
Classification problems 

Examples: 
❖ Text categorization 
❖ Image recognition
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Two classes:  j and NOT j

Input data: {(xi, yi)}, i = 1,2,…,n
xi  = 𝜙(zi) ∊ Rd - vector of values

yi ∊ {1,-1} - label

Feature Space

Hope: separable by a hyperplane



Text categorization
D. D. Lewis, Y. Yang, T. G. Rose, and F. Li, “RCV1: A new benchmark collection for text 
categorization research,” Journal of Machine Learning Research, vol. 5, pp. 361–397, 
2004 

Reuters Corpus Volume 1 (RCV1):  
manually categorized archive of news stories 

❖ Over 800,000 stories 
❖ Most stories < 1000 words (less than two A4 pages) 
❖ Feature space is defined by a vocabulary of 47,152 words  

Apart from the terrible memories this stirs up for me personally  

(coding stories through the night etc.),  

I can’t find fault with your account.  

– Reuters editor commenting on a draft of section 2 of this paper. 



Statement of problem
w>x� b = 0
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(
w>xi � b > 0, yi = 1,

w>xi � b < 0, yi = �1.
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Prediction function: h(x,w, b) := w>x� b
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Evaluate sign (h(xi, w, b))
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to attribute xi to category 1 or -1



Support-vector machines
C. Cortes and V. Vapnik, “Support-vector networks,” Machine Learning, vol. 20, pp. 273–297, 1995 

(
w>xi � b � 1, yi = 1,

w>xi � b  �1, yi = �1.
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2
kwk2 ! min

subject to

yi(w
>xi � b) � 1
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Support
vectors



A smooth loss function
Prediction function: h(x,w, b) := w>x� b

<latexit sha1_base64="/l4jygz5a2GJCvwC3KGZmwUUyOA=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARKtSSiOADhKIblxWMLbSxTKaTdugkE2YmtiV24a+4caHi1u9w5984bbPQ1gMXDufcy733eBGjUlnWt5GZm19YXMou51ZW19Y3zM2tO8ljgYmDOeOi5iFJGA2Jo6hipBYJggKPkarXvRr51QciJOXhrRpExA1QO6Q+xUhpqWnudAr9Yq/oHZxf9O4bikewDw+h1zTzVskaA84SOyV5kKLSNL8aLY7jgIQKMyRl3bYi5SZIKIoZGeYasSQRwl3UJnVNQxQQ6Sbj+4dwXyst6HOhK1RwrP6eSFAg5SDwdGeAVEdOeyPxP68eK//UTWgYxYqEeLLIjxlUHI7CgC0qCFZsoAnCgupbIe4ggbDSkeV0CPb0y7PEOSqdleyb43z5Mk0jC3bBHigAG5yAMrgGFeAADB7BM3gFb8aT8WK8Gx+T1oyRzmyDPzA+fwCjuZQf</latexit><latexit sha1_base64="/l4jygz5a2GJCvwC3KGZmwUUyOA=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARKtSSiOADhKIblxWMLbSxTKaTdugkE2YmtiV24a+4caHi1u9w5984bbPQ1gMXDufcy733eBGjUlnWt5GZm19YXMou51ZW19Y3zM2tO8ljgYmDOeOi5iFJGA2Jo6hipBYJggKPkarXvRr51QciJOXhrRpExA1QO6Q+xUhpqWnudAr9Yq/oHZxf9O4bikewDw+h1zTzVskaA84SOyV5kKLSNL8aLY7jgIQKMyRl3bYi5SZIKIoZGeYasSQRwl3UJnVNQxQQ6Sbj+4dwXyst6HOhK1RwrP6eSFAg5SDwdGeAVEdOeyPxP68eK//UTWgYxYqEeLLIjxlUHI7CgC0qCFZsoAnCgupbIe4ggbDSkeV0CPb0y7PEOSqdleyb43z5Mk0jC3bBHigAG5yAMrgGFeAADB7BM3gFb8aT8WK8Gx+T1oyRzmyDPzA+fwCjuZQf</latexit><latexit sha1_base64="/l4jygz5a2GJCvwC3KGZmwUUyOA=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARKtSSiOADhKIblxWMLbSxTKaTdugkE2YmtiV24a+4caHi1u9w5984bbPQ1gMXDufcy733eBGjUlnWt5GZm19YXMou51ZW19Y3zM2tO8ljgYmDOeOi5iFJGA2Jo6hipBYJggKPkarXvRr51QciJOXhrRpExA1QO6Q+xUhpqWnudAr9Yq/oHZxf9O4bikewDw+h1zTzVskaA84SOyV5kKLSNL8aLY7jgIQKMyRl3bYi5SZIKIoZGeYasSQRwl3UJnVNQxQQ6Sbj+4dwXyst6HOhK1RwrP6eSFAg5SDwdGeAVEdOeyPxP68eK//UTWgYxYqEeLLIjxlUHI7CgC0qCFZsoAnCgupbIe4ggbDSkeV0CPb0y7PEOSqdleyb43z5Mk0jC3bBHigAG5yAMrgGFeAADB7BM3gFb8aT8WK8Gx+T1oyRzmyDPzA+fwCjuZQf</latexit><latexit sha1_base64="/l4jygz5a2GJCvwC3KGZmwUUyOA=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARKtSSiOADhKIblxWMLbSxTKaTdugkE2YmtiV24a+4caHi1u9w5984bbPQ1gMXDufcy733eBGjUlnWt5GZm19YXMou51ZW19Y3zM2tO8ljgYmDOeOi5iFJGA2Jo6hipBYJggKPkarXvRr51QciJOXhrRpExA1QO6Q+xUhpqWnudAr9Yq/oHZxf9O4bikewDw+h1zTzVskaA84SOyV5kKLSNL8aLY7jgIQKMyRl3bYi5SZIKIoZGeYasSQRwl3UJnVNQxQQ6Sbj+4dwXyst6HOhK1RwrP6eSFAg5SDwdGeAVEdOeyPxP68eK//UTWgYxYqEeLLIjxlUHI7CgC0qCFZsoAnCgupbIe4ggbDSkeV0CPb0y7PEOSqdleyb43z5Mk0jC3bBHigAG5yAMrgGFeAADB7BM3gFb8aT8WK8Gx+T1oyRzmyDPzA+fwCjuZQf</latexit>

