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Preamble +roc

For a given dataset of images, a codebook is a collection of vectors of real
numbers that are learned in such a way that subsequently you can represent any
image drawn from the distribution distribution that characterizes the dataset by a
spatial arrangement of the codebook vectors.

You might ask: What exactly do we mean by “the spatial arrangement of the
codebook vectors” and by “can be represented by"in the above statement.

In answer, think of a typical Encoder of an Encoder-Decoder architecture for a
generative Variational Autoencoder. The Encoder could represent the 256 x 256 x 3
input images by, say, 16 x 16 x 128 at its output. With codebook learning in place,
you would replace each of the 128-dimensional “pixels” at the output of the
Encoder with its closest codebook vector of the same dimensionality.

You might ask: “But why?".

It has been shown that when you replace the pixels (meaning the C-dimensional
vectors if C is dimensionality of the channel axis at the Encoder output), you
obtain a superior “sequence-based representation” of an image that lends itself
well to transformer based learning for downstream tasks.



-
Preamble (contd.)

This lecture will start with a gentle introduction to what exactly is meant by a
codebook and codebook vectors in our context.

For a deeper understanding, because variational autoencoders have played a huge
role in the development of codebook based methods, | will launch into a brief
presentation on the topic of VAEs.

Subsequently, | will focus on VQ-VAE (also written as VQVAE) since that it was
the VQ-VAE paper was the first to propose this approach to enhance the power of
generative networks.

Finally, I'll talk about VQGAN that has taken the codebook based generative
networks to the next level by adding transformer-based autoregressive modeling to
the codebook vectors used as sequence elements.
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Codebook — A Definition

Codebooks are Generally Used in Encoder-Decoder
Architectures

@ The idea of a codebook is to come up with a discrete vocabulary of
embedding vectors — that remain fixed after they are learned — for
representing images in Encoder-Decoder architectures.

@ From a theoretical perspective at least, there exists a probability
distribution that describes any given training dataset of images. You
could think of the actual images in the dataset as samples drawn
from that probability distribution. The codebook vectors, after they
are learned, would represent all images drawn from that probability
distribution.

@ A direct analogy here would be with the embedding vectors that are
learned for the individual tokens in a text processing system. After
the embedding vectors are learned, for any subsequent neural-network
processing of the text, you would use the embedding vectors as
proxies for the actual tokens.



Codebook — A Definition

Codebooks for Encoder-Decoder Architectures (contd.)

o If you really think about what | have said in the last bullet on the
previous slide, the analogy between codebook vectors for images and
the embedding vectors for text has some gaping holes in it.

@ Text, by definition, is a sequence of tokens and when each token is
represented by the corresponding embedding vector, you end up with
a sequence of embedding vectors. In that sense, the organization of
the original units of information — meaning the tokens — does not
change when you replace each token with its embedding vector.

@ An image, on the other hand, is NOT fundamentally sequential. So
what do | mean when | say let's represent an image by the learned
codebook vectors?

@ This is where we get into Encoder-Decoder architectures.

Purdue University 7



Codebook — A Definition

Codebooks for Encoder-Decoder Architectures (contd.)

o Continuing with the last bullet on the previous slide, in a typical such
architecture, your input image would be of shape, say, 256 x 256 x 3 and
the output of the Encoder of shape, say, 16 x 16 x 128. You can
construe this transformation as saying that you are representing the
input image with 256 128-dimensional vectors.

o If you use small-sized convo kernels (as is very likely to be case in
practice) to transform 256 x 256 images into 16 x 16 arrays at the output
of the Encoder, you can think of each element of the output array as
representing a patch — of size 16 x 16 in this example — of the input
image.

@ You could re-arrange the elements in the 2D array at the Encoder
output into a single “linearized” sequence by starting at the top row,
following that with the next row, and then the next row, etc., until
you end up with a 256 element sequence of vectors that represent the

input image.
Purdue University 8



Codebook — A Definition

Codebooks for Encoder-Decoder Architectures (contd.)

The idea of a codebook is to replace each vector in the above
sequence with the closest codebook vector.

Your first reaction to the above bullet is likely to be: But why?

The answer to this question can be gleaned from the results presented

by the authors who first formulated the concept of a codebook for

improving the performance of VAEs (Variational Auto Encoder):
https://arxiv.org/pdf/1711.00937

and the authors who subsequently used the codebook to produce

absolutely large and stunning images in a transformer-based

generative framework:

https://arxiv.org/pdf/2012.09841

The first of these two papers is now known as the "VQVAE" paper
the second as the “VQGAN" paper. | will formulate my answer to the
question posed in the second bullet above in the context of the

purS8CQNd. paper. 9
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Codebook — A Definition

Codebooks for Encoder-Decoder Architectures (contd.)

@ In order to answer the question posed on the previous slide, let's go
back to our example in which we have 256 vectors, each of dimension
128, at the output of the Encoder. We can join all the rows of the
output array into a single 256-element sequence, with each element of
the sequence being a 128-element embedding vector.

@ The "linearized” sequence formed as described above is no different
from a sequence of tokens in text, with each element in the sequence
being represented by a 128-element embedding vector — except for
the difference stated in the first bullet on the next slide.

@ While a text token, after all the learning has taken place, will always be represented by
exactly the same embedding vector, for the case of images, a patch-based embedding
vector will vary depending on the noise perturbations in the patch when we present
different instances of what appear to be the same image at the input to the neural
network.

Purdue University 10



Codebook — A Definition

Codebooks for Encoder-Decoder Architectures (contd.)

@ Such noise induced variations in the embedding vectors would
obviously corrupt the calculation of the pairwise dot-products @ K7 in
(Q, K, V) based attention.

@ In patch-based calculations for the case of images, when you replace
the patch embedding vectors with their nearest codebook vectors, you
are in essence protecting the the Q- k7 calculations from the
ever-present noise (even when it is not visible to the naked eye) in
images.

@ In the rest of this section, I'll focus on how to theoretically represent
the process of replacing each element of the array at the output of
the Encoder with the embedding vectors drawn from the Codebook.

@ The figure shown in the next slide is from the VQVAE paper. As
mentioned previously, they were the first to come up with the idea of
learning a codebook for discretized representations of embedding
vectors.



Codebook — A De

Codebooks for Encoder-Decoder Architectures (contd.)
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Codebook — A Definition

Codebooks for Encoder-Decoder Architectures (contd.)

@ In the figure on the previous slide, the vectors e; inside the box labeled
“Embedding Space” are the codebook vectors that are learned during
training. The symbol “CNN" at left stands for the convolutional
Encoder whose output is represented by the vectors zg(x) where x is
the input image and 6 the learnable parameters in the Encoder.

@ As for what exactly is denoted by zy, let's go back to the example in
which the input images are of shape 256 x 256 x 3 and the output of
the Encoder of shape 16 x 16 x 128. We represent each 256-element
vector in the output 16 x 16 array by zyp(x). What's more, we think of
each 256-element vector as an embedding for that element in the
output 16 x 16 array.

@ You can think of the invisible face (from the left) of the left datacube
in the figure as representing the 16 x 16 array of the Encoder, the
horizontal axis of that cube can then be thought as representing the
embedding dimension for the elements of the array output by the
EAcAdEF " Yn our example, the size of the embedding dimension is 128.



Codebook — A Definition

Codebooks for Encoder-Decoder Architectures (contd.)

@ Our goal is to replace each zy(x) vector in the left datacube by its
closest codebook vector e;, with the result being shown in the right
datacube. The face of the right datacube you directly see has exactly
the same shape as the output of the Encoder — it will be a 16 x 16
array for our example. However, along the embedding axis of the
datacube, you'll see the codebook vectors e; for different indexes /.

@ The label zg(x) that was under the left datacube becomes z,(x)
under the right datacube where the subscript g stands for
“quantized” since the codebook vectors are quantized versions of the
output of the Encoder.

@ The integers 1, 3, 2, 53, etc., you see in the bottom square in the
middle are the index values / for the codebook vectors e; that replace
each of the elements in the 16 x 16 array at the output of the
Encoder.



Codebook — A Definition

Codebooks for Encoder-Decoder Architectures (contd.)

o With regard to the code vectors in the right datacube, we express
their posterior distribution by g(z|x) where x is the input image and
the symbol g stands for “quantized”. We can write the following
equation for the posterior:

1 for k = argmin; ||Zenc(x) — &||2
= = J J
q(z k ‘ X) { 0  otherwise @

where zg,c stands for the output of the Encoder for input image x
and ||.||2 indicates the Ly norm.

