
Algorithmic Intelligence Lab

Algorithmic Intelligence Lab

AI602: Recent Advances in Deep Learning
Lecture 6

Slide made by 

Sangwoo Mo, Chaewon Kim, Minkyu Kim, Younggyo Seo
KAIST EE

Generative Models II: Explicit Density Models



Algorithmic Intelligence Lab

1. Introduction
• Implicit vs explicit density models

2. Variational Autoencoders (VAE)
• Variational autoencoders
• Tighter bounds for variational inference
• Techniques to mitigate posterior collapse
• Large-scale generation via hierarchical structures
• Diffusion probabilistic models

3. Energy-based Models (EBM)
• Energy-based models
• Score matching generative models

4. Autoregressive and Flow-based Models
• Autoregressive models
• Flow-based models

Table of Contents

2



Algorithmic Intelligence Lab

1. Introduction
• Implicit vs explicit density models

2. Variational Autoencoders (VAE)
• Variational autoencoders
• Tighter bounds for variational inference
• Techniques to mitigate posterior collapse
• Large-scale generation via hierarchical structures
• Diffusion probabilistic models

3. Energy-based Models (EBM)
• Energy-based models
• Score matching generative models

4. Autoregressive and Flow-based Models
• Autoregressive models
• Flow-based models

Table of Contents

3



Algorithmic Intelligence Lab

• From now on, we study generative models with explicit density estimation:

Implicit vs Explicit Density Models
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Generative 
models

Implicit
density

Explicit
density

Exact density

Unnormalized
density

Approximate
density

Learning by
comparison

• Only care about generation, not 𝑝(𝑥)
• Instead of maximizing density, compare

real vs generated samples (i.e., reduce
generation problem to classification)

• Example: GAN, GMMN

• Directly learn density 𝑝(𝑥)
• Example: autoregressive, flow

• Learn unnormalized density 𝐸 𝑥 ∝ 𝑝(𝑥)
• Example: EBM, score matching

• Learn approximation (e.g., lower bound) 
of density ℒ 𝑥 ≤ 𝑝(𝑥)

• Example: VAE, diffusion model
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• From now on, we study generative models with explicit density estimation:

Implicit vs Explicit Density Models
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• Consider the following generative model:

• Fixed prior on random latent variable           
• e.g., standard Normal distribution

• Parameterized likelihood (decoder) for generation:
• e.g., Normal distribution parameterized by neural network

• Resulting generative distribution (to optimize):

Variational Autoencoder (VAE)
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“decoding”
distribution

latent variable data
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• Variational autoencoder (VAE) introduce an auxiliary distribution (encoder) 
[Kingma et al., 2013]

• Each                   term is replaced by its lower bound: 

• Bound becomes equality when

Variational Autoencoder (VAE)
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“encoding”
distribution

representation
data
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• The training objective becomes:

where latent variables are sampled by                                       

• However, non-trivial to train with back propagation due to sampling procedure:

Variational Autoencoder (VAE)
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Since              is fixed after being sampled,                      ?

tractable between two Gaussian distributions
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• Reparameterization trick is based on the change-of-variables formula:

• Latent variable            can be similarly parameterized by encoder network:

Variational Autoencoder (VAE)

10

scaling shifting
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• Total loss of variational autoencoder:

• Recall that are parameterized by     

• Derivative of first part:

Variational Autoencoder (VAE)
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log-normal distribution

reparameterization trick



Algorithmic Intelligence Lab

• Total loss of variational autoencoder:

• Recall that are parameterized by     

• Derivative of second part:

Variational Autoencoder (VAE)
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element-wise factorization (                                )

KL divergence between normal distributions
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• Based on the proposed scheme, variational autoencoder successfully 
generates images:

• Interpolation of latent variables induce transitions in generated images:

Variational Autoencoder (VAE)
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Training on MNIST



Algorithmic Intelligence Lab

• Although VAE has many advantages (e.g., fast sampling, full mode covering,
latent embedding), there are issues that lead to poor generation quality

• Tighter objective bound
• Reduce approximation (model) error: Importance-weighted AE (IWAE)
• Reduce amortization (sample-wise) error: Semi-amortized VAE (SA-VAE)

• Posterior collapse (latents are ignored when paired with powerful decoder)
• Careful optimization: various techniques for continuous latent-space VAEs
• Use discrete latent space: Vector-quantized VAE (VQ-VAE, VQ-GAN)

• Improve model expressivity
• Use expressive prior distribution: Gaussian mixtures, normalizing flow
• Use hierarchical architectures: Hierarchical VAE, Diffusion Models

Improving VAEs
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• Observe that ELBO can also be proved by the Jensen’s inequality:

• Based on convexity, interchange order of logarithm and summation

• Importance weighted AE (IWAE) relax the inequality [Burda et al., 2018]:

• Becomes original ELBO when               and becomes exact bound when                

Importance-weighted Autoencoder (IWAE)
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also called importance weights
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• Inference gap of VAE can be decomposed to approximation gap (model error)
and amortization gap (single neural network amortizes all posteriors)

• Semi-amortized VAE: In addition to the
global inference network, update the
posterior of each local instance for
a few steps [Kim et al., 2018]
• Resembles MAML (see future lecture)

• Semi-amortized VAE can further reduce ELBO, applied on top of any VAEs

Semi-amortized VAE (SA-VAE)

17

→ shared to all samples

→ specific to each sample 𝑥

* SVI: Instance-specific posterior only, without amortization
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• Posterior collapse [Bowman et al., 2016]:
• When paired with powerful decoder, VAEs often ignore the posterior 𝑞!(𝑧|𝑥) and

generates generic samples (i.e., reconstruction loss does not decrease well)

• To mitigate posterior collapse, prior works attempt

1. Weaken the KL regularization term [Bowman et al., 2016, Razavi et al., 2019a]
• Recall: KL regularization term minimizes KL(𝑝! 𝑧 𝑥 , 𝑝 𝑧 )
• Anneal the weight during training, or constraint ≥ 𝛿

2. Match aggregated posterior instead of individuals [Tolstikhin et al., 2018]
• Instead of matching 𝑝! 𝑧 𝑥 ≈ 𝑝(𝑧) for all 𝑥, match the aggregated posterior 
𝔼"∼$(") 𝑝! 𝑧 𝑥 ≈ 𝑝(𝑧) (each 𝑝! 𝑧 𝑥 is now a deterministic, single point)

• Need implicit distribution matching techniques (e.g., GAN)

3. Improve optimization procedure [He et al., 2019]
• Strengthen the encoder: update encoder until converge, and decoder once

Mitigating Posterior Collapse for Continuous Latent-space VAEs
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• VQ-VAE [Oord et al., 2017]
• Each data is embedded into combination of ‘discrete’ latent vectors:
• i.e.) each encoder output is quantized to the nearest vector among     codebook 

vectors 

• Restriction of latent space achieves high generation quality including:
• Images, videos, audios, etc.

Vector-quantized VAE (VQ-VAE)

20

Codebook
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• VQ-VAE [Oord et al., 2017] 
• The objective of VQ-VAE composed of three terms:

• Reconstruction loss (1)
• VQ loss (2): 

• Optimization of codebook vectors 
• Commitment loss (3): 

• Regularization to get encoder outputs and codebook close

• VQ-VAE like methods (i.e. discrete prior) recently shows remarkable success on:
• DALL-E (text-image generative model) – image is encoded via VQ-VAE
• Many audio self-supervised learning method

Vector-quantized VAE (VQ-VAE)
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(1) (2) (3)
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• VQ-VAE-2 [Razavi et al., 2019b]
• Different from VQ-VAE, vector quantization occurs twice (top, bottom level)
• For both consideration of local/global features for high-fidelity image 

Vector-quantized VAE + Hierarchical Architecture (VQ-VAE-2)

22

For local features

For global features
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• VQ-VAE-2 [Razavi et al., 2019b]
• After VQ-VAE-2 training, train two pixelCNN priors for new image generation
• They autoregressively fill out each quantized latent vector space

• Generated images are comparable to state-of-the-art GAN model (e.g. BigGAN)

Vector-quantized VAE + Hierarchical Architecture (VQ-VAE-2)

23

Via learned PixelCNN priors

Via learned PixelCNN priors



Algorithmic Intelligence Lab

• Although VAE has many advantages (e.g., fast sampling, full mode covering,
latent embedding), there are issues that lead to poor generation quality

• Tighter objective bound
• Reduce approximation (model) error: Importance-weighted AE (IWAE)
• Reduce amortization (sample-wise) error: Semi-amortized VAE (SA-VAE)

• Posterior collapse (latents are ignored when paired with powerful decoder)
• Careful optimization: various techniques for continuous latent-space VAEs
• Use discrete latent space: Vector-quantized VAE (VQ-VAE)

• Improve model expressivity
• Use expressive prior distribution: Gaussian mixtures, normalizing flow
• Use hierarchical architectures: Hierarchical VAE, Diffusion Models

Improving VAEs
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• NVAE [Vahdat et al., 2020]
• Hierarchical VAEs use the factorized latent space 𝑝' 𝑧 = ∏( 𝑝'(𝑧(|𝑧)()
• Here, the ELBO objective is given by

• However, prior attempts on hierarchical VAE were not so successful due to:
1. Long-range correlation: upper latents often forget the data information

2. Unstable (unbounded) KL term: even more severe for hierarchical VAEs since 
they jointly learn the prior distribution 𝑝'(𝑧)

Nouveau VAE (NVAE)

25

Forgets 𝑥

Both 𝑞!(𝑧|𝑥) and 𝑝"(𝑧) are
moving during training
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• NVAE [Vahdat et al., 2020]
• Idea 1. Bidirectional encoder (originally from [Kingma et al., 2016])

• Enforce upper latents (e.g., 𝑧*) to predict the lower latents (e.g., 𝑧+)
→ Improve the long-range correlation issue

• Training: posterior 𝑞!(𝑧|𝑥) is inferred by both encoder and decoder
(aggregate them) and prior 𝑝'(𝑧) is jointly inferred by decoder
• Recall that the KL term is a function of 𝑞!(𝑧|𝑥) and 𝑝'(𝑧)

• Inference: Sample prior 𝑝'(𝑧) from decoder and generate sample 𝑥

Nouveau VAE (NVAE)
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Better remembers 𝑥
(should reconstruct 𝑧!)
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• NVAE [Vahdat et al., 2020]
• Idea 2. Taming the unstable KL term

1. Residual normal distribution
• For each factorized prior distribution

define approximate posterior as (instead of directly predict 𝜇,, 𝜎,)

• Then, the KL term of ELBO is given by

2. Spectral regularization
• Enforce Lipschitz smoothness of encoder to bound KL divergence
• Regularize the largest singular value of convolutional layers (estimated by 

power iteration [Yoshida & Miyato, 2017])

Nouveau VAE (NVAE)

27
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• NVAE [Vahdat et al., 2020]
• Results:

• Generate high-resolution (256x256) images

• SOTA test negative log-likelihood (NLL) on non-autoregressive models

Nouveau VAE (NVAE)

28
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• VD-VAE [Child, 2021]
• Autoregressive models have outperformed VAEs (will be covered later)
• Main idea: However, very deep VAEs generalize autoregressive models

Very Deep VAE (VD-VAE)

29

Observation 1: Hierarchical VAEs with N layers 
(N = dimension of data D) generalizes 
autoregressive models
• e.g.) learns deterministic identity function

Observation 2: VAEs with fewer layers (N < D) can 
still model data by learning efficient hierarchies of 
latent variables
• e.g.) learns conditional independence
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• VD-VAE [Child, 2021]
• Empirically, deep VAEs often suffer from unstable training

• Recap: NVAE requires complex techniques to stabilize KL

• Q: How to make VAE deeper?
• Idea 1: Top-down architecture with bottleneck residual blocks

Very Deep VAE (VD-VAE)

30
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• VD-VAE [Child, 2021]
• Empirically, deep VAEs often suffer from unstable training

• Recap: NVAE requires complex techniques to stabilize KL

• Q: How to make VAE deeper?
• Idea 2: Additional simple techniques

• Transposed CNNs => Nearest-neighbor upsampling
• Scale down weight initialization of final layer in residual block
• Gradient skipping: skip updates when gradient norm is above threshold

Very Deep VAE (VD-VAE)

31
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• VD-VAE [Child, 2021]
• Results: Very deep VAEs (>50 layers) can outperform autoregressive models with fe

wer parameters while maintaining fast sampling

Very Deep VAE (VD-VAE)
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• Diffusion probabilistic models [Sohl-Dickstein et al., 2015]
• Diffusion (forward) process: Markov chain that gradually add noise (of same

dimension of data) to data until original the signal is destroyed

• Sampling (backward) process: Markov chain with learned Gaussian denoising
transition, starting from standard Gaussian noise

Denoising Diffusion Probabilistic Models (DDPM)

34

Diffusion process (forward)

Denoising/sampling (reverse)
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• Diffusion probabilistic models [Sohl-Dickstein et al., 2015]
• Here, the forward distribution 𝑞 𝑥-.+ 𝑥- , 𝑥/ can be expressed as a closed form
• Variational Lower Bound (VLB) objective is given by the sum of local KL divergences 

(between Gaussians)

• Specifically, how to calculate the posterior 𝑞 𝑥-.+ 𝑥- , 𝑥/ ?
• Let 𝛼- = 1 − 𝛽- and 9𝛼- = ∏01/

- 𝛼0, then marginal can be derived:

• Using Bayes theorem,

Denoising Diffusion Probabilistic Models (DDPM)

35

𝐿234
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• Diffusion probabilistic models [Sohl-Dickstein et al., 2015]
• For modelling 𝑝', we should model 𝜇' and Σ'

• DDPM [Ho et al., 2020] proposes a simple objective & model:
• For Σ', DDPM fix the variance Σ' 𝑥- , 𝑡 = 𝜎-5𝑰, where 𝜎-5 = 𝛽- or >𝛽-
• For 𝜇', DDPM predicts the noise 𝜖 and use the following derivation:

• Where 𝜖' is trained by optimizing following objective:

• Then, the training/sampling scheme resembles denoising score matching
(will be discussed later in this lecture)

• Intuitively, the reverse process adds the (learned) noise 𝜖' for each step
(resembles stochastic Langevin dynamics)

Denoising Diffusion Probabilistic Models (DDPM)

36
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• Diffusion probabilistic models [Sohl-Dickstein et al., 2015]
• DDPM achieved the SOTA FID score (3.17) on CIFAR-10 generation

• DDPM also generates high-resolution (256x256) images

Denoising Diffusion Probabilistic Models (DDPM)