Log-loss function: l(h, y) := log(1 + exp [�yh(xi, w, b)])
<latexit sha1_base64="NORk/EPnsrfOWX5zZeEjGSNtNes=">AAACGHicbVDLSsNAFJ3Ud31VXboZLEKLtSQi+ABBdONSwVihCWUyvWmGTh7M3GhD8Tfc+CtuXKi4deffmNQufB24cDjnXu69x0uk0GiaH0ZpYnJqemZ2rjy/sLi0XFlZvdJxqjjYPJaxuvaYBikisFGghOtEAQs9CS2vf1r4rRtQWsTRJWYJuCHrRcIXnGEudSqmrAWNrE4Pj6gj417N2nJgkDgSfGxvZ0Ft0BGN24ZXd5ToBejWy51K1WyaI9C/xBqTKhnjvFN5d7oxT0OIkEumddsyE3SHTKHgEu7KTqohYbzPetDOacRC0O5w9Nkd3cyVLvVjlVeEdKR+nxiyUOss9PLOkGGgf3uF+J/XTtHfd4ciSlKEiH8t8lNJMaZFTLQrFHCUWU4YVyK/lfKAKcYxD7MIwfr98l9i7zQPmtbFbvX4ZJzGLFknG6RGLLJHjskZOSc24eSePJJn8mI8GE/Gq/H21VoyxjNr5AeM90/I/53n</latexit><latexit sha1_base64="NORk/EPnsrfOWX5zZeEjGSNtNes=">AAACGHicbVDLSsNAFJ3Ud31VXboZLEKLtSQi+ABBdONSwVihCWUyvWmGTh7M3GhD8Tfc+CtuXKi4deffmNQufB24cDjnXu69x0uk0GiaH0ZpYnJqemZ2rjy/sLi0XFlZvdJxqjjYPJaxuvaYBikisFGghOtEAQs9CS2vf1r4rRtQWsTRJWYJuCHrRcIXnGEudSqmrAWNrE4Pj6gj417N2nJgkDgSfGxvZ0Ft0BGN24ZXd5ToBejWy51K1WyaI9C/xBqTKhnjvFN5d7oxT0OIkEumddsyE3SHTKHgEu7KTqohYbzPetDOacRC0O5w9Nkd3cyVLvVjlVeEdKR+nxiyUOss9PLOkGGgf3uF+J/XTtHfd4ciSlKEiH8t8lNJMaZFTLQrFHCUWU4YVyK/lfKAKcYxD7MIwfr98l9i7zQPmtbFbvX4ZJzGLFknG6RGLLJHjskZOSc24eSePJJn8mI8GE/Gq/H21VoyxjNr5AeM90/I/53n</latexit><latexit sha1_base64="NORk/EPnsrfOWX5zZeEjGSNtNes=">AAACGHicbVDLSsNAFJ3Ud31VXboZLEKLtSQi+ABBdONSwVihCWUyvWmGTh7M3GhD8Tfc+CtuXKi4deffmNQufB24cDjnXu69x0uk0GiaH0ZpYnJqemZ2rjy/sLi0XFlZvdJxqjjYPJaxuvaYBikisFGghOtEAQs9CS2vf1r4rRtQWsTRJWYJuCHrRcIXnGEudSqmrAWNrE4Pj6gj417N2nJgkDgSfGxvZ0Ft0BGN24ZXd5ToBejWy51K1WyaI9C/xBqTKhnjvFN5d7oxT0OIkEumddsyE3SHTKHgEu7KTqohYbzPetDOacRC0O5w9Nkd3cyVLvVjlVeEdKR+nxiyUOss9PLOkGGgf3uF+J/XTtHfd4ciSlKEiH8t8lNJMaZFTLQrFHCUWU4YVyK/lfKAKcYxD7MIwfr98l9i7zQPmtbFbvX4ZJzGLFknG6RGLLJHjskZOSc24eSePJJn8mI8GE/Gq/H21VoyxjNr5AeM90/I/53n</latexit><latexit sha1_base64="NORk/EPnsrfOWX5zZeEjGSNtNes=">AAACGHicbVDLSsNAFJ3Ud31VXboZLEKLtSQi+ABBdONSwVihCWUyvWmGTh7M3GhD8Tfc+CtuXKi4deffmNQufB24cDjnXu69x0uk0GiaH0ZpYnJqemZ2rjy/sLi0XFlZvdJxqjjYPJaxuvaYBikisFGghOtEAQs9CS2vf1r4rRtQWsTRJWYJuCHrRcIXnGEudSqmrAWNrE4Pj6gj417N2nJgkDgSfGxvZ0Ft0BGN24ZXd5ToBejWy51K1WyaI9C/xBqTKhnjvFN5d7oxT0OIkEumddsyE3SHTKHgEu7KTqohYbzPetDOacRC0O5w9Nkd3cyVLvVjlVeEdKR+nxiyUOss9PLOkGGgf3uF+J/XTtHfd4ciSlKEiH8t8lNJMaZFTLQrFHCUWU4YVyK/lfKAKcYxD7MIwfr98l9i7zQPmtbFbvX4ZJzGLFknG6RGLLJHjskZOSc24eSePJJn8mI8GE/Gq/H21VoyxjNr5AeM90/I/53n</latexit>

Minimization problem: 

min
(w,b)2Rd⇥R

1

n

nX

i=1

l [h(xi, w, b), yi)] +
�

2
kwk2.

