jxilRhY1o6I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFhPBKtzFQsugjWUE8wHJEfY2c8mSvb1jd08IIX/DxkIRW/+Mnf/GveQKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu8zvPKHSPJaPZpqgH9GR5CFn1FipX72qEjamUqLQg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcx/owqw5nAeamfakwom9AR9iyVNELtzxY3z8mFVYYkjJUtachC/T0xo5HW0yiwnRE1Y73qZeJ/Xi814Y0/4zJJDUq2XBSmgpiYZAGQIVfIjJhaQpni9tYsAUWZsTGVbAje6svrpF2veW7Ne6hXGrd5HEU4g3O4BA+uoQH30IQWMEjgGV7hzUmdF+fd+Vi2Fpx85hT+wPn8AcGIkNc=</latexit><latexit sha1_base64="3krzB1hQzibur+Yrl3CndoBSing=">AAACGHicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxlLBPCBZwuzkbjJkdnaZmRVCyG9Y2PgrNiK26fwbZ5Mt1Fh4YOBwzrncuSdIBNfGdT+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyT+e1HVJrH8sFMEvQjOpQ85IwaK/WqF1XCRlRKFLpfrrg1dwGySrycVCDH/+L98rw3iFkaoTRMUK27npsYf0qV4UzgrNRLNSaUjekQu5ZKGqH2p4vDZuTMKgMSxso+achC/T4xpZHWkyiwyYiakf7tZeJfXjc14ZU/5TJJDUq2XBSmgpiYZC2RAVfIjJhYQpni9q9ZTYoyY7ss2dO934eukla95rk1775eaVznnRXhBE7hHDy4hAbcwh00gUECT/ACb86z8+q8Ox/LaMHJZ47hB5z5F6j2mFA=</latexit><latexit sha1_base64="3krzB1hQzibur+Yrl3CndoBSing=">AAACGHicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxlLBPCBZwuzkbjJkdnaZmRVCyG9Y2PgrNiK26fwbZ5Mt1Fh4YOBwzrncuSdIBNfGdT+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyT+e1HVJrH8sFMEvQjOpQ85IwaK/WqF1XCRlRKFLpfrrg1dwGySrycVCDH/+L98rw3iFkaoTRMUK27npsYf0qV4UzgrNRLNSaUjekQu5ZKGqH2p4vDZuTMKgMSxso+achC/T4xpZHWkyiwyYiakf7tZeJfXjc14ZU/5TJJDUq2XBSmgpiYZC2RAVfIjJhYQpni9q9ZTYoyY7ss2dO934eukla95rk1775eaVznnRXhBE7hHDy4hAbcwh00gUECT/ACb86z8+q8Ox/LaMHJZ47hB5z5F6j2mFA=</latexit><latexit sha1_base64="3krzB1hQzibur+Yrl3CndoBSing=">AAACGHicjVC7SgNBFL0bXzG+opY2g4lgFXZjoWXQxlLBPCBZwuzkbjJkdnaZmRVCyG9Y2PgrNiK26fwbZ5Mt1Fh4YOBwzrncuSdIBNfGdT+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHyT+e1HVJrH8sFMEvQjOpQ85IwaK/WqF1XCRlRKFLpfrrg1dwGySrycVCDH/+L98rw3iFkaoTRMUK27npsYf0qV4UzgrNRLNSaUjekQu5ZKGqH2p4vDZuTMKgMSxso+achC/T4xpZHWkyiwyYiakf7tZeJfXjc14ZU/5TJJDUq2XBSmgpiYZC2RAVfIjJhYQpni9q9ZTYoyY7ss2dO934eukla95rk1775eaVznnRXhBE7hHDy4hAbcwh00gUECT/ACb86z8+q8Ox/LaMHJZ47hB5z5F6j2mFA=</latexit>

[H/4⇥W/4⇥ C1]
<latexit sha1_base64="p+1bQeoJ+QwT47KerUdmLotwbVk=">AAACBnicbZDLSsNAFIZP6q3WW9SlCIOt4KomRdBlsZsuK9gLpCFMppN26OTCzEQooSs3voobF4q49Rnc+TZO24Ba/WHg4z/ncOb8fsKZVJb1aRRWVtfWN4qbpa3tnd09c/+gI+NUENomMY9Fz8eSchbRtmKK014iKA59Trv+uDGrd++okCyObtUkoW6IhxELGMFKW555XHGa5xeor1hIJep+Y8Oz3Ypnlq2qNRf6C3YOZcjV8syP/iAmaUgjRTiW0rGtRLkZFooRTqelfippgskYD6mjMcJ6lZvNz5iiU+0MUBAL/SKF5u7PiQyHUk5CX3eGWI3kcm1m/ldzUhVcuRmLklTRiCwWBSlHKkazTNCACUoUn2jARDD9V0RGWGCidHIlHYK9fPJf6NSqtlW1b2rl+nUeRxGO4ATOwIZLqEMTWtAGAvfwCM/wYjwYT8ar8bZoLRj5zCH8kvH+BV7nln8=</latexit><latexit sha1_base64="vAzPVLjERxJxqKWF3eKksCGBkYA=">AAACK3icjVDLSsNAFJ34rPUVdSnCYCu4qkkRdFnspksF+4A0hMl00g6dPJi5EUroyq9x4cZP0Y2KW//DaRtQWxdeGDiccy5zz/ETwRVY1puxtLyyurZe2Chubm3v7Jp7+y0Vp5KyJo1FLDs+UUzwiDWBg2CdRDIS+oK1/WF9orfvmFQ8jm5hlDA3JP2IB5wS0JRnHpWdxtk57gIPmcLtb1j3bLfsmSWrYk0HLwI7ByWUz//snvnc7cU0DVkEVBClHNtKwM2IBE4FGxe7qWIJoUPSZ46GEdH3uNk06xifaKaHg1jqFwGesj83MhIqNQp97QwJDNS8NiH/0pwUgks341GSAovo7KMgFRhiPCkO97hkFMRIA0Il17diOiCSUND1FnV0ez7oImhVK7ZVsW+qpdpV3lkBHaJjdIpsdIFqqIGuURNRdI8e0BN6NR6NF+Pd+JhZl4x85wD9GuPzC/7mnfg=</latexit><latexit sha1_base64="vAzPVLjERxJxqKWF3eKksCGBkYA=">AAACK3icjVDLSsNAFJ34rPUVdSnCYCu4qkkRdFnspksF+4A0hMl00g6dPJi5EUroyq9x4cZP0Y2KW//DaRtQWxdeGDiccy5zz/ETwRVY1puxtLyyurZe2Chubm3v7Jp7+y0Vp5KyJo1FLDs+UUzwiDWBg2CdRDIS+oK1/WF9orfvmFQ8jm5hlDA3JP2IB5wS0JRnHpWdxtk57gIPmcLtb1j3bLfsmSWrYk0HLwI7ByWUz//snvnc7cU0DVkEVBClHNtKwM2IBE4FGxe7qWIJoUPSZ46GEdH3uNk06xifaKaHg1jqFwGesj83MhIqNQp97QwJDNS8NiH/0pwUgks341GSAovo7KMgFRhiPCkO97hkFMRIA0Il17diOiCSUND1FnV0ez7oImhVK7ZVsW+qpdpV3lkBHaJjdIpsdIFqqIGuURNRdI8e0BN6NR6NF+Pd+JhZl4x85wD9GuPzC/7mnfg=</latexit><latexit sha1_base64="vAzPVLjERxJxqKWF3eKksCGBkYA=">AAACK3icjVDLSsNAFJ34rPUVdSnCYCu4qkkRdFnspksF+4A0hMl00g6dPJi5EUroyq9x4cZP0Y2KW//DaRtQWxdeGDiccy5zz/ETwRVY1puxtLyyurZe2Chubm3v7Jp7+y0Vp5KyJo1FLDs+UUzwiDWBg2CdRDIS+oK1/WF9orfvmFQ8jm5hlDA3JP2IB5wS0JRnHpWdxtk57gIPmcLtb1j3bLfsmSWrYk0HLwI7ByWUz//snvnc7cU0DVkEVBClHNtKwM2IBE4FGxe7qWIJoUPSZ46GEdH3uNk06xifaKaHg1jqFwGesj83MhIqNQp97QwJDNS8NiH/0pwUgks341GSAovo7KMgFRhiPCkO97hkFMRIA0Il17diOiCSUND1FnV0ez7oImhVK7ZVsW+qpdpV3lkBHaJjdIpsdIFqqIGuURNRdI8e0BN6NR6NF+Pd+JhZl4x85wD9GuPzC/7mnfg=</latexit>

