
Chapter 22

Generative models

Generative models perform (or describe) the synthesis of data. Recall the image classifier
from Chapter 11:
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A generative model does the opposite:
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Whereas an image classifier is a function f : X → Y, a generative model is a function in
the opposite direction g : Y → X . Things are a bit different in this direction. The function f
is many-to-one: there are many images that all should be given the same label “fish”. The
function g, on the other hand, is one-to-many: there are many possible outputs for any
given input. Generative models handle this ambiguity by making g a stochastic function.
One way to make a function stochastic is to make it a deterministic function of a stochastic
input: g : Z ×Y → X , with z ∼ p(z), z ∈ Z. Often, we use Gaussian noise as the stochastic
input: p(z) = N (0,1):
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X, or, how I learned to start worrying and love Y

August 2017

Basic idea: worry is a prediction that we are near a negative reward.
Similarly, excitement is a prediction that we are near a positive reward.
Worry and excitement smooth the energy surface.
Bigger idea: many emotions are like this.
Oh wait, are we just reinventing value functions?

ŷ = F(x)

L(ŷ,y) = kŷ � yk2

L(ŷ,y) = �P
i ŷi log yi

p(x)

x ⇠ p(x)

z ⇠ N (0, 1)

G(z) ⇠ p(x)

1

Sometimes we wish to simply make up data from scratch – in fact this is the canonical
setting in which generative models are often studied. To do so, we can simply drop the

1
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dependency on y. This yields a procedure for making data sampled as follows:

z ∼ p(z) (22.1)

x = g(z) (22.2)

Corresponds to this
graphical model:

z
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In this form of generative modeling, our goal is to learn g such that the distribution of
random variable x matches some target distribution.

At first it may seem a silly goal. Why should we care to make up images from scratch?
One reason is content creation. Suppose we are making a video game and we want to
automatically generate a bunch of exciting levels for the player the explore. We would like
a procedure for making up new levels from scratch. Such procedural graphics have been
successfully used to generate random landscapes for game levels. Suppose we want to add
a river to our landscape. We need to decide what path the river should take. A simple
program for generating the path would be “walk an increment forward, flip a coin to decide
whether to turn left or right, repeat.”

This program relies on a sequence of random coin flips to generate the path of the river.
In other words, the program took a sequence of flips as input, and converted this “noise” to
a image of the path of the river.

The conversion process was written by hand. Generative models learn the program, by
setting its parameters such that the output matches some target distribution, for example,
we may wish the output to match the distribution of actual river paths in the wild.

22.1 Learning generative models

How can we learn to do this? If we are given data x̂ ∼ pdata, our goal is to learn Gθ from
this data such that Gθ produces additional identically distributed samples, i.e. x ∼ pdata:1
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[figs modified from: http://introtodeeplearning.com/materials/2019_6S191_L4.pdf]
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G : Z ! X
<latexit sha1_base64="wsHdqG7haO6BmZhRjAGBB1WB93Y="></latexit><latexit sha1_base64="wsHdqG7haO6BmZhRjAGBB1WB93Y="></latexit><latexit sha1_base64="wsHdqG7haO6BmZhRjAGBB1WB93Y="></latexit><latexit sha1_base64="wsHdqG7haO6BmZhRjAGBB1WB93Y="></latexit>

Sampler
<latexit sha1_base64="68ezdCEGjxgg9rS78uDsmqZ7VYw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaBm0sYxoPiA5wt5mkizZvVt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXKcGN9f1vr7CxubW9U9wt7e0fHB6Vj09aJkk1wyZLRKI7ETUoeIxNy63AjtJIZSSwHU1u5377CbXhSfxopwpDSUcxH3JGrZPaD1QqgbpfrvhVfwGyToKcVCBHo1/+6g0SlkqMLRPUmG7gKxtmVFvOBM5KvdSgomxCR9h1NKYSTZgtzp2RC6cMyDDRrmJLFurviYxKY6Yycp2S2rFZ9ebif143tcPrMOOxSi3GbLlomApiEzL/nQy4RmbF1BHKNHe3EjammjLrEiq5EILVl9dJq1YN/GpwX6vUb/I4inAG53AJAVxBHe6gAU1gMIFneIU3T3kv3rv3sWwtePnMKfyB9/kDXuKPkg==</latexit><latexit sha1_base64="68ezdCEGjxgg9rS78uDsmqZ7VYw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaBm0sYxoPiA5wt5mkizZvVt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXKcGN9f1vr7CxubW9U9wt7e0fHB6Vj09aJkk1wyZLRKI7ETUoeIxNy63AjtJIZSSwHU1u5377CbXhSfxopwpDSUcxH3JGrZPaD1QqgbpfrvhVfwGyToKcVCBHo1/+6g0SlkqMLRPUmG7gKxtmVFvOBM5KvdSgomxCR9h1NKYSTZgtzp2RC6cMyDDRrmJLFurviYxKY6Yycp2S2rFZ9ebif143tcPrMOOxSi3GbLlomApiEzL/nQy4RmbF1BHKNHe3EjammjLrEiq5EILVl9dJq1YN/GpwX6vUb/I4inAG53AJAVxBHe6gAU1gMIFneIU3T3kv3rv3sWwtePnMKfyB9/kDXuKPkg==</latexit><latexit sha1_base64="68ezdCEGjxgg9rS78uDsmqZ7VYw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaBm0sYxoPiA5wt5mkizZvVt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXKcGN9f1vr7CxubW9U9wt7e0fHB6Vj09aJkk1wyZLRKI7ETUoeIxNy63AjtJIZSSwHU1u5377CbXhSfxopwpDSUcxH3JGrZPaD1QqgbpfrvhVfwGyToKcVCBHo1/+6g0SlkqMLRPUmG7gKxtmVFvOBM5KvdSgomxCR9h1NKYSTZgtzp2RC6cMyDDRrmJLFurviYxKY6Yycp2S2rFZ9ebif143tcPrMOOxSi3GbLlomApiEzL/nQy4RmbF1BHKNHe3EjammjLrEiq5EILVl9dJq1YN/GpwX6vUb/I4inAG53AJAVxBHe6gAU1gMIFneIU3T3kv3rv3sWwtePnMKfyB9/kDXuKPkg==</latexit><latexit sha1_base64="68ezdCEGjxgg9rS78uDsmqZ7VYw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaBm0sYxoPiA5wt5mkizZvVt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXKcGN9f1vr7CxubW9U9wt7e0fHB6Vj09aJkk1wyZLRKI7ETUoeIxNy63AjtJIZSSwHU1u5377CbXhSfxopwpDSUcxH3JGrZPaD1QqgbpfrvhVfwGyToKcVCBHo1/+6g0SlkqMLRPUmG7gKxtmVFvOBM5KvdSgomxCR9h1NKYSTZgtzp2RC6cMyDDRrmJLFurviYxKY6Yycp2S2rFZ9ebif143tcPrMOOxSi3GbLlomApiEzL/nQy4RmbF1BHKNHe3EjammjLrEiq5EILVl9dJq1YN/GpwX6vUb/I4inAG53AJAVxBHe6gAU1gMIFneIU3T3kv3rv3sWwtePnMKfyB9/kDXuKPkg==</latexit>

