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Generative AI

Reverse channel coding 
(a.k.a. channel simulation) 

Realism-distortion trade-offs

Diffusion compression 
(Ho et al., 2020; Theis et al., 2022;Yang et al., 2025)

Low-complexity 
neural compression

COOL-CHIC 
(Ladune et al., 2023)  

 
C3 

(Kim et al., 2024;  
Ballé et al., 2024)

Rate-distortion theory

Quantization

Transform coding



HFD (MSE + diffusion) 0.056 bppInput



JPEG-XL 0.072 bppJPEG 0.068 bpp



JPEG-XL 0.072 bpp



ELIC (MSE; based on He et al., 2022) 0.056 bpp



HFD (MSE + diffusion; Hoogeboom et al., 2023) 0.056 bpp



HFD (MSE + diffusion) 0.056 bppInput



Background 
What is the cost of perfect realism? 

Diffusion I: High-fidelity diffusion (HFD) 
A transform coding approach 

Diffusion II: DiffC 
A novel approach using reverse channel coding

Overview



Realism

E.g., M. Li et al., 2012

Image

Reconstructed image

Divergence

Accuracy of an ideal observer (± c)



Realism-distortion trade-off

Blau & Michaeli (2018)
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Blau & Michaeli (2018)
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Perfect realism

E.g., M. Li et al., 2012

Image

Reconstructed image



Distortion [MSE]
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The cost of perfect realism
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A mathematical theory of communication

Shannon, 1948



DIFFUSION I: 

High-fidelity diffusion (HFD)



Approach

1) Train neural compressor with MSE 2) Train generative model conditioned on output

ELIC (0.1674 bpp) HFD (0.1674 bpp)
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Diffusion

Sohl-Dickstein et al. (2015); Ho et al. (2020); Song et al. (2021)
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Overview ELIC (He et al., 2022)



JPEG + StableDiffusion

Rombach et al. (2022), Hoogeboom et al. (2023)







Rombach et al. (2022), Hoogeboom et al. (2023)

Sharper, but less consistent
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Noise schedule

* Recommended for text-to-image models (Chen et al., 2023; Hoogeboom et al., 2023a)

More noise*

Less noise



Patch-wise generation
256 pixels

128 pixels





End-to-end trained
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(similar FID) (El-Nouby et al., 2023)



(similar FID) (Hoogeboom et al., 2023)



DIFFUSION II: 

DiffC



DiffC

HFD (transform coding) 

• Analysis transform

• Synthesis transform

• Conditional diffusion model

• Entropy model 

• Quantization


DiffC 

• A single unconditional diffusion model for all bit-rates

• Reverse channel coding

|
{z

}

x N     (potentially different models for different bit-rates)
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Data lives on a circle

<latexit sha1_base64="DKhTCzfuVP0qKswKHZKpaVakglQ="></latexit>

X̂ ⇠ X | c1

Theis & Agustsson (2020)

0

<latexit sha1_base64="9TRfjGfUs0KVpbFa8HqrOMj6slg="></latexit>

K = f(X, U) =

�
⇥

⇡
� U

⇡
mod 2

⇥̂ = ⇡(K + U)

<latexit sha1_base64="9TRfjGfUs0KVpbFa8HqrOMj6slg="></latexit>

K = f(X, U) =

�
⇥

⇡
� U

⇡
mod 2

⇥̂ = ⇡(K + U)



Toy example

Theis & Agustsson (2020)



DiffC

<latexit sha1_base64="qt8iqY++TvHEai+bbOdWaqBbVlU="></latexit>

X 1011001

<latexit sha1_base64="G67h+ALTQWFuUxrd5mmM+9q2q00="></latexit>

X̂ ⇠ PX|Zt

<latexit sha1_base64="Ut2x4DCZOW1raEiEb5o3L3QoM6Y="></latexit>

Zt ⇠ QZt|X



DiffC

Theis et al. (2022)

<latexit sha1_base64="220BRTYgqC9JTID4gKdrHmk2IDo="></latexit>

Zt

<latexit sha1_base64="wIpj7sRRGt70SOIsFoIWMbgFLv0="></latexit>

X̂



DiffC

Theis et al. (2022)

<latexit sha1_base64="220BRTYgqC9JTID4gKdrHmk2IDo="></latexit>

Zt

<latexit sha1_base64="wIpj7sRRGt70SOIsFoIWMbgFLv0="></latexit>

X̂



DiffC

<latexit sha1_base64="qt8iqY++TvHEai+bbOdWaqBbVlU="></latexit>

X 101
001
11

<latexit sha1_base64="+lWzfhGzae8AO1MLl3Lgds9kb1k="></latexit>

PZt|Zt+�

Refine

Generate

<latexit sha1_base64="gjBMCbGvYXVt8F4V1QJOwql0kis="></latexit>

PZT = N

<latexit sha1_base64="G67h+ALTQWFuUxrd5mmM+9q2q00="></latexit>

X̂ ⇠ PX|Zt



DiffC-A (SDE)



DiffC-F (ODE)



DiffC-F vs DiffC-A

Theis et al. (2022)
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Theorem. Let X : ⌦ ! RM
have a smooth density p with finite

G = E[kr ln p(X)k2].

Let Zt =
p

1� �2
tX + �tU with U ⇠ N (0, I). Let X̂A ⇠ P (X | Zt) and let

X̂F = Z0 be the solution to the ODE with Zt as initial condition. Then

lim
�t!0

E[kX̂F �Xk2]
E[kX̂A �Xk2]

=
1
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Example: Multivariate Gaussian
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Theis et al. (2022)

 3dB

⇡ HFD
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Example: Multivariate Gaussian

Optimal noise

Pink noise<latexit sha1_base64="aSlrmqwpfEnLAmBTZTsXxXRjEnk="></latexit>
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Theis et al. (2022)



Theis et al. (2022)

ImageNet 64x64

Realism (↓) Distortion (↑)



Theis et al. (2022)



• What do good analysis transforms and distortions look like? 
• Assuming perfect realism, what should the distortion measure?

• Assuming perfect realism, what does a 1dB change in PSNR mean perceptually?


• Make diffusion-based compression practical 
• Fast Gaussian reverse channel coding

• Dithered quantization instead of Gaussian noise

• Rectified flows (or “flow matching”)

• Distillation methods


• What are the limits of low rate, low complexity, & high realism?

Future research
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Realism revisited
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U(x) = log
X

k

⇡kQk(x)� logP (x)

What makes an image realistic? 
ICML 2024 

U(x1, . . . ,xN ) = log
X

k

⇡k

Y

n

Qk(xn)� log
Y

n

P (xn)
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“Universal critic”



Collaborators