Image © Fredo Durand. All rights reserved. 
This content is excluded from our Creative 
Commons license. For more information, 
see https://ocw.mit.edu/help/faq-fair-use/

47



Pooling

Filter Pool

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

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

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

Max pooling

yj = max
j2N (j)

hj
<latexit sha1_base64="oMCmSpPAYA93Hw9/Z4KSb08Qbro="></latexit><latexit sha1_base64="oMCmSpPAYA93Hw9/Z4KSb08Qbro="></latexit><latexit sha1_base64="oMCmSpPAYA93Hw9/Z4KSb08Qbro="></latexit><latexit sha1_base64="oMCmSpPAYA93Hw9/Z4KSb08Qbro="></latexit>

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

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

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

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

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

Filter Pool

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

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

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

Max pooling

yj = max
j2N (j)

hj
<latexit sha1_base64="oMCmSpPAYA93Hw9/Z4KSb08Qbro="></latexit><latexit sha1_base64="oMCmSpPAYA93Hw9/Z4KSb08Qbro="></latexit><latexit sha1_base64="oMCmSpPAYA93Hw9/Z4KSb08Qbro="></latexit><latexit sha1_base64="oMCmSpPAYA93Hw9/Z4KSb08Qbro="></latexit>

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

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

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

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

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

Mean pooling

yj =
1

|N |
X

j2N (j)

hj

<latexit sha1_base64="CWNDyy3hKK5q8F6vKVvA6N+yBXc="></latexit><latexit sha1_base64="CWNDyy3hKK5q8F6vKVvA6N+yBXc="></latexit><latexit sha1_base64="CWNDyy3hKK5q8F6vKVvA6N+yBXc="></latexit><latexit sha1_base64="CWNDyy3hKK5q8F6vKVvA6N+yBXc="></latexit>

49



Pooling — Why?

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

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

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

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

large response 
regardless of exact 
position of edge
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Pooling — Why?

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

max
<latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit><latexit sha1_base64="G0eeYlee7Da1/FD5rsHUWh/uEE4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmZsWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pb39jcKm9Xdnb39g+qh0dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5zf3OI9WGKflgpwkNBR5JFjOCbS71BX4aVGt+3Z8DrZKgIDUo0BxUv/pDRVJBpSUcG9ML/MSGGdaWEU5nlX5qaILJBI9oz1GJBTVhNr91hs6cMkSx0q6kRXP190SGhTFTEblOge3YLHu5+J/XS218HWZMJqmlkiwWxSlHVqH8cTRkmhLLp45gopm7FZEx1phYF0/FhRAsv7xK2hf1wK8H95e1xk0RRxlO4BTOIYAraMAdNKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ABsPjkQ=</latexit>
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Pooling across channels — Why?
Pooling across feature channels (filter outputs) 
can achieve other kinds of invariances:

large response 
for any edge, 

regardless of its 
orientation

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

…

Image © Fredo Durand. All rights reserved. 
This content is excluded from our Creative 
Commons license. For more information, 
see https://ocw.mit.edu/help/faq-fair-use/
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Computation in a neural net

…

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

Fil
te

r
ReL

U

Po
ol Clas

sif
y

“heron”

Image © Fredo Durand. All rights reserved. 
This content is excluded from our Creative 
Commons license. For more information, 
see https://ocw.mit.edu/help/faq-fair-use/
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Fil
te
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Downs
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…

Clas
sif

y

Computation in a neural net

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

“heron”

Image © Fredo Durand. All rights reserved. 
This content is excluded from our Creative 
Commons license. For more information, 
see https://ocw.mit.edu/help/faq-fair-use/
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Filter Pool

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

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

and downsample

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

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

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

b
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Strided operations

Stride 2 Strided operations combine a
given operation (convolution or 
pooling) and downsampling 
into a single operation.
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Strided operations (2D)
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Convolutional Neural Nets 339

1. How many parameters does each filter have? (A) 9, (B) 27, (C) 96, (D) 864
2. How many filters are in the filter bank? (A) 3, (B) 27, (C) 96, (D) can’t say

The answers are given in the footnote.1

24.2.2 Strided Convolution
Convolutional layers, as defined previously, maintain the spatial resolution of the signal
they process. However, commonly it is sufficient, or even desirable, to output a lower
resolution. This can be achieved with strided convolution:

Here and below, we define
operations for the simplest
case of convolution of a
single square filter with a
single channel 2D signal.
All these operations can
be straightforwardly
extended for the
multichannel in,
multichannel out case, and
for ND signals, and for
non-square kernels. We
leave it as an exercise for
the reader to write out
these variations as needed.

xout[n, m] = b +
KX

k1,k2=–K

w[k1, k2]xin[snn – k1, smm – k2] / conv (strided) (24.7)

where sn and sm are the strides in the vertical and horizontal directions, respectively. Com-
monly we use the same stride sn = sm = s. A convolution layer with these strides performs a
mapping RM⇥N ! RN/sn⇥M/sm . In order to make this mapping well-defined, we require that
N or M are divisible by sn and sm, respectively; if they are not, we may may pad (or crop)
the input until they are.

Strided convolution looks like this (figure 24.7):

w

filter

?

xin

stride

w

w

w · · ·

...

. . .

=

xout

Figure 24.7: Strided
convolution.

Strided convolutions can significantly reduce the computational cost and memory
requirements when a neural network is large. However, strided convolution can decrease
the quality of the convolution. Let’s look at one concrete example where the kernel is the
2D Laplacian:

w =

2

4
0 –1 0
–1 4 –1
0 –1 0

3

5 (24.8)

As we saw in chapter 18, this filter detects boundaries on images. Figure 24.8 shows an
input image, and the result of strided convolution with the Laplacian kernel with strides 1,
2, and 4. The second row shows the magnitude of the discrete Fourier transforms (DFT).