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

x = G✓(z)
<latexit sha1_base64="wJEV0V2PHxYPG+cOW7gGsbDe75M=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5KIoBuh6EKXFewDmlAm00k7dPJg5kasIR/gxl9x40IRt36AO//GSRtBWw8MHM45l7n3uJHgCkzzyygsLC4trxRXS2vrG5tb5e2dlgpjSVmThiKUHZcoJnjAmsBBsE4kGfFdwdru6CLz27dMKh4GNzCOmOOTQcA9TgloqVeu2D6Boesldyk+w5e9xIYhA5JWf/T79FCnzJo5AZ4nVk4qKEejV/60+yGNfRYAFUSprmVG4CREAqeCpSU7ViwidEQGrKtpQHymnGRyTIoPtNLHXij1CwBP1N8TCfGVGvuuTmYrqlkvE//zujF4p07CgygGFtDpR14sMIQ4awb3uWQUxFgTQiXXu2I6JJJQ0P2VdAnW7MnzpHVUs8yadX1cqZ/ndRTRHtpHVWShE1RHV6iBmoiiB/SEXtCr8Wg8G2/G+zRaMPKZXfQHxsc3t9ubZQ==</latexit><latexit sha1_base64="wJEV0V2PHxYPG+cOW7gGsbDe75M=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5KIoBuh6EKXFewDmlAm00k7dPJg5kasIR/gxl9x40IRt36AO//GSRtBWw8MHM45l7n3uJHgCkzzyygsLC4trxRXS2vrG5tb5e2dlgpjSVmThiKUHZcoJnjAmsBBsE4kGfFdwdru6CLz27dMKh4GNzCOmOOTQcA9TgloqVeu2D6Boesldyk+w5e9xIYhA5JWf/T79FCnzJo5AZ4nVk4qKEejV/60+yGNfRYAFUSprmVG4CREAqeCpSU7ViwidEQGrKtpQHymnGRyTIoPtNLHXij1CwBP1N8TCfGVGvuuTmYrqlkvE//zujF4p07CgygGFtDpR14sMIQ4awb3uWQUxFgTQiXXu2I6JJJQ0P2VdAnW7MnzpHVUs8yadX1cqZ/ndRTRHtpHVWShE1RHV6iBmoiiB/SEXtCr8Wg8G2/G+zRaMPKZXfQHxsc3t9ubZQ==</latexit><latexit sha1_base64="wJEV0V2PHxYPG+cOW7gGsbDe75M=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5KIoBuh6EKXFewDmlAm00k7dPJg5kasIR/gxl9x40IRt36AO//GSRtBWw8MHM45l7n3uJHgCkzzyygsLC4trxRXS2vrG5tb5e2dlgpjSVmThiKUHZcoJnjAmsBBsE4kGfFdwdru6CLz27dMKh4GNzCOmOOTQcA9TgloqVeu2D6Boesldyk+w5e9xIYhA5JWf/T79FCnzJo5AZ4nVk4qKEejV/60+yGNfRYAFUSprmVG4CREAqeCpSU7ViwidEQGrKtpQHymnGRyTIoPtNLHXij1CwBP1N8TCfGVGvuuTmYrqlkvE//zujF4p07CgygGFtDpR14sMIQ4awb3uWQUxFgTQiXXu2I6JJJQ0P2VdAnW7MnzpHVUs8yadX1cqZ/ndRTRHtpHVWShE1RHV6iBmoiiB/SEXtCr8Wg8G2/G+zRaMPKZXfQHxsc3t9ubZQ==</latexit><latexit sha1_base64="wJEV0V2PHxYPG+cOW7gGsbDe75M=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5KIoBuh6EKXFewDmlAm00k7dPJg5kasIR/gxl9x40IRt36AO//GSRtBWw8MHM45l7n3uJHgCkzzyygsLC4trxRXS2vrG5tb5e2dlgpjSVmThiKUHZcoJnjAmsBBsE4kGfFdwdru6CLz27dMKh4GNzCOmOOTQcA9TgloqVeu2D6Boesldyk+w5e9xIYhA5JWf/T79FCnzJo5AZ4nVk4qKEejV/60+yGNfRYAFUSprmVG4CREAqeCpSU7ViwidEQGrKtpQHymnGRyTIoPtNLHXij1CwBP1N8TCfGVGvuuTmYrqlkvE//zujF4p07CgygGFtDpR14sMIQ4awb3uWQUxFgTQiXXu2I6JJJQ0P2VdAnW7MnzpHVUs8yadX1cqZ/ndRTRHtpHVWShE1RHV6iBmoiiB/SEXtCr8Wg8G2/G+zRaMPKZXfQHxsc3t9ubZQ==</latexit>