37
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• Improved Denoising Diffusion Probabilistic Models [Nichol and Dhariwal, 2021]
• This paper improves upon DDPM by introducing additional techniques:

1. Learned variance instead of fixed variance

2. Hybrid objective of VLB and Simple objectives

3. Different diffusion (cosine) schedule
• Instead of linear schedule in DDPM

Improved Denoising Diffusion Probabilistic Models

38

Learnable parameters

Σ' can be learned through this loss
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• Improved Denoising Diffusion Probabilistic Models [Nichol and Dhariwal, 2021]
• Results: Simple techniques can improve performance of DDPM

Improved Denoising Diffusion Probabilistic Models

39
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• Denoising Diffusion Implicit Models (DDIM) [Song et al., 2021]
• Generalizes DDPM with much faster sampling process

• Main idea: Introduce non-Markovian forward process
• Since DDPM objective only depends on marginal 𝑞 𝑥- 𝑥/ , any arbitrary infere

nce distribution that has same marginal can be used

• Specifically, DDIM proposes a following inference distribution:

• Where 𝑞6 is set to have same marginal with DDPM

Denoising Diffusion Implicit Models (DDIM)

40
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• Denoising Diffusion Implicit Models (DDIM) [Song et al., 2021]

• Generative process 𝑝'
- (𝑥-.+|𝑥-) is defined by leveraging 𝑞6(𝑥-.+|𝑥- , 𝑥/):

1. From 𝑥-, predict “denoised” observation 𝑥/
2. Obtain sample 𝑥-.+ from 𝑞6(𝑥-.+|𝑥- , 𝑥/) using predicted 𝑥/ and 𝑥-

• How to predict 𝑥/ from 𝑥-?
• Marginal: 𝑞 𝑥- 𝑥/ ≔ ∫ 𝑞 𝑥+:- 𝑥/ 𝑑𝑥+: -.+ = 𝑁(𝑥-; 𝛼-𝑥/, 1 − 𝛼- 𝑰)
• From this, we can obtain 𝑥- = 𝛼-𝑥/ + 1 − 𝛼-𝜖-
• By introducing a model 𝜖'

- (𝑥-) that predicts 𝜖-, prediction of 𝑥/ is given as:
𝑓'
- 𝑥- ≔ (𝑥- − 1 − 𝛼- 𝜖'

- (𝑥-))/ 𝛼-

Denoising Diffusion Implicit Models (DDIM)

41
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• Denoising Diffusion Implicit Models (DDIM) [Song et al., 2021]
• Resulting generative process:

• Which becomes a DDPM when 
• Which becomes a deterministic generative process from 𝑥- to 𝑥/ when 𝜎- = 0

• i.e., Denoising Diffusion Implicit Model (DDIM)

• Accelerated generation process
• Objective does not depend on specific forward process if 𝑞6(𝑥-|𝑥/) is fixed
• Hence, we can consider “shorter” forward processes

• Forward process over a subset 𝑥8! , … , 𝑥0 that matches the marginals
• 𝑞 𝑥8" 𝑥/ = 𝑁( 𝛼8"𝑥/, 1 − 𝛼8" 𝑰)

Denoising Diffusion Implicit Models (DDIM)

42
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• Denoising Diffusion Implicit Models (DDIM) [Song et al., 2021]
• Experiments: Investigation on hyperparameters

• Number of sampling steps S
• Degree of stochasticity 𝝈

• Interpolation between DDPM (𝜂 = 1) and DDIM (𝜂 = 0)

Denoising Diffusion Implicit Models (DDIM)

43

Deterministic generation process (DDIM) can generate good samples
with 10x~100x smaller sampling steps (=fast)
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Diffusion Models Beat GANs on Image Synthesis
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• Diffusion Models Beat GANs on Image Synthesis [Dhariwal and Nichol, 2021]
• Main idea: Class information could improve the image fidelity of diffusion model.

• Class-conditional GANs already make heavy use of class information [Brock et 
al., 2019].

• Propose classifier guidance to give class information to the diffusion model.
• Trade off between the fidelity and diversity of generated image.
• As strong class guidance is given, the fidelity of images improves but the 

diversity decreases.

• Train a classifier 𝑝!(𝑦|𝑥- , 𝑡) on noisy images 𝑥-, and use gradients 
∇"# log 𝑝!(𝑦|𝑥- , 𝑡) to guide the diffusion sampling process.
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Diffusion Models Beat GANs on Image Synthesis
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• Diffusion Models Beat GANs on Image Synthesis [Dhariwal and Nichol, 2021]

• Classifier guided diffusion sampling (as DDPM)
• Substitute the denoising process to conditional likelihood 𝑝',! 𝑥- 𝑥-:+, 𝑦

where 𝑍 is a normalizing constant.
• By approximating log 𝑝! 𝑦 𝑥- using a Talyor expansion,

Here, which is a gradient from the classifer.

• Conditional transition could be approximated by a Gaussian similar to uncondi
tional transition operator with shifted mean.



Algorithmic Intelligence Lab

Diffusion Models Beat GANs on Image Synthesis
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• Diffusion Models Beat GANs on Image Synthesis [Dhariwal and Nichol, 2021]

• Classifier guided DDIM sampling
• Score function is derived from the noise prediction model 𝜖' 𝑥- :

• Score function for conditional generation is given by,

• Hence, we could use the modified noise prediction for the same procedure.
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Diffusion Models Beat GANs on Image Synthesis
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• Diffusion Models Beat GANs on Image Synthesis [Dhariwal and Nichol, 2021]
• Trade off between fidelity and diversity.

• As scaling classifier gradients, metrics indicate quality (IS and precision) improv
es and metrics imply diversity (FID and recall) become worse.
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Diffusion Models Beat GANs on Image Synthesis
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• Diffusion Models Beat GANs on Image Synthesis [Dhariwal and Nichol, 2021]
• Difussion model guided with classifier outperforms the state of the art generative 

models.
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Classifier-Free Diffusion Guidance [Ho and Salimans, 2021]
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• Classifier-Free Diffusion Guidance [Ho and Salimans, 2021]
• Introduce classifier guidance without training any additional classifier.

• Train a single neural network which parameterize both conditional and 
unconditional diffusion model.
• Conditional model 𝑝'(𝒛|𝒄) with score 𝜖'(𝒛;, 𝒄)
• Unconditional diffusion model 𝑝'(𝒛) with score 𝜖' 𝒛; = 𝜖'(𝒛;, 𝒄 = 𝟎)

• Perform sampling using the linear combination of conditional and unconditional 
score estimates.

• Inspired by the gradient of an implicit classifier 𝑝,(𝒄|𝒛𝝀) ∝ 𝑝(𝒛𝝀|𝒄)/𝑝(𝒛𝝀).
• If exact score 𝝐∗ 𝒛𝝀, 𝒄 , 𝝐∗(𝒛𝝀) exists, then the gradient of the implicit

classifier is given by 
• Its guidance would be linear interpolation between two score functions.
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Classifier-Free Diffusion Guidance [Ho and Salimans, 2021]

50

• Classifier-Free Diffusion Guidance [Ho and Salimans, 2021]
• Suggesting higher guidance generates less diverse and high fidelity images.
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GLIDE [Nichol et al., 2022]

51

• GLIDE: Towards Photorealistic Image Generation and Editing with Text-Guided D
iffusion Models [Nichol et al., 2022]
• Text conditional image synthesis with classifier-free guidance to diffusion model.

• How to input text as the condition?
• Encode the text into a sequence of 𝐾 tokens and feed theses tokens into a

Transformer model.
• Final token embedding is used in place of a class embedding.
• The last layer of token embeddings is separately projected to the dimensionali

ty of each attention layer, and then concatenated to the attention context.
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GLIDE [Nichol et al., 2022]
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• GLIDE: Towards Photorealistic Image Generation and Editing with Text-Guided D
iffusion Models [Nichol et al., 2022]
• Text conditional image synthesis with classifier-free guidance to diffusion model.
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• EBM [LeCun et al., 2006, Du & Mordatch, 2019] 
• Instead of directly modeling the density 𝑝(𝑥), learn the unnormalized density (i.e., 

energy) 𝐸(𝑥) such that

• Here, we don’t care about the exact density (which needs to compute the partition
function 𝑍'), but only interested in the relative order of densities

• Training: The gradient of negative log-likelihood (NLL) is decomposed to:

• Note that this contrastive objective resembles (Wasserstein) GAN, but EBM uses an 
implicit MCMC generating procedure and no gradient through sampling
• One can modify the discriminator of GAN to be an EBM [Zhao et al., 2017]

Energy-based Models (EBM)

54
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• EBM [LeCun et al., 2006, Du & Mordatch, 2019] 
• Instead of directly modeling the density 𝑝(𝑥), learn the unnormalized density (i.e., 

energy) 𝐸(𝑥) such that

• Sampling: Run Markov chain Monte Carlo (MCMC) to draw a sample from 𝑝'(𝑥)
• For high-dimensional data (e.g., image generation), stochastic gradient

Langevin dynamics (SGLD) [Welling & Teh, 2011] is popularly used:
• Given an initial sample 𝑥/, iteratively update 𝑥>:+ (𝑘 = 0,… , 𝐾 − 1)

• Due to the Gaussian noise, it does not collapse to the MAP solution but
converges to 𝑝'(𝑥) as 𝛼 → 0 and 𝐾 → ∞

Energy-based Models (EBM)
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• Advantages of EBMs
1. Compositionality: One can add or subtract multiple energy functions (e.g., male,

black hair, smiling) to sample the composite distribution

2. No generator network: Unlike GAN/VAEs, EBMs do not need a specialized
generator architecture (one can reuse the standard classifier architectures)

3. Adaptive computation time: Since the sampling is given by iterative SGLD, the user 
can choose from the fast coarse samples to slow fine samples

Energy-based Models (EBM)
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• EBM [LeCun et al., 2006, Du & Mordatch, 2019] 
• The gradient of partition function can be reformulated as follow: 

Energy-based Models (EBM) - Appendix
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• JEM [Grathwohl et al., 2020]
• Use standard classifier architectures for joint distribution EBMs

• Recall that the classifier 𝑝' 𝑦 𝑥 is expressed by the logits 𝑓'(𝑥)

• Here, one can re-interpret the logits to define an energy-based model

• Note that shifting the logits does not affect 𝑝'(𝑦|𝑥) but 𝑝' 𝑥 ; hence, EBM gives
an extra degree of freedom

• The objective of JEM is a sum of density and conditional models, where the density 
model is trained by contrastive objective of EBM

Joint Energy-based Models (JEM)
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• JEM [Grathwohl et al., 2020]
• JEM achieves a competitive performance as both classifier and generative model

• Also, JEM (generative classifier) improves uncertainty and robustness
• (a) calibration, (b) out-of-distribution detection, (c) adversarial robustness

Joint Energy-based Models (JEM)
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• Score matching [Hyvärinen, 2005]
• Score = gradient of the log-likelihood 𝑠 𝑥 ≔ ∇" log 𝑝(𝑥)
• Score matching = Match the scores of data and model distribution

• However, we don’t know the scores of data distribution
• Instead, one can use the equivalent form (proof by integration of parts)

• Recent works mostly consider denoising score matching [Vincent, 2011]
• Match the score of perturbed distribution 𝑞6 \𝑥 ≔ ∫ 𝑞6 \𝑥 𝑥 𝑝?@A@ 𝑥

where 𝑞6 \𝑥|𝑥 = 𝒩(𝑥, 𝜎)
• Then, the score matching objective is equivalent to

• It is tractable since the gradient ∇ B" log 𝑞6( \𝑥|𝑥) = ∇ B" log𝒩(\𝑥|𝑥, 𝜎) =
∇ B" log

+
6 5C

exp(− +
5
( B"."
6
)5) can be analytically computed

• The objective can learn the scores of data distribution if 𝜎 ≈ 0

Score Matching
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• Score matching [Hyvärinen, 2005]
• The score matching objective can be reformulated as follow:

• It is sufficient to show that

• The last equality comes from the integration of parts

and assumption 𝑝?@A@ 𝑥 𝑠' 𝑥 → 0 for both side of infinity

Score Matching - Appendix
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• NCSN [Song et al., 2019]
• Previous works mostly define the score as a gradient of the energy function
𝑠' 𝑥 ≔ −∇"𝐸'(𝑥)

• This work: Directly model the score 𝑥 ∈ ℝD ↦ 𝑠' 𝑥 ∈ ℝD as an output

• Noise-conditional Score Network
• Denoising score matching is stable for

large 𝜎 but unbiased for small 𝜎
• Idea: Learn multiple noise levels (with

a single neural network) and anneal the
noise level during sampling 𝜎+ > ⋯ > 𝜎3

• One can extend score matching to continuous version (stochastic differential
equations, SDEs) [Song et al., 2021]
• NCSN and DDPM can be viewed as different discretization of some SDEs
• This view provides a better approach for generation and likelihood estimation

Noise-conditional Score Network (NCSN)
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• NCSN [Song et al., 2019]
• The continuous version of NCSN [Song et al., 2021] is SOTA for both likelihood

estimation and sample generation on CIFAR-10

Noise-conditional Score Network (NCSN)
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• Score matching through SDE [Song et al., 2021] 

• Like DDPM, we consider some forward diffusion process (SDE):

• Then, the reverse diffusion process also follows some SDE:

• One can learn the score function by score matching

Noise-conditional Score Network (NCSN) - Appendix
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• Score matching through SDE [Song et al., 2021] 

• Like DDPM, we consider some forward diffusion process (SDE):

• Here, NCSN and DDPM can be viewed as different discretizations some stochastic
differential equations (SDEs)

• NCSN: →

• DDPM: →

Noise-conditional Score Network (NCSN) - Appendix
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• Score matching through SDE [Song et al., 2021] 
• The reverse diffusion process can be solved by 3 ways:

1. Run a general-purpose SDE solver (a.k.a. predictor)
2. Utilize the score-based model 𝑠' 𝑥, 𝑡 ≈ ∇" log 𝑝-(𝑥) (a.k.a. corrector)

→ Combining predictor and corrector gives the SOTA generation performance

Noise-conditional Score Network (NCSN) - Appendix
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• Score matching through SDE [Song et al., 2021] 
• The reverse diffusion process can be solved by 3 ways:

1. Run a general-purpose SDE solver (a.k.a. predictor)
2. Utilize the score-based model 𝑠' 𝑥, 𝑡 ≈ ∇" log 𝑝-(𝑥) (a.k.a. corrector)