@ Now we can express the codebook vectors that are in the right
datacube in the ﬁgure by zq(x) = k Where k = argmin; ||Zenc(x) — ¢l]2.

@ In the rest of this lecture, I'll start by introducing you to VAE
(Variational Autoencoder). As you will see, that is foundational to
understanding both the VQVAE and VQGAN architectures for
cedebook based learning.
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e VAE: Variational Autoencoder
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The Latent Space for Generative Modeling

@ Foundational to the idea of a VAE is existence of a simple Latent
Space — simple in the sense that the structure of this space would be
learned with the desirable goal of its being representable as a
low-dimensional zero-mean, unit-variance Gaussian — that would
capture the essence of your training dataset.

@ In an Encoder-Decoder framework, while the Encoder network is
learning the Latent Space, the Decoder is learning how to add
complexity to the samples drawn from the Latent space to that the
output of the Decoder looks like it came from the same distribution
as the training images.

@ VAEs allow you to do what's known as “disentanglement learning”
that can be put to use to control what the images look like at the
output of the VAE.

[Disentanglement learning in this context means that the latent distribution learned from the training data
represents the “essence” of what’s in each input image and, after this “essence” has been learned, you can have the
Decoder generate from it useful variants of the input images. The meaning of “essence” would be dictated by the
application.]

Purdue University 17



The Latent Space for Generative Modeling (contd.)

@ The figure in the next slide illustrates succinctly the role played by the
Latent Space in a VAE.

[If this otherwise highly educational figure has any “defect” at all, it lies in using a perfect circle for the Latent
Space. Visually, it creates the impression that a Latent Space is always a “perfect” zero-mean, unit-variance
Gaussian. However, as mentioned in the note at the bottom of the previous slide, the Latent Space is a standard
Gaussian only to the extent allowed by the minimization of the losses in the overall learning framework.]

@ In the figure, the dataset distribution shown at the bottom is complex
and represented by p(x). The z-space in the figure is for the Latent
Distribution, with the latent distribution represented by the priors
p(z) over the latent vectors z. I'll use py(z|x) to denote the
posteriors over the latent vectors where 6 are the learnable parameters
in the Generator (the same thing as the Decoder).

@ The main goal of generative modeling with a VAE is to learn the
latent distribution pg(z) and the associated Decoder so that we can
generate images with the desired properties.

Purdue University 18



VAE: Vari;

nal Autoencoder

The Latent Space for Generative Modeling (contd.)
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F|§U [€. This figure is from “An Introduction to Variational Autoencoders” by D. P. Kingma and M. Welling, 2019.
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The Latent Space for Generative Modeling (contd.)

@ For obvious reasons any learning of the Encoder-Decoder parameters
for variational modeling must be self-supervised. That is, it must not
require any human-generated annotations. Think about it: What sort
of annotations could a human possibly provide so that the overall
framework would learn both the latent space and also how to
generate data samples from the latent vectors.

@ I'll now quickly review the Bayesian logic that is used for training a
VAE. For a more detailed presentation of the logic, please see my
tutorial at

https://engineering.purdue.edu/kak/Tutorials/OptimalSubspaces.pdf

@ The Bayesian logic uses the facts that the Generator is capable of
directly learning py(x|z) and, from that using Bayes' Rule, we can
infer the conditional py(z|x). And the fact that the Encoder can
directly learn the conditional g4(z|x) and, from that using Bayes's
Rule, we can infer the conditional g4(x|z).

Purdue University 20
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Deriving the Loss Function for Training a VAE

e We should expect that the posterior py(z|x), which we estimated
using Bayes' Rule from the generative py(x|z) in the Decoder, would
not be too different from g4 (z|x) as learned by the Encoder.

@ In other words, our learnable parameters 6 and ¢ should be such that
the divergence between the inferred posterior distribution py(z|x) and
the Encoder-learned g4(z|x) should be as small as possible. As it
turns out, we have a great criterion, KL-Divergence, to compare the
two with the help of this formula:

i (a0(21) 11 poe1)) = — [ aplelo) -log ""(Z'X))z 2)

[See my Week 11 Lecture at Purdue’s Deep Learning website for further info regarding KL-Divergence between two

probability distributions.]

e Bayes' Rule tells us that ps(z|x) = %. Substituting this in
the expression for the KL—Divergence, we get

dKL(%( [x) I po(z = —/% (z1x) - |0g<p9(xl(:() ‘P)B( )> dz + logpg(x) 3)



The Loss Function for Training a VAE

@ Applying the condition that always dx; > 0 to the formula shown at
the bottom of the previous slide, we arrive at a lower bound for the

log-likelihood log py(x)

opo() >~ (a5(z10) [1po(@) + [ () logpo(xiz) dz @

@ The RHS again has the KL-Divergence in it, but this time time it is
the divergence between the Encoder-learned g4(z|x) and the prior
po(z) for the encodings z.

@ This allows us to bring the following consideration into the learning of the parameters
(¢,0): Let's say we assume a standard normal (zero-mean, unit
variance) distribution for the prior py(z). The minimization of the
KL-divergence shown above would ensure that the encodings z for the
different inputs, x, are all “maximally” randomized in a similar
fashion.

@ The right-hand side of the inequality shown above has a name unto
Purdtiselfiivtriscalled ELBO (Evidence Lower BOund). 22



The Loss Function for Training a VAE (contd.)

@ The second term on the RHS in Eq. (3) is in the form of a average —
an expectation — for the conditional log-likelihood log py(x|z) of the
images generated by the Decoder with respect to the Encoder-learned
ds(z|x). Using the expectation operator E, we can therefore say

logpo(x) 2 —de(ag(zlx) 1 Po(2)) + Engy (e logpa(xl2) ®)

@ This gives us a lower bound on the log-likelihood of the generated
image X. You can think of this as a viability score for the output x — that is, given
the current values for the parameters (0, ¢) of the neural network, how likely is it (in a
probabilistic sense) that the network would be able to generate that x from the hidden

vector z that was learned from the input.

@ In an iterative learning framework, it would obviously be in our
interest the update the values of the parameters (6, ¢) that increases
the value of the lower bound shown above in order to enhance the value of
the log-likelihood log pg(x).

Purdue University 23



The Loss Function for Training a VAE (contd.)

@ What's on the previous slide implies that, in terms of the language of
neural-network learning, we should set the loss Loss to the negative
of what you on the RHS in Eq. (4):

Coss = dia(ap(z1x) || Pa(2) = Eng (el loEPa(X]2) (6)

@ In the rest of this section, I'll treat these two parts of the overall loss
separately:

losskid = it (a0(z1%) | po(2)) )

loss_reconstruction = ]qud)(z‘x) log pg (x|z) (8)

As to why the second part of the loss is called “reconstruction loss”
will be clear shortly.

@ The expression for the KL-Divergence loss can be further simplified
under the Gaussian assumption for the prior pg(z) and also for the
Encoder-learned q4(z|x).

Purdue University 24



The Loss Function for Training a VAE (contd.)

@ The Wikipedia page on “Multivariate Normal Distribution” presents
the following formula for the KL-Divergence from the “true”
Ny(pg, q) for the Encoder to the learned Np(pup, Xp) for the
Decoder, where d is the dimensionality of the z encodings and |.|
represents the determinants:

1 _ _ pa
dit (N I Np) = E{Zr(zq '55) + (g = 1p) Tq Mg — 1p) — d + log :z":} )
P

@ We now assume that both the Generator and the Encoder processes
are isotropic:
>p = O'F%Z

5, = oI (10)

@ With the Gaussian assumptions made above, the KL divergence can
be expressed more simply as:

2 2 2
1|o — o,
dit (N Il Np) = 7{—" g el |og73} (1)

Purdue University 25



The Loss Function for Training a VAE (contd.)

e Since the Wikipedia expression dx; (J\/q I Np> is the same as

dki <q¢(z|x) I pg(Z)) in our case, we can write the following form for
the KL-divergence part of the loss:

2 2 2
1{o (kg — 1p) o

dKL(qu(ZlX) HPG(Z)) = 5{*2 + P —d o+ g (12)
%q g b

@ In the VAE literature, however, you are more likely to see the
following formula that is derived from two univariate Gaussian
distributions, that is, when d =1 [Substituting d =1 in Eq. (12) yields the
same result as you see below in Eq. (13)]:

2 2
1 o og + (up — 1)
dKL(‘hb(Z\X) HPG(Z)) = 3 + olog 2 + 2 T

13
ap 20% 3

@ It is generally assumed that the prior for the z latent vectors is a
standard normal. That is, yp, = 0 and 0,2) = 1. With these
assumptions:

1 1
dki(as(z1¥) [l pe(z)) = — - + —logog + (14)
Purdue University ( ) 22 7 203 26




The Loss Function for Training a VAE (contd.)

