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Invariance & Equivariance

• Invariance: 

A mathematical object (or a class of mathematical objects) remains unchanged after operations or 
transformations of a certain type are applied to the objects 

<latexit sha1_base64="9r3s+ruRRTHA3zm/1BlMxfZL5rc="></latexit>

f(X) = f(g(X))
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Invariance & Equivariance

• Invariance: 

A mathematical object (or a class of mathematical objects) remains unchanged after operations or 
transformations of a certain type are applied to the objects 

• Equivariance:

Applying a transformation and then computing the function produces the same result as computing the 
function and then applying the transformation

<latexit sha1_base64="9orYO+/UBQZEivuLvKI9Q3hnfl0="></latexit>

g(f(X)) = f(g(X))

<latexit sha1_base64="9r3s+ruRRTHA3zm/1BlMxfZL5rc="></latexit>

f(X) = f(g(X))

Convolution is Translation Equivariant! We will see why shortly.
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1D (Discrete) Convolutions
Let us see what 1D (Discrete) Convolution looks like

1 4 0 2 1 3

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x
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1D (Discrete) Convolutions
Let us see what 1D (Discrete) Convolution looks like

1 4 0 2 1 3

2 0 -1
<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x
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1D (Discrete) Convolutions
Let us see what 1D (Discrete) Convolution looks like

1 4 0 2 1 3

2 0 -1
<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x
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1D (Discrete) Convolutions
Let us see what 1D (Discrete) Convolution looks like

1 4 0 2 1 3

2 0 -1

2

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

∗

=
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1D (Discrete) Convolutions
Let us see what 1D (Discrete) Convolution looks like

1 4 0 2 1 3

2 0 -1

2 6

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

∗

=

11



1D (Discrete) Convolutions
Let us see what 1D (Discrete) Convolution looks like

1 4 0 2 1 3

2 0 -1

2 6 -1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

∗

=

12



1D (Discrete) Convolutions
Let us see what 1D (Discrete) Convolution looks like

1 4 0 2 1 3

2 0 -1

2 6 -1 1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

∗

=

13



1D (Discrete) Convolutions
Let us see what 1D (Discrete) Convolution looks like

1 4 0 2 1 3

2 0 -1

2 6 -1 1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

∗

=

<latexit sha1_base64="YFP+lFUI++mgc26FFZUa4DkRtwk=">AAACJHicbVDLSgNBEJyNRmN8JXr0MhgEQQ274usY9OIxgnlIsoTZyWwyZB7LzKwYlnyFV736Nd7Egxe/xUmyiEksaCiquunuCiJGtXHdLyeztJxdWc2t5dc3Nre2C8WdupaxwqSGJZOqGSBNGBWkZqhhpBkpgnjASCMY3Iz9xiNRmkpxb4YR8TnqCRpSjIyVHgQ8gRweQa9TKLlldwK4SLyUlECKaqfoZNtdiWNOhMEMad3y3Mj4CVKGYkZG+XasSYTwAPVIy1KBONF+Mrl4BA+s0oWhVLaEgRP170SCuNZDHthOjkxfz3tj8T+vFZvwyk+oiGJDBJ4uCmMGjYTj92GXKoING1qCsKL2Voj7SCFsbEizW1hP2oY+P/5lFD/N/JUEfGSD8+ZjWiT107J3UT6/OytVrtMIc2AP7IND4IFLUAG3oApqAAMOnsELeHXenHfnw/mctmacdGYXzMD5/gGiCqOs</latexit>

n�m+ 1

14



1D (Discrete) Convolutions

1 4 0 2 1 3

2 0 -1

2 6 -1 1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

∗

=

<latexit sha1_base64="YFP+lFUI++mgc26FFZUa4DkRtwk=">AAACJHicbVDLSgNBEJyNRmN8JXr0MhgEQQ274usY9OIxgnlIsoTZyWwyZB7LzKwYlnyFV736Nd7Egxe/xUmyiEksaCiquunuCiJGtXHdLyeztJxdWc2t5dc3Nre2C8WdupaxwqSGJZOqGSBNGBWkZqhhpBkpgnjASCMY3Iz9xiNRmkpxb4YR8TnqCRpSjIyVHgQ8gRweQa9TKLlldwK4SLyUlECKaqfoZNtdiWNOhMEMad3y3Mj4CVKGYkZG+XasSYTwAPVIy1KBONF+Mrl4BA+s0oWhVLaEgRP170SCuNZDHthOjkxfz3tj8T+vFZvwyk+oiGJDBJ4uCmMGjYTj92GXKoING1qCsKL2Voj7SCFsbEizW1hP2oY+P/5lFD/N/JUEfGSD8+ZjWiT107J3UT6/OytVrtMIc2AP7IND4IFLUAG3oApqAAMOnsELeHXenHfnw/mctmacdGYXzMD5/gGiCqOs</latexit>