3. Convert to deterministic ODE
• Every SDE (Ito process) has a corresponding deterministic ODE

whose trajectories include the same evolution of densities

• Deterministic ODE defines an invertible model (a.k.a. normalizing flow)
[Chen et al., 2018]

• Using this formulation, one can
a) Compute exact likelihood
b) Manipulate latents with encoder (model is invertible)

Noise-conditional Score Network (NCSN) - Appendix
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• Autoregressive generation (e.g., pixel-by-pixel for images) :

• For example, each RBG pixel is generated autoregressively:

• Each pixel is treated as discrete variables, sampled from softmax distributions:

Autoregressive models
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• Using CNN and RNN for modeling [Oord et al., 2016]
• Simply treating          as one-dimensional (instead of two-dimensional) vector:

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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• Using CNN and RNN for modeling [Oord et al., 2016]
• Simply treating          as one-dimensional (instead of two-dimensional) vector:

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>

CNN-based

p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

(input)

(generation)(hidden layer)

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Simply treating          as one-dimensional (instead of two-dimensional) vector:

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)

73

xk
<latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit>

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>

CNN-based

effective 
receptive field

p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>
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• Using CNN and RNN for modeling [Oord et al., 2016]
• Simply treating          as one-dimensional (instead of two-dimensional) vector:

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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CNN-based

LSTM

xk
<latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit>

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>

RNN-based

xk
<latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit>

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>

effective 
receptive field

p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Simply treating          as one-dimensional (instead of two-dimensional) vector:

• Inference requires iterative forward procedure (slow)

• Training requires single forward pass for CNN, but multiple pass for RNN (slow)

• Effective receptive field (context of pixel generation) is unbounded for RNN, but 
bounded for CNN (constrained)

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)

75

CNN-based RNN-based

xk
<latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit>

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>

xk
<latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit><latexit sha1_base64="wJFfkFBRxjTslO0jDboBTL+3MvE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48VTFtoQ9lsN+3S3U3Y3YglxL/gVe/exKv/xau/xG2bg219MPB4b4aZeWHCmTau++2UNja3tnfKu5W9/YPDo+rxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzO/M4jVZrF8sFMExoIPJIsYgQbK/lPg2ySD6o1t+7OgdaJV5AaFGgNqj/9YUxSQaUhHGvd89zEBBlWhhFO80o/1TTBZIJHtGepxILqIJsfm6MLqwxRFCtb0qC5+nciw0LrqQhtp8BmrFe9mfif10tNdBNkTCapoZIsFkUpRyZGs8/RkClKDJ9agoli9lZExlhhYmw+S1tCkVdsKN5qBOuk3ah7bt27v6o1G0U8ZTiDc7gED66hCXfQAh8IMHiBV3hznp1358P5XLSWnGLmFJbgfP0CblOVfA==</latexit>

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>

effective 
receptive field

effective 
receptive field

LSTM

p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

x<k
<latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit><latexit sha1_base64="jJMLOOvkP/+o5R/GXJTSYHoyLxM=">AAACAnicbVC7SgNBFL3rM8ZX1NJmMQhWYTcIWlgEbCwjmAdsljA7mU2GzGOZmRXDsp2/YKu9ndj6I7Z+iZNkC5N44MLhnHu5954oYVQbz/t21tY3Nre2Szvl3b39g8PK0XFby1Rh0sKSSdWNkCaMCtIy1DDSTRRBPGKkE41vp37nkShNpXgwk4SEHA0FjSlGxkpBL+LZU97PbsZ5v1L1at4M7irxC1KFAs1+5ac3kDjlRBjMkNaB7yUmzJAyFDOSl3upJgnCYzQkgaUCcaLDbHZy7p5bZeDGUtkSxp2pfycyxLWe8Mh2cmRGetmbiv95QWri6zCjIkkNEXi+KE6Za6Q7/d8dUEWwYRNLEFbU3uriEVIIG5vSwpaI52Ubir8cwSpp12u+V/PvL6uNehFPCU7hDC7AhytowB00oQUYJLzAK7w5z8678+F8zlvXnGLmBBbgfP0CHRKYFw==</latexit>

Next, extending to two-dimensional data
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• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

masked 
convolution

(input)

(hidden layer)

x>k
<latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit>

Pixel CNN



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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x>k
<latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit>

masked 
convolution

masked 
convolution

p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

(input)

(generation)

(hidden layer)

Pixel CNN



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )
• Row LSTM use LSTMs, generating image row-by-row (not pixel-by-pixel)

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

(row) masked 
convolution

masked 
convolution

masked 
convolution

x>k
<latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit>

Pixel CNN Row LSTM



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )
• Row LSTM use LSTMs, generating image row-by-row (not pixel-by-pixel)

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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p(xk|x<k)
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Pixel CNN Row LSTM



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )
• Row LSTM use LSTMs, generating image row-by-row (not pixel-by-pixel)

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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Pixel CNN Row LSTM



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )
• Row LSTM use LSTMs, generating image row-by-row (not pixel-by-pixel)

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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<latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit>

Pixel CNN Row LSTM
Next, introducing column-wise dependencies using LSTMs



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )
• Row LSTM use LSTMs, generating image row-by-row (not pixel-by-pixel)
• Diagonal BiLSTM use bi-directional LSTMs, to generate image pixel-by-pixel

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

masked 
convolution

masked 
convolution

x>k
<latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit>

Diagonal BiLSTM



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )
• Row LSTM use LSTMs, generating image row-by-row (not pixel-by-pixel)
• Diagonal BiLSTM use bi-directional LSTMs, to generate image pixel-by-pixel

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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p(xk|x<k)
<latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit><latexit sha1_base64="bAKQ5+s0lPqcL4fc/QkTmHVBpk4=">AAACDXicbVDLSsNAFJ34rPUVHzs3g0Wom5IUQRcuCm5cVrAPaEOYTCft0JlJmJlIa8w3+Atude9O3PoNbv0Sp20WtvXAhcM593IuJ4gZVdpxvq2V1bX1jc3CVnF7Z3dv3z44bKookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDG8mfuuBSEUjca/HMfE46gsaUoy0kXz7OC6P/HSYPXUDno4yP70eZue+XXIqzhRwmbg5KYEcdd/+6fYinHAiNGZIqY7rxNpLkdQUM5IVu4kiMcJD1CcdQwXiRHnp9PsMnhmlB8NImhEaTtW/FyniSo15YDY50gO16E3E/7xOosMrL6UiTjQReBYUJgzqCE6qgD0qCdZsbAjCkppfIR4gibA2hc2lBDwrmlLcxQqWSbNacZ2Ke3dRqlXzegrgBJyCMnDBJaiBW1AHDYDBI3gBr+DNerberQ/rc7a6YuU3R2AO1tcvk/CcGQ==</latexit>

masked 
convolution

masked 
convolution

bi-directional 
LSTM

x>k
<latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit><latexit sha1_base64="84z02Y71wxcQMkUtlzCZX3a41FU=">AAACAnicbVDLSsNAFL3xWeur6tJNsAiuSlIEXUnBjcsK9gFpKJPppB06jzAzEUvIzl9wq3t34tYfceuXOG2zsK0HLhzOuZd774kSRrXxvG9nbX1jc2u7tFPe3ds/OKwcHbe1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60fh26nceidJUigczSUjI0VDQmGJkrBT0Ip495f3sZpz3K1Wv5s3grhK/IFUo0OxXfnoDiVNOhMEMaR34XmLCDClDMSN5uZdqkiA8RkMSWCoQJzrMZifn7rlVBm4slS1h3Jn6dyJDXOsJj2wnR2akl72p+J8XpCa+DjMqktQQgeeL4pS5RrrT/90BVQQbNrEEYUXtrS4eIYWwsSktbIl4Xrah+MsRrJJ2veZ7Nf/+stqoF/GU4BTO4AJ8uIIG3EETWoBBwgu8wpvz7Lw7H87nvHXNKWZOYAHO1y8gPpgZ</latexit>

Diagonal BiLSTM



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )
• Row LSTM use LSTMs, generating image row-by-row (not pixel-by-pixel)
• Diagonal BiLSTM use bi-directional LSTMs, to generate image pixel-by-pixel

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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“diagonal” 
time sequence

for LSTMs

p(xk|x<k)
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Diagonal BiLSTM



Algorithmic Intelligence Lab

• Using CNN and RNN for modeling [Oord et al., 2016]
• Pixel CNN use masked convolutional layer (for         )
• Row LSTM use LSTMs, generating image row-by-row (not pixel-by-pixel)
• Diagonal BiLSTM use bi-directional LSTMs, to generate image pixel-by-pixel

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)

85

masked 
convolution

• Receptive field now covers every 
pixels generated previously

masked 
convolution

bi-directional 
LSTM

p(xk|x<k)
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Diagonal BiLSTM



Algorithmic Intelligence Lab

• Image generation results from CIFAR-10 and ImageNet:

• Evaluation of negative log-likelihood (NLL) on MNIST and CIFAR-10 dataset:

• PixelCNN is easiest to train and Diagonal BiLSTM performs best

Pixel Convolutional/Recurrent Neural Network (PixelCNN/PixelRNN)
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MNIST CIFAR-10

CIFAR-10 ImageNet

Only explicit models (not GAN) can compute NLL
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ImageGPT

87

• Generative Pretraining from Pixels [Chen et al., 2020]
• Apply GPT [Brown et al., 2020] to image domain by flattening image to 1D.

• Train autoregressive transformer which predicts the pixels without knowledge of 
2D input structure.

where



Algorithmic Intelligence Lab

ImageGPT
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• Generative Pretraining from Pixels [Chen et al., 2020]
• ImageGPT not only learns image representations,

• It outperforms supervised representation with ImageNet in transfer learning.

• but also shows inpainting ability.

Linear probing Full finetuning
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Scaling Autoregressive Video Models (Video Transformer)

89

• Scaling Autoregressive Video Models [Weissenborn et al., 2020]
• Apply GPT to video domain by flattening video to 1D.
• However, using all pixels from a video is computationally infeasible

• e.g.) 32x32 video of length 16 has 16 * 32 * 32 * 3 = 49,152 pixels
• Much longer than the input length of GPT3 (=2048), ImageGPT (=3072)

• Main idea: Reduce the complexity of autoregressive video generation by
• 1) Designing an efficient self-attention layer for videos
• 2) Operating on sub-sampled videos instead of pixels



Algorithmic Intelligence Lab

Scaling Autoregressive Video Models (Video Transformer)

90

• Scaling Autoregressive Video Models [Weissenborn et al., 2020]
• Apply GPT to video domain by flattening video to 1D.
• However, using all pixels from a video is computationally infeasible

• Idea 1: Video Transformer with multiple stacked block-local self-attention
• Reduces the computation cost of self-attention over videos, by

1. Decompose a video of (𝑇, 𝐻,𝑊) into 𝑛$ = 𝑡 ⋅ ℎ ⋅ 𝑤 blocks of (𝑡, ℎ, 𝑤)
2. Separately apply self attentions over 𝑛$ blocks

• Attention complexity 𝑇 ⋅ 𝐻 ⋅ 𝑊 5 ⇒ 𝑛$ ⋅ 𝑡 ⋅ ℎ ⋅ 𝑤 5

3. Concatenate the outputs and process through a fully connected layer

• For the connectivity between all pixels, use different block sizes at every layer
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Scaling Autoregressive Video Models (Video Transformer)
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• Scaling Autoregressive Video Models [Weissenborn et al., 2020]
• Apply GPT to video domain by flattening video to 1D.
• However, using all pixels from a video is computationally infeasible

• Idea 2: Divide the video into non-overlapping 3D blocks
• Further reduces the complexity by decomposing the video itself
• Introduce a subscale factor 𝒔 = 𝑠- , 𝑠E , 𝑠F that divides a video into
𝑠 = (𝑠- ⋅ 𝑠E ⋅ 𝑠F) sub-sampled videos (slices)
• Then, each slice is processed through the block-local self-attention layers

• And sequentially generate 𝑥 /,/,/ , 𝑥(/,/,+), …
• e.g.) If we use 𝒔 = 4, 2, 2 , each slice consists of 4 * 16 * 16 * 3 = 3072 pixels

• Attention complexity: 49152" =>  3072" (256 times lower)
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VideoGPT
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• VideoGPT [Yan et al., 2021] 
• Other approach for autoregressive video generation
• Learns downsampled discrete representations over space-time 

• Main idea of VideoGPT
1. Train a VQ-VAE with 3D CNNs on the video data to learn discrete latent 

representations downsampled over space-time 
2. Train autoregressive transformer (Image-GPT architecture) in the latent space 

for learning a prior
3. Decode the predicted discrete latents using the VQ-VAE decoder
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1. Introduction
• Implicit vs explicit density models

2. Variational Autoencoders (VAE)
• Variational autoencoders
• Tighter bounds for variational inference
• Techniques to mitigate posterior collapse
• Large-scale generation via hierarchical structures
• Diffusion probabilistic models

3. Energy-based Models (EBM)
• Energy-based models
• Score matching generative models

4. Autoregressive and Flow-based Models
• Autoregressive models
• Flow-based models

Table of Contents
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Algorithmic Intelligence Lab
* source: Jang, https://blog.evjang.com/2018/01/nf1.html, 

Mohamed et al., https://www.shakirm.com/slides/DeepGenModelsTutorial.pdf

log p(x) = log p0(z0) = log pT (zT ) +
TX

t=1

log
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• Modifying data distribution by flow (sequence) of invertible transformations:

• Final variable follows some specified prior                

• Data distribution is explicitly modeled by change-of-variables formula: 

• Log-likelihood                 can be maximized directly

Flow-based Models
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pT (zT )
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Algorithmic Intelligence Lab

• Modifying data distribution by flow (sequence) of invertible transformations:

• Final variable follows some specified prior                

• Data distribution is explicitly modeled by change-of-variables formula: 

• Log-likelihood                 can be maximized directly

• Naïvely computing                                                     requires                complexity,

which is not scalable for large-scale neural networks

Flow-based Models

95

How to design flexible yet tractable form of invertible transformations?

pT (zT )
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log p(x) = log p0(z0) = log pT (zT ) +
TX

t=1

log
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@ft(zt)
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Algorithmic Intelligence Lab

• To reduce complexity of log-det-Jacobian, prior works consider
• Carefully designed architectures (low rank, coupling, autoregressive)
• Stochastic estimator of free-form Jacobian

Design Schemes for Normalizing Flows

96* source: Chen, https://www.cs.toronto.edu/~duvenaud/talks/residual_flows_slides.pdf
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Algorithmic Intelligence Lab