z ⇠ p(z)
<latexit sha1_base64="gw92sRL4DA+kVG/earupg+cHYbU=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCxCvZREBD0WvXisYD+gDWWz3bRLN5uwuxFq6MmLf8WLB0W8+hu8+W/ctAG19cHA470ZZub5MWdKO86XVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRVea37qhULBK3ehxTL8QDwQJGsDZSzz7shlgP/SC9n6CuYiGKKz/KSc8uO1VnCrRI3JyUIUe9Z392+xFJQio04VipjuvE2kux1IxwOil1E0VjTEZ4QDuGChxS5aXTNybo2Ch9FETSlNBoqv6eSHGo1Dj0TWd2opr3MvE/r5Po4MJLmYgTTQWZLQoSjnSEskxQn0lKNB8bgolk5lZEhlhiok1yJROCO//yImmeVl2n6t6clWuXeRxFOIAjqIAL51CDa6hDAwg8wBO8wKv1aD1bb9b7rLVg5TP78AfWxzc6MZjz</latexit><latexit sha1_base64="gw92sRL4DA+kVG/earupg+cHYbU=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCxCvZREBD0WvXisYD+gDWWz3bRLN5uwuxFq6MmLf8WLB0W8+hu8+W/ctAG19cHA470ZZub5MWdKO86XVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRVea37qhULBK3ehxTL8QDwQJGsDZSzz7shlgP/SC9n6CuYiGKKz/KSc8uO1VnCrRI3JyUIUe9Z392+xFJQio04VipjuvE2kux1IxwOil1E0VjTEZ4QDuGChxS5aXTNybo2Ch9FETSlNBoqv6eSHGo1Dj0TWd2opr3MvE/r5Po4MJLmYgTTQWZLQoSjnSEskxQn0lKNB8bgolk5lZEhlhiok1yJROCO//yImmeVl2n6t6clWuXeRxFOIAjqIAL51CDa6hDAwg8wBO8wKv1aD1bb9b7rLVg5TP78AfWxzc6MZjz</latexit><latexit sha1_base64="gw92sRL4DA+kVG/earupg+cHYbU=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCxCvZREBD0WvXisYD+gDWWz3bRLN5uwuxFq6MmLf8WLB0W8+hu8+W/ctAG19cHA470ZZub5MWdKO86XVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRVea37qhULBK3ehxTL8QDwQJGsDZSzz7shlgP/SC9n6CuYiGKKz/KSc8uO1VnCrRI3JyUIUe9Z392+xFJQio04VipjuvE2kux1IxwOil1E0VjTEZ4QDuGChxS5aXTNybo2Ch9FETSlNBoqv6eSHGo1Dj0TWd2opr3MvE/r5Po4MJLmYgTTQWZLQoSjnSEskxQn0lKNB8bgolk5lZEhlhiok1yJROCO//yImmeVl2n6t6clWuXeRxFOIAjqIAL51CDa6hDAwg8wBO8wKv1aD1bb9b7rLVg5TP78AfWxzc6MZjz</latexit><latexit sha1_base64="gw92sRL4DA+kVG/earupg+cHYbU=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCxCvZREBD0WvXisYD+gDWWz3bRLN5uwuxFq6MmLf8WLB0W8+hu8+W/ctAG19cHA470ZZub5MWdKO86XVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRVea37qhULBK3ehxTL8QDwQJGsDZSzz7shlgP/SC9n6CuYiGKKz/KSc8uO1VnCrRI3JyUIUe9Z392+xFJQio04VipjuvE2kux1IxwOil1E0VjTEZ4QDuGChxS5aXTNybo2Ch9FETSlNBoqv6eSHGo1Dj0TWd2opr3MvE/r5Po4MJLmYgTTQWZLQoSjnSEskxQn0lKNB8bgolk5lZEhlhiok1yJROCO//yImmeVl2n6t6clWuXeRxFOIAjqIAL51CDa6hDAwg8wBO8wKv1aD1bb9b7rLVg5TP78AfWxzc6MZjz</latexit>

G✓ : Z ! X
<latexit sha1_base64="SHYE4dioS81WlYyrr8c80LwqIY0="></latexit><latexit sha1_base64="SHYE4dioS81WlYyrr8c80LwqIY0="></latexit><latexit sha1_base64="SHYE4dioS81WlYyrr8c80LwqIY0="></latexit><latexit sha1_base64="SHYE4dioS81WlYyrr8c80LwqIY0="></latexit>