n�m+ 1

Formally, we denote 1D convolution as                                        and
<latexit sha1_base64="o+aJ7gbacy9jRUZK1DUFMD5eq2Q=">AAACJHicbVDLSgMxFM2o1VpfrS7dBIsgImVGfG2EohuXFexD2qFk0kwnNMkMSUY6DP0Kt7r1a9yJCzd+i2k7iG09cOFwzr3ce48XMaq0bX9ZS8srudW1/HphY3Nre6dY2m2oMJaY1HHIQtnykCKMClLXVDPSiiRB3GOk6Q1ux37ziUhFQ/Ggk4i4HPUF9SlG2kiPCbyGATyGw26xbFfsCeAicTJSBhlq3ZKV6/RCHHMiNGZIqbZjR9pNkdQUMzIqdGJFIoQHqE/ahgrEiXLTycUjeGiUHvRDaUpoOFH/TqSIK5Vwz3RypAM1743F/7x2rP0rN6UiijUReLrIjxnUIRy/D3tUEqxZYgjCkppbIQ6QRFibkGa3sH5oGgJ+8ssoHs78lXp8ZIJz5mNaJI3TinNROb8/K1dvsgjzYB8cgCPggEtQBXegBuoAAw6ewQt4td6sd+vD+py2LlnZzB6YgfX9A0DbpAg=</latexit>

y = h ⇤ x
<latexit sha1_base64="xCRDI3nifbMzRSScw3UTG3DB+Rk="></latexit>

y[i] =
mX

j=1

hjxi+j�1
Work out the expression 

based on the figure!
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1D (Discrete) Convolutions
What if we hope the output to have the same shape as input? 

1 4 0 2 1 3

2 0 -1

2 6 -1 1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

∗

=

<latexit sha1_base64="YFP+lFUI++mgc26FFZUa4DkRtwk=">AAACJHicbVDLSgNBEJyNRmN8JXr0MhgEQQ274usY9OIxgnlIsoTZyWwyZB7LzKwYlnyFV736Nd7Egxe/xUmyiEksaCiquunuCiJGtXHdLyeztJxdWc2t5dc3Nre2C8WdupaxwqSGJZOqGSBNGBWkZqhhpBkpgnjASCMY3Iz9xiNRmkpxb4YR8TnqCRpSjIyVHgQ8gRweQa9TKLlldwK4SLyUlECKaqfoZNtdiWNOhMEMad3y3Mj4CVKGYkZG+XasSYTwAPVIy1KBONF+Mrl4BA+s0oWhVLaEgRP170SCuNZDHthOjkxfz3tj8T+vFZvwyk+oiGJDBJ4uCmMGjYTj92GXKoING1qCsKL2Voj7SCFsbEizW1hP2oY+P/5lFD/N/JUEfGSD8+ZjWiT107J3UT6/OytVrtMIc2AP7IND4IFLUAG3oApqAAMOnsELeHXenHfnw/mctmacdGYXzMD5/gGiCqOs</latexit>

n�m+ 1
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1D (Discrete) Convolutions
What if we hope the output to have the same shape as input? 

1 4 0 2 1 3Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

0 0

Padding!
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1D (Discrete) Convolutions
What if we hope the output to have the same shape as input? 

1 4 0 2 1 3

-4

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

2 0 -1

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m
∗

=

0 0

Padding!
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1D (Discrete) Convolutions
What if we hope the output to have the same shape as input? 

1 4 0 2 1 3

-4 2 6 -1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

2 0 -1

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m
∗

=

0 0

Padding!

1 2

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n
19



1D (Discrete) Convolutions
What if we hope the output to have a much smaller size compared to input? 

1 4 0 2 1 3

-4 2 6 -1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

2 0 -1

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m
∗

=

0 0

1 2

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n
20



1D (Discrete) Convolutions
What if we hope the output to have a much smaller size compared to input? Stride!

1 4 0 2 1 3

-4 2 6 -1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

2 0 -1

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m
∗

=

0 0

1 2

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n
21



1D (Discrete) Convolutions
What if we hope the output to have a much smaller size compared to input? 

1 4 0 2 1 3

-4

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

0 0

Stride = 2!

2 0 -1

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m
∗

=

22



1D (Discrete) Convolutions
What if we hope the output to have a much smaller size compared to input? 

1 4 0 2 1 3

-4 6

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

0 0

Stride = 2!

2 0 -1

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m
∗

=
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1D (Discrete) Convolutions
What if we hope the output to have a much smaller size compared to input? 

