. Finanziato
dall'Unione europea
NextGenerationEU

£ Ministero
'S 5 dell’'Universita
; e della Ricerca

* %
*

*
* 4k

Stars do not
make a noise

...to be silent is to be beautiful

— James Stephens

\ )
5"
Aﬁ@ mins journey from the

classics to the deep learning
era of image denoising

Pierpaolo Brutti | Department of Statistics
pierpaolo brutti@uniromal it

[taliadomani

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

DI ASTROFISICA



mailto:pierpaolo.brutti@uniroma1.it

++.__| Finanziato %3, Ministero . .
+ » | dall'Unione europea ‘)ﬂ dell’Universita Italiadomani
*+* | NextGenerationEU “5¢> e della Ricerca ST ONAE vz

mnag ojoediaid

SOUBIDS SD13S1eIS JO Jusweda(]




e Finanziato . 3
+ » | dall'Unione europea [taliadomani INAF
il NextGenerationEU D RISRESA & RESILIENZA SPOICINAZIONAN
pd W
O O
—+ O
D =
P
v o
@
: —t ()]
L. g iy ~ 50
e .
. S 2 U‘. Qv p™
- P "N ) > =2
o v &
< Q
«© o
Q) b
r_'_
(D
QO
: Q
. W
(_'_
-
O
D)
o O
< =
(D
-
. : . . - SRS STILES - IR0000034
17/03/2026 Pierpaolo Brutti | Sapienza Missione 4 « Componente 2 T e,

Investimento 3.1



OAR@Monte Porzio Catone




Ministero

e Finanziato
5 dell’Universita

< % | dall'Unione europea XY Italiadomani INAE
bl NextGenerationEU %> e della Ricerca D RISREek ©RENTT IENZA S paEoNAE




* %

* ¥ %

* p *

* 3 %

17/03/2026 Pierpaolo Brutti | Sapienza Missione 4 » Componente 2

Finanziato Ministero . . ¢
dall'Unione europea dell’Universita [taliadomani ‘ INAF
NextGenerationEU e della Ricerca D RIFRESA € RESILIENZA . oAy

ﬁ'm" l..' .v 2 150 ‘: = £

ST e Mbalihys

ol 1 - .

”"th, | H{J‘miﬂ”
) .o"'——" .

PNRR STILES - IRO000034

CUP C33C22000640006

Investimento 3.1



Finanziato 2% Ministero 5 .
508 dell'Universita [taliadomani INAE

dall'Unione europea
NextGenerationEU (=] deua Ricerca P RICRESA E RESILIENZA O ASTROFSCA

L t's 2026, 50 .

SRS STILES - IR0000034

CUP C33C22000640006

17/03/2026 Pierpaolo Brutti | Sapienza Missione 4 » Componente 2

Investimento 3.1




= | Finanziato /53, Ministero 5 .
+ » | dall'Unione europea dell’Universita Italiadomani INAF

NextGenerationEU e della Ricerca DA R oA enza ISTIUTO NAZONALE

<« ¢ @ chatgpt.com @

in
®  ChatGPT Auto ~ S O
@
Q

What's on your mind today?

+ ...enhance! 9

PNRR
Pierpaolo Brutti | Sapienza Missione 4 « Componente 2

Investimento 3.1

STILES - IR0O000034
CUP C33C22000640006

17/03/2026



++»__| Finanziato /5%, Ministero . .
- % | dall'Unione europea W~y dell'Universita [taliadomani INAF

NextGenerationEU %5 e della Ricerca DI RIPRESA & RESILIENZA et S8

® https://tinyurl.com/27e7ffdr <P

PNRR STILES - IRO000034

CUP C33C22000640006

17/03/2026 Pierpaolo Brutti | Sapienza Missione 4 » Componente 2

Investimento 3.1



https://tinyurl.com/27e7ffdr

Finanziato
dall'Unione europea

NextGenerationEU

» Ministero
) dell’Universita
e della Ricerca

Italiadomani

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

INAF

ISTITUTO NAZIONALE
DI ASTROFISICA

17/03/2026

< ¢

in
®  ChatGPT Auto v
©
Q

@& chatgpt.com

| enhanced the image by reducing noise, increasing contrast, and sharpening the bright structures so the

central features stand out more clearly.