Generative models that just produce a sampler Gθ : Z → X are sometimes called
implicit generative models, because they do not explicitly give us the likelihood (a.k.a.
probability) of the samples they generate. Other generative models instead fit an explicit
probability density to the input data, pθ : X → [0, 1]:

The objective of the learner for a density model is to output a density function pθ that
is as close as possible to pdata. How should we measure closeness? We need to define a
divergence between two distributions, D, which yields the following optimization problem:

arg min
pθ

D(pθ, pdata) (22.3)

A problem is that we do not actually have the function pdata, we only have samples from
this function, x ∼ pdata. Therefore, we need a divergence D that measures the “distance”2

1the figures on this page and the next are derived from: http://introtodeeplearning.com/materials/2019 6S191 L4.pdf
2The divergence need not be a proper distance metric, and often is not, e.g., it can be non-symmetric

(D(p, q) 6= D(q, p)).



22.2. TYPES OF DEEP GENERATIVE MODELS [SECTION UNDER CONSTRUCTION]3

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit> !
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Learner
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[figs modified from: http://introtodeeplearning.com/materials/2019_6S191_L4.pdf]
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p✓ : X ! [0, 1]
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between pθ and pdata while only accessing samples from pdata. A common choice is to use
the “forward” KL-divergence, which is defined as follows:

p∗θ = arg min
pθ

KL(pdata, pθ) (22.4)

= arg min
pθ

Ex∼pdata [log
pθ(x)

pdata(x)
] (22.5)

= arg min
pθ

Ex∼pdata [log pθ(x)]− Ex∼pdata [log pdata(x)] (22.6)

= arg min
pθ

Ex∼pdata [log pθ(x)] / dropped 2nd term since no dependence on pθ (22.7)

≈ arg min
pθ

1

N

N∑

i=1

log pθ(xi) (22.8)

where the final line is an empirical estimate of the expectation by sampling over the training
dataset {xi}Ni=1. Equation 22.7 is the expected log likelihood of the training data under the
model’s distribution. Maximizing this objective is a form of max likelihood learning.

Some generative models give density functions, others give sampler functions, and still
others give both. The kinds of deep generative models that are popular these days, have
the following form:
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<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit> !

<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

Objective
<latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit><latexit sha1_base64="c57iGHLvti0MXC7t5ZUgMsMgad8=">AAAB8XicbVA9TwJBFHyHX4hfqKXNRmJiRe5otCTa2ImJgBEuZG95Byt7e5fdPRJy4V/YWGiMrf/Gzn/jAlcoOMkmk5n3sm8mSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrF6CKhGwSU2DTcCHxKFNAoEtoPR9cxvj1FpHst7M0nQj+hA8pAzaqz0WLoNnpAZPsZeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuemxg/o8pwJnBa6qYaE8pGdIAdSyWNUPvZ/OIpObNKn4Sxsk8aMld/b2Q00noSBXYyomaol72Z+J/XSU146WdcJqlByRYfhakgJiaz+KTPlc0rJpZQpri9lbAhVZQZW1LJluAtR14lrVrVc6veXa1Sv8rrKMIJnMI5eHABdbiBBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kDEKeQgQ==</latexit>

Optimizer
<latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit><latexit sha1_base64="/Q7rN/qnvHoGSnTYH75VuNiu5BA=">AAAB8XicbVA9SwNBEJ2LX/H8ilraHAbBKtyl0TJoY2cE84HJEfY2e8mS3b1jd06IIf/CxkIRW/+Nnf/GTXKFJj4YeLw3w8y8KBXcoO9/O4W19Y3NreK2u7O7t39QOjxqmiTTlDVoIhLdjohhgivWQI6CtVPNiIwEa0Wj65nfemTa8ETd4zhloSQDxWNOCVrpwb1NkUv+xHSvVPYr/hzeKglyUoYc9V7pq9tPaCaZQiqIMZ3ATzGcEI2cCjZ1u5lhKaEjMmAdSxWRzIST+cVT78wqfS9OtC2F3lz9PTEh0pixjGynJDg0y95M/M/rZBhfhhOu0gyZootFcSY8TLzZ+16fa0ZRjC0hVHN7q0eHRBOKNiTXhhAsv7xKmtVK4FeCu2q5dpXHUYQTOIVzCOACanADdWgABQXP8ApvjnFenHfnY9FacPKZY/gD5/MHThGQqQ==</latexit>

Hypothesis space
<latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit><latexit sha1_base64="eatzax9Lxw9aIubBm3H5Hpcs6SA=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Kkkveix66bGC/YA2lM122i7dbMLupBBC/4kXD4p49Z9489+4bXPQ1gcDj/dmdmdemEhh0PO+na3tnd29/dJB+fDo+OTUPTtvmzjVHFo8lrHuhsyAFApaKFBCN9HAolBCJ5w+LPzODLQRsXrCLIEgYmMlRoIztNLAdRtZEuMEjDDUJIzDwK14VW8Jukn8glRIgebA/eoPY55GoJBLZkzP9xIMcqZRcAnzcj81YB+esjH0LFUsAhPky83n9NoqQzqKtS2FdKn+nshZZEwWhbYzYjgx695C/M/rpTi6C3KhkhRB8dVHo1RSjOkiBjoUGjjKzBLGtbC7Uj5hmnG0YZVtCP76yZukXav6XtV/rFXq90UcJXJJrsgN8cktqZMGaZIW4WRGnskreXNy58V5dz5WrVtOMXNB/sD5/AGmPJOl</latexit>