• To reduce complexity of log-det-Jacobian, prior works consider
• Carefully designed architectures (low rank, coupling, autoregressive)
• Stochastic estimator of free-form Jacobian

Design Schemes for Normalizing Flows

97* source: Chen, https://www.cs.toronto.edu/~duvenaud/talks/residual_flows_slides.pdf



Algorithmic Intelligence Lab

• Basic layers with linear log-det-Jacobian complexity [Rezende et al., 2015]

• Planar flow: 
• Determinant of Jacobian is 

• Radial flow:
• Determinant of Jacobian is

Normalizing Flow (NF)

98



Algorithmic Intelligence Lab

• To reduce complexity of log-det-Jacobian, prior works consider
• Carefully designed architectures (low rank, coupling, autoregressive)
• Stochastic estimator of free-form Jacobian

Design Schemes for Normalizing Flows
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Algorithmic Intelligence Lab

• Coupling layer for flow with tractable inference [Dinh et al., 2017]:
1. Partition the variable into two parts:

2. Coupling law defines a simple invertible transformation of the first partition
given the second partition (    and      are described later)

3. Second partition is left invariant ( )

Real-valued Non-volume Preserving Flow (Real NVP)
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zt,1:d = zt�1,1:d

zt,d+1:K = g(zt�1,d+1:K ;m(zt�1,1:d))
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zt = ft(zt�1)
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Algorithmic Intelligence Lab

• Affine coupling layer was shown to be effective in practice:

• Jacobian of each transformation becomes a lower triangular matrix:

• Inference for such transformations can be done in tractable time
• Determinant of lower triangular matrix is a product of diagonals

Real-valued Non-volume Preserving Flow (Real NVP)
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element-wise product neural networks


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<latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit> <latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit> <latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit> <latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit>

0
<latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit>

0
<latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit>

· · ·<latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit>

· · ·
<latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit> 0

<latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit>

···
<latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit>

0
<latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit> · · ·

<latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit>
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• For each coupling layer, there exists asymmetry since the first partition                
is left invariant
• Two coupling layers are paired alternatively to overcome this issue

• Multi-scale architectures are used
• Half variables follow Gaussian distribution at each scale

Real-valued Non-volume Preserving Flow (Real NVP)
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zt�1,1:d
<latexit sha1_base64="A9vRRi+bVGokdb0PfXptYfkDue4=">AAACCnicbVDLSsNAFJ34rPWV6tLNYBFcaEmKoLgquHFZwT6gDWEymbRDZyZhZqLUkD/wF9zq3p249Sfc+iVO2yxs64ELh3Pu5VxOkDCqtON8Wyura+sbm6Wt8vbO7t6+XTloqziVmLRwzGLZDZAijArS0lQz0k0kQTxgpBOMbiZ+54FIRWNxr8cJ8TgaCBpRjLSRfLvSD3j2lPuZPnfPoHsd5r5ddWrOFHCZuAWpggJN3/7phzFOOREaM6RUz3US7WVIaooZycv9VJEE4REakJ6hAnGivGz6eg5PjBLCKJZmhIZT9e9FhrhSYx6YTY70UC16E/E/r5fq6MrLqEhSTQSeBUUpgzqGkx5gSCXBmo0NQVhS8yvEQyQR1qatuZSA52VTirtYwTJp12uuU3PvLqqNelFPCRyBY3AKXHAJGuAWNEELYPAIXsAreLOerXfrw/qcra5Yxc0hmIP19QuXy5nM</latexit><latexit sha1_base64="A9vRRi+bVGokdb0PfXptYfkDue4=">AAACCnicbVDLSsNAFJ34rPWV6tLNYBFcaEmKoLgquHFZwT6gDWEymbRDZyZhZqLUkD/wF9zq3p249Sfc+iVO2yxs64ELh3Pu5VxOkDCqtON8Wyura+sbm6Wt8vbO7t6+XTloqziVmLRwzGLZDZAijArS0lQz0k0kQTxgpBOMbiZ+54FIRWNxr8cJ8TgaCBpRjLSRfLvSD3j2lPuZPnfPoHsd5r5ddWrOFHCZuAWpggJN3/7phzFOOREaM6RUz3US7WVIaooZycv9VJEE4REakJ6hAnGivGz6eg5PjBLCKJZmhIZT9e9FhrhSYx6YTY70UC16E/E/r5fq6MrLqEhSTQSeBUUpgzqGkx5gSCXBmo0NQVhS8yvEQyQR1qatuZSA52VTirtYwTJp12uuU3PvLqqNelFPCRyBY3AKXHAJGuAWNEELYPAIXsAreLOerXfrw/qcra5Yxc0hmIP19QuXy5nM</latexit><latexit sha1_base64="A9vRRi+bVGokdb0PfXptYfkDue4=">AAACCnicbVDLSsNAFJ34rPWV6tLNYBFcaEmKoLgquHFZwT6gDWEymbRDZyZhZqLUkD/wF9zq3p249Sfc+iVO2yxs64ELh3Pu5VxOkDCqtON8Wyura+sbm6Wt8vbO7t6+XTloqziVmLRwzGLZDZAijArS0lQz0k0kQTxgpBOMbiZ+54FIRWNxr8cJ8TgaCBpRjLSRfLvSD3j2lPuZPnfPoHsd5r5ddWrOFHCZuAWpggJN3/7phzFOOREaM6RUz3US7WVIaooZycv9VJEE4REakJ6hAnGivGz6eg5PjBLCKJZmhIZT9e9FhrhSYx6YTY70UC16E/E/r5fq6MrLqEhSTQSeBUUpgzqGkx5gSCXBmo0NQVhS8yvEQyQR1qatuZSA52VTirtYwTJp12uuU3PvLqqNelFPCRyBY3AKXHAJGuAWNEELYPAIXsAreLOerXfrw/qcra5Yxc0hmIP19QuXy5nM</latexit><latexit sha1_base64="A9vRRi+bVGokdb0PfXptYfkDue4=">AAACCnicbVDLSsNAFJ34rPWV6tLNYBFcaEmKoLgquHFZwT6gDWEymbRDZyZhZqLUkD/wF9zq3p249Sfc+iVO2yxs64ELh3Pu5VxOkDCqtON8Wyura+sbm6Wt8vbO7t6+XTloqziVmLRwzGLZDZAijArS0lQz0k0kQTxgpBOMbiZ+54FIRWNxr8cJ8TgaCBpRjLSRfLvSD3j2lPuZPnfPoHsd5r5ddWrOFHCZuAWpggJN3/7phzFOOREaM6RUz3US7WVIaooZycv9VJEE4REakJ6hAnGivGz6eg5PjBLCKJZmhIZT9e9FhrhSYx6YTY70UC16E/E/r5fq6MrLqEhSTQSeBUUpgzqGkx5gSCXBmo0NQVhS8yvEQyQR1qatuZSA52VTirtYwTJp12uuU3PvLqqNelFPCRyBY3AKXHAJGuAWNEELYPAIXsAreLOerXfrw/qcra5Yxc0hmIP19QuXy5nM</latexit>

�
<latexit sha1_base64="VKpMixfoTdV9IbRMfNTLL4Vk2Yo=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtAzYWEbwkkByhL29TbJkP47dPSEc8S/Yam8ntv4XW3+Jm+QKk/hg4PHeDDPz4pQzY33/29vY3Nre2S3tlfcPDo+OKyenLaMyTWhIFFe6E2NDOZM0tMxy2kk1xSLmtB2P72Z++4lqw5R8tJOURgIPJRswgq2Twp5KlO1Xqn7NnwOtk6AgVSjQ7Fd+eokimaDSEo6N6QZ+aqMca8sIp9NyLzM0xWSMh7TrqMSCmiifHztFl05J0EBpV9Kiufp3IsfCmImIXafAdmRWvZn4n9fN7OA2yplMM0slWSwaZBxZhWafo4RpSiyfOIKJZu5WREZYY2JdPktbYjEtu1CC1QjWSateC/xa8HBdbdSLeEpwDhdwBQHcQAPuoQkhEGDwAq/w5j17796H97lo3fCKmTNYgvf1Cy7JlVQ=</latexit><latexit sha1_base64="VKpMixfoTdV9IbRMfNTLL4Vk2Yo=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtAzYWEbwkkByhL29TbJkP47dPSEc8S/Yam8ntv4XW3+Jm+QKk/hg4PHeDDPz4pQzY33/29vY3Nre2S3tlfcPDo+OKyenLaMyTWhIFFe6E2NDOZM0tMxy2kk1xSLmtB2P72Z++4lqw5R8tJOURgIPJRswgq2Twp5KlO1Xqn7NnwOtk6AgVSjQ7Fd+eokimaDSEo6N6QZ+aqMca8sIp9NyLzM0xWSMh7TrqMSCmiifHztFl05J0EBpV9Kiufp3IsfCmImIXafAdmRWvZn4n9fN7OA2yplMM0slWSwaZBxZhWafo4RpSiyfOIKJZu5WREZYY2JdPktbYjEtu1CC1QjWSateC/xa8HBdbdSLeEpwDhdwBQHcQAPuoQkhEGDwAq/w5j17796H97lo3fCKmTNYgvf1Cy7JlVQ=</latexit><latexit sha1_base64="VKpMixfoTdV9IbRMfNTLL4Vk2Yo=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtAzYWEbwkkByhL29TbJkP47dPSEc8S/Yam8ntv4XW3+Jm+QKk/hg4PHeDDPz4pQzY33/29vY3Nre2S3tlfcPDo+OKyenLaMyTWhIFFe6E2NDOZM0tMxy2kk1xSLmtB2P72Z++4lqw5R8tJOURgIPJRswgq2Twp5KlO1Xqn7NnwOtk6AgVSjQ7Fd+eokimaDSEo6N6QZ+aqMca8sIp9NyLzM0xWSMh7TrqMSCmiifHztFl05J0EBpV9Kiufp3IsfCmImIXafAdmRWvZn4n9fN7OA2yplMM0slWSwaZBxZhWafo4RpSiyfOIKJZu5WREZYY2JdPktbYjEtu1CC1QjWSateC/xa8HBdbdSLeEpwDhdwBQHcQAPuoQkhEGDwAq/w5j17796H97lo3fCKmTNYgvf1Cy7JlVQ=</latexit><latexit sha1_base64="VKpMixfoTdV9IbRMfNTLL4Vk2Yo=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtAzYWEbwkkByhL29TbJkP47dPSEc8S/Yam8ntv4XW3+Jm+QKk/hg4PHeDDPz4pQzY33/29vY3Nre2S3tlfcPDo+OKyenLaMyTWhIFFe6E2NDOZM0tMxy2kk1xSLmtB2P72Z++4lqw5R8tJOURgIPJRswgq2Twp5KlO1Xqn7NnwOtk6AgVSjQ7Fd+eokimaDSEo6N6QZ+aqMca8sIp9NyLzM0xWSMh7TrqMSCmiifHztFl05J0EBpV9Kiufp3IsfCmImIXafAdmRWvZn4n9fN7OA2yplMM0slWSwaZBxZhWafo4RpSiyfOIKJZu5WREZYY2JdPktbYjEtu1CC1QjWSateC/xa8HBdbdSLeEpwDhdwBQHcQAPuoQkhEGDwAq/w5j17796H97lo3fCKmTNYgvf1Cy7JlVQ=</latexit>

+
<latexit sha1_base64="sWX/pXOxFTZDPGD17P8j7lJJ+J8=">AAAB+HicbVBNS8NAEJ34WetX1aOXYBEEoSRF0GPBi8cW7Ae0oWy2k3bp7ibsboQa+gu86t2bePXfePWXuG1zsK0PBh7vzTAzL0w408bzvp2Nza3tnd3CXnH/4PDouHRy2tJxqig2acxj1QmJRs4kNg0zHDuJQiJCju1wfD/z20+oNIvlo5kkGAgylCxilBgrNa77pbJX8eZw14mfkzLkqPdLP71BTFOB0lBOtO76XmKCjCjDKMdpsZdqTAgdkyF2LZVEoA6y+aFT99IqAzeKlS1p3Ln6dyIjQuuJCG2nIGakV72Z+J/XTU10F2RMJqlBSReLopS7JnZnX7sDppAaPrGEUMXsrS4dEUWosdksbQnFtGhD8VcjWCetasX3Kn7jplyr5vEU4Bwu4Ap8uIUaPEAdmkAB4QVe4c15dt6dD+dz0brh5DNnsATn6xeWMZNF</latexit><latexit sha1_base64="sWX/pXOxFTZDPGD17P8j7lJJ+J8=">AAAB+HicbVBNS8NAEJ34WetX1aOXYBEEoSRF0GPBi8cW7Ae0oWy2k3bp7ibsboQa+gu86t2bePXfePWXuG1zsK0PBh7vzTAzL0w408bzvp2Nza3tnd3CXnH/4PDouHRy2tJxqig2acxj1QmJRs4kNg0zHDuJQiJCju1wfD/z20+oNIvlo5kkGAgylCxilBgrNa77pbJX8eZw14mfkzLkqPdLP71BTFOB0lBOtO76XmKCjCjDKMdpsZdqTAgdkyF2LZVEoA6y+aFT99IqAzeKlS1p3Ln6dyIjQuuJCG2nIGakV72Z+J/XTU10F2RMJqlBSReLopS7JnZnX7sDppAaPrGEUMXsrS4dEUWosdksbQnFtGhD8VcjWCetasX3Kn7jplyr5vEU4Bwu4Ap8uIUaPEAdmkAB4QVe4c15dt6dD+dz0brh5DNnsATn6xeWMZNF</latexit><latexit sha1_base64="sWX/pXOxFTZDPGD17P8j7lJJ+J8=">AAAB+HicbVBNS8NAEJ34WetX1aOXYBEEoSRF0GPBi8cW7Ae0oWy2k3bp7ibsboQa+gu86t2bePXfePWXuG1zsK0PBh7vzTAzL0w408bzvp2Nza3tnd3CXnH/4PDouHRy2tJxqig2acxj1QmJRs4kNg0zHDuJQiJCju1wfD/z20+oNIvlo5kkGAgylCxilBgrNa77pbJX8eZw14mfkzLkqPdLP71BTFOB0lBOtO76XmKCjCjDKMdpsZdqTAgdkyF2LZVEoA6y+aFT99IqAzeKlS1p3Ln6dyIjQuuJCG2nIGakV72Z+J/XTU10F2RMJqlBSReLopS7JnZnX7sDppAaPrGEUMXsrS4dEUWosdksbQnFtGhD8VcjWCetasX3Kn7jplyr5vEU4Bwu4Ap8uIUaPEAdmkAB4QVe4c15dt6dD+dz0brh5DNnsATn6xeWMZNF</latexit><latexit sha1_base64="sWX/pXOxFTZDPGD17P8j7lJJ+J8=">AAAB+HicbVBNS8NAEJ34WetX1aOXYBEEoSRF0GPBi8cW7Ae0oWy2k3bp7ibsboQa+gu86t2bePXfePWXuG1zsK0PBh7vzTAzL0w408bzvp2Nza3tnd3CXnH/4PDouHRy2tJxqig2acxj1QmJRs4kNg0zHDuJQiJCju1wfD/z20+oNIvlo5kkGAgylCxilBgrNa77pbJX8eZw14mfkzLkqPdLP71BTFOB0lBOtO76XmKCjCjDKMdpsZdqTAgdkyF2LZVEoA6y+aFT99IqAzeKlS1p3Ln6dyIjQuuJCG2nIGakV72Z+J/XTU10F2RMJqlBSReLopS7JnZnX7sDppAaPrGEUMXsrS4dEUWosdksbQnFtGhD8VcjWCetasX3Kn7jplyr5vEU4Bwu4Ap8uIUaPEAdmkAB4QVe4c15dt6dD+dz0brh5DNnsATn6xeWMZNF</latexit>