1 4 0 2 1 3

-4 6 1

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

<latexit sha1_base64="nCKr2fI0FQjn5b9y8JS6ZnPeYmA=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnuFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AO1+oeY=</latexit>

n

<latexit sha1_base64="O1PPsHr9MO/S/+NmryOoNvC9UAw=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PJkHksM7PisuQLvOrVr/EmXgX/xkmyiEksaCiquunuCiJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaxwqSJJZOqEyBNGBWkaahhpBMpgnjASDsY30399iNRmkrxYJKI+BwNBQ0pRsZKjaRfqrhVdwa4SryMVECGer/s5HsDiWNOhMEMad313Mj4KVKGYkYmxV6sSYTwGA1J11KBONF+Ort0Ak+sMoChVLaEgTP170SKuNYJD2wnR2akl72p+J/XjU1446dURLEhAs8XhTGDRsLp23BAFcGGJZYgrKi9FeIRUggbG87iFjaUtmHEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfPwB1ofE=</latexit>yOutput

0 0

Stride = 2!

2 0 -1

<latexit sha1_base64="wtQAS3zC0q2nXijQhO3qXlz/GWw=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpJnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79AOvGoeU=</latexit>m
∗

=

<latexit sha1_base64="v/JmYF8iNLVB5wzrm/yNneSOuzE="></latexit>�
n+ 2p�m

s

⌫
+ 1 Stride:               Padding:<latexit sha1_base64="ZK6jcbQ0oJfVRhz0lds2NNltl74=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpZnqFklf2ZkCrxE9JCaSo9oow2+krEgsqLeHYmLbvRbabYG0Z4XSS78SGRpiM8IC2HZVYUNNNZpdO0IlT+ihU2pW0aKb+nUiwMGYsAtcpsB2aZW8q/ue1YxvedBMmo9hSSeaLwpgjq9D0bdRnmhLLx45gopm7FZEh1phYF87iFj5QrmEozn4ZI08LfyWBmLjg/OWYVknjvOxflS9rF6XKbRphDhyBY3AKfHANKuAeVEEdEEDBM3gBr/ANvsMP+DlvzcB05hAsAH79APYWoes=</latexit>s <latexit sha1_base64="Xe0LNpQ/IkoJ6+tldfl2y016CTk=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V8gNUZN44Twfn4zEzL5KHv6Btbfs17aJt0L9p1EekduDC4Zx7ufeeIOLMWM/7hpm19ezGZm4rv72zu7dfKB40jIo1oXWiuNKtABvKmaR1yyynrUhTLAJOm8Hobuo3H6k2TMkHO45oV+CBZCEj2DqpFvUKJa/szYBWiZ+SEkhR7RVhttNXJBZUWsKxMW3fi2w3wdoywukk34kNjTAZ4QFtOyqxoKabzC6doBOn9FGotCtp0Uz9O5FgYcxYBK5TYDs0y95U/M9rxza86SZMRrGlkswXhTFHVqHp26jPNCWWjx3BRDN3KyJDrDGxLpzFLXygXMNQnP0yRp4W/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6AfDuoeg=</latexit>p

24



Outline

• Invariance & Equivariance
• Convolution

• 1D Convolution
• Matrix Multiplication Views
• Translation Equivariance
• 2D Convolution

• Convolution Variants
• Transposed Convolution
• Dilated Convolution
• Grouped Convolution
• Separable Convolution

• Pooling
• Example Architectures
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Matrix Multiplication View I
1D Convolution (Discrete) ó Matrix Multiplication Filter => Toeplitz matrix (diagonal-constant)

26



<latexit sha1_base64="4SP24KutjdIBvzKLQhj0NKn5+Mc="></latexit>

y = h ⇤ x =

2

6666666666664

hbm/2c+1 hbm/2c+2 · · · hm 0 · · · · · · · · · · · · 0
hbm/2c hbm/2c+1 · · · hm�1 hm 0 · · · · · · · · · 0

...
...

...
...

...
...

...
...

...
...

h1 h2 · · · · · · · · · · · · hm 0 · · · 0
0 h1 h2 · · · · · · · · · · · · hm · · · 0
...

...
...

...
...

...
...

...
...

...
0 0 · · · · · · · · · 0 h1 h2 · · · hbm/2c+2

0 0 · · · · · · · · · · · · 0 h1 · · · hbm/2c+1

3

7777777777775

2

666664

x1

x2

x3
...
xn

3

777775

Matrix Multiplication View I
1D Convolution (Discrete) ó Matrix Multiplication Filter => Toeplitz matrix (diagonal-constant)
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<latexit sha1_base64="4SP24KutjdIBvzKLQhj0NKn5+Mc="></latexit>

y = h ⇤ x =

2

6666666666664

hbm/2c+1 hbm/2c+2 · · · hm 0 · · · · · · · · · · · · 0
hbm/2c hbm/2c+1 · · · hm�1 hm 0 · · · · · · · · · 0

...
...

...
...

...
...

...
...

...
...

h1 h2 · · · · · · · · · · · · hm 0 · · · 0
0 h1 h2 · · · · · · · · · · · · hm · · · 0
...

...
...

...
...

...
...

...
...