Pierpaolo Brutti | Sapienza

@
9+ o

Y
\\

PNRR
Missione 4 ¢ Componente 2
Investimento 3.1

STILES - IRO000034
CUP C33C22000640006



4
INAF

ISTITUTO NAZIONALE
DI ASTROFISICA

.+»_ | Finanziato »  Ministero
dall'Unione europea /*‘ dell’Universita

) [taliadomani
NextGenerationEU “5¢> e dellaRicerca

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

* %
*

*
* p *

restored

PNRR
17/03/2026 Pierpaolo Brutti I Sapienza Missione 4 ® Componente 2

Investimento 3.1

STILES - IRO000034
CUP C33C22000640006



Astro Denoising (FORECAST) w zscale

Patch 128x128
. . 4 L} : = > IMAGE CLEAN AUTOENCODER BM3D

» . 2 : ‘ .

-

° DDPM GAUSSIAN MEDIAN NL_MEANS
. Il
-
” »
PERONAMALIK PERSTREE TOPOATT UNET
]
~ ! .
. ' .
s
x=3853.9 y=1766.9 | patch=(3840, 1760) | pid=6995 WAVELET

Method MSE PSNR SSIM “
3 $\ 1.687e-6 39.44 0.9530

4.044e-6 35.64 0.9180

5.928e-6



.+.__| Finanziato .3, Ministero . .

* o / . g~

-+ | dall'Unione europea (v~ dell'Universita [taliadomani
T NextGenerationEU »35¢ @ della Ricerca DR eREes ERES T iENzZA



https://tinyurl.com/27e7ffdr

e Finanziato »  Ministero
« » |dall'Unione europea oy dell’Universita
ol NextGenerationEU 5 @ della Ricerca

i [taliadomani INAE

PIANO NAZIONALE ISTITUTO NAZIONALE
DI RIPRESA E RESILIENZA DI ASTROFISICA

. let's cu

L LO

ne chase ..

Main source: Elad et al. (2023). Image Denoising: The Deep Learning Revolution and Beyond — A Survey Paper

17/03/2026 Pierpaolo Brutti | Sapienza

PNRR
Missione 4 ¢ Componente 2

STILES - IR0O000034
CUP C33C22000640006

Investimento 3.1



Finanziato /2%, Ministero

&)
. AN, . s
dall'Unione europea *?/:v;. dell’Universita
“5¢&> e della Ricerca 4

NextGenerationEU

Disclaimer:

'll make tons of
\ approximations,

pe patient, thx

\‘/ A STILES - IRO000034

Saplenza Missione 4 ¢ Componente 2 CUP C33C22000640006

Investimento 3.1



= | Finanziato % Ministero : .
£ % | dall'Unione europea o~y dell’'Universita l [taliadomani INAE

PIANO NAZIONALE ISTITUTO NAZIONALE
DI RIPRESA E RESILIENZA DI ASTROFISICA

NextGenerationEU 5 @ della Ricerca

Noisy | Input signal Denoised | Output signal

Image Denoising

PNRR STILES - IRO000034

CUP C33C22000640006

17/03/2026 Pierpaolo Brutti | Sapienza Missione 4 ¢ Componente 2

Investimento 3.1




- | Finanziato /£, Ministero : . ¢
%+ |dall'Unione europea {0~ dell'Universita i [taliadomani @ mnar
L g PIANO NAZIONALE ISTITUTO NAZIONALE