@ In the Pytorch implementations of VAE, the Encoder neural network ends in two linear
layers, one for predicting log ag and the other for predicting /4. The Iog 03
predictor is represented by the variable 1log_var and the pq predictor
by the variable mu. In terms of these two variables, the following statement for
computing the dg; (q¢(z|x) [l pg(z)> part of the loss shown in Eq. (7) has now

become ubiquitous:

loss_kld = -0.5 * torch.sum( 1 + log_var - mu.pow(2) - torch.exp(log_var) )

o | will now take up the computation of the reconstruction loss part of
the overall loss as shown in Eq. (8):

loss_reconstruction = E~q¢(z|x) log pg (x|2) (15)

@ To make the calculation of this part of the loss computationally
feasible, we go back to the Gaussian assumption and assume:

po(x|z) = Nuyz Xxz)
1 —L(x— T~
. 3 (x—tyz)

1
X|Z(X’“x\z)
@m)9|T, .|

(16)

PurduherevtlEldenotes the determinant of the covariance matrix. 27



The Loss Function for Training a VAE (contd.)

o If we further assume that the multivariate Gaussian is isotropic with a
constant variance, we can write

x|z) = — - x|z 17
po(xI2) " (an

@ Taking the logarithm of both sides, we get

1 (¢ =t T (x = 1)
log pg(x|z) = log - (18)
’ (\/(27"0x\z)d) 2U>[<J|z
@ Ignoring the constant terms, we can write for the loss expression in
Eq. (15):
Exag(zix logPo(xlz) ~  — E~q¢(z‘x)(x—MX\Z)T(X—/MZ) (19)

@ The question that arises next is: What to use for y,(,? To that end,
we assume that, probabilistically speaking, the goal of variational
autoencoding is to generate samples from the same distribution that

Pmﬂgs m\tl)eergitghe image that is at the input to the Encoder. -



The Loss Function for Training a VAE (contd.)

@ Continuing with the thought at the bottom of the previous slide, we
assume that the distribution itself can be assumed to be normal
around that input sample, it makes sense to use the input itself for
fix|z- So if we denote the input as x;;, we can write the following for
the reconstruction loss:

Enagiep 0BPO(XIZ) & = Ergyi o (x = xin) | (x = xin) (20)

@ In actual coding, the expectation would be implemented by averaging
the square of the difference between the input and the output over the
images in a batch. As you know, that's exactly what's accomplished
by the Pytorch loss function torch.nn.MSELoSS. You are therefore likely

to see the following sort of a statement in practically all VAE implementations:

loss_recon = nn.MSELoss( reduction=’sum’ )( input_images, decoder_output_images )

[Note the invocation of reduction=’sum’ for estimating the MSELoss. The theory only calls for averaging over the
batch, and not summing the error magnitudes. The summing results in enhancing by a scale factor the
reconstruction loss vis-a-vis the loss component related to the KL-Divergence in Egs. (6), (7), and (8).]

Purdue University 29
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Implementing a VAE

@ Now that we have the expressions for Loss, as represented by its KL
and Reconstruction components in Eqs. (14) and (20), respectively,
what sort of a neural architecture it would take to learn using those?

@ Going forward in this explanation, I'll use x;, to denote a specific
image at the input to the Encoder.

@ The question that now arises is: What exactly should we ask the Encoder to

produce at its output?

@ Does it make sense to have the Encoder output a specific latent
vector z for each input image xj,? It does NOT!

@ The Encoder is supposed to help us learn the latent space for a given
training dataset. In other words, the Encoder should eventually learn
a probability distribution gy (z|x) that comes as close as possible to
N(0,1). That is, the Encoder should seek to learn the two
parameters of a normal distribution N(u1, 0%1) with the goal that u
willUbecastclose to zero as possible and o2 as close to 1 as possible.



Implementing a VAE

@ What that implies is that, instead of outputting a specific z for a specific input x;,, the

Encoder should be outputting updates to the parameters 1 and o2.
@ That then tells us how we should configure the output layer of the Encoder.

@ While having the Encoder output estimates for 4 and o2 distribution
parameters sounds doable enough, do we know what to feed into the Decoder

so that we can calculate the Loss at output of the Decoder?

@ In keeping with the fact that the Decoder is in reality a Generator
that is supposed to transform the latent z vectors sampled from the
latent space into images that bear a pre-specified relationship to the
images in our dataset, in principle the input to the Decoder should be
as depicted in the figure on the next slide.

Purdue University 32



Implementing a VAE (contd.)

Input Data Vector Output Data Vector
(o)
Input Image Z ~NULG )
Decoder
= - > Loss
n
{7
Embedding

Flgu I'€. Variational Autoencoder — the main idea
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L Implementation lssues for VAEs
Implementing a VAE (contd.)

@ Unfortunately, drawing a random sample from a distribution is not a
differentiable step — differentiability being a fundamental requirement for any
neural learning as explained in the next subsection. Said another way, there is
no way to backpropagate the loss through the computational step

z ~ N(p,0).

@ This implementation difficulty is resolved by using the following
formula to generate a latent vector z for feeding into the Decoder in
each iteration of training:

z = p + oxe (21)

where € ~ N(0,1) as shown in the figure on the next slide.

o Note that the parameter € in Eq. (21) is NOT meant to be a
learnable parameter — it cannot be because of the reasons already
stated. Drawing a sample from a distribution, as represented by
z~N(u,0) or e ~N(0,1), is NOT a differentiable step and therefore
the loss cannot be backpropagated through it.



Implementation Issues for VAEs

Implementing a VAE (contd.)

Input Data Vector Output Data Vector
(o) x
Input Image z=U+e O
Decoder
[ E“> > Loss
.u
8 ~ N(O,T)
/
Embedding

FIgU F€: Variational Autoencoder — What's actually implemented
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Implementing a VAE (contd.)

@ However, the calculation of the latent vector z in Eq. (21) is
differentiable — despite the fact that it includes a non-learnable
parameter e.

@ Therefore, for any input x, the job of learning is to figure out the best
values to use for (,LL, J) for that input. The role of ¢ is to give a differentiable
degree of freedom to the Decoder when it seeks to generate an output image from the
latent vector z sampled from a normal distribution based on the parameters . and o?

learned so far.

@ The z-vector sampling shown in Eq. (21) is frequently referred to as the
“reparameterization trick” and typically implemented by a function whose name is

reparameterize().

Purdue University 36
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Autoencoder Class in DLStudio

@ All autoencoding classes in DLStudio, including the class VAE, are
derived from the parent class autoencoder. So, in order to understand
how | have implemented the vaE class, you must first come to terms
with the Autoencoder class.

@ The Autoencoder class does its job through its two inner classes,
EncoderForAutoenc and DecoderForAutoenc, the first that serves as the
encoder and the second as the decoder.

@ An Autoencoder is the simplest of such classes in DLStudio because all
it does is to feed the output of EncoderForAutoenc into the
DecoderForAutoenc. | he Encoder’s job is to convert the input tensor,
whose shape is (B, Ci,, H, W), into an output tensor of shape
(B, Cout, hyw) With h < H, w < W and Cou > Cip.

Purdue University 38



Autoencoder in DLStudio

Inner Class EncoderForAutoenc of the Autoencoder Class

Experience has shown that in autoencoding, in general, you need to
pack punch in the Encoder while the Decoder can be relatively simple.

To that end, the Encoder class shown on the next slide gives you a
constructor parameter called num repeats that you can use to construct
as deep a network as you want subject, obviously, to the GPU
memory that is available.

As to how num_repeats is used in the encoder depends on the value of
self.depth that is calcuated in Line (A). Assuming square images, it is
the ratio of the height of the input image to the height wanted at the
output of the Encoder.

[Autoencodes typically reduce the image size by a power of 2. While the input images are likely to be of shape

(64 x 64 x 3), (128 x 128 X 3), (256 x 256 X 3), etc., the Encoder output is likely to be of shape (8 x 8 x 64),
(8 x 8 x 128), (16 x 16 x 512), etc.]