Learner
<latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit><latexit sha1_base64="EHTz7C4fqz2wFVyEFTn6ZACLM4k=">AAAB7nicbVA9SwNBEJ2LXzF+nVraLAbBKtyl0TJoY2ERwXxAcoS9zVyyZG/v2N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpgKro3nfTuljc2t7Z3ybmVv/+DwyD0+aeskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wcjv3O0+oNE/ko5mmGMR0JHnEGTVW6twjVRLVwK16NW8Bsk78glShQHPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxE10HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpF2v+V7Nf6hXGzdFHGU4g3O4BB+uoAF30IQWMJjAM7zCm5M6L86787FsLTnFzCn8gfP5A036j4c=</latexit>

SGD

Deep net

Usually max likelihood

Sampler
<latexit sha1_base64="68ezdCEGjxgg9rS78uDsmqZ7VYw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaBm0sYxoPiA5wt5mkizZvVt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXKcGN9f1vr7CxubW9U9wt7e0fHB6Vj09aJkk1wyZLRKI7ETUoeIxNy63AjtJIZSSwHU1u5377CbXhSfxopwpDSUcxH3JGrZPaD1QqgbpfrvhVfwGyToKcVCBHo1/+6g0SlkqMLRPUmG7gKxtmVFvOBM5KvdSgomxCR9h1NKYSTZgtzp2RC6cMyDDRrmJLFurviYxKY6Yycp2S2rFZ9ebif143tcPrMOOxSi3GbLlomApiEzL/nQy4RmbF1BHKNHe3EjammjLrEiq5EILVl9dJq1YN/GpwX6vUb/I4inAG53AJAVxBHe6gAU1gMIFneIU3T3kv3rv3sWwtePnMKfyB9/kDXuKPkg==</latexit><latexit sha1_base64="68ezdCEGjxgg9rS78uDsmqZ7VYw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaBm0sYxoPiA5wt5mkizZvVt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXKcGN9f1vr7CxubW9U9wt7e0fHB6Vj09aJkk1wyZLRKI7ETUoeIxNy63AjtJIZSSwHU1u5377CbXhSfxopwpDSUcxH3JGrZPaD1QqgbpfrvhVfwGyToKcVCBHo1/+6g0SlkqMLRPUmG7gKxtmVFvOBM5KvdSgomxCR9h1NKYSTZgtzp2RC6cMyDDRrmJLFurviYxKY6Yycp2S2rFZ9ebif143tcPrMOOxSi3GbLlomApiEzL/nQy4RmbF1BHKNHe3EjammjLrEiq5EILVl9dJq1YN/GpwX6vUb/I4inAG53AJAVxBHe6gAU1gMIFneIU3T3kv3rv3sWwtePnMKfyB9/kDXuKPkg==</latexit><latexit sha1_base64="68ezdCEGjxgg9rS78uDsmqZ7VYw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaBm0sYxoPiA5wt5mkizZvVt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXKcGN9f1vr7CxubW9U9wt7e0fHB6Vj09aJkk1wyZLRKI7ETUoeIxNy63AjtJIZSSwHU1u5377CbXhSfxopwpDSUcxH3JGrZPaD1QqgbpfrvhVfwGyToKcVCBHo1/+6g0SlkqMLRPUmG7gKxtmVFvOBM5KvdSgomxCR9h1NKYSTZgtzp2RC6cMyDDRrmJLFurviYxKY6Yycp2S2rFZ9ebif143tcPrMOOxSi3GbLlomApiEzL/nQy4RmbF1BHKNHe3EjammjLrEiq5EILVl9dJq1YN/GpwX6vUb/I4inAG53AJAVxBHe6gAU1gMIFneIU3T3kv3rv3sWwtePnMKfyB9/kDXuKPkg==</latexit><latexit sha1_base64="68ezdCEGjxgg9rS78uDsmqZ7VYw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaBm0sYxoPiA5wt5mkizZvVt294Rw5EfYWChi6++x89+4Sa7QxAcDj/dmmJkXKcGN9f1vr7CxubW9U9wt7e0fHB6Vj09aJkk1wyZLRKI7ETUoeIxNy63AjtJIZSSwHU1u5377CbXhSfxopwpDSUcxH3JGrZPaD1QqgbpfrvhVfwGyToKcVCBHo1/+6g0SlkqMLRPUmG7gKxtmVFvOBM5KvdSgomxCR9h1NKYSTZgtzp2RC6cMyDDRrmJLFurviYxKY6Yycp2S2rFZ9ebif143tcPrMOOxSi3GbLlomApiEzL/nQy4RmbF1BHKNHe3EjammjLrEiq5EILVl9dJq1YN/GpwX6vUb/I4inAG53AJAVxBHe6gAU1gMIFneIU3T3kv3rv3sWwtePnMKfyB9/kDXuKPkg==</latexit>