<latexit sha1_base64="hbakdo3fQeOnsEa5Iya0G739J30="></latexit><latexit sha1_base64="hbakdo3fQeOnsEa5Iya0G739J30="></latexit><latexit sha1_base64="hbakdo3fQeOnsEa5Iya0G739J30="></latexit><latexit sha1_base64="hbakdo3fQeOnsEa5Iya0G739J30="></latexit>

Tikhonov 
regularization 

positive parameter 



Image recognition
Sample digit images from MNIST database of handwritten characters

Example from Bottou-Curtis-Nocedal



Deep neural networks (DNNs)

x(j)
i = s

⇣
Wjx

(j�1)
i + bj

⌘
2 Rdj , j = 1, . . . , J

<latexit sha1_base64="RF8grHf5vfkF8HnWNYK8R+C7eVI="></latexit><latexit sha1_base64="RF8grHf5vfkF8HnWNYK8R+C7eVI="></latexit><latexit sha1_base64="RF8grHf5vfkF8HnWNYK8R+C7eVI="></latexit><latexit sha1_base64="RF8grHf5vfkF8HnWNYK8R+C7eVI="></latexit>

{(x(0)
i , yi)}, i = 1, . . . , n

<latexit sha1_base64="77b4x8794yc/hUhL6em+VbMHYxs=">AAACEnicbVBNS8NAEN34WetX1KOXxSK0EkoignoQil48VjC20MSw2WzbpZtN3N2IJeQ/ePGvePGg4tWTN/+NSduDtj4YeLw3w8w8P2ZUKtP81ubmFxaXlksr5dW19Y1NfWv7RkaJwMTGEYtE20eSMMqJrahipB0LgkKfkZY/uCj81j0Rkkb8Wg1j4oaox2mXYqRyydMPnLT64NHbtGrWMmPo0ZqTGc5dggJI4Rm0DIcFkZIGL5c9vWLWzRHgLLEmpAImaHr6lxNEOAkJV5ghKTuWGSs3RUJRzEhWdhJJYoQHqEc6OeUoJNJNRz9lcD9XAtiNRF5cwZH6eyJFoZTD0M87Q6T6ctorxP+8TqK6J25KeZwowvF4UTdhUEWwCAgGVBCs2DAnCAua3wpxHwmEVR5jEYI1/fIssQ/rp3Xr6qjSOJ+kUQK7YA9UgQWOQQNcgiawAQaP4Bm8gjftSXvR3rWPceucNpnZAX+gff4AQeqbbg==</latexit><latexit sha1_base64="77b4x8794yc/hUhL6em+VbMHYxs=">AAACEnicbVBNS8NAEN34WetX1KOXxSK0EkoignoQil48VjC20MSw2WzbpZtN3N2IJeQ/ePGvePGg4tWTN/+NSduDtj4YeLw3w8w8P2ZUKtP81ubmFxaXlksr5dW19Y1NfWv7RkaJwMTGEYtE20eSMMqJrahipB0LgkKfkZY/uCj81j0Rkkb8Wg1j4oaox2mXYqRyydMPnLT64NHbtGrWMmPo0ZqTGc5dggJI4Rm0DIcFkZIGL5c9vWLWzRHgLLEmpAImaHr6lxNEOAkJV5ghKTuWGSs3RUJRzEhWdhJJYoQHqEc6OeUoJNJNRz9lcD9XAtiNRF5cwZH6eyJFoZTD0M87Q6T6ctorxP+8TqK6J25KeZwowvF4UTdhUEWwCAgGVBCs2DAnCAua3wpxHwmEVR5jEYI1/fIssQ/rp3Xr6qjSOJ+kUQK7YA9UgQWOQQNcgiawAQaP4Bm8gjftSXvR3rWPceucNpnZAX+gff4AQeqbbg==</latexit><latexit sha1_base64="77b4x8794yc/hUhL6em+VbMHYxs=">AAACEnicbVBNS8NAEN34WetX1KOXxSK0EkoignoQil48VjC20MSw2WzbpZtN3N2IJeQ/ePGvePGg4tWTN/+NSduDtj4YeLw3w8w8P2ZUKtP81ubmFxaXlksr5dW19Y1NfWv7RkaJwMTGEYtE20eSMMqJrahipB0LgkKfkZY/uCj81j0Rkkb8Wg1j4oaox2mXYqRyydMPnLT64NHbtGrWMmPo0ZqTGc5dggJI4Rm0DIcFkZIGL5c9vWLWzRHgLLEmpAImaHr6lxNEOAkJV5ghKTuWGSs3RUJRzEhWdhJJYoQHqEc6OeUoJNJNRz9lcD9XAtiNRF5cwZH6eyJFoZTD0M87Q6T6ctorxP+8TqK6J25KeZwowvF4UTdhUEWwCAgGVBCs2DAnCAua3wpxHwmEVR5jEYI1/fIssQ/rp3Xr6qjSOJ+kUQK7YA9UgQWOQQNcgiawAQaP4Bm8gjftSXvR3rWPceucNpnZAX+gff4AQeqbbg==</latexit><latexit sha1_base64="77b4x8794yc/hUhL6em+VbMHYxs=">AAACEnicbVBNS8NAEN34WetX1KOXxSK0EkoignoQil48VjC20MSw2WzbpZtN3N2IJeQ/ePGvePGg4tWTN/+NSduDtj4YeLw3w8w8P2ZUKtP81ubmFxaXlksr5dW19Y1NfWv7RkaJwMTGEYtE20eSMMqJrahipB0LgkKfkZY/uCj81j0Rkkb8Wg1j4oaox2mXYqRyydMPnLT64NHbtGrWMmPo0ZqTGc5dggJI4Rm0DIcFkZIGL5c9vWLWzRHgLLEmpAImaHr6lxNEOAkJV5ghKTuWGSs3RUJRzEhWdhJJYoQHqEc6OeUoJNJNRz9lcD9XAtiNRF5cwZH6eyJFoZTD0M87Q6T6ctorxP+8TqK6J25KeZwowvF4UTdhUEWwCAgGVBCs2DAnCAua3wpxHwmEVR5jEYI1/fIssQ/rp3Xr6qjSOJ+kUQK7YA9UgQWOQQNcgiawAQaP4Bm8gjftSXvR3rWPceucNpnZAX+gff4AQeqbbg==</latexit>