In the statements in Lines (B) through (G) on the next slide, for each
downsampling of the input image, we repeat a skipBlock structure a

number of times equal to num_repeats.
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Autoencoder in DLStudio

Inner Class EncoderForAutoenc of Autoencoder

class EncoderForAutoenc (an Module) :

The two main conponents of an Autoencoder are the encoder and the decoder. This is the encoder part of the

Autoencoder.
The parazete: repeats is how many times you want to repest in the Encoder the SkipBlock that has the same
Tunben of hannes ot the Anput. and the serpue

Class Path:  DLStudio Autoencoder -> EncoderForhutoenc

def __init__(self, dl_studio, encoder_in_in_size, encoder_out_in_size, encoder_out_ch, nun_repeats, skip_connections=True)
Super (DLStudio. Auoencoder .EncoderForhutoenc, self). init_()
downsampling_ratio = encoder_in_in_size(0] // encodr_out_in_size(0]
domaazpling Facle
un_downsanples

2 or nun_downsamples

plec
nun_downsanples W
“size = encoder_out_in_size
ch = encoder_out_ch
a<Coni34(3, 64, 5, padding=1)
saccm«m:a(s«)
0 = chliora2d(128)
Se1¢1onad = nn.BatchRorasa(266)
o1t skip_arr = fn.NoduleList,
1
a(Lstuas a 61, , skip_ x )
) ) 128, . ekip. ¥
for _ in Tange(nun_reponce) # ®
skeip_ar: & 4 128, , skip_ . )
a1t se][ Lo = 5
aLstuas a 61, , skip_ x )
periens a L 128, . skip_ X
r . in Fange(nun_repeats) # ©
£ skip_arr.append (DLStudio. Autoencoder der (128, 128, , skip_ .
self skip_arr . appond (DLStudi a 128, 128, , skip_ X
self ekip. A a 256, ) akip % >
for _ i Tangoloun_roponce) #
Self . akip_ar a 256,  skip_ . )
alit se1f geprh o= 4
o1t sicip. (LSt o 64, , skip_ )
selt skip_ a 128, P . skip_
for | in range oun repeats) " ®
Self skip_a X a der (128, 128, , skip_ _
selt skip. DLStudi a 128, 128, , skip_ %
selt aip are a 256, sk, % )
r . in range(nun_repeats) : # ®
el i Autoencods , 256,  skip_ 2
solt skip. d(DLStud: a 256, 256, , skip_ .
selt ki ) 256, 512, ., skip_ 2 )
for _ in Tangelnun_reponce) " ©
Self akip_ar u a 512, , skip_ g )
a1t kipi269N = DiStudi a 126,126, skip. £

def forvara(oels, )
on-tunctional relu(selt conr_in(0))

it (x.shapal: 11 encoder-out.in.size) or (x.shape(1]) 1= sel encoder.out.ch):
print("\n\nshape of x at output of Encode:

Ty axit(*on\aTho Encoder Part of the Autouncider ia isconfigured. Encoder autput not according to specs\a\a®
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Autoencoder in DLStudio

Inner Class DecoderForAutoenc of Autoencoder

@ As | mentioned earlier, of the Encoder and the Decoder, it is the
former that needs to be more “powerful”. That was the reason for
endowing the Encoder constructor with the num repeats parameter that
you saw on the previous slide.

@ The Decoder can be a bit more rudimentary as you see in the
implementation code shown below.

o, skip_connections=Trus)

128, 64,
ea,

L 128,
128] 128]
) 64,

64, upsanp:

a 512, 256,
dio. Autoencod: 256, 256,
a 128]

128) 128
encoder . SkipBlockDecoder (128, 64,
SeiphL 64,

. skip_
 skip_c

1sp03024(64,3, 3, stridest,dilation=1,output_padding=0,padding=1)

image not according to specs\n\n")
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Some Results Obtained with the Autoencoder Class

| will now show some results obtained with the Autoencoder class on the
PurdueShapes5GAN dataset of 20,000 images. What you below is a batch of 48
images drawn from this dataset.

T e
ENNEEEIE

Flgu €. A batch of 48 input images used during the training of the Autoencoder network.



Autoencoder in DLStudio

Results with the AutoEncoder Class (contd.)

@ Shown below is training-loss-vs-iterations plot with the following
parameters used for training (there was no hyperparameter tuning):

Input image size: 64x64
Encoder output size: 16x16

Encode output channels (the latent dimension): 256

Learning rate: le™-4
Number of epochs: 20
Total number of training iteratiomns: 16,520

Training Loss vs.

terations

—— Plot of loss versus iterations

Purdue University
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Some Results Obtained with the Autoencoder Class

@ Shown below is the output of the Decoder for input images NOT seen
during training.
@ Inside each white-border delineated box, the left half shows the input

image and the right half the corresponding output produced by the
Decoder.




Outline

© vAE in DLStudio
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VAE in DLStudio

@ As previously mentioned, the VAE class in DLStudio is derived from
the parent class Autoencoder described in the previous section. As
you would expect, a bulk of the heavy lifting in VAE is done through
the functionality packed into the Autoencoder class.

o The VAE class focuses your mind on what exactly should be the
output of an autoencoding encoder if the goal is to learn the latent
space representation of the probability distribution that describes your
training dataset. | previously posed this question on Slide 31.

@ As | stated in Section 3, taking practical feasibility into account, we
should assume that the latent space can be described simply by an
isotropic normal distribution and we should try to learn its mean and
variance subject to the condition that they be as close as possible to
the mean and variance of the standard normal distribution (zero-mean
and unit variance).



VAE in DLStudio (contd.)

@ What | have said on the previous slide implies that our goal is not to
learn how an input image x would map to a reduced-dimensionality
vector z, but to learn the parameters p and o of the latent
distribution.

@ In the rest of this section, I'll provide a brief description of the VAE
code presented on Slides 51-53.

@ The two important components of the VAE class are the vaeEncoder
and the vaeDecoder.

@ About the class vaebecoder, its job is to take the mu and 1ogvar values
produced by the Encoder and generate an output image that contains
the information that the user wants to see there.

@ About the class vacEncoder, the most important thing to note is that
this encoder outputs ONLY the mean and the log-variance of the
Gaussian distribution that models the latent vectors.



VAE in DLStudio (contd.)

) Regarding the function reparameterize(self, mu, logvar), note that
torch.randn iS sSampling from an isotropic zero-mean unit-covariance
Gaussian. The call torch.randn 1ike ensures that the returned tensor
will have the same shape as the std tensor.

[In order to understand the shape of std, consider the case when the size of the pixel array at the Encoder output
is 8 X 8, the embedding size 128, and the batch_size 48. In this case, you have 64 pixels at the output of the
Encoder (before you go into the Linear layers for mu and logvar estimation). So the shape of both 1ogvar and
std is going to be [48, 8192] where 8192 is the product of the 64 pixels and the 128 channels at each pixel. Note
that the shapes for all three of mu, logvar, and std are identical and, for our example, that shape is [48, 8192]. |
@ About the function run_code_for_training VAE( self, vae_net,
loss_weighting, display_train_loss=False ) Note that the code for
set_dataloaders() for the VAE class shows how the overall dataset of

images is divided into training and testing subsets.

@ The important thing to keep in mind about this function is the
relative weighting of the reconstruction loss vis-a-vis the
KL-divergence. For an “optimized” VAE implementation, finding the
best value to use for this relative weighting of the two loss

PurqesHpsféetits would be a part of hyperparameter tuning of the netwofK.



VAE in DLStudio (contd.)

@ About the function run_code_for_evaluating VAE(self, vae net,
visualization.dir = ‘‘vae_visualization.dir’’ ) the main point here is to
use the co-called “unseen images” for evaluating the performance of
the VAE Encoder-Decoder network. If you look at the set_dataloader()
function for the VAE class, you will see me setting aside a certain
number of the available images for testing. These randomly chosen
images play NO role in training.

@ About the function run_code_for_generating images_fromnoise VAE(), this
function is for testing the functioning of just the Generator (which is
the Decoder) in the VAE network. That is, after we have trained the
VAE network, we disconnect the Encoder and ask the Decoder to
sample the latent distribution for generating the images.

@ Remember, the latent distribution is represented entirely by the final
values learned for the mean (mu) and the log of the variance (logvar)
that represent how close the training process was able to come to the
ideal"yf Z&ro-mean and unit-covariance isotropic distribution.



VAE in DLStudio (contd.)

@ Since the job of this function
run_code_for_generating_images_from noise_VAE() iS to sample the latent
distribution actually learned, we must also supply it with the
(mu,logvar) values learned during training.

o Finally, about the definition of set_dataloaders(), note the call to
random_split() in the second statement for dividing the overall dataset
of images into two DISJOINT parts, one for training and the other for
testing.