...
0 0 · · · · · · · · · 0 h1 h2 · · · hbm/2c+2

0 0 · · · · · · · · · · · · 0 h1 · · · hbm/2c+1

3

7777777777775

2

666664

x1

x2

x3
...
xn

3

777775

Matrix Multiplication View I
1D Convolution (Discrete) ó Matrix Multiplication Filter => Toeplitz matrix (diagonal-constant)

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0

28



<latexit sha1_base64="4SP24KutjdIBvzKLQhj0NKn5+Mc="></latexit>

y = h ⇤ x =

2

6666666666664

hbm/2c+1 hbm/2c+2 · · · hm 0 · · · · · · · · · · · · 0
hbm/2c hbm/2c+1 · · · hm�1 hm 0 · · · · · · · · · 0

...
...

...
...

...
...

...
...

...
...

h1 h2 · · · · · · · · · · · · hm 0 · · · 0
0 h1 h2 · · · · · · · · · · · · hm · · · 0
...

...
...

...
...

...
...

...
...

...
0 0 · · · · · · · · · 0 h1 h2 · · · hbm/2c+2

0 0 · · · · · · · · · · · · 0 h1 · · · hbm/2c+1

3

7777777777775

2

666664

x1

x2

x3
...
xn

3

777775

Matrix Multiplication View I
1D Convolution (Discrete) ó Matrix Multiplication Filter => Toeplitz matrix (diagonal-constant)

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0
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<latexit sha1_base64="4SP24KutjdIBvzKLQhj0NKn5+Mc="></latexit>

y = h ⇤ x =

2

6666666666664

hbm/2c+1 hbm/2c+2 · · · hm 0 · · · · · · · · · · · · 0
hbm/2c hbm/2c+1 · · · hm�1 hm 0 · · · · · · · · · 0

...
...

...
...

...
...

...
...

...
...

h1 h2 · · · · · · · · · · · · hm 0 · · · 0
0 h1 h2 · · · · · · · · · · · · hm · · · 0
...

...
...

...
...

...
...

...
...

...
0 0 · · · · · · · · · 0 h1 h2 · · · hbm/2c+2

0 0 · · · · · · · · · · · · 0 h1 · · · hbm/2c+1

3

7777777777775

2

666664

x1

x2

x3
...
xn

3

777775

Matrix Multiplication View I
1D Convolution (Discrete) ó Matrix Multiplication

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter

Filter => Toeplitz matrix (diagonal-constant)

ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0

30



<latexit sha1_base64="4SP24KutjdIBvzKLQhj0NKn5+Mc="></latexit>

y = h ⇤ x =

2

6666666666664

hbm/2c+1 hbm/2c+2 · · · hm 0 · · · · · · · · · · · · 0
hbm/2c hbm/2c+1 · · · hm�1 hm 0 · · · · · · · · · 0

...
...

...
...

...
...

...
...

...
...

h1 h2 · · · · · · · · · · · · hm 0 · · · 0
0 h1 h2 · · · · · · · · · · · · hm · · · 0
...

...
...

...
...

...
...

...
...

...
0 0 · · · · · · · · · 0 h1 h2 · · · hbm/2c+2

0 0 · · · · · · · · · · · · 0 h1 · · · hbm/2c+1

3

7777777777775

2

666664

x1

x2

x3
...
xn

3

777775

Matrix Multiplication View I
1D Convolution (Discrete) ó Matrix Multiplication

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0

Filter => Toeplitz matrix (diagonal-constant)

It could be very sparse (e.g., when n >> m)!

31



Matrix Multiplication View II
1D Convolution (Discrete) ó Matrix Multiplication Data => Toeplitz matrix (diagonal-constant)
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Matrix Multiplication View II
1D Convolution (Discrete) ó Matrix Multiplication Data => Toeplitz matrix (diagonal-constant)

<latexit sha1_base64="w7lP4/BpOLn8YFMujxiftvLfuQo="></latexit>

y> = (h ⇤ x)> =

<latexit sha1_base64="e+fNAhV+7+Uey4QqgEYNE2KrJYI="></latexit>

⇥
hm hm�1 · · · h3 h2 h1

⇤

2

66666666664

xm�bm/2c xm�bm/2c+1 · · · xm xm+1 · · · 0 0
...

... · · · xm�1 xm · · ·
...

...

x1 x2 · · ·
... xm�1 · · · xn 0

0 x1 · · ·
...

... · · · xn�1 xn
... 0 · · ·

...
... · · ·

...
...

0 0 · · · x1 x2 · · · xn�bm/2c+1 xn�bm/2c

3

77777777775

.

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0
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Matrix Multiplication View II
1D Convolution (Discrete) ó Matrix Multiplication Data => Toeplitz matrix (diagonal-constant)

<latexit sha1_base64="w7lP4/BpOLn8YFMujxiftvLfuQo="></latexit>

y> = (h ⇤ x)> =

<latexit sha1_base64="e+fNAhV+7+Uey4QqgEYNE2KrJYI="></latexit>

⇥
hm hm�1 · · · h3 h2 h1

⇤

2

66666666664

xm�bm/2c xm�bm/2c+1 · · · xm xm+1 · · · 0 0
...