Input:

Map to a feature space by a composition of functions:

x(3) = s
⇣
W3s

⇣
W2s

⇣
W1x

(0) + b1
⌘
+ b2

⌘
+ b3

⌘

<latexit sha1_base64="d+WRKc/q23U4Mbb5rzYxTPWMTrA="></latexit><latexit sha1_base64="d+WRKc/q23U4Mbb5rzYxTPWMTrA="></latexit><latexit sha1_base64="d+WRKc/q23U4Mbb5rzYxTPWMTrA="></latexit><latexit sha1_base64="d+WRKc/q23U4Mbb5rzYxTPWMTrA="></latexit>

Example with three layers, i.e., J = 3:

Wj = matrix, bj = vector,  
s(…) = a nonlinear activation function 
J = the number of layers



Popular activation functions

s(x) = max{0, x}
<latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit><latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit><latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="QNl8LY5RX2j/KvsHGil3mytbjPg=">AAAB73icbZBPS8MwGMbfzn9zTq27egkOYYKM1ot6EAQvHidYN1jLSLN0C0vTkqTSUfpVvHhQ8dt489uY/Tno5gOBH8+T8L55wpQzpR3n26psbG5t71R3a3v1/YND+6j+pJJMEuqRhCeyF2JFORPU00xz2kslxXHIaTec3M3y7jOViiXiUU9TGsR4JFjECNbGGtgN1crP0A3yY5z7hXOe++XAbjptZy60Du4SmrBUZ2B/+cOEZDEVmnCsVN91Uh0UWGpGOC1rfqZoiskEj2jfoMAxVUEx371Ep8YZoiiR5giN5u7vFwWOlZrGobkZYz1Wq9nM/C/rZzq6Cgom0kxTQRaDoowjnaBZEWjIJCWaTw1gIpnZFZExlphoU1fNlOCufnkdvIv2ddt9cKAKx3ACLXDhEm7hHjrgAYEcXuAN3q3SerU+Fm1VrGVtDfgj6/MHRgqRrQ==</latexit><latexit sha1_base64="QNl8LY5RX2j/KvsHGil3mytbjPg=">AAAB73icbZBPS8MwGMbfzn9zTq27egkOYYKM1ot6EAQvHidYN1jLSLN0C0vTkqTSUfpVvHhQ8dt489uY/Tno5gOBH8+T8L55wpQzpR3n26psbG5t71R3a3v1/YND+6j+pJJMEuqRhCeyF2JFORPU00xz2kslxXHIaTec3M3y7jOViiXiUU9TGsR4JFjECNbGGtgN1crP0A3yY5z7hXOe++XAbjptZy60Du4SmrBUZ2B/+cOEZDEVmnCsVN91Uh0UWGpGOC1rfqZoiskEj2jfoMAxVUEx371Ep8YZoiiR5giN5u7vFwWOlZrGobkZYz1Wq9nM/C/rZzq6Cgom0kxTQRaDoowjnaBZEWjIJCWaTw1gIpnZFZExlphoU1fNlOCufnkdvIv2ddt9cKAKx3ACLXDhEm7hHjrgAYEcXuAN3q3SerU+Fm1VrGVtDfgj6/MHRgqRrQ==</latexit><latexit sha1_base64="TIUopdFswCDPIV2+pHuhg+enOGE=">AAAB+nicbVBNS8NAEN34WetXrEcvi0WoICXxoh6EohePFYwtNKFstpt26e4m7G4kJeSvePGg4tVf4s1/47bNQVsfDDzem2FmXpgwqrTjfFsrq2vrG5uVrer2zu7evn1Qe1RxKjHxcMxi2Q2RIowK4mmqGekmkiAeMtIJx7dTv/NEpKKxeNCThAQcDQWNKEbaSH27phrZKbyGPkeZnztnmV/07brTdGaAy8QtSR2UaPftL38Q45QToTFDSvVcJ9FBjqSmmJGi6qeKJAiP0ZD0DBWIExXks9sLeGKUAYxiaUpoOFN/T+SIKzXhoenkSI/UojcV//N6qY4ug5yKJNVE4PmiKGVQx3AaBBxQSbBmE0MQltTcCvEISYS1iatqQnAXX14m3nnzquneO/XWTZlGBRyBY9AALrgALXAH2sADGGTgGbyCN6uwXqx362PeumKVM4fgD6zPH5jwkw4=</latexit><latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit><latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit><latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit><latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit><latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit><latexit sha1_base64="0NlvrUx6LF4vrX8DruY/ecAb5HE=">AAAB+nicbVBNS8NAEN3Ur1q/Yj16WSxCBSmJCOpBKHrxWMHYQhPKZrttl+5uwu5GUkL+ihcPKl79Jd78N27bHLT1wcDjvRlm5oUxo0o7zrdVWlldW98ob1a2tnd29+z96qOKEomJhyMWyU6IFGFUEE9TzUgnlgTxkJF2OL6d+u0nIhWNxIOexCTgaCjogGKkjdSzq6qensBr6HOU+plzmvp5z645DWcGuEzcgtRAgVbP/vL7EU44ERozpFTXdWIdZEhqihnJK36iSIzwGA1J11CBOFFBNrs9h8dG6cNBJE0JDWfq74kMcaUmPDSdHOmRWvSm4n9eN9GDyyCjIk40EXi+aJAwqCM4DQL2qSRYs4khCEtqboV4hCTC2sRVMSG4iy8vE++scdVw789rzZsijTI4BEegDlxwAZrgDrSABzBIwTN4BW9Wbr1Y79bHvLVkFTMH4A+szx+aMJMS</latexit>