@ To continue the last bullet on the previous slide, since my evaluation
of the VAE at this time is purely on the basis of the visual quality of
the output of the Decoder, | have set aside only 200 randomly chosen
images for testing. Ordinarily, through, you would want to split the
dataset in the 70:30 or 80:20 ratio for training and testing.



VAE in DLStudio

VAE in DLStudio (contd.)

Class VAE (Autoencoder)

def _init(self, dlstudio; encoder in in size, encoder out insize, decodor out insize, encodor out ch, mum repeats, path saved encoder, path saved do
ncoder In_in stee, Stcoder_out_in_aize, Jecodos ous in.size, chcodsr put.Ehy mEk ropsets, pati.savel medelNous )
o nsize, Sncodsr0it im 5126, enGeder Oitch, mumrepests. skip.comections=Trus )
dio:Ausoancoder Decodurforhutosnc (41 studlo! encoder_out_ia_size, decoder_out_in_size)
en)

r_out_
n

511 path_saved decoder = pathsaved_decoder

class VasEncoder (nn.Module) :

dof __init__(self, parent_encoder, encoder_out_in_size, encoder_out_ch):
Super (BLStud10 . VAE. VasEncoder, se1f) o
celf.parent_encoder = parent_ancoder
5elf num_nodes = encoder_out_im_size(0] * encoder_out_in_size(1] * encoder_out_ch
selt davdat dia - oncodor outch
self mu_layer = nn.Linear(seif.nun_nodes, self.latent din)
201t Tog_var Layer = mn.Linear (self mun_nodes, self.latent_din)

dot forara(selt,
oded = self.parent_encoder (x)
Bu = selfm leyer(sncoded.vien(-1, self nua nodes))
log_var = self .1og_var_layer (encoded.vieu(-1, self.nun_nodes))
rotarn m, log var

class VasDocodor (un. Module) :
dof _init_(selt, paront docodor, sncodor_out in size, encodor_out.ch):
Siper (BLSudio. JAE. VasDecoder, seLf) 9]
Seb1.parent. decodsr = parent.decoder
self encodsrout_im_size = sacoder.out_i:
encoter_out_ia size(o] + “ncader_out_in_sizel1] * sncoder_out_ch

sele latant_din e
21t reparanetrized.vo.deceder input = nn.Linear (sel. latent._din, self.mun_nodss)

dof reparamaterize(sels, m, lograr)
b oxp(0.¢ + ograr)
ey randn ke st ) ## standard normal N(0;1)
return mi + ops

det toruardselt, ou, Logrer):
anoterize( mu, ar )
L e Teharenatrized co docodor apuc (z)
decoded = self.parent_dacoder( z.view(-1, self.latent dim, self.encoder_out in_siza(0], self.encoder_out in_size(1]) )
return decoded, mu, logvar

dof run_code_for_training VAE( self, vae_net, loss_veighting, display train_loss-False ):

def Joss_criterion(input inages, decoder.output.inages, log var, ueight
recon_loss = nn ctioner s> ( iapateinsgen decoder. Gutpur,issges )  ## ruconstruction loss
(=08 ¢ \:oxch o 1 S pontsy ey e # KL Divergence
KID * weighting
Yeturn Fecon So v $10, recon.toss, 110

vae_ancoder = vae_net.vas_encoder . to(self .dl_studio.device)
vae_decoder = vae_: decoder . to(selt d1 studio device)

(Continued on the next slide .....)
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VAE in DLStudio (contd.)

(...... continued from the previous slide)

accun_times = (1
Start_time - tize perf_counter()

print(""

Batch size - self.dl_studlo batch.size

print{"\n\n batch_: atch_si:

Run-batches_in_asta.source = Len{self train_dataloader
es = celf.dl st

optinizers = optin.

i hdon(voe docoder paranerersO)| Lr-selt a1 studio Toarming rates
= logvar = 0.0

sotal training loss tally -
recons_loss_tally = (1

ehergencetalyy 0

for spoch fn xango(sels. a1_studio.epochs)
O
72 The Zollowing aro needed for calculating the avg values between displays
running loss = running recon loss = running kld los:
for i, data in enumerate(self.train_dataloader:
input_inages, _
input_inages = input_images.to(self.dl_studio.device)
optinizer!.zero_grad()
optinizer2 zero_grad()

mu, logvar = vas_encoder( input_images )

#8" Ao requized b VAE, the Decor is only being supplisd ith the nean ‘ma’ and the log-varisnce loguar’:
decoder. wvae_decoder ( mu, logvar

loss, recon.1oss, kld_loss = loss_criterion( input_images, decoder_out, logvar, loss_weighting )

Loss . backward()

recon.loss
runmng m Tore e T 1o
i 199,

TToss = rusming_loss / float(200)
avg_raecon_loss = running recon_loss / float(200)
2vg_k1d_lose = rumning kid_loss / float(200)

total_training_loss_tally.append(avg_loss. iten())
rocons_loss_tally.append(avg_recon_loss. iten())
KL_divergence_tally.append(avg_k1d_loss. iten()

unning 1 running_recon_loss
current_tine = time.perf_counter()
psed = current.time-start.t:
Tepocn 120/420 5%4d. slapsed-cine: %4d secs]  loss: %10 recon_loss: %10.41 donn: ti0.4z
opochi, o1t di studio odhs, 141+eine arapsad,ave tocs avgrocon.1oss, avg K 1oce))
accun_tines.append (current_tine start_ti:

running kld_loss

print("\nFinished Training\n'
solf save_encoder_nodel ( vae_encoder )
se1t save decoder_model ( vas_decoder )

parans_saved = { 'mean’: mu, 'log_variance’:
B o toarameremmed, pon( Sovans maved s )

(Continued on the next slide .....)
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VAE in DLStudio (contd.)

(...... continued from the previous slide)

dot run.codo.tor_evaluating VAE(selt, vao-net, visunlization dir = "vas_visualization.dis’ )
erencoder. orai )

¥ ot vas_decoder eval ()
Vaeencoder. Joad.state. 15t (torch . 1oad(self path_saved_encoder))
. (torch load(selt path_saved decoder))

611 tost_dataloader) :
Showing results for test batch i

ges to(selt.dl_studio.device)

Logvar, the Decoder first uses the "reparameterization trick"
the latent distribution nnd o thon Toed 1t into tho rest of tho Docoder for inago ganeration:
26 _decoder ( mu, 1

( decoder_out - docoder. m mm() ) L decoer ot max() - decoder-ut.a1n0) )
N cast._ , * tast hape(s], dtypestorch.float )
e T s
orl:,: : test_inagos.shape[3]:] = docoder_out
Pt hs\lre(ﬁguz (40,50))
4 H . padding=3, pad_value=255) .cpu(), (1,2,0)))
141 ThE Dutpae. Tusges for seeration T

PLt.saverig(visualization_dir + "/vae_decoder_

% ste(i) + ".pg")
plt

dot run_code_tor.

jenerating_inages_fron_noise VAE(self, vae_net, visualization dir = "vae_gen_visualization dir" ):
vae_not . vas_decoder . eval ()
Stato,dict(torch; Load et path saved docoder))
pickle. Load( open(’parans._saved.p’,
B eavar  pavane saved L meun:] . parens.savodiog varidnco’]

#5 The size of the batch axis for the mi and logvar tensors will corresponds to the mumber
## of images in the last batch used for training. If you want the purely
#§ in this script (which uses the VAE Decoder in a standalons mode) to produce a batchful of
te _imague, you naed to oxpand the previously learmed m and logvar tansors ss shown below

Dow_mani. $hape(0] ] = mul (so1¢.d1_studio.batch_sizo - mu.shapal0])]

nos_loguar = corch zoros( (solf.dl.studio batch.size, logvar shapoli]) ). float(
new_logvar [:logvar shape[0]] = logv:

new_logvar logvar shape(0]:] » Logvar : (sel.d1_studio. batch_size - logvar.shape[01)]

o0 = nes_mu. to(sel 41 studio dovice
Toarar e ogean to (oAt 1 cvmise. dovice)
vas.docoder, o (gelt dl.studio. device)

dard_nornal_distribution = True
tribution = False

Showing results for test batch i
azplo_standord.normal_dioeribution
= torch.zeros_like(au) .float () . to(self .dl_studio.device)
oguar = voren.ones.1ike (loguar)  £loat (- to(asit 1. studio.device)
&lif sanple_learned normal_distribution:
td - torch.exp(0.5 + logvar)

(Continued on the next slide .....)
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VAE in DLStudio (contd.)