The result with stride 1 looks fine, and it is the output we would expect. However, stride
2 starts showing some artifacts on the boundaries, and stride 4 shows very severe artifacts,
with some boundaries disappearing. The DFTs make the artifacts more obvious. In the

1. The answers are 1-B, 2-C.

59



Dilated filter
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340 Chapter 24

Figure 24.8: Strided
convolution results and

their Fourier transforms.

Input Stride 1 Stride 2 Stride 4

stride 2 result we can see severe aliasing artifacts that introduce new lines in the Fourier
domain that are not present in the DFT of the input image.

One can argue that these artifacts might not be important when the kernel is being
learned. Indeed, the learning could search for kernels that minimize the artifacts due to
aliasing as those probably increase the loss. Also, as each layer is composed of many chan-
nels, the set of learned kernels could learn to compensate for the aliasing produced by other
channels. However, this reduces the space of useful kernels, and the learning might not
succeed in removing all the artifacts.

24.2.3 Dilated Convolution
Dilated convolution is similar to strided convolution but spaces out the filter itself rather
than spacing out where the filter is applied to the image:

xout[n, m] = b +
KX

k1,k2=–K

w[k1, k2]xin[n – dkk1, m – dkk2] / conv (dilated) (24.9)

Here we dilate by factor
dk in both spatial

dimensions but we could
choose a different dilation
in each dimension. Or, we

could even dilate in the
channel dimension, if we

were using a multichannel
convolution, but this is

uncommon.
An example of a dilated filter is visually shown in figure 24.9:

Figure 24.9: Dilated
convolution. Dark gray

cells have value 0.
w

filter

dilation

?

xin

w · · ·

...
. . .

=

xout

Covers a large receptive field with fewer parameters.
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Receptive fields

Image © Fredo Durand. All rights reserved. 
This content is excluded from our Creative 
Commons license. For more information, 
see https://ocw.mit.edu/help/faq-fair-use/
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Figure 1.1: Two equiv-
alent visualizations of a
convolutional layer.

x2[3]

conv relu conv conv relu conv Figure 1.2: Receptive
fields in a CNN. The
black filled neurons are
within the receptive fields
of each labeled neuron
(left: x2[3], right: x1[5]).
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18 Draft of Foundations of Computer Vision by Torralba, Isola, Freeman

Figure 1.25: PCA visu-
alization of feature maps

in three common convolu-
tional networks. Because

each of these networks
has a different number

of layers, we select 5
that are evenly spaced

from the first to last con-
volutional feature map.

alexnet

vgg16

resnet18

the entire input vector since MLPs use fully-connected layers. In CNNs, on the other hand,
each neuron only sees a portion of the input, since each output neuron on a conv layer is
only connected to a subset of inputs to the conv layer, determined by the kernel size of the
filter that produces that output.

The receptive fields of two example neurons in a CNN are shown below (figure 1.26):

Figure 1.26: Receptive
fields in a CNN. The

black filled neurons are
within the receptive fields

of each labeled neuron
(left: x2[3], right: x1[5]).

x2[3]

conv relu conv

x1[5]

conv relu conv

Notice that the receptive field grows the deeper we go into the network. To understand
why, consider a CNN without nonlinearities. Then the l + 1-th layer is the composition of l
convolutional filters. As we saw in section ??, composing filters results in a new filter with
larger support (kernel size). The same happens in a CNN with pointwise nonlinearities,
since pointwise operations do not affect receptive field (the outputs have the same receptive
fields as the inputs). Further, whenever we have a downsampling layer by factor s, the
receptive field of the output is s times larger than the receptive field of the input. Because of
these properties, receptive field sizes can grow rapidly as we go deeper in CNNs. Generally
we want that the final layer of the CNN has large enough receptive fields to see entire input
image, so that output neurons are sensitive to all pixels in the input. This can be achieved
with a gap layer, whose output will always have a receptive field size that covers the entire
input.
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each neuron only sees a portion of the input, since each output neuron on a conv layer is
only connected to a subset of inputs to the conv layer, determined by the kernel size of the
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why, consider a CNN without nonlinearities. Then the l + 1-th layer is the composition of l
convolutional filters. As we saw in section ??, composing filters results in a new filter with
larger support (kernel size). The same happens in a CNN with pointwise nonlinearities,
since pointwise operations do not affect receptive field (the outputs have the same receptive
fields as the inputs). Further, whenever we have a downsampling layer by factor s, the
receptive field of the output is s times larger than the receptive field of the input. Because of
these properties, receptive field sizes can grow rapidly as we go deeper in CNNs. Generally
we want that the final layer of the CNN has large enough receptive fields to see entire input
image, so that output neurons are sensitive to all pixels in the input. This can be achieved
with a gap layer, whose output will always have a receptive field size that covers the entire
input.
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Figure 1.25: PCA visu-
alization of feature maps

in three common convolu-
tional networks. Because

each of these networks
has a different number

of layers, we select 5
that are evenly spaced

from the first to last con-
volutional feature map.

alexnet

vgg16

resnet18

the entire input vector since MLPs use fully-connected layers. In CNNs, on the other hand,
each neuron only sees a portion of the input, since each output neuron on a conv layer is
only connected to a subset of inputs to the conv layer, determined by the kernel size of the
filter that produces that output.

The receptive fields of two example neurons in a CNN are shown below (figure 1.26):

Figure 1.26: Receptive
fields in a CNN. The

black filled neurons are
within the receptive fields

of each labeled neuron
(left: x2[3], right: x1[5]).

x2[3]

conv relu conv

x1[5]

conv relu conv

Notice that the receptive field grows the deeper we go into the network. To understand
why, consider a CNN without nonlinearities. Then the l + 1-th layer is the composition of l
convolutional filters. As we saw in section ??, composing filters results in a new filter with
larger support (kernel size). The same happens in a CNN with pointwise nonlinearities,
since pointwise operations do not affect receptive field (the outputs have the same receptive
fields as the inputs). Further, whenever we have a downsampling layer by factor s, the
receptive field of the output is s times larger than the receptive field of the input. Because of
these properties, receptive field sizes can grow rapidly as we go deeper in CNNs. Generally
we want that the final layer of the CNN has large enough receptive fields to see entire input
image, so that output neurons are sensitive to all pixels in the input. This can be achieved
with a gap layer, whose output will always have a receptive field size that covers the entire
input.

Receptive fields

Bird

Sky

Sky

Sky
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Implementing conv

Useful library: 
timm: https://github.com/rwightman/pytorch-image-
models

Basic implementation: 
1. im2col: NxMxC —> Npatches x (K x K x C)
2. bmm: batch matmul with kernel
3. col2im: Npatches x (K x K x C) —> NxMxC

or: fft signal processing stuff…
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Popular CNN Architectures
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Computation in a neural net

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

“heron”
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1.8 Spatial Outputs

In section 1.4 we saw a CNN that outputs a single class probability vector for an image.
What if we want to output a spatially varying map of predictions, like we discussed in the
intro to this chapter? To achieve this, we can simply downsample less, so that the final layer
of the CNN is a feature map that maintains higher spatial resolution.