... · · · xm�1 xm · · ·
...

...

x1 x2 · · ·
... xm�1 · · · xn 0

0 x1 · · ·
...

... · · · xn�1 xn
... 0 · · ·

...
... · · ·

...
...

0 0 · · · x1 x2 · · · xn�bm/2c+1 xn�bm/2c

3

77777777775

.

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0

34



Matrix Multiplication View II
1D Convolution (Discrete) ó Matrix Multiplication Data => Toeplitz matrix (diagonal-constant)

<latexit sha1_base64="w7lP4/BpOLn8YFMujxiftvLfuQo="></latexit>

y> = (h ⇤ x)> =

<latexit sha1_base64="e+fNAhV+7+Uey4QqgEYNE2KrJYI="></latexit>

⇥
hm hm�1 · · · h3 h2 h1

⇤

2

66666666664

xm�bm/2c xm�bm/2c+1 · · · xm xm+1 · · · 0 0
...

... · · · xm�1 xm · · ·
...

...

x1 x2 · · ·
... xm�1 · · · xn 0

0 x1 · · ·
...

... · · · xn�1 xn
... 0 · · ·

...
... · · ·

...
...

0 0 · · · x1 x2 · · · xn�bm/2c+1 xn�bm/2c

3

77777777775

.

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0
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Matrix Multiplication View II
1D Convolution (Discrete) ó Matrix Multiplication Data => Toeplitz matrix (diagonal-constant)

It could be dense (e.g., when n >> m)!

<latexit sha1_base64="w7lP4/BpOLn8YFMujxiftvLfuQo="></latexit>

y> = (h ⇤ x)> =

<latexit sha1_base64="e+fNAhV+7+Uey4QqgEYNE2KrJYI="></latexit>

⇥
hm hm�1 · · · h3 h2 h1

⇤

2

66666666664

xm�bm/2c xm�bm/2c+1 · · · xm xm+1 · · · 0 0
...

... · · · xm�1 xm · · ·
...

...

x1 x2 · · ·
... xm�1 · · · xn 0

0 x1 · · ·
...

... · · · xn�1 xn
... 0 · · ·

...
... · · ·

...
...

0 0 · · · x1 x2 · · · xn�bm/2c+1 xn�bm/2c

3

77777777775

.

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0
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Matrix Multiplication View II
1D Convolution (Discrete) ó Matrix Multiplication Data => Toeplitz matrix (diagonal-constant)

It could be dense (e.g., when n >> m)!

<latexit sha1_base64="w7lP4/BpOLn8YFMujxiftvLfuQo="></latexit>

y> = (h ⇤ x)> =

<latexit sha1_base64="e+fNAhV+7+Uey4QqgEYNE2KrJYI="></latexit>

⇥
hm hm�1 · · · h3 h2 h1

⇤

2

66666666664

xm�bm/2c xm�bm/2c+1 · · · xm xm+1 · · · 0 0
...

... · · · xm�1 xm · · ·
...

...

x1 x2 · · ·
... xm�1 · · · xn 0

0 x1 · · ·
...

... · · · xn�1 xn
... 0 · · ·

...
... · · ·

...
...

0 0 · · · x1 x2 · · · xn�bm/2c+1 xn�bm/2c

3

77777777775

.

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0

This version is typically implemented on GPUs!
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Matrix Multiplication View II
1D Convolution (Discrete) ó Matrix Multiplication Data => Toeplitz matrix (diagonal-constant)

It could be dense (e.g., when n >> m)!

<latexit sha1_base64="w7lP4/BpOLn8YFMujxiftvLfuQo="></latexit>

y> = (h ⇤ x)> =

<latexit sha1_base64="e+fNAhV+7+Uey4QqgEYNE2KrJYI="></latexit>

⇥
hm hm�1 · · · h3 h2 h1

⇤

2

66666666664

xm�bm/2c xm�bm/2c+1 · · · xm xm+1 · · · 0 0
...

... · · · xm�1 xm · · ·
...

...

x1 x2 · · ·
... xm�1 · · · xn 0

0 x1 · · ·
...

... · · · xn�1 xn
... 0 · · ·

...
... · · ·

...
...

0 0 · · · x1 x2 · · · xn�bm/2c+1 xn�bm/2c

3

77777777775

.