s(x) =
1

1 + e�x
<latexit sha1_base64="FrfJ/x94eLBhoOL7v5HvUdi0ZhI=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRKmJJRFAPQtGLxwrGFtpaNttJu3Tzwe5GWkLw4l/x4kHFq//Cm//GbZuDtj4YeLw3w8w8N+JMKsv6NnJz8wuLS/nlwsrq2vqGubl1J8NYUHBoyENRd4kEzgJwFFMc6pEA4rscam7/auTXHkBIFga3ahhByyfdgHmMEqWltrkjS4MDfIGbniA0sdPEPoT75GiQpm2zaJWtMfAssTNSRBmqbfOr2Qlp7EOgKCdSNmwrUq2ECMUoh7TQjCVEhPZJFxqaBsQH2UrGL6R4Xysd7IVCV6DwWP09kRBfyqHv6k6fqJ6c9kbif14jVt5ZK2FBFCsI6GSRF3OsQjzKA3eYAKr4UBNCBdO3YtojOgylUyvoEOzpl2eJc1w+L9s3J8XKZZZGHu2iPVRCNjpFFXSNqshBFD2iZ/SK3own48V4Nz4mrTkjm9lGf2B8/gDdvZYH</latexit><latexit sha1_base64="FrfJ/x94eLBhoOL7v5HvUdi0ZhI=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRKmJJRFAPQtGLxwrGFtpaNttJu3Tzwe5GWkLw4l/x4kHFq//Cm//GbZuDtj4YeLw3w8w8N+JMKsv6NnJz8wuLS/nlwsrq2vqGubl1J8NYUHBoyENRd4kEzgJwFFMc6pEA4rscam7/auTXHkBIFga3ahhByyfdgHmMEqWltrkjS4MDfIGbniA0sdPEPoT75GiQpm2zaJWtMfAssTNSRBmqbfOr2Qlp7EOgKCdSNmwrUq2ECMUoh7TQjCVEhPZJFxqaBsQH2UrGL6R4Xysd7IVCV6DwWP09kRBfyqHv6k6fqJ6c9kbif14jVt5ZK2FBFCsI6GSRF3OsQjzKA3eYAKr4UBNCBdO3YtojOgylUyvoEOzpl2eJc1w+L9s3J8XKZZZGHu2iPVRCNjpFFXSNqshBFD2iZ/SK3own48V4Nz4mrTkjm9lGf2B8/gDdvZYH</latexit><latexit sha1_base64="FrfJ/x94eLBhoOL7v5HvUdi0ZhI=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRKmJJRFAPQtGLxwrGFtpaNttJu3Tzwe5GWkLw4l/x4kHFq//Cm//GbZuDtj4YeLw3w8w8N+JMKsv6NnJz8wuLS/nlwsrq2vqGubl1J8NYUHBoyENRd4kEzgJwFFMc6pEA4rscam7/auTXHkBIFga3ahhByyfdgHmMEqWltrkjS4MDfIGbniA0sdPEPoT75GiQpm2zaJWtMfAssTNSRBmqbfOr2Qlp7EOgKCdSNmwrUq2ECMUoh7TQjCVEhPZJFxqaBsQH2UrGL6R4Xysd7IVCV6DwWP09kRBfyqHv6k6fqJ6c9kbif14jVt5ZK2FBFCsI6GSRF3OsQjzKA3eYAKr4UBNCBdO3YtojOgylUyvoEOzpl2eJc1w+L9s3J8XKZZZGHu2iPVRCNjpFFXSNqshBFD2iZ/SK3own48V4Nz4mrTkjm9lGf2B8/gDdvZYH</latexit><latexit sha1_base64="FrfJ/x94eLBhoOL7v5HvUdi0ZhI=">AAACAXicbVBNS8NAEN3Ur1q/op7Ey2IRKmJJRFAPQtGLxwrGFtpaNttJu3Tzwe5GWkLw4l/x4kHFq//Cm//GbZuDtj4YeLw3w8w8N+JMKsv6NnJz8wuLS/nlwsrq2vqGubl1J8NYUHBoyENRd4kEzgJwFFMc6pEA4rscam7/auTXHkBIFga3ahhByyfdgHmMEqWltrkjS4MDfIGbniA0sdPEPoT75GiQpm2zaJWtMfAssTNSRBmqbfOr2Qlp7EOgKCdSNmwrUq2ECMUoh7TQjCVEhPZJFxqaBsQH2UrGL6R4Xysd7IVCV6DwWP09kRBfyqHv6k6fqJ6c9kbif14jVt5ZK2FBFCsI6GSRF3OsQjzKA3eYAKr4UBNCBdO3YtojOgylUyvoEOzpl2eJc1w+L9s3J8XKZZZGHu2iPVRCNjpFFXSNqshBFD2iZ/SK3own48V4Nz4mrTkjm9lGf2B8/gDdvZYH</latexit>