m1
<latexit sha1_base64="q5Mfo4n8WCdlUgKHOVljYCcfKtE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMPPyYbXm1t0F0CbxClKDAu1h9WcwikkqqDSEY637npuYIMPKMMJpXhmkmiaYTPGY9i2VWFAdZItjc3RllRGKYmVLGrRQ/05kWGg9E6HtFNhM9Lo3F//z+qmJboOMySQ1VJLloijlyMRo/jkaMUWJ4TNLMFHM3orIBCtMjM1nZUso8ooNxVuPYJN0GnXPrXsPN7VWo4inDBdwCdfgQRNacA9t8IEAgxd4hTfn2Xl3PpzPZWvJKWbOYQXO1y8BCZU3</latexit><latexit sha1_base64="q5Mfo4n8WCdlUgKHOVljYCcfKtE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMPPyYbXm1t0F0CbxClKDAu1h9WcwikkqqDSEY637npuYIMPKMMJpXhmkmiaYTPGY9i2VWFAdZItjc3RllRGKYmVLGrRQ/05kWGg9E6HtFNhM9Lo3F//z+qmJboOMySQ1VJLloijlyMRo/jkaMUWJ4TNLMFHM3orIBCtMjM1nZUso8ooNxVuPYJN0GnXPrXsPN7VWo4inDBdwCdfgQRNacA9t8IEAgxd4hTfn2Xl3PpzPZWvJKWbOYQXO1y8BCZU3</latexit><latexit sha1_base64="q5Mfo4n8WCdlUgKHOVljYCcfKtE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMPPyYbXm1t0F0CbxClKDAu1h9WcwikkqqDSEY637npuYIMPKMMJpXhmkmiaYTPGY9i2VWFAdZItjc3RllRGKYmVLGrRQ/05kWGg9E6HtFNhM9Lo3F//z+qmJboOMySQ1VJLloijlyMRo/jkaMUWJ4TNLMFHM3orIBCtMjM1nZUso8ooNxVuPYJN0GnXPrXsPN7VWo4inDBdwCdfgQRNacA9t8IEAgxd4hTfn2Xl3PpzPZWvJKWbOYQXO1y8BCZU3</latexit><latexit sha1_base64="q5Mfo4n8WCdlUgKHOVljYCcfKtE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMPPyYbXm1t0F0CbxClKDAu1h9WcwikkqqDSEY637npuYIMPKMMJpXhmkmiaYTPGY9i2VWFAdZItjc3RllRGKYmVLGrRQ/05kWGg9E6HtFNhM9Lo3F//z+qmJboOMySQ1VJLloijlyMRo/jkaMUWJ4TNLMFHM3orIBCtMjM1nZUso8ooNxVuPYJN0GnXPrXsPN7VWo4inDBdwCdfgQRNacA9t8IEAgxd4hTfn2Xl3PpzPZWvJKWbOYQXO1y8BCZU3</latexit>

m2
<latexit sha1_base64="MHObkNunoKT34rKLbKNu454xf68=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMGvkw2rNrbsLoE3iFaQGBdrD6s9gFJNUUGkIx1r3PTcxQYaVYYTTvDJINU0wmeIx7VsqsaA6yBbH5ujKKiMUxcqWNGih/p3IsNB6JkLbKbCZ6HVvLv7n9VMT3QYZk0lqqCTLRVHKkYnR/HM0YooSw2eWYKKYvRWRCVaYGJvPypZQ5BUbircewSbpNOqeW/cebmqtRhFPGS7gEq7Bgya04B7a4AMBBi/wCm/Os/PufDify9aSU8ycwwqcr18CnpU4</latexit><latexit sha1_base64="MHObkNunoKT34rKLbKNu454xf68=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMGvkw2rNrbsLoE3iFaQGBdrD6s9gFJNUUGkIx1r3PTcxQYaVYYTTvDJINU0wmeIx7VsqsaA6yBbH5ujKKiMUxcqWNGih/p3IsNB6JkLbKbCZ6HVvLv7n9VMT3QYZk0lqqCTLRVHKkYnR/HM0YooSw2eWYKKYvRWRCVaYGJvPypZQ5BUbircewSbpNOqeW/cebmqtRhFPGS7gEq7Bgya04B7a4AMBBi/wCm/Os/PufDify9aSU8ycwwqcr18CnpU4</latexit><latexit sha1_base64="MHObkNunoKT34rKLbKNu454xf68=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMGvkw2rNrbsLoE3iFaQGBdrD6s9gFJNUUGkIx1r3PTcxQYaVYYTTvDJINU0wmeIx7VsqsaA6yBbH5ujKKiMUxcqWNGih/p3IsNB6JkLbKbCZ6HVvLv7n9VMT3QYZk0lqqCTLRVHKkYnR/HM0YooSw2eWYKKYvRWRCVaYGJvPypZQ5BUbircewSbpNOqeW/cebmqtRhFPGS7gEq7Bgya04B7a4AMBBi/wCm/Os/PufDify9aSU8ycwwqcr18CnpU4</latexit><latexit sha1_base64="MHObkNunoKT34rKLbKNu454xf68=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMGvkw2rNrbsLoE3iFaQGBdrD6s9gFJNUUGkIx1r3PTcxQYaVYYTTvDJINU0wmeIx7VsqsaA6yBbH5ujKKiMUxcqWNGih/p3IsNB6JkLbKbCZ6HVvLv7n9VMT3QYZk0lqqCTLRVHKkYnR/HM0YooSw2eWYKKYvRWRCVaYGJvPypZQ5BUbircewSbpNOqeW/cebmqtRhFPGS7gEq7Bgya04B7a4AMBBi/wCm/Os/PufDify9aSU8ycwwqcr18CnpU4</latexit>

zt,1:d
<latexit sha1_base64="JwMM6rhHbrvY/awQLHc8U0BVQpQ=">AAACBXicbVC7SgNBFJ31GeMramkzGAQLCbtBUKwCNpYRzAOSNczOTpIhM7PLzF0hLlv7C7ba24mt32HrlzhJtjCJBy4czrmXczlBLLgB1/12VlbX1jc2C1vF7Z3dvf3SwWHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxjdTPzWI9OGR+oexjHzJRko3ueUgJUeuoFMn7JeCufedZj1SmW34k6Bl4mXkzLKUe+VfrphRBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn068zfGqVEPcjbUcBnqp/L1IijRnLwG5KAkOz6E3E/7xOAv0rP+UqToApOgvqJwJDhCcV4JBrRkGMLSFUc/srpkOiCQVb1FxKILOiLcVbrGCZNKsVz614dxflWjWvp4CO0Qk6Qx66RDV0i+qogSjS6AW9ojfn2Xl3PpzP2eqKk98coTk4X7/Y9Jj/</latexit><latexit sha1_base64="JwMM6rhHbrvY/awQLHc8U0BVQpQ=">AAACBXicbVC7SgNBFJ31GeMramkzGAQLCbtBUKwCNpYRzAOSNczOTpIhM7PLzF0hLlv7C7ba24mt32HrlzhJtjCJBy4czrmXczlBLLgB1/12VlbX1jc2C1vF7Z3dvf3SwWHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxjdTPzWI9OGR+oexjHzJRko3ueUgJUeuoFMn7JeCufedZj1SmW34k6Bl4mXkzLKUe+VfrphRBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn068zfGqVEPcjbUcBnqp/L1IijRnLwG5KAkOz6E3E/7xOAv0rP+UqToApOgvqJwJDhCcV4JBrRkGMLSFUc/srpkOiCQVb1FxKILOiLcVbrGCZNKsVz614dxflWjWvp4CO0Qk6Qx66RDV0i+qogSjS6AW9ojfn2Xl3PpzP2eqKk98coTk4X7/Y9Jj/</latexit><latexit sha1_base64="JwMM6rhHbrvY/awQLHc8U0BVQpQ=">AAACBXicbVC7SgNBFJ31GeMramkzGAQLCbtBUKwCNpYRzAOSNczOTpIhM7PLzF0hLlv7C7ba24mt32HrlzhJtjCJBy4czrmXczlBLLgB1/12VlbX1jc2C1vF7Z3dvf3SwWHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxjdTPzWI9OGR+oexjHzJRko3ueUgJUeuoFMn7JeCufedZj1SmW34k6Bl4mXkzLKUe+VfrphRBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn068zfGqVEPcjbUcBnqp/L1IijRnLwG5KAkOz6E3E/7xOAv0rP+UqToApOgvqJwJDhCcV4JBrRkGMLSFUc/srpkOiCQVb1FxKILOiLcVbrGCZNKsVz614dxflWjWvp4CO0Qk6Qx66RDV0i+qogSjS6AW9ojfn2Xl3PpzP2eqKk98coTk4X7/Y9Jj/</latexit><latexit sha1_base64="JwMM6rhHbrvY/awQLHc8U0BVQpQ=">AAACBXicbVC7SgNBFJ31GeMramkzGAQLCbtBUKwCNpYRzAOSNczOTpIhM7PLzF0hLlv7C7ba24mt32HrlzhJtjCJBy4czrmXczlBLLgB1/12VlbX1jc2C1vF7Z3dvf3SwWHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxjdTPzWI9OGR+oexjHzJRko3ueUgJUeuoFMn7JeCufedZj1SmW34k6Bl4mXkzLKUe+VfrphRBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn068zfGqVEPcjbUcBnqp/L1IijRnLwG5KAkOz6E3E/7xOAv0rP+UqToApOgvqJwJDhCcV4JBrRkGMLSFUc/srpkOiCQVb1FxKILOiLcVbrGCZNKsVz614dxflWjWvp4CO0Qk6Qx66RDV0i+qogSjS6AW9ojfn2Xl3PpzP2eqKk98coTk4X7/Y9Jj/</latexit>

zt,d+1:K
<latexit sha1_base64="IEqvII00gmDMyvB98QSx5y7VoBc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUpIiKK4KbgQ3FewD2hAmk0k7dGYSZiaFGvIF/oJb3bsTt36FW7/EaZuFbT1w4XDOvZzLCRJGlXacb2tldW19Y7O0Vd7e2d3btw8OWypOJSZNHLNYdgKkCKOCNDXVjHQSSRAPGGkHw9uJ3x4RqWgsHvU4IR5HfUEjipE2km/bvYBnT7mf6Yvw3L25z3274lSdKeAycQtSAQUavv3TC2OcciI0Zkiprusk2suQ1BQzkpd7qSIJwkPUJ11DBeJEedn08xyeGiWEUSzNCA2n6t+LDHGlxjwwmxzpgVr0JuJ/XjfV0bWXUZGkmgg8C4pSBnUMJzXAkEqCNRsbgrCk5leIB0girE1ZcykBz8umFHexgmXSqlVdp+o+XFbqtaKeEjgGJ+AMuOAK1MEdaIAmwGAEXsAreLOerXfrw/qcra5Yxc0RmIP19Qth4Zm6</latexit><latexit sha1_base64="IEqvII00gmDMyvB98QSx5y7VoBc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUpIiKK4KbgQ3FewD2hAmk0k7dGYSZiaFGvIF/oJb3bsTt36FW7/EaZuFbT1w4XDOvZzLCRJGlXacb2tldW19Y7O0Vd7e2d3btw8OWypOJSZNHLNYdgKkCKOCNDXVjHQSSRAPGGkHw9uJ3x4RqWgsHvU4IR5HfUEjipE2km/bvYBnT7mf6Yvw3L25z3274lSdKeAycQtSAQUavv3TC2OcciI0Zkiprusk2suQ1BQzkpd7qSIJwkPUJ11DBeJEedn08xyeGiWEUSzNCA2n6t+LDHGlxjwwmxzpgVr0JuJ/XjfV0bWXUZGkmgg8C4pSBnUMJzXAkEqCNRsbgrCk5leIB0girE1ZcykBz8umFHexgmXSqlVdp+o+XFbqtaKeEjgGJ+AMuOAK1MEdaIAmwGAEXsAreLOerXfrw/qcra5Yxc0RmIP19Qth4Zm6</latexit><latexit sha1_base64="IEqvII00gmDMyvB98QSx5y7VoBc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUpIiKK4KbgQ3FewD2hAmk0k7dGYSZiaFGvIF/oJb3bsTt36FW7/EaZuFbT1w4XDOvZzLCRJGlXacb2tldW19Y7O0Vd7e2d3btw8OWypOJSZNHLNYdgKkCKOCNDXVjHQSSRAPGGkHw9uJ3x4RqWgsHvU4IR5HfUEjipE2km/bvYBnT7mf6Yvw3L25z3274lSdKeAycQtSAQUavv3TC2OcciI0Zkiprusk2suQ1BQzkpd7qSIJwkPUJ11DBeJEedn08xyeGiWEUSzNCA2n6t+LDHGlxjwwmxzpgVr0JuJ/XjfV0bWXUZGkmgg8C4pSBnUMJzXAkEqCNRsbgrCk5leIB0girE1ZcykBz8umFHexgmXSqlVdp+o+XFbqtaKeEjgGJ+AMuOAK1MEdaIAmwGAEXsAreLOerXfrw/qcra5Yxc0RmIP19Qth4Zm6</latexit><latexit sha1_base64="IEqvII00gmDMyvB98QSx5y7VoBc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUpIiKK4KbgQ3FewD2hAmk0k7dGYSZiaFGvIF/oJb3bsTt36FW7/EaZuFbT1w4XDOvZzLCRJGlXacb2tldW19Y7O0Vd7e2d3btw8OWypOJSZNHLNYdgKkCKOCNDXVjHQSSRAPGGkHw9uJ3x4RqWgsHvU4IR5HfUEjipE2km/bvYBnT7mf6Yvw3L25z3274lSdKeAycQtSAQUavv3TC2OcciI0Zkiprusk2suQ1BQzkpd7qSIJwkPUJ11DBeJEedn08xyeGiWEUSzNCA2n6t+LDHGlxjwwmxzpgVr0JuJ/XjfV0bWXUZGkmgg8C4pSBnUMJzXAkEqCNRsbgrCk5leIB0girE1ZcykBz8umFHexgmXSqlVdp+o+XFbqtaKeEjgGJ+AMuOAK1MEdaIAmwGAEXsAreLOerXfrw/qcra5Yxc0RmIP19Qth4Zm6</latexit>