It is also important to
remove any global
pooling layers.An example is given below:

z1[c1, :, :] =
2X

c=0

w1[c, c1, :, :] ?x + b1[c1] / conv (1.23)

[3 ⇥ N ⇥ M] ! [C1 ⇥ N ⇥ M]

h[c1, n, m] = max(z1[c1, n, m], 0) / relu (1.24)

[C1 ⇥ N ⇥ M] ! [C1 ⇥ N ⇥ M]

z2[c2, :, :] =
C1–1X

c1=0

w2[c1, c2, :, :] ?x + b2[c2] / conv (1.25)

[C1 ⇥ N ⇥ M] ! [C2 ⇥ N ⇥ M]

y[k, n, m] =
e–⌧z2[k,n,m]

PK
l=1 e–⌧z2[l,n,m]

/ softmax (1.26)

[K ⇥ N ⇥ M] ! [K ⇥ N ⇥ M]

In figure 1.27 we visualize this CNN (showing only a 1D slice of this 2D CNN):

Notation reminder: nodes
that are squares indicate
that they represent
multiple channels (each is
a vector of neurons)

conv relu conv softmax

Figure 1.27: A 1D slice
of a CNN that maps an
image to an image. The
input is the photo of size
3⇥N ⇥M and the output
is a class probability map
of size K ⇥N ⇥M; we
visualize the correspond-
ing label map on th right
(per-pixel argmax over
output probabilities). The
blue arrows are the learn-
able parameters. The gray
arrows share the weights
of the blue arrows.

Although historically CNNs first became popular as image classifiers, this usage hides
their real power. Rather than thinking of them as image-to-label architectures, think of them
as image-to-image architectures.

More generally, CNNs are
X -to-X architectures for
any domain X over which
translation can be defined.

Image-to-image
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Skip connection
Image © Fredo Durand. All rights reserved. 
This content is excluded from our Creative 
Commons license. For more information, 
see https://ocw.mit.edu/help/faq-fair-use/

70



ResNet

+ + + +

i
i

i
i

i
i

i
i

Convolutional Neural Nets 357

Co
nv
ol
ut
io
n

N
on
-li
ne
ar
ity

…

D
ow
ns
am
pl
e

U
ps
am
pl
e

Figure 24.30: Encoder-
decoder architecture. In
this example, the input is
an image and the output is
a segmentation map.

particular, the decoder may fail to be able to output high frequency details; for a semantic
segmentation network, the consequence could be that the predicted label map is very coarse.

To circumvent this problem, we can add skip connections that shuttle information
directly across blocks of layers in the net. A skip connection f is simply an identity pathway
that connects two disparate layers of a net, f (x) = x.

Adding skip connections to an encoder-decoder results in an architecture known as a
U-Net [410]. In this architecture, skip connections are arranged in a mirror pattern, where
layer l is connected directly to layer (L – l). The output of a skip connection must somehow
be reintegrated into the network. U-nets do this by concatenating the activations from the
prior layer to the activations on the later layer, along the channel dimension. This archi-
tecture can maintain the information-bottleneck of the encoder-decoder, with its incumbent
benefits in terms of memory and compute efficiency and forced abstraction, while also
allowing residual information to flow through the skip connections, thereby not sacrificing
the ability to output high-frequency spatial predictions. U-Nets look a lot like the steerable
pyramids from chapter 23, which also consistent of a downsampling analysis path followed
by an upsampling synthesis path, with skip connections in between mirror image stages in
the pathways. The main difference is that the U-Net has learned filters and nonlinearities.
A schematic of a U-net is given in figure 24.31.

U-net

Skip connection

Figure 24.31: U-net
architecture. Each block
contains a series of lay-
ers. The skip connections
concatenate activations.

24.11.3 ResNets
Another popular architecture that uses skip connections is called Residual Networks
or ResNets [196]

See also Highway
Networks [453], a related
architecture that uses a
form of skip connection
but controlled by
multiplicative gates.

. In the context of ResNets, skip connections are called residual con-
nections. This kind of skip connection is added to the output of a block of layers
F:

xout = F(xin) + xin / residual block (24.28)

In a residual block like this, you can think of F as a residual that additively perturbs xin to
transform it into an improved xout. If xout does not have the same dimensionality as xin,
then we can add a linear mapping to convert the dimensions: xout = F(xin) + Wxin.Or, if you want to change dimensionality:
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Figure 24.30: Encoder-
decoder architecture. In
this example, the input is
an image and the output is
a segmentation map.

particular, the decoder may fail to be able to output high frequency details; for a semantic
segmentation network, the consequence could be that the predicted label map is very coarse.

To circumvent this problem, we can add skip connections that shuttle information
directly across blocks of layers in the net. A skip connection f is simply an identity pathway
that connects two disparate layers of a net, f (x) = x.

Adding skip connections to an encoder-decoder results in an architecture known as a
U-Net [410]. In this architecture, skip connections are arranged in a mirror pattern, where
layer l is connected directly to layer (L – l). The output of a skip connection must somehow
be reintegrated into the network. U-nets do this by concatenating the activations from the
prior layer to the activations on the later layer, along the channel dimension. This archi-
tecture can maintain the information-bottleneck of the encoder-decoder, with its incumbent
benefits in terms of memory and compute efficiency and forced abstraction, while also
allowing residual information to flow through the skip connections, thereby not sacrificing
the ability to output high-frequency spatial predictions. U-Nets look a lot like the steerable
pyramids from chapter 23, which also consistent of a downsampling analysis path followed
by an upsampling synthesis path, with skip connections in between mirror image stages in
the pathways. The main difference is that the U-Net has learned filters and nonlinearities.
A schematic of a U-net is given in figure 24.31.

U-net

Skip connection

Figure 24.31: U-net
architecture. Each block
contains a series of lay-
ers. The skip connections
concatenate activations.

24.11.3 ResNets
Another popular architecture that uses skip connections is called Residual Networks
or ResNets [196]

See also Highway
Networks [453], a related
architecture that uses a
form of skip connection
but controlled by
multiplicative gates.

. In the context of ResNets, skip connections are called residual con-
nections. This kind of skip connection is added to the output of a block of layers
F:

xout = F(xin) + xin / residual block (24.28)

In a residual block like this, you can think of F as a residual that additively perturbs xin to
transform it into an improved xout. If xout does not have the same dimensionality as xin,
then we can add a linear mapping to convert the dimensions: xout = F(xin) + Wxin.

Residual connection:
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1.8 Spatial Outputs

In section 1.4 we saw a CNN that outputs a single class probability vector for an image.
What if we want to output a spatially varying map of predictions, like we discussed in the
intro to this chapter? To achieve this, we can simply downsample less, so that the final layer
of the CNN is a feature map that maintains higher spatial resolution.

It is also important to
remove any global
pooling layers.An example is given below:

z1[c1, :, :] =
2X

c=0

w1[c, c1, :, :] ?x + b1[c1] / conv (1.23)

[3 ⇥ N ⇥ M] ! [C1 ⇥ N ⇥ M]

h[c1, n, m] = max(z1[c1, n, m], 0) / relu (1.24)

[C1 ⇥ N ⇥ M] ! [C1 ⇥ N ⇥ M]

z2[c2, :, :] =
C1–1X

c1=0

w2[c1, c2, :, :] ?x + b2[c2] / conv (1.25)

[C1 ⇥ N ⇥ M] ! [C2 ⇥ N ⇥ M]

y[k, n, m] =
e–⌧z2[k,n,m]

PK
l=1 e–⌧z2[l,n,m]

/ softmax (1.26)

[K ⇥ N ⇥ M] ! [K ⇥ N ⇥ M]

In figure 1.27 we visualize this CNN (showing only a 1D slice of this 2D CNN):

Notation reminder: nodes
that are squares indicate
that they represent
multiple channels (each is
a vector of neurons)

conv relu conv softmax

Figure 1.27: A 1D slice
of a CNN that maps an
image to an image. The
input is the photo of size
3⇥N ⇥M and the output
is a class probability map
of size K ⇥N ⇥M; we
visualize the correspond-
ing label map on th right
(per-pixel argmax over
output probabilities). The
blue arrows are the learn-
able parameters. The gray
arrows share the weights
of the blue arrows.