Density
<latexit sha1_base64="mU2lqphbjLulSTZQB9SKMFB8aq8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WNRDx4r2A9oQ9lsN+3SzSbsToQQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSMXGqGW+zWMa6F1DDpVC8jQIl7yWa0yiQvBtMb+d+94lrI2L1iFnC/YiOlQgFo2il7h1XRmA2rNbcursAWSdeQWpQoDWsfg1GMUsjrpBJakzfcxP0c6pRMMlnlUFqeELZlI5531JFI278fHHujFxYZUTCWNtSSBbq74mcRsZkUWA7I4oTs+rNxf+8forhtZ8LlaTIFVsuClNJMCbz38lIaM5QZpZQpoW9lbAJ1ZShTahiQ/BWX14nnUbdc+veQ6PWvCniKMMZnMMleHAFTbiHFrSBwRSe4RXenMR5cd6dj2VrySlmTuEPnM8fcOKPng==</latexit><latexit sha1_base64="mU2lqphbjLulSTZQB9SKMFB8aq8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WNRDx4r2A9oQ9lsN+3SzSbsToQQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSMXGqGW+zWMa6F1DDpVC8jQIl7yWa0yiQvBtMb+d+94lrI2L1iFnC/YiOlQgFo2il7h1XRmA2rNbcursAWSdeQWpQoDWsfg1GMUsjrpBJakzfcxP0c6pRMMlnlUFqeELZlI5531JFI278fHHujFxYZUTCWNtSSBbq74mcRsZkUWA7I4oTs+rNxf+8forhtZ8LlaTIFVsuClNJMCbz38lIaM5QZpZQpoW9lbAJ1ZShTahiQ/BWX14nnUbdc+veQ6PWvCniKMMZnMMleHAFTbiHFrSBwRSe4RXenMR5cd6dj2VrySlmTuEPnM8fcOKPng==</latexit><latexit sha1_base64="mU2lqphbjLulSTZQB9SKMFB8aq8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WNRDx4r2A9oQ9lsN+3SzSbsToQQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSMXGqGW+zWMa6F1DDpVC8jQIl7yWa0yiQvBtMb+d+94lrI2L1iFnC/YiOlQgFo2il7h1XRmA2rNbcursAWSdeQWpQoDWsfg1GMUsjrpBJakzfcxP0c6pRMMlnlUFqeELZlI5531JFI278fHHujFxYZUTCWNtSSBbq74mcRsZkUWA7I4oTs+rNxf+8forhtZ8LlaTIFVsuClNJMCbz38lIaM5QZpZQpoW9lbAJ1ZShTahiQ/BWX14nnUbdc+veQ6PWvCniKMMZnMMleHAFTbiHFrSBwRSe4RXenMR5cd6dj2VrySlmTuEPnM8fcOKPng==</latexit><latexit sha1_base64="mU2lqphbjLulSTZQB9SKMFB8aq8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0l60WNRDx4r2A9oQ9lsN+3SzSbsToQQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSMXGqGW+zWMa6F1DDpVC8jQIl7yWa0yiQvBtMb+d+94lrI2L1iFnC/YiOlQgFo2il7h1XRmA2rNbcursAWSdeQWpQoDWsfg1GMUsjrpBJakzfcxP0c6pRMMlnlUFqeELZlI5531JFI278fHHujFxYZUTCWNtSSBbq74mcRsZkUWA7I4oTs+rNxf+8forhtZ8LlaTIFVsuClNJMCbz38lIaM5QZpZQpoW9lbAJ1ZShTahiQ/BWX14nnUbdc+veQ6PWvCniKMMZnMMleHAFTbiHFrSBwRSe4RXenMR5cd6dj2VrySlmTuEPnM8fcOKPng==</latexit>

p✓ : X ! [0, 1]
<latexit sha1_base64="nvI7JionR8ccV/gX567uLV+9+cw="></latexit><latexit sha1_base64="nvI7JionR8ccV/gX567uLV+9+cw="></latexit><latexit sha1_base64="nvI7JionR8ccV/gX567uLV+9+cw="></latexit><latexit sha1_base64="nvI7JionR8ccV/gX567uLV+9+cw="></latexit>

G✓ : Z ! X
<latexit sha1_base64="SHYE4dioS81WlYyrr8c80LwqIY0="></latexit><latexit sha1_base64="SHYE4dioS81WlYyrr8c80LwqIY0="></latexit><latexit sha1_base64="SHYE4dioS81WlYyrr8c80LwqIY0="></latexit><latexit sha1_base64="SHYE4dioS81WlYyrr8c80LwqIY0="></latexit>