Input <latexit sha1_base64="84CtMUjrK8p69EQp3458Am2IEbs=">AAACHHicbVBNS0JBFJ2xLLMvrWWbIQlahLwXfS2lNi0V0gQVmTfO08H5eMzMC+XhL2hb235Nu2gb9G8a9RGpHbhwOOde7r0niDgz1vO+YWZtPbuxmdvKb+/s7u0XigcNo2JNaJ0ornQzwIZyJmndMstpM9IUi4DTx2B4N/Ufn6g2TMkHO45oR+C+ZCEj2DqpNuoWSl7ZmwGtEj8lJZCi2i3CbLunSCyotIRjY1q+F9lOgrVlhNNJvh0bGmEyxH3aclRiQU0nmV06QSdO6aFQaVfSopn6dyLBwpixCFynwHZglr2p+J/Xim1400mYjGJLJZkvCmOOrELTt1GPaUosHzuCiWbuVkQGWGNiXTiLW3hfuYaBOPtljIwW/koCMXHB+csxrZLGedm/Kl/WLkqV2zTCHDgCx+AU+OAaVMA9qII6IICCZ/ACXuEbfIcf8HPemoHpzCFYAPz6Af6uofA=</latexit>x

<latexit sha1_base64="x7ZzexTn6AsTaJDyoSv8YzFRQ4I=">AAACHHicbVDLSgNBEJyNRmN8JXr0MhgEDxJ2xdcx6MVjAuYByRJmJ7PZIfNYZmbFsOQLvOrVr/EmXgX/xkmyiEksaCiquunuCmJGtXHdbye3tp7f2CxsFbd3dvf2S+WDlpaJwqSJJZOqEyBNGBWkaahhpBMrgnjASDsY3U399iNRmkrxYMYx8TkaChpSjIyVGlG/VHGr7gxwlXgZqYAM9X7ZyfcGEiecCIMZ0rrrubHxU6QMxYxMir1EkxjhERqSrqUCcaL9dHbpBJ5YZQBDqWwJA2fq34kUca3HPLCdHJlIL3tT8T+vm5jwxk+piBNDBJ4vChMGjYTTt+GAKoING1uCsKL2VogjpBA2NpzFLWwobUPEz34ZxU8Lf6UBn9jgvOWYVknrvOpdVS8bF5XabRZhARyBY3AKPHANauAe1EETYEDAM3gBr86b8+58OJ/z1pyTzRyCBThfP+MuoeA=</latexit>

hFilter ℎ! … … ℎ"
<latexit sha1_base64="jxxCEAmQwFPLZZ27KxhweuOBxDI=">AAACOXicbZDLTgIxFIY7KIp4A13qopGYmGhwhnhbEt24xEQuCZBJp3SgoZ1O2o6RTGbj07jVrU/i0p1x6wtYYGIEPKsv/39Ozjm/FzKqtG2/W5ml5ezKam4tv76xubVdKO40lIgkJnUsmJAtDynCaEDqmmpGWqEkiHuMNL3hzdhvPhCpqAju9SgkXY76AfUpRtpIbmF/4MYd5jMhJOSnFdiRUz6GTgLdQsku25OCi+CkUAJp1dyile30BI44CTRmSKm2Y4e6GyOpKWYkyXciRUKEh6hP2gYDxInqxpM3EnholB70zXZfBBpO1L8TMeJKjbhnOjnSAzXvjcX/vHak/atuTIMw0iTA00V+xKAWcJwJ7FFJsGYjAwhLam6FeIAkwtokN7uF9YVpGPCTX6L4ceav2OOJCc6Zj2kRGpWyc1E+vzsrVa/TCHNgDxyAI+CAS1AFt6AG6gCDJ/AMXsCr9WZ9WJ/W17Q1Y6Uzu2CmrO8fSfCsGg==</latexit>

hbm/2c+1

… 𝑥! … … 𝑥#0 …<latexit sha1_base64="Gx2zXavwi8PfZPR2Z/zbZoo+TQI=">AAACOXicbZC7TgJBFIZnVRTxBlpqMZGYWCjuEm8l0cYSE7kkQMjsMAsTZnY2M7MGstnGp7HV1iextDO2voDDsjECnurL/5+Tc87vBowqbdvv1tLySmZ1Lbue29jc2t7JF3brSoQSkxoWTMimixRh1Cc1TTUjzUASxF1GGu7wduI3HolUVPgPehyQDkd9n3oUI22kbv5g1I04PIVt5jEhJORnZdiWCcewmy/aJTspuAhOCkWQVrVbsDLtnsAhJ77GDCnVcuxAdyIkNcWMxLl2qEiA8BD1ScugjzhRnSh5I4ZHRulBz1zhCV/DRP07ESGu1Ji7ppMjPVDz3kT8z2uF2rvuRNQPQk18PF3khQxqASeZwB6VBGs2NoCwpOZWiAdIIqxNcrNbWF+YhgE/+SWKRzN/RS6PTXDOfEyLUC+XnMvSxf15sXKTRpgF++AQHAMHXIEKuANVUAMYPIFn8AJerTfrw/q0vqatS1Y6swdmyvr+AceYrGg=</latexit>xm�bm/2c … 0

This version is typically implemented on GPUs!