NextGenerationEU > a della Ricerca DI RIPRESA E RESILIENZA ¢ D ASTROFISICA

True | Clean signal

Noisy | Input signal Denoised | Output signal

Image Denoising
Removal of White Additive Gaussian Noise

PNRR STILES - IR0000034

CUP C33C22000640006

17/03/2026 Pierpaolo Brutti | Sapienza Missione 4 » Componente 2

Investimento 3.1




PIANO NAZIONALE ISTITUTO NAZIONALE
DI RIPRESA E RESILIENZA DI ASTROFISICA

= | Finanziato /53, Ministero 5 .
+ + | dall'Unione europea {15 dell’Universita l [taliadomani INAF

NextGenerationEU ¢ e della Ricerca

True | Clean signal
- Poisson noise useful

but well approximated
by Gaussian in high/low
photon count scenarios,
possibly Anscombe’s ,
variance-stabilizing
transformation. 'CE

Noisy | Input signal Denoised | Output signal

- Many developments
under gaussianity can

be converted to other

noise models, also of
mixed type (Poisson-

Noise | € ~ N(0, o)

Gaussian)

- Optimal denoisers

Image Denoising
Removal of White Additive Gaussian Noise

under gaussianity play a
key role in modern,
generative models!
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Recap of
the basics

ép |deal: MSE-Optimal denoiser (MMSE)

sz = argminE | — ) = E(xly) = [ xp(xly) dx.

A1l X unknown

Likelihood: Posterior:

p(y|x) o exp{_ A I } p(x]y) o< p(y|x) p(x)

where p(x) is the image prior
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Observation Model

y=x+e €~ N(0,0%)

Recap of
the basics

|deal: MSE-Optimal denoiser (MMSE)

sz — argmin B |x - %|?) =E(xly) = [ xp(xly)dx.

A1l X unknown

Maximum Likelihood: Maximum a Posterior:
?MLE = argmax p(y’x) =y &\MAP — argmax P(le)
All x A1l x
_ 1 2_ |
No denoising ~~ we need a prior. — Ao §Hy_ x||*— log p(x)
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We present high quality image synthesis results using diffusion probabilistic models,

a class of latent variable models inspired by considerations from noneguilibrium
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- At the turn of this
decade, the idea of using
a good denoiser to
synthesize (hallucinate)
new images emerged.

- In essence:
Use the denoiser as a

. . d ‘b~
projector onto the image e 8 S S W s SO S ,jvcoq.
. act datd ard WL 8 e ¥ nng D, w{_v
manifold. = oo 8™ T s of OF g and W Wi e Wor s & g ey, ,
g We -‘“u?d“\ﬂ“‘g %‘ad“\uc WA i ettt scano'\‘ﬂ ‘t‘?“n\s cones® 0 N o, b?‘ Uy ot gy Zog, by,
[ ay “:ig.ﬂ\{“ ;:' inﬂn'\‘dds' \:lv\:t c\"‘f“fm fot a“,. e ﬁ‘ad\i.ug C\asc‘} L ~. “*l’b/f‘ Y. "’lf;.{j")b_\q Y. l‘(‘uh "b
W pecat cnsionE
2 om0 ot
Lo, A0
@) nOME: "L g e
S
o e ¢ ¢ an a:':
. p;(sd“““y d(;w
— ma!\:‘i:‘?‘.'ﬂm
L4 Aued e\ . . - - [ B -
\3 m\c;;;:\c Denoising Diffusion Probabilistic Models
! com!
o) ‘
7 “oﬁ““ Jonathan Ho Ajay Jain Pieter Abbeel
Q y W UC Berkeley UC Berkeley UC Berkeley
% o WO jonathanho@berkeley. edu  ajayjOberkeley.edu  pabbeel@®ce.berkeley.edu
by c,cnm“‘c“ﬂa
sa o B
=) wel e e
. At el -
L ey
g f;“\* ‘\\g (3\\ %l Abstract
29.
f ’ :’“‘,\3\3\‘ ’; N We present high quality image synthesis results using diffusion probabilistic models,
Z j.d\‘*“g 8 a class of latent variable models inspired by considerations from noneguilibrium
3 g - hermodynami (e b S 3 htained by trainin pa weishted vanations

17/03/2026 Pierpaolo Brutti | Sapienza Missione 4 « Componente 2 SRR

Investimento 3.1

CUP C33C22000640006



Finanziato

dall'Unione europea
NextGenerationEU

Ministero
dell’Universita
e della Ricerca

Italiadomani

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

INAF

ISTITUTO NAZIONALE
DI ASTROFISICA

- At the turn of this
decade, the idea of using
a good denoiser to
synthesize (hallucinate)
new images emerged.