x = G✓(z)
<latexit sha1_base64="wJEV0V2PHxYPG+cOW7gGsbDe75M=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5KIoBuh6EKXFewDmlAm00k7dPJg5kasIR/gxl9x40IRt36AO//GSRtBWw8MHM45l7n3uJHgCkzzyygsLC4trxRXS2vrG5tb5e2dlgpjSVmThiKUHZcoJnjAmsBBsE4kGfFdwdru6CLz27dMKh4GNzCOmOOTQcA9TgloqVeu2D6Boesldyk+w5e9xIYhA5JWf/T79FCnzJo5AZ4nVk4qKEejV/60+yGNfRYAFUSprmVG4CREAqeCpSU7ViwidEQGrKtpQHymnGRyTIoPtNLHXij1CwBP1N8TCfGVGvuuTmYrqlkvE//zujF4p07CgygGFtDpR14sMIQ4awb3uWQUxFgTQiXXu2I6JJJQ0P2VdAnW7MnzpHVUs8yadX1cqZ/ndRTRHtpHVWShE1RHV6iBmoiiB/SEXtCr8Wg8G2/G+zRaMPKZXfQHxsc3t9ubZQ==</latexit><latexit sha1_base64="wJEV0V2PHxYPG+cOW7gGsbDe75M=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5KIoBuh6EKXFewDmlAm00k7dPJg5kasIR/gxl9x40IRt36AO//GSRtBWw8MHM45l7n3uJHgCkzzyygsLC4trxRXS2vrG5tb5e2dlgpjSVmThiKUHZcoJnjAmsBBsE4kGfFdwdru6CLz27dMKh4GNzCOmOOTQcA9TgloqVeu2D6Boesldyk+w5e9xIYhA5JWf/T79FCnzJo5AZ4nVk4qKEejV/60+yGNfRYAFUSprmVG4CREAqeCpSU7ViwidEQGrKtpQHymnGRyTIoPtNLHXij1CwBP1N8TCfGVGvuuTmYrqlkvE//zujF4p07CgygGFtDpR14sMIQ4awb3uWQUxFgTQiXXu2I6JJJQ0P2VdAnW7MnzpHVUs8yadX1cqZ/ndRTRHtpHVWShE1RHV6iBmoiiB/SEXtCr8Wg8G2/G+zRaMPKZXfQHxsc3t9ubZQ==</latexit><latexit sha1_base64="wJEV0V2PHxYPG+cOW7gGsbDe75M=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5KIoBuh6EKXFewDmlAm00k7dPJg5kasIR/gxl9x40IRt36AO//GSRtBWw8MHM45l7n3uJHgCkzzyygsLC4trxRXS2vrG5tb5e2dlgpjSVmThiKUHZcoJnjAmsBBsE4kGfFdwdru6CLz27dMKh4GNzCOmOOTQcA9TgloqVeu2D6Boesldyk+w5e9xIYhA5JWf/T79FCnzJo5AZ4nVk4qKEejV/60+yGNfRYAFUSprmVG4CREAqeCpSU7ViwidEQGrKtpQHymnGRyTIoPtNLHXij1CwBP1N8TCfGVGvuuTmYrqlkvE//zujF4p07CgygGFtDpR14sMIQ4awb3uWQUxFgTQiXXu2I6JJJQ0P2VdAnW7MnzpHVUs8yadX1cqZ/ndRTRHtpHVWShE1RHV6iBmoiiB/SEXtCr8Wg8G2/G+zRaMPKZXfQHxsc3t9ubZQ==</latexit><latexit sha1_base64="wJEV0V2PHxYPG+cOW7gGsbDe75M=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5KIoBuh6EKXFewDmlAm00k7dPJg5kasIR/gxl9x40IRt36AO//GSRtBWw8MHM45l7n3uJHgCkzzyygsLC4trxRXS2vrG5tb5e2dlgpjSVmThiKUHZcoJnjAmsBBsE4kGfFdwdru6CLz27dMKh4GNzCOmOOTQcA9TgloqVeu2D6Boesldyk+w5e9xIYhA5JWf/T79FCnzJo5AZ4nVk4qKEejV/60+yGNfRYAFUSprmVG4CREAqeCpSU7ViwidEQGrKtpQHymnGRyTIoPtNLHXij1CwBP1N8TCfGVGvuuTmYrqlkvE//zujF4p07CgygGFtDpR14sMIQ4awb3uWQUxFgTQiXXu2I6JJJQ0P2VdAnW7MnzpHVUs8yadX1cqZ/ndRTRHtpHVWShE1RHV6iBmoiiB/SEXtCr8Wg8G2/G+zRaMPKZXfQHxsc3t9ubZQ==</latexit>

z ⇠ p(z)
<latexit sha1_base64="gw92sRL4DA+kVG/earupg+cHYbU=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCxCvZREBD0WvXisYD+gDWWz3bRLN5uwuxFq6MmLf8WLB0W8+hu8+W/ctAG19cHA470ZZub5MWdKO86XVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRVea37qhULBK3ehxTL8QDwQJGsDZSzz7shlgP/SC9n6CuYiGKKz/KSc8uO1VnCrRI3JyUIUe9Z392+xFJQio04VipjuvE2kux1IxwOil1E0VjTEZ4QDuGChxS5aXTNybo2Ch9FETSlNBoqv6eSHGo1Dj0TWd2opr3MvE/r5Po4MJLmYgTTQWZLQoSjnSEskxQn0lKNB8bgolk5lZEhlhiok1yJROCO//yImmeVl2n6t6clWuXeRxFOIAjqIAL51CDa6hDAwg8wBO8wKv1aD1bb9b7rLVg5TP78AfWxzc6MZjz</latexit><latexit sha1_base64="gw92sRL4DA+kVG/earupg+cHYbU=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCxCvZREBD0WvXisYD+gDWWz3bRLN5uwuxFq6MmLf8WLB0W8+hu8+W/ctAG19cHA470ZZub5MWdKO86XVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRVea37qhULBK3ehxTL8QDwQJGsDZSzz7shlgP/SC9n6CuYiGKKz/KSc8uO1VnCrRI3JyUIUe9Z392+xFJQio04VipjuvE2kux1IxwOil1E0VjTEZ4QDuGChxS5aXTNybo2Ch9FETSlNBoqv6eSHGo1Dj0TWd2opr3MvE/r5Po4MJLmYgTTQWZLQoSjnSEskxQn0lKNB8bgolk5lZEhlhiok1yJROCO//yImmeVl2n6t6clWuXeRxFOIAjqIAL51CDa6hDAwg8wBO8wKv1aD1bb9b7rLVg5TP78AfWxzc6MZjz</latexit><latexit sha1_base64="gw92sRL4DA+kVG/earupg+cHYbU=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCxCvZREBD0WvXisYD+gDWWz3bRLN5uwuxFq6MmLf8WLB0W8+hu8+W/ctAG19cHA470ZZub5MWdKO86XVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRVea37qhULBK3ehxTL8QDwQJGsDZSzz7shlgP/SC9n6CuYiGKKz/KSc8uO1VnCrRI3JyUIUe9Z392+xFJQio04VipjuvE2kux1IxwOil1E0VjTEZ4QDuGChxS5aXTNybo2Ch9FETSlNBoqv6eSHGo1Dj0TWd2opr3MvE/r5Po4MJLmYgTTQWZLQoSjnSEskxQn0lKNB8bgolk5lZEhlhiok1yJROCO//yImmeVl2n6t6clWuXeRxFOIAjqIAL51CDa6hDAwg8wBO8wKv1aD1bb9b7rLVg5TP78AfWxzc6MZjz</latexit><latexit sha1_base64="gw92sRL4DA+kVG/earupg+cHYbU=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCxCvZREBD0WvXisYD+gDWWz3bRLN5uwuxFq6MmLf8WLB0W8+hu8+W/ctAG19cHA470ZZub5MWdKO86XVVhaXlldK66XNja3tnfs3b2mihJJaINEPJJtHyvKmaANzTSn7VhSHPqctvzRVea37qhULBK3ehxTL8QDwQJGsDZSzz7shlgP/SC9n6CuYiGKKz/KSc8uO1VnCrRI3JyUIUe9Z392+xFJQio04VipjuvE2kux1IxwOil1E0VjTEZ4QDuGChxS5aXTNybo2Ch9FETSlNBoqv6eSHGo1Dj0TWd2opr3MvE/r5Po4MJLmYgTTQWZLQoSjnSEskxQn0lKNB8bgolk5lZEhlhiok1yJROCO//yImmeVl2n6t6clWuXeRxFOIAjqIAL51CDa6hDAwg8wBO8wKv1aD1bb9b7rLVg5TP78AfWxzc6MZjz</latexit>