Rectified Linear Unit (ReLU):

Sigmoid:



Optimization problem for DNNs

w := {(W1, b1), (W2, b2), . . . , (WJ , bJ)}
<latexit sha1_base64="RADf3mZ1gdl78MPcCNzunL0YxjE=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAILZSSlIIXEIpupKsKxgpNCJPJpB06uTAzUUroi7jxVdy4UHHjQvBtnKRZaOsPAx//OYcz53djSrjQ9W+ltLS8srpWXq9sbG5t76i7e7c8ShjCJopoxO5cyDElITYFERTfxQzDwKW4744vs3r/HjNOovBGTGJsB3AYEp8gKKTlqG0rgGLE/fRhenZupbW+YzRcx6g3JLUkteoNi3qR4JnRlUa3bk0dtao39VzaIhgFVEGhnqN+Wl6EkgCHAlHI+cDQY2GnkAmCKJ5WrITjGKIxHOKBxBAGmNtpft1UO5KOp/kRky8UWu7+nkhhwPkkcGVnfst8LTP/qw0S4Z/YKQnjROAQzRb5CdVEpGVRaR5hGAk6kQARI/KvGhpBBpGQgVZkCMb8yYtgtpqnTeO6Xe1cFGmUwQE4BDVggGPQAVegB0yAwCN4Bq/gTXlSXpR35WPWWlKKmX3wR8rXD3dNnzg=</latexit><latexit sha1_base64="RADf3mZ1gdl78MPcCNzunL0YxjE=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAILZSSlIIXEIpupKsKxgpNCJPJpB06uTAzUUroi7jxVdy4UHHjQvBtnKRZaOsPAx//OYcz53djSrjQ9W+ltLS8srpWXq9sbG5t76i7e7c8ShjCJopoxO5cyDElITYFERTfxQzDwKW4744vs3r/HjNOovBGTGJsB3AYEp8gKKTlqG0rgGLE/fRhenZupbW+YzRcx6g3JLUkteoNi3qR4JnRlUa3bk0dtao39VzaIhgFVEGhnqN+Wl6EkgCHAlHI+cDQY2GnkAmCKJ5WrITjGKIxHOKBxBAGmNtpft1UO5KOp/kRky8UWu7+nkhhwPkkcGVnfst8LTP/qw0S4Z/YKQnjROAQzRb5CdVEpGVRaR5hGAk6kQARI/KvGhpBBpGQgVZkCMb8yYtgtpqnTeO6Xe1cFGmUwQE4BDVggGPQAVegB0yAwCN4Bq/gTXlSXpR35WPWWlKKmX3wR8rXD3dNnzg=</latexit><latexit sha1_base64="RADf3mZ1gdl78MPcCNzunL0YxjE=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAILZSSlIIXEIpupKsKxgpNCJPJpB06uTAzUUroi7jxVdy4UHHjQvBtnKRZaOsPAx//OYcz53djSrjQ9W+ltLS8srpWXq9sbG5t76i7e7c8ShjCJopoxO5cyDElITYFERTfxQzDwKW4744vs3r/HjNOovBGTGJsB3AYEp8gKKTlqG0rgGLE/fRhenZupbW+YzRcx6g3JLUkteoNi3qR4JnRlUa3bk0dtao39VzaIhgFVEGhnqN+Wl6EkgCHAlHI+cDQY2GnkAmCKJ5WrITjGKIxHOKBxBAGmNtpft1UO5KOp/kRky8UWu7+nkhhwPkkcGVnfst8LTP/qw0S4Z/YKQnjROAQzRb5CdVEpGVRaR5hGAk6kQARI/KvGhpBBpGQgVZkCMb8yYtgtpqnTeO6Xe1cFGmUwQE4BDVggGPQAVegB0yAwCN4Bq/gTXlSXpR35WPWWlKKmX3wR8rXD3dNnzg=</latexit><latexit sha1_base64="RADf3mZ1gdl78MPcCNzunL0YxjE=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAILZSSlIIXEIpupKsKxgpNCJPJpB06uTAzUUroi7jxVdy4UHHjQvBtnKRZaOsPAx//OYcz53djSrjQ9W+ltLS8srpWXq9sbG5t76i7e7c8ShjCJopoxO5cyDElITYFERTfxQzDwKW4744vs3r/HjNOovBGTGJsB3AYEp8gKKTlqG0rgGLE/fRhenZupbW+YzRcx6g3JLUkteoNi3qR4JnRlUa3bk0dtao39VzaIhgFVEGhnqN+Wl6EkgCHAlHI+cDQY2GnkAmCKJ5WrITjGKIxHOKBxBAGmNtpft1UO5KOp/kRky8UWu7+nkhhwPkkcGVnfst8LTP/qw0S4Z/YKQnjROAQzRb5CdVEpGVRaR5hGAk6kQARI/KvGhpBBpGQgVZkCMb8yYtgtpqnTeO6Xe1cFGmUwQE4BDVggGPQAVegB0yAwCN4Bq/gTXlSXpR35WPWWlKKmX3wR8rXD3dNnzg=</latexit>