zt,1:d
<latexit sha1_base64="JwMM6rhHbrvY/awQLHc8U0BVQpQ=">AAACBXicbVC7SgNBFJ31GeMramkzGAQLCbtBUKwCNpYRzAOSNczOTpIhM7PLzF0hLlv7C7ba24mt32HrlzhJtjCJBy4czrmXczlBLLgB1/12VlbX1jc2C1vF7Z3dvf3SwWHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxjdTPzWI9OGR+oexjHzJRko3ueUgJUeuoFMn7JeCufedZj1SmW34k6Bl4mXkzLKUe+VfrphRBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn068zfGqVEPcjbUcBnqp/L1IijRnLwG5KAkOz6E3E/7xOAv0rP+UqToApOgvqJwJDhCcV4JBrRkGMLSFUc/srpkOiCQVb1FxKILOiLcVbrGCZNKsVz614dxflWjWvp4CO0Qk6Qx66RDV0i+qogSjS6AW9ojfn2Xl3PpzP2eqKk98coTk4X7/Y9Jj/</latexit><latexit sha1_base64="JwMM6rhHbrvY/awQLHc8U0BVQpQ=">AAACBXicbVC7SgNBFJ31GeMramkzGAQLCbtBUKwCNpYRzAOSNczOTpIhM7PLzF0hLlv7C7ba24mt32HrlzhJtjCJBy4czrmXczlBLLgB1/12VlbX1jc2C1vF7Z3dvf3SwWHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxjdTPzWI9OGR+oexjHzJRko3ueUgJUeuoFMn7JeCufedZj1SmW34k6Bl4mXkzLKUe+VfrphRBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn068zfGqVEPcjbUcBnqp/L1IijRnLwG5KAkOz6E3E/7xOAv0rP+UqToApOgvqJwJDhCcV4JBrRkGMLSFUc/srpkOiCQVb1FxKILOiLcVbrGCZNKsVz614dxflWjWvp4CO0Qk6Qx66RDV0i+qogSjS6AW9ojfn2Xl3PpzP2eqKk98coTk4X7/Y9Jj/</latexit><latexit sha1_base64="JwMM6rhHbrvY/awQLHc8U0BVQpQ=">AAACBXicbVC7SgNBFJ31GeMramkzGAQLCbtBUKwCNpYRzAOSNczOTpIhM7PLzF0hLlv7C7ba24mt32HrlzhJtjCJBy4czrmXczlBLLgB1/12VlbX1jc2C1vF7Z3dvf3SwWHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxjdTPzWI9OGR+oexjHzJRko3ueUgJUeuoFMn7JeCufedZj1SmW34k6Bl4mXkzLKUe+VfrphRBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn068zfGqVEPcjbUcBnqp/L1IijRnLwG5KAkOz6E3E/7xOAv0rP+UqToApOgvqJwJDhCcV4JBrRkGMLSFUc/srpkOiCQVb1FxKILOiLcVbrGCZNKsVz614dxflWjWvp4CO0Qk6Qx66RDV0i+qogSjS6AW9ojfn2Xl3PpzP2eqKk98coTk4X7/Y9Jj/</latexit><latexit sha1_base64="JwMM6rhHbrvY/awQLHc8U0BVQpQ=">AAACBXicbVC7SgNBFJ31GeMramkzGAQLCbtBUKwCNpYRzAOSNczOTpIhM7PLzF0hLlv7C7ba24mt32HrlzhJtjCJBy4czrmXczlBLLgB1/12VlbX1jc2C1vF7Z3dvf3SwWHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxjdTPzWI9OGR+oexjHzJRko3ueUgJUeuoFMn7JeCufedZj1SmW34k6Bl4mXkzLKUe+VfrphRBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn068zfGqVEPcjbUcBnqp/L1IijRnLwG5KAkOz6E3E/7xOAv0rP+UqToApOgvqJwJDhCcV4JBrRkGMLSFUc/srpkOiCQVb1FxKILOiLcVbrGCZNKsVz614dxflWjWvp4CO0Qk6Qx66RDV0i+qogSjS6AW9ojfn2Xl3PpzP2eqKk98coTk4X7/Y9Jj/</latexit>

zt,d+1:K
<latexit sha1_base64="IEqvII00gmDMyvB98QSx5y7VoBc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUpIiKK4KbgQ3FewD2hAmk0k7dGYSZiaFGvIF/oJb3bsTt36FW7/EaZuFbT1w4XDOvZzLCRJGlXacb2tldW19Y7O0Vd7e2d3btw8OWypOJSZNHLNYdgKkCKOCNDXVjHQSSRAPGGkHw9uJ3x4RqWgsHvU4IR5HfUEjipE2km/bvYBnT7mf6Yvw3L25z3274lSdKeAycQtSAQUavv3TC2OcciI0Zkiprusk2suQ1BQzkpd7qSIJwkPUJ11DBeJEedn08xyeGiWEUSzNCA2n6t+LDHGlxjwwmxzpgVr0JuJ/XjfV0bWXUZGkmgg8C4pSBnUMJzXAkEqCNRsbgrCk5leIB0girE1ZcykBz8umFHexgmXSqlVdp+o+XFbqtaKeEjgGJ+AMuOAK1MEdaIAmwGAEXsAreLOerXfrw/qcra5Yxc0RmIP19Qth4Zm6</latexit><latexit sha1_base64="IEqvII00gmDMyvB98QSx5y7VoBc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUpIiKK4KbgQ3FewD2hAmk0k7dGYSZiaFGvIF/oJb3bsTt36FW7/EaZuFbT1w4XDOvZzLCRJGlXacb2tldW19Y7O0Vd7e2d3btw8OWypOJSZNHLNYdgKkCKOCNDXVjHQSSRAPGGkHw9uJ3x4RqWgsHvU4IR5HfUEjipE2km/bvYBnT7mf6Yvw3L25z3274lSdKeAycQtSAQUavv3TC2OcciI0Zkiprusk2suQ1BQzkpd7qSIJwkPUJ11DBeJEedn08xyeGiWEUSzNCA2n6t+LDHGlxjwwmxzpgVr0JuJ/XjfV0bWXUZGkmgg8C4pSBnUMJzXAkEqCNRsbgrCk5leIB0girE1ZcykBz8umFHexgmXSqlVdp+o+XFbqtaKeEjgGJ+AMuOAK1MEdaIAmwGAEXsAreLOerXfrw/qcra5Yxc0RmIP19Qth4Zm6</latexit><latexit sha1_base64="IEqvII00gmDMyvB98QSx5y7VoBc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUpIiKK4KbgQ3FewD2hAmk0k7dGYSZiaFGvIF/oJb3bsTt36FW7/EaZuFbT1w4XDOvZzLCRJGlXacb2tldW19Y7O0Vd7e2d3btw8OWypOJSZNHLNYdgKkCKOCNDXVjHQSSRAPGGkHw9uJ3x4RqWgsHvU4IR5HfUEjipE2km/bvYBnT7mf6Yvw3L25z3274lSdKeAycQtSAQUavv3TC2OcciI0Zkiprusk2suQ1BQzkpd7qSIJwkPUJ11DBeJEedn08xyeGiWEUSzNCA2n6t+LDHGlxjwwmxzpgVr0JuJ/XjfV0bWXUZGkmgg8C4pSBnUMJzXAkEqCNRsbgrCk5leIB0girE1ZcykBz8umFHexgmXSqlVdp+o+XFbqtaKeEjgGJ+AMuOAK1MEdaIAmwGAEXsAreLOerXfrw/qcra5Yxc0RmIP19Qth4Zm6</latexit><latexit sha1_base64="IEqvII00gmDMyvB98QSx5y7VoBc=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiCUpIiKK4KbgQ3FewD2hAmk0k7dGYSZiaFGvIF/oJb3bsTt36FW7/EaZuFbT1w4XDOvZzLCRJGlXacb2tldW19Y7O0Vd7e2d3btw8OWypOJSZNHLNYdgKkCKOCNDXVjHQSSRAPGGkHw9uJ3x4RqWgsHvU4IR5HfUEjipE2km/bvYBnT7mf6Yvw3L25z3274lSdKeAycQtSAQUavv3TC2OcciI0Zkiprusk2suQ1BQzkpd7qSIJwkPUJ11DBeJEedn08xyeGiWEUSzNCA2n6t+LDHGlxjwwmxzpgVr0JuJ/XjfV0bWXUZGkmgg8C4pSBnUMJzXAkEqCNRsbgrCk5leIB0girE1ZcykBz8umFHexgmXSqlVdp+o+XFbqtaKeEjgGJ+AMuOAK1MEdaIAmwGAEXsAreLOerXfrw/qcra5Yxc0RmIP19Qth4Zm6</latexit>

�
<latexit sha1_base64="VKpMixfoTdV9IbRMfNTLL4Vk2Yo=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtAzYWEbwkkByhL29TbJkP47dPSEc8S/Yam8ntv4XW3+Jm+QKk/hg4PHeDDPz4pQzY33/29vY3Nre2S3tlfcPDo+OKyenLaMyTWhIFFe6E2NDOZM0tMxy2kk1xSLmtB2P72Z++4lqw5R8tJOURgIPJRswgq2Twp5KlO1Xqn7NnwOtk6AgVSjQ7Fd+eokimaDSEo6N6QZ+aqMca8sIp9NyLzM0xWSMh7TrqMSCmiifHztFl05J0EBpV9Kiufp3IsfCmImIXafAdmRWvZn4n9fN7OA2yplMM0slWSwaZBxZhWafo4RpSiyfOIKJZu5WREZYY2JdPktbYjEtu1CC1QjWSateC/xa8HBdbdSLeEpwDhdwBQHcQAPuoQkhEGDwAq/w5j17796H97lo3fCKmTNYgvf1Cy7JlVQ=</latexit><latexit sha1_base64="VKpMixfoTdV9IbRMfNTLL4Vk2Yo=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtAzYWEbwkkByhL29TbJkP47dPSEc8S/Yam8ntv4XW3+Jm+QKk/hg4PHeDDPz4pQzY33/29vY3Nre2S3tlfcPDo+OKyenLaMyTWhIFFe6E2NDOZM0tMxy2kk1xSLmtB2P72Z++4lqw5R8tJOURgIPJRswgq2Twp5KlO1Xqn7NnwOtk6AgVSjQ7Fd+eokimaDSEo6N6QZ+aqMca8sIp9NyLzM0xWSMh7TrqMSCmiifHztFl05J0EBpV9Kiufp3IsfCmImIXafAdmRWvZn4n9fN7OA2yplMM0slWSwaZBxZhWafo4RpSiyfOIKJZu5WREZYY2JdPktbYjEtu1CC1QjWSateC/xa8HBdbdSLeEpwDhdwBQHcQAPuoQkhEGDwAq/w5j17796H97lo3fCKmTNYgvf1Cy7JlVQ=</latexit><latexit sha1_base64="VKpMixfoTdV9IbRMfNTLL4Vk2Yo=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtAzYWEbwkkByhL29TbJkP47dPSEc8S/Yam8ntv4XW3+Jm+QKk/hg4PHeDDPz4pQzY33/29vY3Nre2S3tlfcPDo+OKyenLaMyTWhIFFe6E2NDOZM0tMxy2kk1xSLmtB2P72Z++4lqw5R8tJOURgIPJRswgq2Twp5KlO1Xqn7NnwOtk6AgVSjQ7Fd+eokimaDSEo6N6QZ+aqMca8sIp9NyLzM0xWSMh7TrqMSCmiifHztFl05J0EBpV9Kiufp3IsfCmImIXafAdmRWvZn4n9fN7OA2yplMM0slWSwaZBxZhWafo4RpSiyfOIKJZu5WREZYY2JdPktbYjEtu1CC1QjWSateC/xa8HBdbdSLeEpwDhdwBQHcQAPuoQkhEGDwAq/w5j17796H97lo3fCKmTNYgvf1Cy7JlVQ=</latexit><latexit sha1_base64="VKpMixfoTdV9IbRMfNTLL4Vk2Yo=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhCswl0QtAzYWEbwkkByhL29TbJkP47dPSEc8S/Yam8ntv4XW3+Jm+QKk/hg4PHeDDPz4pQzY33/29vY3Nre2S3tlfcPDo+OKyenLaMyTWhIFFe6E2NDOZM0tMxy2kk1xSLmtB2P72Z++4lqw5R8tJOURgIPJRswgq2Twp5KlO1Xqn7NnwOtk6AgVSjQ7Fd+eokimaDSEo6N6QZ+aqMca8sIp9NyLzM0xWSMh7TrqMSCmiifHztFl05J0EBpV9Kiufp3IsfCmImIXafAdmRWvZn4n9fN7OA2yplMM0slWSwaZBxZhWafo4RpSiyfOIKJZu5WREZYY2JdPktbYjEtu1CC1QjWSateC/xa8HBdbdSLeEpwDhdwBQHcQAPuoQkhEGDwAq/w5j17796H97lo3fCKmTNYgvf1Cy7JlVQ=</latexit>