22.2 Types of deep generative models [Section under construc-

tion]

Many generative models have the form described above. They map a base distribution over
z to a transformed distribution over x. The difference is mainly in the learning objective,
which encourages this mapping to fit the data distribution.

Usually the objective is a form of max likelihood, so we need to calculate the likeli-
hood function, L(x, θ). In explicit density models, we directly learn the likelihood function:
L(x, θ) = pθ(x). Then we adjust the parameters to maximize this quantity.
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In implicit models, things are a bit harder since we don’t have an explicit likelihood
function. Instead we learn a sampler Gθ. If the sampler is bijective, so that G−1 exists
and can be computed, things are actually still easy. We can use the change of variables
formula to compute the likelihood of data implied by our sampler:

L(x, θ) = pz(G
−1
θ (x))|det(

∂G−1
θ (x)

∂x
)|

where pz is our prior (usually a Normal distribution or uniform).
Max likelihood learning corresponds to maximizing the log likelihood of the training data,

{xi}Ni=1, so here it looks like:

arg max
Gθ

1

N

N∑

i=1

log pz(G
−1
θ (xi)) + log |det(

∂G−1
θ (xi)

∂xi
)| (22.9)

Normalizing flows are a family of generative models learned in this fashion.
If the mapping is not bijective, the change of variables formula does not apply. Instead,

one option is to build up a density model, from our sampler, by putting a little blip of
Gaussian probability around each image, Gθ(zi), generated by our sampler. Commonly, we
augment G to also output the variance, σ, of this Gaussian, so we have Gµθ and Gσθ . This
gives us an infinite mixture of Gaussians as our likelihood model: L(x, θ) =

∫
z
pθ(x|z)p(z)dz,

where pθ(x|z) = N (x;Gµθ , G
σ
θ ).

This integral is intractable, so we turn to the calculus of variations of approximate it.
The calculus of variations deals with finding functions that maximize some functional. A
functional is just a function of functions. In variational inference, the functional we use is
typically an integral. The function is a probability density. Saying we are using “variational
inference” usually just means we are using a tractable density q to approximate an intractable
target density p.

Here is how it works in Variational Autoencoders (VAEs). We want to approximate
p(x) =

∫
z
pθ(x|z)p(z)dz in a tractable manner. We use

∫
z
pθ(x|z)p(z)dz ≈

∫
z
pθ(x|z)qφ(z|x)dz,

for some well chosen qφ. Which qφ should we use? We’d like a qφ such that qφ(z|x) places
high density on exactly those z’s that have high pθ(x|z). Then a few samples from q will
suffice to be a good approximation to the full integral. We can jointly learn qφ and pθ to
achieve this. A fuller treatment of how VAEs achieve this goal is given in [Doersch2016].

Other popular deep generative models include Generative adversarial networks, Au-
toregressive models, and Energy-based models.

22.3 Generative versus discrimatinative [Advanced topic]

Classically, a distinction was made between “discriminative models” and generative models,
in the context of data classification problems. The former referred to models of p(y|x), where
y represented a label and x represented data. The latter were models of p(y,x), which can be
factored as p(x|y)p(y) (the idea is that p(x|y) is a model of how the data is generated). This
distinction has become less useful in modern AI, since often it’s hard to tell what is a label
and what is data – generally, both the inputs and outputs to our models are high-dimensional
structured objects.

These days, “generative models” usually simply refer to models of p(x|y) with two key
properties: 1) x is high-dimensional (usually we think of it as “data”), 2) the dimensions of
x are non-independent.
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