min
w2Rd

1

n

nX

i=1

l [h(xi,w), yi)] ,
<latexit sha1_base64="2iGDQ+Y2iPkeXhKWYb5nBKT0FM0="></latexit><latexit sha1_base64="2iGDQ+Y2iPkeXhKWYb5nBKT0FM0="></latexit><latexit sha1_base64="2iGDQ+Y2iPkeXhKWYb5nBKT0FM0="></latexit><latexit sha1_base64="2iGDQ+Y2iPkeXhKWYb5nBKT0FM0="></latexit>

Vector of parameters:

Minimization problem:

h(xi,w)
<latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit><latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit><latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="ksEeQZWEHWzW/7uoz20714wxh6g=">AAAB73icbVBNS8NAFHypX7VWrb16WSxCBSmJF/UmePFYwdhCG8Jmu2mXbjZhd6MtIX/FiwcV/403/42btAdtHVgYZt7jzU6QcKa0bX9blY3Nre2d6m5tr75/cNg4qj+qOJWEuiTmsewHWFHOBHU105z2E0lxFHDaC6a3hd97olKxWDzoeUK9CI8FCxnB2kh+ozlpz3x2Poywnqgwe87Pan6jZXfsEmidOEvSgiW6fuNrOIpJGlGhCcdKDRw70V6GpWaE07w2TBVNMJniMR0YKnBElZeV2XN0apQRCmNpntCoVH9vZDhSah4FZrLMuOoV4n/eINXhlZcxkaSaCrI4FKYc6RgVRaARk5RoPjcEE8lMVkQmWGKiTV1FCc7ql9eJe9G57jj3NlThGE6gDQ5cwg3cQRdcIDCDF3iDdyu3Xq2PRVsVa1lbE/7A+vwBOEqSSw==</latexit><latexit sha1_base64="ksEeQZWEHWzW/7uoz20714wxh6g=">AAAB73icbVBNS8NAFHypX7VWrb16WSxCBSmJF/UmePFYwdhCG8Jmu2mXbjZhd6MtIX/FiwcV/403/42btAdtHVgYZt7jzU6QcKa0bX9blY3Nre2d6m5tr75/cNg4qj+qOJWEuiTmsewHWFHOBHU105z2E0lxFHDaC6a3hd97olKxWDzoeUK9CI8FCxnB2kh+ozlpz3x2Poywnqgwe87Pan6jZXfsEmidOEvSgiW6fuNrOIpJGlGhCcdKDRw70V6GpWaE07w2TBVNMJniMR0YKnBElZeV2XN0apQRCmNpntCoVH9vZDhSah4FZrLMuOoV4n/eINXhlZcxkaSaCrI4FKYc6RgVRaARk5RoPjcEE8lMVkQmWGKiTV1FCc7ql9eJe9G57jj3NlThGE6gDQ5cwg3cQRdcIDCDF3iDdyu3Xq2PRVsVa1lbE/7A+vwBOEqSSw==</latexit><latexit sha1_base64="11TmH3Relg+djn112B8dZ0D/fTg=">AAAB+nicbVBNS8NAFHzxs9avWI9egkWoICXxot6KXjxWMLbQhrLZbtqlm03Y3WhLyF/x4kHFq7/Em//GTZqDtg4sDDPv8WbHjxmVyra/jZXVtfWNzcpWdXtnd2/fPKg9yCgRmLg4YpHo+kgSRjlxFVWMdGNBUOgz0vEnN7nfeSRC0ojfq1lMvBCNOA0oRkpLA7M2bkwH9KwfIjWWQfqUnVYHZt1u2gWsZeKUpA4l2gPzqz+McBISrjBDUvYcO1ZeioSimJGs2k8kiRGeoBHpacpRSKSXFtkz60QrQyuIhH5cWYX6eyNFoZSz0NeTRcZFLxf/83qJCi69lPI4UYTj+aEgYZaKrLwIa0gFwYrNNEFYUJ3VwmMkEFa6rrwEZ/HLy8Q9b141nTu73rou26jAERxDAxy4gBbcQhtcwDCFZ3iFNyMzXox342M+umKUO4fwB8bnD5H6k6w=</latexit><latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit><latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit><latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit><latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit><latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit><latexit sha1_base64="bfzQqxJuTjXsDFS+o58DK0Oc5HE=">AAAB+nicbVDNSsNAGNzUv1r/Yj16WSxCBSmJCOqt6MVjBWMLbQib7aZdutmE3Y22hLyKFw8qXn0Sb76NmzQHbR1YGGa+j292/JhRqSzr26isrK6tb1Q3a1vbO7t75n79QUaJwMTBEYtEz0eSMMqJo6hipBcLgkKfka4/ucn97iMRkkb8Xs1i4oZoxGlAMVJa8sz6uDn16OkgRGosg/QpO6l5ZsNqWQXgMrFL0gAlOp75NRhGOAkJV5ghKfu2FSs3RUJRzEhWGySSxAhP0Ij0NeUoJNJNi+wZPNbKEAaR0I8rWKi/N1IUSjkLfT1ZZFz0cvE/r5+o4NJNKY8TRTieHwoSBlUE8yLgkAqCFZtpgrCgOivEYyQQVrquvAR78cvLxDlrXbXsu/NG+7psowoOwRFoAhtcgDa4BR3gAAym4Bm8gjcjM16Md+NjPloxyp0D8AfG5w+TOpOw</latexit>