- In essence:
Use the denoiser as a
projector onto the image
manifold.

- Main (backward) steps:

1. Start with (or get to) a
random noise image.

2."Climb" to a more
probable image by
Langevin Dynamics.

3....and look back at the
Bayesian literature of

the '60s...surprise!
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Abstract

We present high quality image synthesis results using diffusion probabilistic models,

a class of latent variable models inspired by considerations from noneguilibrium
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- At the turn of this
decade, the idea of using Diffusion Models Beat GANs on Image Synthesis
a good denoiser to
synthesize (hallucinate)

i Prafulla Dhariwal* Alex Nichol*
new images emerged. OpenAl Openl
prafulla@openai.com alex@openai.com

- In essence:

Use the denoiser as a Abstract

PrOjeCtOI' onto th eima ge We show that diffusion models can achieve image sample quality superior to the
. f | d current state-of-the-art generative models. We achieve this on unconditional im-

manitoid. age synthesis by finding a better architecture through a series of ablations. For

conditional image synthesis, we further improve sample quality with classifier guid-
ance: a simple, compute-efficient method for trading off diversity for fidelity using

_ H . gradients from a classifier. We achieve an FID of 2.97 on ImageNet 128x128,
Maln (baCkwa rd) steps. 4.59 on ImageNet 256x256, and 7.72 on ImageNet 512x512, and we match
1. Start with (or get tO) a BigGAN-deep even with as few as 25 forward passes per sample, all while main-

taining better coverage of the distribution. Finally, we find that classifier guidance

ra nd om noise ima ge. combines well with upsampling diffusion models, further improving FID to 3.94

T " on ImageNet 256256 and 3.85 on ImageNet 512x512. We release our code at
2."Climb" to a more https://github.com/openai/guided-diffusion.

probable image by
Langevin Dynamics.
3....and look back at the
Bayesian literature of
the '60s...surprise!

1 Introduction

*Remark: in these examples the generation is conditional to a prompt.
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» SAMPLING «

- At the turn of this

Pretend
decade, the idea of using . . . .
a good denoiser to We can access the true image distribution p(x)

synthesize (hallucinate)

new images emerged. - Goal
_ ILTSZStSheen;ee:noiser asa DraW a Sample from p(w)

projector onto the image
manifold.

- Main (backward) steps:

1. Start with (or get to) a
random noise image.

2."Climb" to a more
probable image by
Langevin Dynamics.

3....and look back at the
Bayesian literature of
the '60s...surprise!
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» SAMPLING «
- At the turn of this

Pretend
decade, the idea of using . . . .
a good denoiser to We can access the true image distribution p(x)

synthesize (hallucinate)

new images emerged. - Goal
- In essence: DraW a Samp|e from p(w)

Use the denoiser as a

projector onto the image

manifold. StepO: start with a purely random noise image x

- Main (backward) steps:

1. Start with (or get to) a
random noise image.

2."Climb" to a more
probable image by
Langevin Dynamics.