Although historically CNNs first became popular as image classifiers, this usage hides
their real power. Rather than thinking of them as image-to-label architectures, think of them
as image-to-image architectures.

More generally, CNNs are
X -to-X architectures for
any domain X over which
translation can be defined.

Image-to-image
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What if you don’t want to be shift invariant?

1. Use an architecture that is not shift invariant (e.g., MLP) 

2. Add location information to the input to the convolutional filters — this is 
called positional encoding
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What if you don’t want to be shift invariant?

1. Use an architecture that is not shift invariant (e.g., MLP) 

2. Add location information to the input to the convolutional filters — this is 
called positional encoding
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l
<latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit>

� : R2 ! R
<latexit sha1_base64="COmTY5YiiwjQC31yKGSmRhlH6Pg=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUmKoLgqunFZxT6giWUynbRDJzNhZqKU0G9w46+4caGIW1fu/BsnbRa19cCFwzn3cu89Qcyo0o7zYxWWlldW14rrpY3Nre0de3evqUQiMWlgwYRsB0gRRjlpaKoZaceSoChgpBUMrzK/9UCkooLf6VFM/Aj1OQ0pRtpIXfvEqw/oBfQipAdBkN6O76vQk7Q/0EhK8ThjdO2yU3EmgIvEzUkZ5Kh37W+vJ3ASEa4xQ0p1XCfWfoqkppiRcclLFIkRHqI+6RjKUUSUn05eGsMjo/RgKKQpruFEnZ1IUaTUKApMZ3ahmvcy8T+vk+jw3E8pjxNNOJ4uChMGtYBZPrBHJcGajQxBWFJzK8QDJBHWJsWSCcGdf3mRNKsV16m4N6fl2mUeRxEcgENwDFxwBmrgGtRBA2DwBF7AG3i3nq1X68P6nLYWrHxmH/yB9fULDTGduQ==</latexit><latexit sha1_base64="UEv5FtL0sKioIswV2hTcnpBMwqk=">AAACN3icjVC7TsMwFHV4lvIKMLJYVEiwVEmFBGKqYGEsiD6kJlSO67RWHTuyHVAV9Rv4GgYWPoKNiQUhVv4Ap81QWgaOZOnonHt1fU4QM6q047xZC4tLyyurhbXi+sbm1ra9s9tQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXmd+8J1JRwW/1MCZ+hHqchhQjbaSOfezV+vQcehHS/SBIb0Z3FehJ2utrJKV4mDI6dskpO2PAeeLmpARy/G+8Y796XYGTiHCNGVKq7Tqx9lMkNcWMjIpeokiM8AD1SNtQjiKi/HScewQPjdKFoZDmcQ3H6vRGiiKlhlFgJrMYatbLxL+8dqLDMz+lPE404XhyKEwY1AJmJcIulQRrNjQEYUnNXyHuI4mwNlUXTXR3Nug8aVTKrlN2r09K1Yu8swLYBwfgCLjgFFTBFaiBOsDgETyBF/BhPVvv1qf1NRldsPKdPfAL1vcPqLulMg==</latexit><latexit sha1_base64="UEv5FtL0sKioIswV2hTcnpBMwqk=">AAACN3icjVC7TsMwFHV4lvIKMLJYVEiwVEmFBGKqYGEsiD6kJlSO67RWHTuyHVAV9Rv4GgYWPoKNiQUhVv4Ap81QWgaOZOnonHt1fU4QM6q047xZC4tLyyurhbXi+sbm1ra9s9tQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXmd+8J1JRwW/1MCZ+hHqchhQjbaSOfezV+vQcehHS/SBIb0Z3FehJ2utrJKV4mDI6dskpO2PAeeLmpARy/G+8Y796XYGTiHCNGVKq7Tqx9lMkNcWMjIpeokiM8AD1SNtQjiKi/HScewQPjdKFoZDmcQ3H6vRGiiKlhlFgJrMYatbLxL+8dqLDMz+lPE404XhyKEwY1AJmJcIulQRrNjQEYUnNXyHuI4mwNlUXTXR3Nug8aVTKrlN2r09K1Yu8swLYBwfgCLjgFFTBFaiBOsDgETyBF/BhPVvv1qf1NRldsPKdPfAL1vcPqLulMg==</latexit><latexit sha1_base64="UEv5FtL0sKioIswV2hTcnpBMwqk=">AAACN3icjVC7TsMwFHV4lvIKMLJYVEiwVEmFBGKqYGEsiD6kJlSO67RWHTuyHVAV9Rv4GgYWPoKNiQUhVv4Ap81QWgaOZOnonHt1fU4QM6q047xZC4tLyyurhbXi+sbm1ra9s9tQIpGY1LFgQrYCpAijnNQ11Yy0YklQFDDSDAaXmd+8J1JRwW/1MCZ+hHqchhQjbaSOfezV+vQcehHS/SBIb0Z3FehJ2utrJKV4mDI6dskpO2PAeeLmpARy/G+8Y796XYGTiHCNGVKq7Tqx9lMkNcWMjIpeokiM8AD1SNtQjiKi/HScewQPjdKFoZDmcQ3H6vRGiiKlhlFgJrMYatbLxL+8dqLDMz+lPE404XhyKEwY1AJmJcIulQRrNjQEYUnNXyHuI4mwNlUXTXR3Nug8aVTKrlN2r09K1Yu8swLYBwfgCLjgFFTBFaiBOsDgETyBF/BhPVvv1qf1NRldsPKdPfAL1vcPqLulMg==</latexit>