is a prediction function

l(h(·), y)
<latexit sha1_base64="uJ25t+CCtG7MHnG+A2HpUNG48tY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSK0ICURQb0VvXisYGyhjWWz3bRLN5uwu1FC6P/w4kHFqz/Gm//GTZuDtj4YeLw3w8w8P+ZMadv+tpaWV1bX1ksb5c2t7Z3dyt7+vYoSSahLIh7Jjo8V5UxQVzPNaSeWFIc+p21/fJ377UcqFYvEnU5j6oV4KFjACNZGeuC1Ua1HBpGun6T1cr9StRv2FGiROAWpQoFWv/LVG0QkCanQhGOluo4day/DUjPC6aTcSxSNMRnjIe0aKnBIlZdNr56gY6MMUBBJU0Kjqfp7IsOhUmnom84Q65Ga93LxP6+b6ODCy5iIE00FmS0KEo50hPII0IBJSjRPDcFEMnMrIiMsMdEmqDwEZ/7lReKeNi4bzu1ZtXlVpFGCQziCGjhwDk24gRa4QEDCM7zCm/VkvVjv1sesdckqZg7gD6zPH+pZkQU=</latexit><latexit sha1_base64="uJ25t+CCtG7MHnG+A2HpUNG48tY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSK0ICURQb0VvXisYGyhjWWz3bRLN5uwu1FC6P/w4kHFqz/Gm//GTZuDtj4YeLw3w8w8P+ZMadv+tpaWV1bX1ksb5c2t7Z3dyt7+vYoSSahLIh7Jjo8V5UxQVzPNaSeWFIc+p21/fJ377UcqFYvEnU5j6oV4KFjACNZGeuC1Ua1HBpGun6T1cr9StRv2FGiROAWpQoFWv/LVG0QkCanQhGOluo4day/DUjPC6aTcSxSNMRnjIe0aKnBIlZdNr56gY6MMUBBJU0Kjqfp7IsOhUmnom84Q65Ga93LxP6+b6ODCy5iIE00FmS0KEo50hPII0IBJSjRPDcFEMnMrIiMsMdEmqDwEZ/7lReKeNi4bzu1ZtXlVpFGCQziCGjhwDk24gRa4QEDCM7zCm/VkvVjv1sesdckqZg7gD6zPH+pZkQU=</latexit><latexit sha1_base64="uJ25t+CCtG7MHnG+A2HpUNG48tY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSK0ICURQb0VvXisYGyhjWWz3bRLN5uwu1FC6P/w4kHFqz/Gm//GTZuDtj4YeLw3w8w8P+ZMadv+tpaWV1bX1ksb5c2t7Z3dyt7+vYoSSahLIh7Jjo8V5UxQVzPNaSeWFIc+p21/fJ377UcqFYvEnU5j6oV4KFjACNZGeuC1Ua1HBpGun6T1cr9StRv2FGiROAWpQoFWv/LVG0QkCanQhGOluo4day/DUjPC6aTcSxSNMRnjIe0aKnBIlZdNr56gY6MMUBBJU0Kjqfp7IsOhUmnom84Q65Ga93LxP6+b6ODCy5iIE00FmS0KEo50hPII0IBJSjRPDcFEMnMrIiMsMdEmqDwEZ/7lReKeNi4bzu1ZtXlVpFGCQziCGjhwDk24gRa4QEDCM7zCm/VkvVjv1sesdckqZg7gD6zPH+pZkQU=</latexit><latexit sha1_base64="uJ25t+CCtG7MHnG+A2HpUNG48tY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSK0ICURQb0VvXisYGyhjWWz3bRLN5uwu1FC6P/w4kHFqz/Gm//GTZuDtj4YeLw3w8w8P+ZMadv+tpaWV1bX1ksb5c2t7Z3dyt7+vYoSSahLIh7Jjo8V5UxQVzPNaSeWFIc+p21/fJ377UcqFYvEnU5j6oV4KFjACNZGeuC1Ua1HBpGun6T1cr9StRv2FGiROAWpQoFWv/LVG0QkCanQhGOluo4day/DUjPC6aTcSxSNMRnjIe0aKnBIlZdNr56gY6MMUBBJU0Kjqfp7IsOhUmnom84Q65Ga93LxP6+b6ODCy5iIE00FmS0KEo50hPII0IBJSjRPDcFEMnMrIiMsMdEmqDwEZ/7lReKeNi4bzu1ZtXlVpFGCQziCGjhwDk24gRa4QEDCM7zCm/VkvVjv1sesdckqZg7gD6zPH+pZkQU=</latexit>

is a loss function



Examples of DNNs for image recognition

❖ AlexNet (8 layers) (2012) 

❖ ResNet (up to 152 layers) (residual NN, matlab) (2016)

Thanks to Avi Schwarzschild, AMSC PhD student