(...... continued from the previous slide)

£ In the noxt statement, using my and logvar, the Decoder first uses the Teparameterization trick”
@ lavent distribution and S0 then foed it into the rest of the Decodsr for image goneration:

« decnd:r out - decoder_out.min() ) / ( decoder_out.max() - decoder_out.min() )
s_Like docoder_out)  {loat() to(self 4l stuio. dovice)
ake_input [0], fake. T17. Fake. npet.shape(2], 2 + fake. haps(3], dtypa=torch.float )
rainpet Shapela1] T Takerinput
sogether(c):): fake, oot shapa(s]:] decoder_out
plt hg\lre(ﬁgslz 20))
" ) . padding=3, pad_value=255) .cpu(), (1,2,0)))

1L TeRe CRE Dubpat Taages Tor reration 4
FIt saved g visual zacion aix + */vas decodr.. R R Ap—
pit el

dof st dataloador (se15)

ranstors = vt Conpose((
t.Resize(selt .dl_studio.image_size)
v Comtercrop(sel?-dl svadio.srage.size)
£Vt ToTensor|
- Normalize((0.5, 0.5, 0.5), (0.5, 0.5, 0.5)),

m

dataser train, dataser test - torch.utils.data.randon split( dataset, lengths + [lon(dataser) - 200, 200))
self.train_dataloader = torch.utils.data.DataLoader(dataset_train, 1L_studio.batch_size, shuffle=True, nun_sorkers=4)
e oot G stondor = tomch it iis detn. DcaLondor 4acenet Tenes baten STe-snts.di sEudto baren ive. huErLesTeue. Al orreresd)
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0 Some Results with DLStudio’s VAE Implementation
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Results with VAE in DLStudio

@ The results obtained with VAE that | am going to show in this section
were obtained by training the VAE network on the same
PurdueShapes5GAN dataset of 20,000 images that | used for the results
obtained with the Autoencoder previously in this lecture.

@ As you already know, each image in the dataset is of size 64 x 64.
Each image in the PurdueShapesscan dataset contains a random number
of up to five shapes: rectangle, triangle, disk, oval, and star. Each
shape is located randomly in the image, oriented randomly, and
assigned a random color. Since the orientation transformation is
carried out without bilinear interpolation, it is possible for a shape to
acquire holes in it.

@ The figure on the next slide shows an example of batch of images
when the batch size is set to 48 that is fed into the VAE network for
the results in this section.



Results with VAE in DLStudio (contd.)

Flgu €. An example batch of 48 input images used during the training of the VAE network.




Results with VAE in DLStudio (contd.)

@ Note that the images in the previous slide are not as simple as they
may seem. Shown in the next figure are enlarged versions of two of
the images like those in the two batches shown. In addition to the
sharp shape boundaries, you can also small holes inside the shapes.
The holes that you see inside the shapes were caused by intentionally
suppressing bilinear interpolation as the shapes were randomly
reoriented.

@ So the challenge for the data modeler would be its ability to not only
reproduce the shapes while preserving the sharp edges, but also to
incorporate the tiny holes inside the shapes, and do so with the probabilities
that reflect the training data.




Some Results with DLStudio’s VAE Implementation

Results with VAE in DLStudio (contd.)

—

@ The results | show next were obtained by executing the following
script in the Exampies directory of the DLStudio platform: run_vae.py

@ Shown in the figure below are the losses recorded during the training
of the VAE network over 20 epochs. As you know from the discussion
in Section 2, we have two different kinds of losses: the reconstruction
loss and the KL-divergence loss, the former shown by the plot in the
middle and the latter by the plot on the right. The plot on the left is
the total loss. The horizontal axis is for the iterations over 20 epochs
of training.

nnnnnn
120000

% 100000

ooooo

.....................
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Results with VAE in DLStudio (contd.)

@ It is well known that the loss decreasing with training iterations is a necessary but not
a sufficient condition that any useful learning is actually taking place and that you are

not inadvertently overfitting to the training data.

@ Therefore, after the training is finished, you must test the VAE by
feeding previously unseen at the input to the Encoder and then
evaluate the quality of the Decoder output for such images.

@ The next figure is an example of the result obtained when a batch of
previously unseen images is presented as input to the Encoder. As the
caption says, what you are looking at a composite of the input images
and the outputs produced by the Decoder. Each input/output pair is
shown in a white-border delimited box, with its left-half being the
input image and the right-half the Decoder output.
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Results with VAE in DLStudio (contd.)

Flgu €. Images at the output of the VAE Decoder during testing with previously unseen images at the input to the
Encoder. Inside each box delineated by white lines, the left-half shows the image at the input to the Encoder and the
right-half shows the corresponding image at the output of the Decoder.



)
Outline

@ VQVAE — VAE with Codebook Learning
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VQVAE — VAE with Codebook Learning

@ VQVAE stands for “Vector Quantized Variational Auto Encoder”,
which is also frequently represented by the acronym VQ-VAE. The
concept of VQ-VAE was formulated in the 2018 paper " Neural
Discrete Representation Learning” by van den Oord, Vinyals, and
Kavukcuoglu as mentioned in the Preamble.

@ VQVAE is an important architecture in deep learning because it
teaches us about what has come to be known as “Codebook Learning”
for creating discrete representations for images. The Codebook
learning consists of learning a fixed number of learned embedding
vectors. Subsequently, in an overall Encoder-Decoder architectures,
you replace each element at the output of the Encoder with the
closest embedding vector in the Codebook. The dimensionality you
associate with a pixel at the output of the Encoder is the number of
channels at that point.



VQVAE — VAE with Codebook Learning (contd.)

@ You can think of the learned Codebook vectors as the quantized versions of what the

Encoder presents at its output.

@ The next slide presents the same figure that | described in great detail
in Slides 12-15. But now let’s examine the forward and
backpropagation of information in this network.

@ |t is easy to visualize the forward flow of information in this diagram,
notwithstanding the presence of the step in which we replace each
embedding vector in the left datacube with its closest approximation
from the collection of codebook vector to result in the right datacube.
The left datacube, marked z...(x), represents the output of the
Encoder and the right datacube, marked z(x), represents the input to
the Decoder.

@ While forward propagation is easy to visualize, how does one backpropagate the
gradients of the loss across the forward-prop step in which you replace the embedding

Purd{?&@rﬁ\@rs‘it‘f output of the Encoder with vectors from the codebook? 64



VQVAE — VAE with Codebook Learning

VQVAE — VAE with Codebook Learning

Embedding
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i . This figure is from the famous paper https://arxiv.org/pdf/1711.00937
Figure: This from the f VQVAE ps:// g/pdt/
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VQVAE — VAE with Codebook Learning (contd.)

@ To add to the question at the bottom of Slide 64, How exactly do we
formulate the loss for VQVAE learning?

@ To respond to the question posed at the bottom of Slide 64 and the
question posed above, authors van den Oord et al. have proposed the
following the three-part loss function for training a VQVAE in which x
in the image at the input to the Encoder and X the image at the
output of the Decoder, zepc(x) the sequence of output embeddings
produced by the Encoder and e the sequence of the closest codebook
vectors chosen as replacements for the output emeddings:

2 2
L= Qx=&IP + |[selzenc(l = ]|, + B |zenc(x) — slel]| (22)

o Note the use of the sg[| operator in the second and the third terms.
It is known as the stop-gradient operator that is needed to cope with
the problem created by our wanting to backpropagate the gradients of
loss over the operation in which we replace the embedding-vectors at
the output of the Encoder with the closest codebook vectors.



VQVAE — VAE with Codebook Learning (contd.)

@ The first term shown in Eq. (22) is the reconstruction loss as in a
regular VAE (See Slides 24 and 29) which optimizes the learnable
parameters in both the Encoder and the Decoder.

@ The second and the third terms in the expression for loss on the
previous slide can be interpreted as the quantization loss for the
second term and the commitment loss for the third term.

@ The second term is the quantization loss since the gradients will only
be calculated for the codebook vectors and, therefore, the updates
will only be made to the codebook vectors in order to move them
closer to the encoder output vectors.

@ The third term is the commitment loss since the calculated gradients
will only be there the Encoder output vectors and any updates to
those vectors will move them closer to the closest codebook vectors.