l = �(x, y)
<latexit sha1_base64="ItDqajvKZiBNMnP4Zvbyfq8xd4w=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahgpREBL0IRS8eI9gPaEPZbDft0s0m7m6KIfR3ePGgiFd/jDf/jds2B219MPB4b4aZeX7MmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh26rfGVCoWiQedxtQL8UCwgBGsjeRxdI267pBVn87S0165YtfsGdAycXJSgRxur/zV7UckCanQhGOlOo4day/DUjPC6aTUTRSNMRnhAe0YKnBIlZfNjp6gE6P0URBJU0Kjmfp7IsOhUmnom84Q66Fa9Kbif14n0cGVlzERJ5oKMl8UJBzpCE0TQH0mKdE8NQQTycytiAyxxESbnEomBGfx5WXSPK85ds25v6jUb/I4inAEx1AFBy6hDnfgQgMIPMIzvMKbNbZerHfrY95asPKZQ/gD6/MHz56Q0A==</latexit><latexit sha1_base64="TTNwe+PtNOX1hjaGXp9dI4b8H2Q=">AAACGXicjVDLSgMxFL1TX7W+qi7dBItQQcpMEXQjFN24rGAf0A4lk2ba0ExmTDLiMPQ7XLjxV9yIuNSVf2PazkJbFx4IHM45l5t7vIgzpW37y8otLa+sruXXCxubW9s7xd29pgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80dXEb91TqVgobnUSUTfAA8F8RrA2ksvRBerWh6z8cJIc94olu2JPgRaJk5ESZPhfvFf86PZDEgdUaMKxUh3HjrSbYqkZ4XRc6MaKRpiM8IB2DBU4oMpNp5eN0ZFR+sgPpXlCo6n6cyLFgVJJ4JlkgPVQzXsT8S+vE2v/3E2ZiGJNBZkt8mOOdIgmNaE+k5RonhiCiWTmr4gMscREmzIL5nRn/tBF0qxWHLvi3JyWapdZZ3k4gEMogwNnUINrqEMDCNzBIzzDq/VkvVhv1vssmrOymX34BevzG7RymEk=</latexit><latexit sha1_base64="TTNwe+PtNOX1hjaGXp9dI4b8H2Q=">AAACGXicjVDLSgMxFL1TX7W+qi7dBItQQcpMEXQjFN24rGAf0A4lk2ba0ExmTDLiMPQ7XLjxV9yIuNSVf2PazkJbFx4IHM45l5t7vIgzpW37y8otLa+sruXXCxubW9s7xd29pgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80dXEb91TqVgobnUSUTfAA8F8RrA2ksvRBerWh6z8cJIc94olu2JPgRaJk5ESZPhfvFf86PZDEgdUaMKxUh3HjrSbYqkZ4XRc6MaKRpiM8IB2DBU4oMpNp5eN0ZFR+sgPpXlCo6n6cyLFgVJJ4JlkgPVQzXsT8S+vE2v/3E2ZiGJNBZkt8mOOdIgmNaE+k5RonhiCiWTmr4gMscREmzIL5nRn/tBF0qxWHLvi3JyWapdZZ3k4gEMogwNnUINrqEMDCNzBIzzDq/VkvVhv1vssmrOymX34BevzG7RymEk=</latexit><latexit sha1_base64="TTNwe+PtNOX1hjaGXp9dI4b8H2Q=">AAACGXicjVDLSgMxFL1TX7W+qi7dBItQQcpMEXQjFN24rGAf0A4lk2ba0ExmTDLiMPQ7XLjxV9yIuNSVf2PazkJbFx4IHM45l5t7vIgzpW37y8otLa+sruXXCxubW9s7xd29pgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80dXEb91TqVgobnUSUTfAA8F8RrA2ksvRBerWh6z8cJIc94olu2JPgRaJk5ESZPhfvFf86PZDEgdUaMKxUh3HjrSbYqkZ4XRc6MaKRpiM8IB2DBU4oMpNp5eN0ZFR+sgPpXlCo6n6cyLFgVJJ4JlkgPVQzXsT8S+vE2v/3E2ZiGJNBZkt8mOOdIgmNaE+k5RonhiCiWTmr4gMscREmzIL5nRn/tBF0qxWHLvi3JyWapdZZ3k4gEMogwNnUINrqEMDCNzBIzzDq/VkvVhv1vssmrOymX34BevzG7RymEk=</latexit>
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[“SIREN”, Sitzmann, Martel et al. 2020]

Neural Fields — SIREN
CNN applied per-pixel to map from a coordinate grid to a color

x
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="Jelc4dZavWSWh5fxRSBdMsTIsJU=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsiaBm0sTRgHpAsYXZyNxkyO7vMzIphyRdY2PgrNiK29nb+jZNkC00sPDBwOOdc7twTJIJr47pfTmFldW19o7hZ2tre2d0r7x80dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqte1Sax/LOjBP0IzqQPOSMGivVH3rlilt1ZyDLxMtJBXL8L94rf3b7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m10zISdW6ZMwVvZJQ2bqz4mMRlqPo8AmI2qGetGbin95ndSEl37GZZIalGy+KEwFMTGZVkP6XCEzYmwJZYrbvxI2pIoyYwss2dO9xUOXSfOs6rlVr35eqV3lnRXhCI7hFDy4gBrcwC00gAHCIzzDq/PkvDhvzvs8WnDymUP4BefjG00FlHU=</latexit><latexit sha1_base64="Jelc4dZavWSWh5fxRSBdMsTIsJU=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsiaBm0sTRgHpAsYXZyNxkyO7vMzIphyRdY2PgrNiK29nb+jZNkC00sPDBwOOdc7twTJIJr47pfTmFldW19o7hZ2tre2d0r7x80dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqte1Sax/LOjBP0IzqQPOSMGivVH3rlilt1ZyDLxMtJBXL8L94rf3b7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m10zISdW6ZMwVvZJQ2bqz4mMRlqPo8AmI2qGetGbin95ndSEl37GZZIalGy+KEwFMTGZVkP6XCEzYmwJZYrbvxI2pIoyYwss2dO9xUOXSfOs6rlVr35eqV3lnRXhCI7hFDy4gBrcwC00gAHCIzzDq/PkvDhvzvs8WnDymUP4BefjG00FlHU=</latexit><latexit sha1_base64="Jelc4dZavWSWh5fxRSBdMsTIsJU=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsiaBm0sTRgHpAsYXZyNxkyO7vMzIphyRdY2PgrNiK29nb+jZNkC00sPDBwOOdc7twTJIJr47pfTmFldW19o7hZ2tre2d0r7x80dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqte1Sax/LOjBP0IzqQPOSMGivVH3rlilt1ZyDLxMtJBXL8L94rf3b7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m10zISdW6ZMwVvZJQ2bqz4mMRlqPo8AmI2qGetGbin95ndSEl37GZZIalGy+KEwFMTGZVkP6XCEzYmwJZYrbvxI2pIoyYwss2dO9xUOXSfOs6rlVr35eqV3lnRXhCI7hFDy4gBrcwC00gAHCIzzDq/PkvDhvzvs8WnDymUP4BefjG00FlHU=</latexit>