+
<latexit sha1_base64="sWX/pXOxFTZDPGD17P8j7lJJ+J8=">AAAB+HicbVBNS8NAEJ34WetX1aOXYBEEoSRF0GPBi8cW7Ae0oWy2k3bp7ibsboQa+gu86t2bePXfePWXuG1zsK0PBh7vzTAzL0w408bzvp2Nza3tnd3CXnH/4PDouHRy2tJxqig2acxj1QmJRs4kNg0zHDuJQiJCju1wfD/z20+oNIvlo5kkGAgylCxilBgrNa77pbJX8eZw14mfkzLkqPdLP71BTFOB0lBOtO76XmKCjCjDKMdpsZdqTAgdkyF2LZVEoA6y+aFT99IqAzeKlS1p3Ln6dyIjQuuJCG2nIGakV72Z+J/XTU10F2RMJqlBSReLopS7JnZnX7sDppAaPrGEUMXsrS4dEUWosdksbQnFtGhD8VcjWCetasX3Kn7jplyr5vEU4Bwu4Ap8uIUaPEAdmkAB4QVe4c15dt6dD+dz0brh5DNnsATn6xeWMZNF</latexit><latexit sha1_base64="sWX/pXOxFTZDPGD17P8j7lJJ+J8=">AAAB+HicbVBNS8NAEJ34WetX1aOXYBEEoSRF0GPBi8cW7Ae0oWy2k3bp7ibsboQa+gu86t2bePXfePWXuG1zsK0PBh7vzTAzL0w408bzvp2Nza3tnd3CXnH/4PDouHRy2tJxqig2acxj1QmJRs4kNg0zHDuJQiJCju1wfD/z20+oNIvlo5kkGAgylCxilBgrNa77pbJX8eZw14mfkzLkqPdLP71BTFOB0lBOtO76XmKCjCjDKMdpsZdqTAgdkyF2LZVEoA6y+aFT99IqAzeKlS1p3Ln6dyIjQuuJCG2nIGakV72Z+J/XTU10F2RMJqlBSReLopS7JnZnX7sDppAaPrGEUMXsrS4dEUWosdksbQnFtGhD8VcjWCetasX3Kn7jplyr5vEU4Bwu4Ap8uIUaPEAdmkAB4QVe4c15dt6dD+dz0brh5DNnsATn6xeWMZNF</latexit><latexit sha1_base64="sWX/pXOxFTZDPGD17P8j7lJJ+J8=">AAAB+HicbVBNS8NAEJ34WetX1aOXYBEEoSRF0GPBi8cW7Ae0oWy2k3bp7ibsboQa+gu86t2bePXfePWXuG1zsK0PBh7vzTAzL0w408bzvp2Nza3tnd3CXnH/4PDouHRy2tJxqig2acxj1QmJRs4kNg0zHDuJQiJCju1wfD/z20+oNIvlo5kkGAgylCxilBgrNa77pbJX8eZw14mfkzLkqPdLP71BTFOB0lBOtO76XmKCjCjDKMdpsZdqTAgdkyF2LZVEoA6y+aFT99IqAzeKlS1p3Ln6dyIjQuuJCG2nIGakV72Z+J/XTU10F2RMJqlBSReLopS7JnZnX7sDppAaPrGEUMXsrS4dEUWosdksbQnFtGhD8VcjWCetasX3Kn7jplyr5vEU4Bwu4Ap8uIUaPEAdmkAB4QVe4c15dt6dD+dz0brh5DNnsATn6xeWMZNF</latexit><latexit sha1_base64="sWX/pXOxFTZDPGD17P8j7lJJ+J8=">AAAB+HicbVBNS8NAEJ34WetX1aOXYBEEoSRF0GPBi8cW7Ae0oWy2k3bp7ibsboQa+gu86t2bePXfePWXuG1zsK0PBh7vzTAzL0w408bzvp2Nza3tnd3CXnH/4PDouHRy2tJxqig2acxj1QmJRs4kNg0zHDuJQiJCju1wfD/z20+oNIvlo5kkGAgylCxilBgrNa77pbJX8eZw14mfkzLkqPdLP71BTFOB0lBOtO76XmKCjCjDKMdpsZdqTAgdkyF2LZVEoA6y+aFT99IqAzeKlS1p3Ln6dyIjQuuJCG2nIGakV72Z+J/XTU10F2RMJqlBSReLopS7JnZnX7sDppAaPrGEUMXsrS4dEUWosdksbQnFtGhD8VcjWCetasX3Kn7jplyr5vEU4Bwu4Ap8uIUaPEAdmkAB4QVe4c15dt6dD+dz0brh5DNnsATn6xeWMZNF</latexit>

m1
<latexit sha1_base64="q5Mfo4n8WCdlUgKHOVljYCcfKtE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMPPyYbXm1t0F0CbxClKDAu1h9WcwikkqqDSEY637npuYIMPKMMJpXhmkmiaYTPGY9i2VWFAdZItjc3RllRGKYmVLGrRQ/05kWGg9E6HtFNhM9Lo3F//z+qmJboOMySQ1VJLloijlyMRo/jkaMUWJ4TNLMFHM3orIBCtMjM1nZUso8ooNxVuPYJN0GnXPrXsPN7VWo4inDBdwCdfgQRNacA9t8IEAgxd4hTfn2Xl3PpzPZWvJKWbOYQXO1y8BCZU3</latexit><latexit sha1_base64="q5Mfo4n8WCdlUgKHOVljYCcfKtE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMPPyYbXm1t0F0CbxClKDAu1h9WcwikkqqDSEY637npuYIMPKMMJpXhmkmiaYTPGY9i2VWFAdZItjc3RllRGKYmVLGrRQ/05kWGg9E6HtFNhM9Lo3F//z+qmJboOMySQ1VJLloijlyMRo/jkaMUWJ4TNLMFHM3orIBCtMjM1nZUso8ooNxVuPYJN0GnXPrXsPN7VWo4inDBdwCdfgQRNacA9t8IEAgxd4hTfn2Xl3PpzPZWvJKWbOYQXO1y8BCZU3</latexit><latexit sha1_base64="q5Mfo4n8WCdlUgKHOVljYCcfKtE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMPPyYbXm1t0F0CbxClKDAu1h9WcwikkqqDSEY637npuYIMPKMMJpXhmkmiaYTPGY9i2VWFAdZItjc3RllRGKYmVLGrRQ/05kWGg9E6HtFNhM9Lo3F//z+qmJboOMySQ1VJLloijlyMRo/jkaMUWJ4TNLMFHM3orIBCtMjM1nZUso8ooNxVuPYJN0GnXPrXsPN7VWo4inDBdwCdfgQRNacA9t8IEAgxd4hTfn2Xl3PpzPZWvJKWbOYQXO1y8BCZU3</latexit><latexit sha1_base64="q5Mfo4n8WCdlUgKHOVljYCcfKtE=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMPPyYbXm1t0F0CbxClKDAu1h9WcwikkqqDSEY637npuYIMPKMMJpXhmkmiaYTPGY9i2VWFAdZItjc3RllRGKYmVLGrRQ/05kWGg9E6HtFNhM9Lo3F//z+qmJboOMySQ1VJLloijlyMRo/jkaMUWJ4TNLMFHM3orIBCtMjM1nZUso8ooNxVuPYJN0GnXPrXsPN7VWo4inDBdwCdfgQRNacA9t8IEAgxd4hTfn2Xl3PpzPZWvJKWbOYQXO1y8BCZU3</latexit>

m2
<latexit sha1_base64="MHObkNunoKT34rKLbKNu454xf68=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMGvkw2rNrbsLoE3iFaQGBdrD6s9gFJNUUGkIx1r3PTcxQYaVYYTTvDJINU0wmeIx7VsqsaA6yBbH5ujKKiMUxcqWNGih/p3IsNB6JkLbKbCZ6HVvLv7n9VMT3QYZk0lqqCTLRVHKkYnR/HM0YooSw2eWYKKYvRWRCVaYGJvPypZQ5BUbircewSbpNOqeW/cebmqtRhFPGS7gEq7Bgya04B7a4AMBBi/wCm/Os/PufDify9aSU8ycwwqcr18CnpU4</latexit><latexit sha1_base64="MHObkNunoKT34rKLbKNu454xf68=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMGvkw2rNrbsLoE3iFaQGBdrD6s9gFJNUUGkIx1r3PTcxQYaVYYTTvDJINU0wmeIx7VsqsaA6yBbH5ujKKiMUxcqWNGih/p3IsNB6JkLbKbCZ6HVvLv7n9VMT3QYZk0lqqCTLRVHKkYnR/HM0YooSw2eWYKKYvRWRCVaYGJvPypZQ5BUbircewSbpNOqeW/cebmqtRhFPGS7gEq7Bgya04B7a4AMBBi/wCm/Os/PufDify9aSU8ycwwqcr18CnpU4</latexit><latexit sha1_base64="MHObkNunoKT34rKLbKNu454xf68=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMGvkw2rNrbsLoE3iFaQGBdrD6s9gFJNUUGkIx1r3PTcxQYaVYYTTvDJINU0wmeIx7VsqsaA6yBbH5ujKKiMUxcqWNGih/p3IsNB6JkLbKbCZ6HVvLv7n9VMT3QYZk0lqqCTLRVHKkYnR/HM0YooSw2eWYKKYvRWRCVaYGJvPypZQ5BUbircewSbpNOqeW/cebmqtRhFPGS7gEq7Bgya04B7a4AMBBi/wCm/Os/PufDify9aSU8ycwwqcr18CnpU4</latexit><latexit sha1_base64="MHObkNunoKT34rKLbKNu454xf68=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI8FLx4rmLbQhrLZbtqlu5uwuxFKiH/Bq969iVf/i1d/ids2B9v6YODx3gwz88KEM21c99spbW3v7O6V9ysHh0fHJ9XTs46OU0WoT2Ieq16INeVMUt8ww2kvURSLkNNuOL2b+90nqjSL5aOZJTQQeCxZxAg2VvLFMGvkw2rNrbsLoE3iFaQGBdrD6s9gFJNUUGkIx1r3PTcxQYaVYYTTvDJINU0wmeIx7VsqsaA6yBbH5ujKKiMUxcqWNGih/p3IsNB6JkLbKbCZ6HVvLv7n9VMT3QYZk0lqqCTLRVHKkYnR/HM0YooSw2eWYKKYvRWRCVaYGJvPypZQ5BUbircewSbpNOqeW/cebmqtRhFPGS7gEq7Bgya04B7a4AMBBi/wCm/Os/PufDify9aSU8ycwwqcr18CnpU4</latexit>

paired coupling layer



Algorithmic Intelligence Lab

• To reduce complexity of log-det-Jacobian, prior works consider
• Carefully designed architectures (low rank, coupling, autoregressive)
• Stochastic estimator of free-form Jacobian

Design Schemes for Normalizing Flows

103* source: Chen, https://www.cs.toronto.edu/~duvenaud/talks/residual_flows_slides.pdf



Algorithmic Intelligence Lab

• Inverse autoregressive flow (IAF) modifies each dimension of variable in 
autoregressive manner [Kingma et al., 2016]:
• Forward pass 𝑧/ → 𝑧G is fast, but backward pass 𝑧G → 𝑧/ is slow

• Used for VAE posterior: Only forward pass is required for approx. posterior

• Inference for corresponding normalizing flow is efficient:

Inverse Autoregressive Flow (IAF)

104

case of updates done in parallel

�t,1
<latexit sha1_base64="j94E5Z79Sw3hQmNJoSf5dTR7x0k=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAgWEnaDoGXAxjKCeUCyhNnJbDJkZneduSuEJa2/YKu9ndj6H7Z+iZNkC5N44MLhnHs5lxMkUhh03W9nbX1jc2u7sFPc3ds/OCwdHTdNnGrGGyyWsW4H1HApIt5AgZK3E82pCiRvBaPbqd964tqIOHrAccJ9RQeRCAWjaCW/a8RA0V6Gl8Sb9Eplt+LOQFaJl5My5Kj3Sj/dfsxSxSNkkhrT8dwE/YxqFEzySbGbGp5QNqID3rE0ooobP5s9PSHnVumTMNZ2IiQz9e9FRpUxYxXYTUVxaJa9qfif10kxvPEzESUp8ojNg8JUEozJtAHSF5ozlGNLKNPC/krYkGrK0Pa0kBKoSdGW4i1XsEqa1YrnVrz7q3KtmtdTgFM4gwvw4BpqcAd1aACDR3iBV3hznp1358P5nK+uOfnNCSzA+foFmuOYRw==</latexit><latexit sha1_base64="j94E5Z79Sw3hQmNJoSf5dTR7x0k=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAgWEnaDoGXAxjKCeUCyhNnJbDJkZneduSuEJa2/YKu9ndj6H7Z+iZNkC5N44MLhnHs5lxMkUhh03W9nbX1jc2u7sFPc3ds/OCwdHTdNnGrGGyyWsW4H1HApIt5AgZK3E82pCiRvBaPbqd964tqIOHrAccJ9RQeRCAWjaCW/a8RA0V6Gl8Sb9Eplt+LOQFaJl5My5Kj3Sj/dfsxSxSNkkhrT8dwE/YxqFEzySbGbGp5QNqID3rE0ooobP5s9PSHnVumTMNZ2IiQz9e9FRpUxYxXYTUVxaJa9qfif10kxvPEzESUp8ojNg8JUEozJtAHSF5ozlGNLKNPC/krYkGrK0Pa0kBKoSdGW4i1XsEqa1YrnVrz7q3KtmtdTgFM4gwvw4BpqcAd1aACDR3iBV3hznp1358P5nK+uOfnNCSzA+foFmuOYRw==</latexit><latexit sha1_base64="j94E5Z79Sw3hQmNJoSf5dTR7x0k=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAgWEnaDoGXAxjKCeUCyhNnJbDJkZneduSuEJa2/YKu9ndj6H7Z+iZNkC5N44MLhnHs5lxMkUhh03W9nbX1jc2u7sFPc3ds/OCwdHTdNnGrGGyyWsW4H1HApIt5AgZK3E82pCiRvBaPbqd964tqIOHrAccJ9RQeRCAWjaCW/a8RA0V6Gl8Sb9Eplt+LOQFaJl5My5Kj3Sj/dfsxSxSNkkhrT8dwE/YxqFEzySbGbGp5QNqID3rE0ooobP5s9PSHnVumTMNZ2IiQz9e9FRpUxYxXYTUVxaJa9qfif10kxvPEzESUp8ojNg8JUEozJtAHSF5ozlGNLKNPC/krYkGrK0Pa0kBKoSdGW4i1XsEqa1YrnVrz7q3KtmtdTgFM4gwvw4BpqcAd1aACDR3iBV3hznp1358P5nK+uOfnNCSzA+foFmuOYRw==</latexit><latexit sha1_base64="j94E5Z79Sw3hQmNJoSf5dTR7x0k=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAgWEnaDoGXAxjKCeUCyhNnJbDJkZneduSuEJa2/YKu9ndj6H7Z+iZNkC5N44MLhnHs5lxMkUhh03W9nbX1jc2u7sFPc3ds/OCwdHTdNnGrGGyyWsW4H1HApIt5AgZK3E82pCiRvBaPbqd964tqIOHrAccJ9RQeRCAWjaCW/a8RA0V6Gl8Sb9Eplt+LOQFaJl5My5Kj3Sj/dfsxSxSNkkhrT8dwE/YxqFEzySbGbGp5QNqID3rE0ooobP5s9PSHnVumTMNZ2IiQz9e9FRpUxYxXYTUVxaJa9qfif10kxvPEzESUp8ojNg8JUEozJtAHSF5ozlGNLKNPC/krYkGrK0Pa0kBKoSdGW4i1XsEqa1YrnVrz7q3KtmtdTgFM4gwvw4BpqcAd1aACDR3iBV3hznp1358P5nK+uOfnNCSzA+foFmuOYRw==</latexit>