@ There remains the question of how to implement the stop-gradient
operator'im vour code. | will address that in the next section.
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VQVAE in DLStudio

@ In DLStudio, like the VAE class, the VQVAE class is also derived from
the parent class Autoencoder. Bulk of the computing in VQVAE is
done through the functionality packed into the Autoencoder class
that was presented earlier in this lecture.

@ In what follows, I'll first show some code from the function
run_code_for_training VQVAE(). This is just to indicate how the image data
flows through the overall network so that you'll better understand at
what point the different parts of the overall Loss shown on Slide 66
are calculated.

@ In the code shown on Slide 71, we grab a batch of images in Line (D)
and feed them into the Encoder in Line (E), the output of which is
fed into the Vector Quantizer in Line (G). Finally, the output of the
Vector Quantizer is fed into the Decoder in Line (H).



VQVAE in DLStudio

@ The call to Vector Quantizer in Line (G) also returns the a quantity
named vqg_loss, which is a sum of the second and the third terms for
the equation for Loss on Slide 66.

@ Just from the calls in the code shown on the next slide, it is clear that
the VectorQuantizer network shown on Slide 75 has the responsibility
of implementing all of the core notions related to the learning of the
codebook vectors and the calculation of the loss vq_loss.

@ The recon_loss that is calculated in Line (I) is the reconstruction
loss, which is the first term in the overall loss equation on Slide 66.

@ The code shown on the next slide also calculates the “perplexity”
metric for the codebook. Perplexity is 2 to the power of the Entropy
associated with the code vectors in the codebook.

[Say, we have 256 vectors in the codebook. If all the codebook vectors are used equally often, their entropy would
be 8 and the perplexity would be 256. When the perplexity is less than the number of codebook vectors, the
codebook vectors are not being utilized are not being utilized as effectively as they could be.]
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VQVAE in DLStudio (contd.)

def run_code_for_training VQVAE( self, vqvae, display_train_loss=False ):

vqvae_encoder = vqvae.vqvae_encoder .to(self.dl_studio.device)
vqvae_vector_quantizer = vqvae.vector_quantizer.to(self.dl_studio.device)
vquae_decoder = vqvae.vquae_decoder.to(self.dl_studio.device)

= self.pre_vq_conv.to(self.dl_studio.device)
8]

time.perf_counter ()

self.dl_studio.batch_size
print ("\n\n batch_size: atch_size)
num_batches_in_data_source = len(self.train_dataloader)

elf.dl_studio.epochs * num
in mamber of batchos in the dataset:

batches_in_data_source
um_batches_in_data_source)

optimizerl = optim.Adam(vqvae_encoder.parameters(), lr=self.dl_studio.learning_rate) ## (R)
optimizer2 = optim.Adam(vqvae_decoder.parameters(), lr=self.dl_studio.learning_: ## (B)
optimizer3 = optim.Adan(vqvae_vector_quantizer.parameters(), lr=self.dl_studio.learning_rate) ## (C)
training_loss_tally = []
perplexity_tally = [1
data_variance =
for opoch in range(self.dl_studio.epochs):
print (")
runni; 0.
rumung perplexny 0.0
k2 in ennmerate(self train_dataloader) :
anuc_:\mages, = dat ## (D)
input_images = input_. mages to(self.dl_studio.device)
optimizer!.zero_grad()
optimizer2.zero_grad()
optimizer3.zero_
vqvae_ encoder(:\nput images) ## (E)
z = pre_vq_conv(z) ## (F)
vq_loss, quantized, perplexity, _ = vqvae_vector_quantizer(z) ## (G)
decoder_out = vquae_ decoder(qnanuzed) ## (H)
nn.MSELoss (reduction="sun’) ( input_images, decoder_out ) ## (1)
recon_loss + vq_loss

optimizer1.step()
optimizer2.step()
oprintzer3. stepO)
= loss

perplexity

= rumung loss / £loat(200)
avg_perplexity = running_perplexity / f£loat(200)
training_loss_tally.append(avg_loss.item())
perplexuy tally. append(avg perplexity.item())

Tunning. loss
rumung perplexn:y
curre e time.perf_ caunter()
bime_ ps current_time-start_tis
print (" [epoch:%2d/%2d 1‘/4d elapsed time: %dd secs]  loss: %10.6f perplexity: %10.6f
epoch+1, self.dl_studio.epochs, i+l, time_elapsed, avg_loss, avg_perplexity))
accum, mes .append (current_time-start_time)
P urduanciwriviassibyning\an)




VQVAE in DLStudio

@ Slide 75 shows an implementation of the vectorQuantizer class that is
in charge of calculating the second the third loss terms in the
formulation of the overall loss on Slide 66.

@ Let’s first to over the initialization of an instance of this class. Notice
how the codebook is declared in Line (C) and its weights initialized in
Line (D). The number of embeddings (at this point synonymous with
codebook vectors) to use the their dimensionality is set by the user.
However, note you cannot violate the constraint that the channel
dimension at the output of the Encoder must equal the dimensionality
of the codebook vectors. The declaration in Line (E) is for the g
coefficient in the expression for Loss in Slide 66.

@ Regarding the code in forward(), we feed the output of the Encoder
into the vectorQuantizer network. When the batch_size is, say, 48,
the image size iS 64 x 64, the Encoder enc_output_size 8 x 8 and the
number of output channels 128, the shape of the input tensor in
Line™ (EYyWill be (48.128.8.8).



VQVAE in DLStudio

@ We prefer to think of the output of the Encoder as a flattened 1D
sequence of embedding vectors, with each vector being of the
specified embedding size. Flattening consists of joining one row after
another in the 8 x 8 array at the output of the Encoder. As shown in
Line (H), we can get this flattening effect by supplying “-1" as the
first argument to tensor.view() provided we first reshape the input
so that the channel axis is the last, as accomplished in Line (F) itself.

@ Now we are ready to calculate the square of the Euclidean distance
between each vector that is in the output layer of the Encoder and
every codebook vector, as shown in Line (I). The formula used there
is the same as at the bottom of Slide 45 of my Week 9 lecture on
Metric Learning.

@ In Line (J), we collect the integer indices of the codebook vectors,
each on the basis of being the closest to the corresponding Encoder
output vector. These are the integers you see as 1, 3, 2, 53, etc., in
e fight'datacube in Slide 57.



VQVAE in DLStudio

@ In Line (K) we now initialize a zero tensor in which we will store the
replacement codebook vectors for the Encoder output vectors. Line
(L) creates a one-hot vector representation for each codebook vector
index that was chosen. The matrix multiplication in Line (M) then
yields a sequence of the codebook vectors that are replacements for
the encoder output embeddings in the sequence created by flattening
in Line (H).

@ Now we are ready to calculate the quantization loss and the
commitment loss defined on Slide 66. The question here is how do we
implement the stop-gradient operator sg[| defined there. As shown by
the statements in Lines (N) and (O), we can use the detach()
provided by PyTorch for that. Calling detach() on a tensor is the
implementation of sg[| on that tensor. The call to detach() when
invoked on a tensor returns a copy of that tensor from the
computational graph. So no gradients would be calculated for the
tensor, returned by detach().



VQVAE in DLSt

VQVAE in DLStudio (contd.

class VectorQuantizer (nn.Module):

This class is from:  https://github.con/zalandoresearch/pytorch-vq-vae

def

_init__(self, nun_embeddings, embedding_dim, commitment_cost):
super (DLStudio. VQVAE. Veccorﬂnanmzet, self). _init_
self._embedding_dim = embedding_d
self._nun_embeddings = num, embedd)ngs

self embedd)ng nn.Enbedding(self . _nun. embedd)ngs, self._embedding_dim)
edding.weight .data.uniforn_(-1/self._nun_embeddings, 1/self. num_embeddings)
$4 The \beta term for the Comlnnment Cost in Slide 66:

self._commitment_cost = commitment_.

forward(self, inputs): ## “inputs" is the output of Encoder
# convert inputs from BCHW -> BHUC
inputs = inputs.permute(0, 2, 3, 1).contiguous()
## needed later for shape restoration with unflattening:
input_shape = inputs.shape
# Flatten input
flat_input = inputs.view(-1, self._ embedding_dim)
# Calculate distances between the input embedding vector and each of the codebook vectors
distances = (torch.sun(flat_inputr2, dim=1, keepdin=True) + torch.sun(self._embedding weight+*2, din=1)
2 * torch.matmul(flat_input, self. embedding.weight.t()))

# Codebook vector )ndex value:
encoding_indices = torch.argmin(distances, dim=1).unsqueeze(1)
encodings = :ercn.zeros(encadmg,ind;ces,shapa[o], self._num_embeddings, device=inputs.device)
encodings.scatter_(1, encoding_indices, 1)
# Quantize and unflatten
quantized = torch.matmul(encodings, self._ embedding.weight).view(input_shape)
## Commitment Loss (Slide 66):
o latent_loss = F.mse_loss(quantized.detach(), inputs)
## Quantization Loss (Slide 66):
glatent_loss = Fomse-loss(quantized, inputs.detach()
See __init, for the commitment_
lcss q_latent_loss + self. cumm)cment_cust * e_latent_loss

quantized - inputs + (quantized - iuputs).detach()

avg_probs = torch.mean(encodings, dim=0)

perplexity = torch.exp(-torch.sun(avg_probs * torch.log(avg_probs + 1e-10)))
# convert quantized from BHWC -> BCHW

return loss, quantized.permute(0, 3, 1, 2).contiguous(), perplexity, encodings
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Some Results with DLStudio’s VQVAE Implementation
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Results with VQVAE in DLStudio

@ | will now show results obtained with the VQVAE class in DLStudio
using the same Purdueshapesscan dataset of 20,000 images that | used
earlier for the results with the Autoencoder and VAE classes.