y
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="JJVypg3/VUWWBTSCpWCcLIjWorI=">AAACDXicjVA9SwNBFHwXv2L8ilraLAbBKtyJoGXQxtKASYTkCHubd8mSvb1jd084jvwCCxv/io2Irb2d/8ZNcoUmFg4sDDPzePsmSATXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrG6D6hGwSW2DDcC7xOFNAoEdoLx9dTvPKDSPJZ3JkvQj+hQ8pAzaqzUzPrVmlt3ZyDLxCtIDQr8L96vfvYGMUsjlIYJqnXXcxPj51QZzgROKr1UY0LZmA6xa6mkEWo/n10zISdWGZAwVvZJQ2bqz4mcRlpnUWCTETUjvehNxb+8bmrCSz/nMkkNSjZfFKaCmJhMqyEDrpAZkVlCmeL2r4SNqKLM2AIr9nRv8dBl0j6re27da57XGldFZ2U4gmM4BQ8uoAE3cAstYIDwCM/w6jw5L86b8z6Plpxi5hB+wfn4Bk6ulHY=</latexit><latexit sha1_base64="JJVypg3/VUWWBTSCpWCcLIjWorI=">AAACDXicjVA9SwNBFHwXv2L8ilraLAbBKtyJoGXQxtKASYTkCHubd8mSvb1jd084jvwCCxv/io2Irb2d/8ZNcoUmFg4sDDPzePsmSATXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrG6D6hGwSW2DDcC7xOFNAoEdoLx9dTvPKDSPJZ3JkvQj+hQ8pAzaqzUzPrVmlt3ZyDLxCtIDQr8L96vfvYGMUsjlIYJqnXXcxPj51QZzgROKr1UY0LZmA6xa6mkEWo/n10zISdWGZAwVvZJQ2bqz4mcRlpnUWCTETUjvehNxb+8bmrCSz/nMkkNSjZfFKaCmJhMqyEDrpAZkVlCmeL2r4SNqKLM2AIr9nRv8dBl0j6re27da57XGldFZ2U4gmM4BQ8uoAE3cAstYIDwCM/w6jw5L86b8z6Plpxi5hB+wfn4Bk6ulHY=</latexit><latexit sha1_base64="JJVypg3/VUWWBTSCpWCcLIjWorI=">AAACDXicjVA9SwNBFHwXv2L8ilraLAbBKtyJoGXQxtKASYTkCHubd8mSvb1jd084jvwCCxv/io2Irb2d/8ZNcoUmFg4sDDPzePsmSATXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrG6D6hGwSW2DDcC7xOFNAoEdoLx9dTvPKDSPJZ3JkvQj+hQ8pAzaqzUzPrVmlt3ZyDLxCtIDQr8L96vfvYGMUsjlIYJqnXXcxPj51QZzgROKr1UY0LZmA6xa6mkEWo/n10zISdWGZAwVvZJQ2bqz4mcRlpnUWCTETUjvehNxb+8bmrCSz/nMkkNSjZfFKaCmJhMqyEDrpAZkVlCmeL2r4SNqKLM2AIr9nRv8dBl0j6re27da57XGldFZ2U4gmM4BQ8uoAE3cAstYIDwCM/w6jw5L86b8z6Plpxi5hB+wfn4Bk6ulHY=</latexit>

l
<latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit>

Coordinates
x

<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="Jelc4dZavWSWh5fxRSBdMsTIsJU=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsiaBm0sTRgHpAsYXZyNxkyO7vMzIphyRdY2PgrNiK29nb+jZNkC00sPDBwOOdc7twTJIJr47pfTmFldW19o7hZ2tre2d0r7x80dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqte1Sax/LOjBP0IzqQPOSMGivVH3rlilt1ZyDLxMtJBXL8L94rf3b7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m10zISdW6ZMwVvZJQ2bqz4mMRlqPo8AmI2qGetGbin95ndSEl37GZZIalGy+KEwFMTGZVkP6XCEzYmwJZYrbvxI2pIoyYwss2dO9xUOXSfOs6rlVr35eqV3lnRXhCI7hFDy4gBrcwC00gAHCIzzDq/PkvDhvzvs8WnDymUP4BefjG00FlHU=</latexit><latexit sha1_base64="Jelc4dZavWSWh5fxRSBdMsTIsJU=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsiaBm0sTRgHpAsYXZyNxkyO7vMzIphyRdY2PgrNiK29nb+jZNkC00sPDBwOOdc7twTJIJr47pfTmFldW19o7hZ2tre2d0r7x80dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqte1Sax/LOjBP0IzqQPOSMGivVH3rlilt1ZyDLxMtJBXL8L94rf3b7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m10zISdW6ZMwVvZJQ2bqz4mMRlqPo8AmI2qGetGbin95ndSEl37GZZIalGy+KEwFMTGZVkP6XCEzYmwJZYrbvxI2pIoyYwss2dO9xUOXSfOs6rlVr35eqV3lnRXhCI7hFDy4gBrcwC00gAHCIzzDq/PkvDhvzvs8WnDymUP4BefjG00FlHU=</latexit><latexit sha1_base64="Jelc4dZavWSWh5fxRSBdMsTIsJU=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsiaBm0sTRgHpAsYXZyNxkyO7vMzIphyRdY2PgrNiK29nb+jZNkC00sPDBwOOdc7twTJIJr47pfTmFldW19o7hZ2tre2d0r7x80dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqte1Sax/LOjBP0IzqQPOSMGivVH3rlilt1ZyDLxMtJBXL8L94rf3b7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m10zISdW6ZMwVvZJQ2bqz4mMRlqPo8AmI2qGetGbin95ndSEl37GZZIalGy+KEwFMTGZVkP6XCEzYmwJZYrbvxI2pIoyYwss2dO9xUOXSfOs6rlVr35eqV3lnRXhCI7hFDy4gBrcwC00gAHCIzzDq/PkvDhvzvs8WnDymUP4BefjG00FlHU=</latexit>

y
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="JJVypg3/VUWWBTSCpWCcLIjWorI=">AAACDXicjVA9SwNBFHwXv2L8ilraLAbBKtyJoGXQxtKASYTkCHubd8mSvb1jd084jvwCCxv/io2Irb2d/8ZNcoUmFg4sDDPzePsmSATXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrG6D6hGwSW2DDcC7xOFNAoEdoLx9dTvPKDSPJZ3JkvQj+hQ8pAzaqzUzPrVmlt3ZyDLxCtIDQr8L96vfvYGMUsjlIYJqnXXcxPj51QZzgROKr1UY0LZmA6xa6mkEWo/n10zISdWGZAwVvZJQ2bqz4mcRlpnUWCTETUjvehNxb+8bmrCSz/nMkkNSjZfFKaCmJhMqyEDrpAZkVlCmeL2r4SNqKLM2AIr9nRv8dBl0j6re27da57XGldFZ2U4gmM4BQ8uoAE3cAstYIDwCM/w6jw5L86b8z6Plpxi5hB+wfn4Bk6ulHY=</latexit><latexit sha1_base64="JJVypg3/VUWWBTSCpWCcLIjWorI=">AAACDXicjVA9SwNBFHwXv2L8ilraLAbBKtyJoGXQxtKASYTkCHubd8mSvb1jd084jvwCCxv/io2Irb2d/8ZNcoUmFg4sDDPzePsmSATXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrG6D6hGwSW2DDcC7xOFNAoEdoLx9dTvPKDSPJZ3JkvQj+hQ8pAzaqzUzPrVmlt3ZyDLxCtIDQr8L96vfvYGMUsjlIYJqnXXcxPj51QZzgROKr1UY0LZmA6xa6mkEWo/n10zISdWGZAwVvZJQ2bqz4mcRlpnUWCTETUjvehNxb+8bmrCSz/nMkkNSjZfFKaCmJhMqyEDrpAZkVlCmeL2r4SNqKLM2AIr9nRv8dBl0j6re27da57XGldFZ2U4gmM4BQ8uoAE3cAstYIDwCM/w6jw5L86b8z6Plpxi5hB+wfn4Bk6ulHY=</latexit><latexit sha1_base64="JJVypg3/VUWWBTSCpWCcLIjWorI=">AAACDXicjVA9SwNBFHwXv2L8ilraLAbBKtyJoGXQxtKASYTkCHubd8mSvb1jd084jvwCCxv/io2Irb2d/8ZNcoUmFg4sDDPzePsmSATXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6zhVDFssFrG6D6hGwSW2DDcC7xOFNAoEdoLx9dTvPKDSPJZ3JkvQj+hQ8pAzaqzUzPrVmlt3ZyDLxCtIDQr8L96vfvYGMUsjlIYJqnXXcxPj51QZzgROKr1UY0LZmA6xa6mkEWo/n10zISdWGZAwVvZJQ2bqz4mcRlpnUWCTETUjvehNxb+8bmrCSz/nMkkNSjZfFKaCmJhMqyEDrpAZkVlCmeL2r4SNqKLM2AIr9nRv8dBl0j6re27da57XGldFZ2U4gmM4BQ8uoAE3cAstYIDwCM/w6jw5L86b8z6Plpxi5hB+wfn4Bk6ulHY=</latexit>