This equivalence holds for 2D and other higher-order convolutions!
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1D (Discrete) Convolutions
Matrix multiplication view (Filter => Toeplitz matrix) of 1D convolution:

Consider a special Toeplitz matrix: circulant matrix (must be square!)

Convolution with padding

Image Credit: [1]
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Translation/Shift Operator

Image Credit: [1]
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Translation/Shift Operator

Image Credit: [1]

Shift operator is also a circulant matrix!
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Translation/Shift Equivariance

Image Credit: [1]

Matrix multiplication is non-commutative. But not for circulant matrices!
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Translation/Shift Equivariance

Image Credit: [1]

Matrix multiplication is non-commutative. But not for circulant matrices!

Convolution is translation equivariant, i.e., Conv(Shift(X)) = Shift(Conv(X))!

This equivariance holds for 2D and higher-order convolutions!
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2D (Discrete) Convolution

Input

Let us see what convolution is in 2D

<latexit sha1_base64="/dj1y/KdpyWHZQa/BA7Yd2rhQGM=">AAACJXicbVDLSgNBEJxVozG+Ej16GQyCBwm74usY9OIxgnlgsoTZyWwyZB7LzKwkLPkLr3r1a7yJ4MlfcTZZxCQWNBTV3XR1BRGj2rjul7OyupZb38hvFra2d3b3iqX9hpaxwqSOJZOqFSBNGBWkbqhhpBUpgnjASDMY3qb95hNRmkrxYMYR8TnqCxpSjIyVHjscmUEQJqNJt1h2K+4UcJl4GSmDDLVuycl1ehLHnAiDGdK67bmR8ROkDMWMTAqdWJMI4SHqk7alAnGi/WRqeQKPrdKDoVS2hIFT9e9GgrjWYx7YydSiXuyl4n+9dmzCaz+hIooNEXh2KIwZNBKm/8MeVQQbNrYEYUWtV4gHSCFsbErzV1hf2oEBP/1lFI/m/koCngbnLca0TBpnFe+ycnF/Xq7eZBHmwSE4AifAA1egCu5ADdQBBgI8gxfw6rw5786H8zkbXXGynQMwB+f7B9vJphA=</latexit>x
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2D (Discrete) Convolution

Input

Convolutional Filter

Let us see what convolution is in 2D

<latexit sha1_base64="7+Od05Hvqu00hQFr9olJhmvuWt4="></latexit>

W 2 RK⇥K

<latexit sha1_base64="/dj1y/KdpyWHZQa/BA7Yd2rhQGM=">AAACJXicbVDLSgNBEJxVozG+Ej16GQyCBwm74usY9OIxgnlgsoTZyWwyZB7LzKwkLPkLr3r1a7yJ4MlfcTZZxCQWNBTV3XR1BRGj2rjul7OyupZb38hvFra2d3b3iqX9hpaxwqSOJZOqFSBNGBWkbqhhpBUpgnjASDMY3qb95hNRmkrxYMYR8TnqCxpSjIyVHjscmUEQJqNJt1h2K+4UcJl4GSmDDLVuycl1ehLHnAiDGdK67bmR8ROkDMWMTAqdWJMI4SHqk7alAnGi/WRqeQKPrdKDoVS2hIFT9e9GgrjWYx7YydSiXuyl4n+9dmzCaz+hIooNEXh2KIwZNBKm/8MeVQQbNrYEYUWtV4gHSCFsbErzV1hf2oEBP/1lFI/m/koCngbnLca0TBpnFe+ycnF/Xq7eZBHmwSE4AifAA1egCu5ADdQBBgI8gxfw6rw5786H8zkbXXGynQMwB+f7B9vJphA=</latexit>x
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2D (Discrete) Convolution

Input

Convolutional Filter

Let us see what convolution is in 2D

<latexit sha1_base64="7+Od05Hvqu00hQFr9olJhmvuWt4="></latexit>

W 2 RK⇥K

<latexit sha1_base64="/dj1y/KdpyWHZQa/BA7Yd2rhQGM=">AAACJXicbVDLSgNBEJxVozG+Ej16GQyCBwm74usY9OIxgnlgsoTZyWwyZB7LzKwkLPkLr3r1a7yJ4MlfcTZZxCQWNBTV3XR1BRGj2rjul7OyupZb38hvFra2d3b3iqX9hpaxwqSOJZOqFSBNGBWkbqhhpBUpgnjASDMY3qb95hNRmkrxYMYR8TnqCxpSjIyVHjscmUEQJqNJt1h2K+4UcJl4GSmDDLVuycl1ehLHnAiDGdK67bmR8ROkDMWMTAqdWJMI4SHqk7alAnGi/WRqeQKPrdKDoVS2hIFT9e9GgrjWYx7YydSiXuyl4n+9dmzCaz+hIooNEXh2KIwZNBKm/8MeVQQbNrYEYUWtV4gHSCFsbErzV1hf2oEBP/1lFI/m/koCngbnLca0TBpnFe+ycnF/Xq7eZBHmwSE4AifAA1egCu5ADdQBBgI8gxfw6rw5786H8zkbXXGynQMwB+f7B9vJphA=</latexit>x Sliding Window
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2D (Discrete) Convolution