�t,2
<latexit sha1_base64="c/KtVI18LzjtCY9ASitsIymU8xU=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAgWEnaDoGXAxjKCeUCyhNnJbDJkZneduSuEJa2/YKu9ndj6H7Z+iZNkC5N44MLhnHs5lxMkUhh03W9nbX1jc2u7sFPc3ds/OCwdHTdNnGrGGyyWsW4H1HApIt5AgZK3E82pCiRvBaPbqd964tqIOHrAccJ9RQeRCAWjaCW/a8RA0V6Gl6Q66ZXKbsWdgawSLydlyFHvlX66/ZilikfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGNpRBU3fjZ7ekLOrdInYaztREhm6t+LjCpjxiqwm4ri0Cx7U/E/r5NieONnIkpS5BGbB4WpJBiTaQOkLzRnKMeWUKaF/ZWwIdWUoe1pISVQk6ItxVuuYJU0qxXPrXj3V+VaNa+nAKdwBhfgwTXU4A7q0AAGj/ACr/DmPDvvzofzOV9dc/KbE1iA8/ULnHiYSA==</latexit><latexit sha1_base64="c/KtVI18LzjtCY9ASitsIymU8xU=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAgWEnaDoGXAxjKCeUCyhNnJbDJkZneduSuEJa2/YKu9ndj6H7Z+iZNkC5N44MLhnHs5lxMkUhh03W9nbX1jc2u7sFPc3ds/OCwdHTdNnGrGGyyWsW4H1HApIt5AgZK3E82pCiRvBaPbqd964tqIOHrAccJ9RQeRCAWjaCW/a8RA0V6Gl6Q66ZXKbsWdgawSLydlyFHvlX66/ZilikfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGNpRBU3fjZ7ekLOrdInYaztREhm6t+LjCpjxiqwm4ri0Cx7U/E/r5NieONnIkpS5BGbB4WpJBiTaQOkLzRnKMeWUKaF/ZWwIdWUoe1pISVQk6ItxVuuYJU0qxXPrXj3V+VaNa+nAKdwBhfgwTXU4A7q0AAGj/ACr/DmPDvvzofzOV9dc/KbE1iA8/ULnHiYSA==</latexit><latexit sha1_base64="c/KtVI18LzjtCY9ASitsIymU8xU=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAgWEnaDoGXAxjKCeUCyhNnJbDJkZneduSuEJa2/YKu9ndj6H7Z+iZNkC5N44MLhnHs5lxMkUhh03W9nbX1jc2u7sFPc3ds/OCwdHTdNnGrGGyyWsW4H1HApIt5AgZK3E82pCiRvBaPbqd964tqIOHrAccJ9RQeRCAWjaCW/a8RA0V6Gl6Q66ZXKbsWdgawSLydlyFHvlX66/ZilikfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGNpRBU3fjZ7ekLOrdInYaztREhm6t+LjCpjxiqwm4ri0Cx7U/E/r5NieONnIkpS5BGbB4WpJBiTaQOkLzRnKMeWUKaF/ZWwIdWUoe1pISVQk6ItxVuuYJU0qxXPrXj3V+VaNa+nAKdwBhfgwTXU4A7q0AAGj/ACr/DmPDvvzofzOV9dc/KbE1iA8/ULnHiYSA==</latexit><latexit sha1_base64="c/KtVI18LzjtCY9ASitsIymU8xU=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAgWEnaDoGXAxjKCeUCyhNnJbDJkZneduSuEJa2/YKu9ndj6H7Z+iZNkC5N44MLhnHs5lxMkUhh03W9nbX1jc2u7sFPc3ds/OCwdHTdNnGrGGyyWsW4H1HApIt5AgZK3E82pCiRvBaPbqd964tqIOHrAccJ9RQeRCAWjaCW/a8RA0V6Gl6Q66ZXKbsWdgawSLydlyFHvlX66/ZilikfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGNpRBU3fjZ7ekLOrdInYaztREhm6t+LjCpjxiqwm4ri0Cx7U/E/r5NieONnIkpS5BGbB4WpJBiTaQOkLzRnKMeWUKaF/ZWwIdWUoe1pISVQk6ItxVuuYJU0qxXPrXj3V+VaNa+nAKdwBhfgwTXU4A7q0AAGj/ACr/DmPDvvzofzOV9dc/KbE1iA8/ULnHiYSA==</latexit>

�t,K
<latexit sha1_base64="mOlQ3Od/DJmUaZH1K1gQg+05MiE=">AAACBHicbVC7SgNBFJ2NrxhfUUubwSBYSNgNgpYBG8EmgnlAsoTZyWwyZGZ2nbkrhGVbf8FWezux9T9s/RInyRYm8cCFwzn3ci4niAU34LrfTmFtfWNzq7hd2tnd2z8oHx61TJRoypo0EpHuBMQwwRVrAgfBOrFmRAaCtYPxzdRvPzFteKQeYBIzX5Kh4iGnBKzk9wwfStJP4QLfZf1yxa26M+BV4uWkgnI0+uWf3iCiiWQKqCDGdD03Bj8lGjgVLCv1EsNiQsdkyLqWKiKZ8dPZ0xk+s8oAh5G2owDP1L8XKZHGTGRgNyWBkVn2puJ/XjeB8NpPuYoTYIrOg8JEYIjwtAE84JpREBNLCNXc/orpiGhCwfa0kBLIrGRL8ZYrWCWtWtVzq979ZaVey+spohN0is6Rh65QHd2iBmoiih7RC3pFb86z8+58OJ/z1YKT3xyjBThfv8QFmGE=</latexit><latexit sha1_base64="mOlQ3Od/DJmUaZH1K1gQg+05MiE=">AAACBHicbVC7SgNBFJ2NrxhfUUubwSBYSNgNgpYBG8EmgnlAsoTZyWwyZGZ2nbkrhGVbf8FWezux9T9s/RInyRYm8cCFwzn3ci4niAU34LrfTmFtfWNzq7hd2tnd2z8oHx61TJRoypo0EpHuBMQwwRVrAgfBOrFmRAaCtYPxzdRvPzFteKQeYBIzX5Kh4iGnBKzk9wwfStJP4QLfZf1yxa26M+BV4uWkgnI0+uWf3iCiiWQKqCDGdD03Bj8lGjgVLCv1EsNiQsdkyLqWKiKZ8dPZ0xk+s8oAh5G2owDP1L8XKZHGTGRgNyWBkVn2puJ/XjeB8NpPuYoTYIrOg8JEYIjwtAE84JpREBNLCNXc/orpiGhCwfa0kBLIrGRL8ZYrWCWtWtVzq979ZaVey+spohN0is6Rh65QHd2iBmoiih7RC3pFb86z8+58OJ/z1YKT3xyjBThfv8QFmGE=</latexit><latexit sha1_base64="mOlQ3Od/DJmUaZH1K1gQg+05MiE=">AAACBHicbVC7SgNBFJ2NrxhfUUubwSBYSNgNgpYBG8EmgnlAsoTZyWwyZGZ2nbkrhGVbf8FWezux9T9s/RInyRYm8cCFwzn3ci4niAU34LrfTmFtfWNzq7hd2tnd2z8oHx61TJRoypo0EpHuBMQwwRVrAgfBOrFmRAaCtYPxzdRvPzFteKQeYBIzX5Kh4iGnBKzk9wwfStJP4QLfZf1yxa26M+BV4uWkgnI0+uWf3iCiiWQKqCDGdD03Bj8lGjgVLCv1EsNiQsdkyLqWKiKZ8dPZ0xk+s8oAh5G2owDP1L8XKZHGTGRgNyWBkVn2puJ/XjeB8NpPuYoTYIrOg8JEYIjwtAE84JpREBNLCNXc/orpiGhCwfa0kBLIrGRL8ZYrWCWtWtVzq979ZaVey+spohN0is6Rh65QHd2iBmoiih7RC3pFb86z8+58OJ/z1YKT3xyjBThfv8QFmGE=</latexit><latexit sha1_base64="mOlQ3Od/DJmUaZH1K1gQg+05MiE=">AAACBHicbVC7SgNBFJ2NrxhfUUubwSBYSNgNgpYBG8EmgnlAsoTZyWwyZGZ2nbkrhGVbf8FWezux9T9s/RInyRYm8cCFwzn3ci4niAU34LrfTmFtfWNzq7hd2tnd2z8oHx61TJRoypo0EpHuBMQwwRVrAgfBOrFmRAaCtYPxzdRvPzFteKQeYBIzX5Kh4iGnBKzk9wwfStJP4QLfZf1yxa26M+BV4uWkgnI0+uWf3iCiiWQKqCDGdD03Bj8lGjgVLCv1EsNiQsdkyLqWKiKZ8dPZ0xk+s8oAh5G2owDP1L8XKZHGTGRgNyWBkVn2puJ/XjeB8NpPuYoTYIrOg8JEYIjwtAE84JpREBNLCNXc/orpiGhCwfa0kBLIrGRL8ZYrWCWtWtVzq979ZaVey+spohN0is6Rh65QHd2iBmoiih7RC3pFb86z8+58OJ/z1YKT3xyjBThfv8QFmGE=</latexit>



<latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit><latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit><latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit><latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit>



<latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit> <latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit> <latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit> <latexit sha1_base64="Os1VAKnKCRGAc4zpKcZgJn47mJg=">AAAB/XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeCF48V7AekoWy2m3Tt7ibsboQSin/Bq969iVd/i1d/ids2B9v6YODx3gwz88KUM21c99spbWxube+Udyt7+weHR9Xjk45OMkVomyQ8Ub0Qa8qZpG3DDKe9VFEsQk674fh25nefqNIskQ9mktJA4FiyiBFsrNTphyyO/UG15tbdOdA68QpSgwKtQfWnP0xIJqg0hGOtfc9NTZBjZRjhdFrpZ5qmmIxxTH1LJRZUB/n82im6sMoQRYmyJQ2aq38nciy0nojQdgpsRnrVm4n/eX5mopsgZzLNDJVksSjKODIJmr2OhkxRYvjEEkwUs7ciMsIKE2MDWtoSimnFhuKtRrBOOo2659a9+6tas1HEU4YzOIdL8OAamnAHLWgDgUd4gVd4c56dd+fD+Vy0lpxi5hSW4Hz9ArdtlZw=</latexit>

0
<latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit>

0
<latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit>

· · ·<latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit>

· · ·
<latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit><latexit sha1_base64="cBKrRHMBCINHNsSnkcSVL6RvoS0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx4jmAckS5idnU3GzGOZmRVCCP6CV717E69+i1e/xEmyB5NY0FBUddPdFaWcGev7315hY3Nre6e4W9rbPzg8Kh+ftIzKNKFNorjSnQgbypmkTcssp51UUywiTtvR6Hbmt5+oNkzJBztOaSjwQLKEEWyd1OqRWFnTL1f8qj8HWidBTiqQo9Ev//RiRTJBpSUcG9MN/NSGE6wtI5xOS73M0BSTER7QrqMSC2rCyfzaKbpwSowSpV1Ji+bq34kJFsaMReQ6BbZDs+rNxP+8bmaTm3DCZJpZKsliUZJxZBWavY5ipimxfOwIJpq5WxEZYo2JdQEtbYnEtORCCVYjWCetWjXwq8H9VaVey+MpwhmcwyUEcA11uIMGNIHAI7zAK7x5z9679+F9LloLXj5zCkvwvn4B+DOVxQ==</latexit> 0

<latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit><latexit sha1_base64="0KxOnjaMzzN4SfMfMPLzHZz5X60=">AAAB+HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoGXAxjIB8wHJEfY2c8mS3btjd0+IR36BrfZ2Yuu/sfWXuEmuMIkPBh7vzTAzL0gE18Z1v53C1vbO7l5xv3RweHR8Uj49a+s4VQxbLBax6gZUo+ARtgw3AruJQioDgZ1gcj/3O0+oNI+jRzNN0Jd0FPGQM2qs1HQH5YpbdRcgm8TLSQVyNAbln/4wZqnEyDBBte55bmL8jCrDmcBZqZ9qTCib0BH2LI2oRO1ni0Nn5MoqQxLGylZkyEL9O5FRqfVUBrZTUjPW695c/M/rpSa88zMeJanBiC0XhakgJibzr8mQK2RGTC2hTHF7K2FjqigzNpuVLYGclWwo3noEm6Rdq3pu1WveVOq1PJ4iXMAlXIMHt1CHB2hACxggvMArvDnPzrvz4XwuWwtOPnMOK3C+fgGeFZNK</latexit>

···
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Algorithmic Intelligence Lab

• To reduce complexity of log-det-Jacobian, prior works consider
• Carefully designed architectures (low rank, coupling, autoregressive)
• Stochastic estimator of free-form Jacobian

Design Schemes for Normalizing Flows

105* source: Chen, https://www.cs.toronto.edu/~duvenaud/talks/residual_flows_slides.pdf

FFJORD
Residual Flows



Algorithmic Intelligence Lab

• Discrete normalizing flows need a carefully designed (less expressive) layers
to achieve affordable (not cubic) complexity
→ Continuous normalizing flow affords an arbitrary network architecture

• Consider a continuous transformation (instead of                       ),
then the sampling can be done by an ordinary differential equation (ODE):

• Here, the change in log-probability also follows an ODE:

• Remark: We only need a trace (not a determinant) to compute likelihood

• The network 𝑓(𝑧 𝑡 , 𝑡, 𝜃) is learned by gradient descent (backpropagation
follows another ODE) [Chen et al., 20018; Grathwohl et al., 2019]

Continuous Normalizing Flow (CNF)
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