Field

l
<latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit><latexit sha1_base64="fjkQTxk66AzTP1HHzswFxoii1xE=">AAACDXicjVC7SgNBFL0bXzG+opY2g0GwCrsixDJoY2nAPCBZwuzkbjJkdnaZmRXCki+wsPFXbERs7e38GyfJFppYeGDgcM653LknSATXxnW/nMLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/PbD6g0j+W9mSToR3QoecgZNVZqiH654lbdOcgq8XJSgRz/i/fLn71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5tdMyZlVBiSMlX3SkLn6cyKjkdaTKLDJiJqRXvZm4l9eNzXhlZ9xmaQGJVssClNBTExm1ZABV8iMmFhCmeL2r4SNqKLM2AJL9nRv+dBV0rqoem7Va1xW6td5Z0U4gVM4Bw9qUIdbuIMmMEB4hGd4dZ6cF+fNeV9EC04+cwy/4Hx8AzkZlGk=</latexit>

l = �(x, y)
<latexit sha1_base64="ItDqajvKZiBNMnP4Zvbyfq8xd4w=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahgpREBL0IRS8eI9gPaEPZbDft0s0m7m6KIfR3ePGgiFd/jDf/jds2B219MPB4b4aZeX7MmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh26rfGVCoWiQedxtQL8UCwgBGsjeRxdI267pBVn87S0165YtfsGdAycXJSgRxur/zV7UckCanQhGOlOo4day/DUjPC6aTUTRSNMRnhAe0YKnBIlZfNjp6gE6P0URBJU0Kjmfp7IsOhUmnom84Q66Fa9Kbif14n0cGVlzERJ5oKMl8UJBzpCE0TQH0mKdE8NQQTycytiAyxxESbnEomBGfx5WXSPK85ds25v6jUb/I4inAEx1AFBy6hDnfgQgMIPMIzvMKbNbZerHfrY95asPKZQ/gD6/MHz56Q0A==</latexit><latexit sha1_base64="TTNwe+PtNOX1hjaGXp9dI4b8H2Q=">AAACGXicjVDLSgMxFL1TX7W+qi7dBItQQcpMEXQjFN24rGAf0A4lk2ba0ExmTDLiMPQ7XLjxV9yIuNSVf2PazkJbFx4IHM45l5t7vIgzpW37y8otLa+sruXXCxubW9s7xd29pgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80dXEb91TqVgobnUSUTfAA8F8RrA2ksvRBerWh6z8cJIc94olu2JPgRaJk5ESZPhfvFf86PZDEgdUaMKxUh3HjrSbYqkZ4XRc6MaKRpiM8IB2DBU4oMpNp5eN0ZFR+sgPpXlCo6n6cyLFgVJJ4JlkgPVQzXsT8S+vE2v/3E2ZiGJNBZkt8mOOdIgmNaE+k5RonhiCiWTmr4gMscREmzIL5nRn/tBF0qxWHLvi3JyWapdZZ3k4gEMogwNnUINrqEMDCNzBIzzDq/VkvVhv1vssmrOymX34BevzG7RymEk=</latexit><latexit sha1_base64="TTNwe+PtNOX1hjaGXp9dI4b8H2Q=">AAACGXicjVDLSgMxFL1TX7W+qi7dBItQQcpMEXQjFN24rGAf0A4lk2ba0ExmTDLiMPQ7XLjxV9yIuNSVf2PazkJbFx4IHM45l5t7vIgzpW37y8otLa+sruXXCxubW9s7xd29pgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80dXEb91TqVgobnUSUTfAA8F8RrA2ksvRBerWh6z8cJIc94olu2JPgRaJk5ESZPhfvFf86PZDEgdUaMKxUh3HjrSbYqkZ4XRc6MaKRpiM8IB2DBU4oMpNp5eN0ZFR+sgPpXlCo6n6cyLFgVJJ4JlkgPVQzXsT8S+vE2v/3E2ZiGJNBZkt8mOOdIgmNaE+k5RonhiCiWTmr4gMscREmzIL5nRn/tBF0qxWHLvi3JyWapdZZ3k4gEMogwNnUINrqEMDCNzBIzzDq/VkvVhv1vssmrOymX34BevzG7RymEk=</latexit><latexit sha1_base64="TTNwe+PtNOX1hjaGXp9dI4b8H2Q=">AAACGXicjVDLSgMxFL1TX7W+qi7dBItQQcpMEXQjFN24rGAf0A4lk2ba0ExmTDLiMPQ7XLjxV9yIuNSVf2PazkJbFx4IHM45l5t7vIgzpW37y8otLa+sruXXCxubW9s7xd29pgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80dXEb91TqVgobnUSUTfAA8F8RrA2ksvRBerWh6z8cJIc94olu2JPgRaJk5ESZPhfvFf86PZDEgdUaMKxUh3HjrSbYqkZ4XRc6MaKRpiM8IB2DBU4oMpNp5eN0ZFR+sgPpXlCo6n6cyLFgVJJ4JlkgPVQzXsT8S+vE2v/3E2ZiGJNBZkt8mOOdIgmNaE+k5RonhiCiWTmr4gMscREmzIL5nRn/tBF0qxWHLvi3JyWapdZZ3k4gEMogwNnUINrqEMDCNzBIzzDq/VkvVhv1vssmrOymX34BevzG7RymEk=</latexit>

Can take continuous coordinates as input!
© Sitzmann, et al. All rights reserved. This content is excluded from our Creative Commons license. For more 
information, see https://ocw.mit.edu/help/faq-fair-use/
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[“NeRF”, Mildenhall, Srinivasan, Tancik et al., ECCV 2020]

Neural Fields — NeRF
Conv net applied to map from 5-D coordinate grid to a color + volumetric density

© Mildenhall, et al. All rights reserved. This content is excluded from our Creative Commons license. For more information, see
 https://ocw.mit.edu/help/faq-fair-use/
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made by Yen-Chen Lin

© Yen-Chen Lin. All rights reserved. This 
content is excluded from our Creative 
Commons license. For more information, 
see https://ocw.mit.edu/help/faq-fair-use/
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Concluding remarks

Convolution is a fundamental operation for image processing. 

It just means: chop up the image into patches and apply the same 
function to each patch. 

This concept appears in almost all modern architectures, such as CNNs, 
transformers, NeRFs, and more.
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4. Architectures for Grids

• Why build better architectures?

• Convolutional layers

• Pyramids

• Architecture zoo

• Neural fields and positional encodings
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