Input

Convolutional Filter

Let us see what convolution is in 2D

<latexit sha1_base64="OE+atrHSPftvexCfpo5TFaB9AfM="></latexit>

yi,j =
KX

m=1

KX

n=1

Wm,nxi+m�dK/2e,j+n�dK/2e

<latexit sha1_base64="7+Od05Hvqu00hQFr9olJhmvuWt4="></latexit>

W 2 RK⇥K

<latexit sha1_base64="/dj1y/KdpyWHZQa/BA7Yd2rhQGM=">AAACJXicbVDLSgNBEJxVozG+Ej16GQyCBwm74usY9OIxgnlgsoTZyWwyZB7LzKwkLPkLr3r1a7yJ4MlfcTZZxCQWNBTV3XR1BRGj2rjul7OyupZb38hvFra2d3b3iqX9hpaxwqSOJZOqFSBNGBWkbqhhpBUpgnjASDMY3qb95hNRmkrxYMYR8TnqCxpSjIyVHjscmUEQJqNJt1h2K+4UcJl4GSmDDLVuycl1ehLHnAiDGdK67bmR8ROkDMWMTAqdWJMI4SHqk7alAnGi/WRqeQKPrdKDoVS2hIFT9e9GgrjWYx7YydSiXuyl4n+9dmzCaz+hIooNEXh2KIwZNBKm/8MeVQQbNrYEYUWtV4gHSCFsbErzV1hf2oEBP/1lFI/m/koCngbnLca0TBpnFe+ycnF/Xq7eZBHmwSE4AifAA1egCu5ADdQBBgI8gxfw6rw5786H8zkbXXGynQMwB+f7B9vJphA=</latexit>x Output <latexit sha1_base64="vMzWq1k2M/Frlgpytx2pyqHx0uk=">AAACJXicbVDLSgMxFE2q1VpfrS7dBIvgQsqM+FoW3bisYB/YlpJJM21okhmSjDgM/Qu3uvVr3Ingyl8x0w5iWw9cOJx7L/fc44WcaeM4XzC3sppfWy9sFDe3tnd2S+W9pg4iRWiDBDxQbQ9rypmkDcMMp+1QUSw8Tlve+Cbttx6p0iyQ9yYOaU/goWQ+I9hY6aErsBl5fhJP+qWKU3WmQMvEzUgFZKj3yzDfHQQkElQawrHWHdcJTS/ByjDC6aTYjTQNMRnjIe1YKrGgupdMLU/QkVUGyA+ULWnQVP27kWChdSw8O5la1Iu9VPyv14mMf9VLmAwjQyWZHfIjjkyA0v/RgClKDI8twUQx6xWREVaYGJvS/BU+DOzASJz8Mkae5v5KPJEG5y7GtEyap1X3onp+d1apXWcRFsABOATHwAWXoAZuQR00AAESPIMX8Arf4Dv8gJ+z0RzMdvbBHOD3D92CphE=</latexit>y
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2D (Discrete) Convolution
2D Convolution with Stride = 1

Image Credit: [2]
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2D (Discrete) Convolution
2D Convolution with Stride = 1, Half Padding

Image Credit: [2]
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2D (Discrete) Convolution
2D Convolution with Stride = 2, Half Padding

Image Credit: [2]
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2D (Discrete) Convolution
2D Convolution with multiple input channels

Image Credit: [3]
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2D (Discrete) Convolution
2D Convolution with multiple input channels

Image Credit: [3]
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2D (Discrete) Convolution
2D Convolution with multiple input channels

Image Credit: [3]
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2D (Discrete) Convolution
2D Convolution with multiple input channels

Image Credit: [3]
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2D (Discrete) Convolution
2D Convolution with multiple input channels

Image Credit: [3]
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2D (Discrete) Convolution
2D Convolution with multiple input channels

Image Credit: [3]
58



2D (Discrete) Convolution
2D Convolution with multiple input channels

Image Credit: [3]
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2D (Discrete) Convolution
2D Convolution with multiple input channels and multiple filters

Image Credit: [3]
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2D (Discrete) Convolution
Let us see the effect of 2D convolution:

Image Credit: [3]
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2D (Discrete) Convolution
Let us see the effect of 2D convolution:

Image Credit: [3]
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2D (Discrete) Convolution
Let us see the effect of 2D convolution:

Image Credit: [3]
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2D (Discrete) Convolution
Let us see the effect of 2D convolution:

Image Credit: [3]
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2D (Discrete) Convolution
Let us see the effect of 2D convolution:

Image Credit: [3]
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Questions?
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