@ The results shown are for the case when previously unseen images were presented at

the input to the Encoder in VQVAE.

@ The parameters for the training routine are as shown below. Note that |
have not carried out any hyperparameter tuning for this exercise. The parameters
used are the same as for the previous results with Autoencoder and
VAE except for the number of epochs that was 100 and for the new
parameters “Number of codebook vectors’ and “Commitment cost” .

Input image size: 64x64

Encoder output size: 16x16

Encoder output channels (the latent dimension): 256
Number of codebook vectors: 512

Commitment Cost: 0.25

Learning rate: le™-4

Number of epochs: 100

Total number of training iterations: 82,600
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VQVAE Results: Training Losses and Perplexity

@ Shown below are the training-loss-vs-iterations plot and a plot of
perplexity-vs-iterations.

@ The calculation of perplexity is shown in Line (S) on Slide 75. As
mentioned in Slide 70, perplexity is defined as 2 to the power of the
entropy associated with the codebook vectors. Roughly speaking, it

translates into how many of the codebook vectors are actually being used on the
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20000
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10000
e e e
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Some Results with DLStudio’s VQVAE Implementation

VQVAE Results: Decoder Output on Unseen Inputs (contd.)

@ Shown below is an example of a batch of images at the output of the
VQVAE Decoder.

@ As with similar depictions for Autoencoder and VAE, inside each cell,
the left-half shows the input to the Encoder and the right-half the
output of the Decoder. In order to get a sense of the precision
achieved with codebook based learning. see the next slide.




VQVAE Results: Decoder Output on Unseen Inputs (contd.)

@ Shown below is an exploded view of one of the cells in the output
batch shown on the previous slide.

o Notice that the very fine detail in the form of the randomly located
tiny holes inside the patterns. The Decoder is able to reconstruct
them now. That would not be the case if you exploded in a similar
manner the output of the VAE network.

Figure
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VQGAN — Codebook Learning and Autoregressive Modeling

o VQGAN made two significant advances over VQVAE: For one, it placed
the Encoder-Decoder network of the VQVAE inside a GAN based framework in which
the Encoder-Decoder pair is treated as the Generator in a GAN. It is this part of the
overall framework that is referred to as the VQGAN. The rest of the framework
is about autoregressive modeling of the images using the learned
codebook vectors.

@ What | have described above would be along the same lines as the
material presented in Section 10 entitled “Using Adversarial Learning
for Non-Generative Tasks” of my Week 11 lecture.

@ The second significant advance made in VQGAN is to show that the
quality of the embedding vectors produced by the GAN part of
VQGAN and the codebook vectors learned is so high that you can use
them for generating large images of high quality — larger in size than any
that had been generated prior to this paper.
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VQGAN — Codebook Learning and Autoregressive Modeling

VQGAN — Codebook Learning and Autoregressive Modeling (contd.)

@ Just as what is accomplished with a tokenizer for text processing,
VQGAN gives you a token vocabulary of a fixed size for representing
images. In that sense, the learned codebook vectors are the tokens for
the case of images. As is the case with text processing tokens, the
VQGAN tokens have integer indices associated with them and, for
each integer index, an embedding vector.

@ The next slide shows the synthesized images from the VQGAN paper.
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VQGAN — Some Example Results by the Original Authors

FIgU I'€. Images synthesized by VQGAN. The top image is of size 1280 X 832, the middle of size 1024 X 416 and the bottom
of size 1280 X 240. This figure is from the VQGAN paper https://arxiv.org/pdf/2012.09841
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VQGAN — Codebook Learning and Autoregressive Modeling

@ The next figure explains the “architecture” of VQGAN. You again
have an Encoder-Decoder structure, as in VQVAE, except for the
difference that it serves as the Generator inside a GAN.

@ As is always the case with a GAN, the Discriminator’s job is to
become an expert at recognizing the images in the training dataset
and, at the same time, to disbelieve to the maximum extent possible
the output of the Generator.

@ What you see inside the large box labeled “VQGAN" is very much like
the architecture of VQVAE. The output of the Encoder would be a
small-sized array with a large channel dimension. As for VQVAE, you
think of each element of the output array along with its channel axis
an an embedding vector. Subsequently, you would replace each
embedding vector at the output of the Encoder with the closest
codebook vector.



VQGAN — Codebook Learning and Autoregressive Modeling

VQGAN — Codebook Learning and Autoregressive Modeling (contd.)

Codebook Z Transformer

2(0) = IL; ploloco) *'._'_'""_'.!-‘
'

AW .
argmin, e |12 =[]

FIgU I€. From the VQGAN paper https://arxiv.org/pdf/2012.09841
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VQGAN — Codebook Learning and Autoregressive Modeling

VQGAN — Codebook Learning and Autoregressive Modeling (contd.)

o We represent the codebook vectors by Z = {zk}kK:1 with each vector
z; € R", where n, is the dimensionality of the codebook vectors.

o If x represent the input image fed into the Encoder and x’ the image
at the output of the Decoder, for the loss for the operations inside the
VQGAN box in the figure on the previous slide, we write the same
expression as for the VQVAE loss on Slide 66:

2 2
Lvq(€,6,2) = llx—=xIB + |[sglencC = ¢||, + B|[zenc(x) — sglel||, (23)

where the symbol £ stands for the Encoder, G for the Decoder, and
Z for the codebook defined in the first bullet above.

@ To the above loss, we now add the Adversarial Loss defined by (See
Section 10 of my Week 11 lecture):

Lean({€,G,2},D) = [logD(x) + log(l — D(x))] (24)



VQGAN — Codebook Learning and Autoregressive Modeling

VQGAN — Codebook Learning and Autoregressive Modeling (contd.)

@ Combining the two losses shown on the previous slide, we write the
following expression for the complete objective function for training
the VQGAN:

Logn = min max[Lvo(£,G.2) + Mow({€.9,21.D)]  (25)

with
vGL [Lrec]

A= oL (26)
Ve, [Lean] + 6

@ The symbol Vi, means the partial of its argument with respect to
the last layer of the Decoder. L, stands for the reconstruction loss
as given by the first term in Eq. (23) and § is set to a small number
like 107° for numerical safety.
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VQGAN — Codebook Learning and Autoregressive Modeling

VQGAN — Codebook Learning and Autoregressive Modeling (contd.)

@ VQGAN is trained two separate stages. First you train just the
VQGAN part of the overall network (shown in the big box labeled
“VQGAN" in the figure on Slide 86). This is based on the min-max
optimization criterion defined in Eq. (25).

@ In the second stage, you train the transformer based autoregressive
modeler. Here you treat the integer index labels associated with the
code vectors as the tokens in a sentence. You want the transformer to
predict the next integer index while using for the ground truth the integer index values

that characterize the codebook vectors chosen for the input image.

@ The goal here is very much like in, say, language translation. As with
the prediction of the next token in the target language for the case of
language translation, we now want to predict the integer index for the
next codebook vector to be used.
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VQGAN — Codebook Learning and Autoregressive Modeling

VQGAN — Codebook Learning and Autoregressive Modeling (contd.)

@ It is important to realize that this autoregressive modeling over the codebook vector
index values is done entirely in the Latent Space, which is the space spanned
by the embeddings at the output of the Encoder and also by the
learned codebook vectors.
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