3....and look back at the
Bayesian literature of
the '60s...surprise!
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» SAMPLING «
- At the turn of this

Pretend
decade, the idea of using . . . .
a good denoiser to We can access the true image distribution p(x)

synthesize (hallucinate)

new images emerged. - Goal
- In essence: DraW a Samp|e from p(w)

Use the denoiser as a
projector onto the image

manifold. StepO: start with a purely random noise image x

- Main (backward) steps: : climb to a more probable image by iterating

1. Start with (or get to) a ~ ~ o~ .

random noise image. T, = s +a- Viogp(x,) [stuck in local max]
2."Climb" to a more

probable image by

Langevin Dynamics.
3....and look back at the

Bayesian literature of

the '60s...surprise!
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» SAMPLING «
- At the turn of this

Pretend
decade, the idea of using

> good denciserto We can access the true image distribution p(x)
synthesize (hallucinate
- Goal

new images emerged.
- In essence: Draw a sample from p(x)

Use the denoiser as a
projector onto the image

manifold, StepO: start with a purely random noise image
- Main (backward) steps: : climb to a more probable image by iterating
1. Start with (or get to) a ~ ~ ~ .
random noise image. wt—l—l — Ly + « - v logp(azt) + /8 ) T't [I—angeVIn]
2."Climb" to a more random perturbation

probable image by
Langevin Dynamics.
3....and look back at the
Bayesian literature of
the '60s...surprise!
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» SAMPLING «
- Atthe turn of this - Pretend
decade, the idea of using . . . .
2 good denclsertc We can access the true image distribution p(x)
synthesize (hallucinate
new images emerged. - G Oa |
_ ILr;s.zstsheenz!ee:noiser asa DraW d Sample from p(w)
projector onto the image . . . -
manifold. R StepO: st.art with a purely random.nmse image Zo
- Main (backard) e~ o a2y S : climb to a more probable image by iterating
1. Start with (- A S ~ ~ .
o Y\‘cb‘)ﬁhﬂsﬂc’ ] Ti41 =Ty + Q- + 6 -1y [Langevin]
N ?N@X 1O s 5 205 a\e%oﬁf‘“\a
& T o e : look at the Empirical Bayes literature to see that
RO ~ ~
|an|itelr<;(:ljraet(z|;e > [wt B D(mt7 0)] [Sma” O]
the '60s...surprise! P implicit link between MMSE denoisers and priors P
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» SAMPLING «

- "Technical” caveat
In practice, instead of the
plain Langevin with a
fixed (and small) o we
use the Annealed
Langevin that considers
a sequence of blurred
priors associated with a
decreasing sequence of

p(x)

noise levels:
Co>O1 > *** > ON
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» SAMPLING «

Finanziato =% Ministero

- "Technical” caveat
In practice, instead of the
plain Langevin with a
fixed (and small) o we
use the Annealed
Langevin that considers
a sequence of blurred
priors associated with a

. ...| see you!
decreasing sequence of
noise levels: oF
Oo>0O1> > ON Oy
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» DENOISING e

- Denoising by Sampling:
The Annealed Langevin
algorithm can be twisted
to design a Stochastic
Image Denoiser that
recover a sequence of
gradually less noisy
images by targeting the
oosterior distribution

p(x|y)

Solution is not unique.
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- ...and beyond!
Pretty much the same Langevin-based
paradigm can be adapted to deal with
a variety of inverse problems in order
to recover a signal from corrupted
measurements:

y=Hx + €

- De-blurring

- In-Painting

- De-Mosaicing

- Super-Resolution
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@ [NVERSE PROBLEMS « » STEERING «
- ...and beyond! - Power is nothing without control
Pretty much the same Lange\/m—based - Often we'd to ensure the generated data

paradigm can be adapted to deal with not only looks realistic but also adheres to

- : - desired connectivity constraints.
a variety of inverse problems in order

to recover a signal from corrupted - With topological steering we guide the

measurements. denoising process to produce outputs with
specific structural properties (e.g.

— Hx + € "
Y + connected components, holes, or specific
- De-blurring branching structures)
_ m_Pathg | - Typical tools persistent homology or
- De-Mosaicing topological loss functions, although they
- Super-Resolution are quite computationally intensive, but...
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» STEERING «

Persistent homology is expensive on large images.

Complexes grow quickly in time and memory.

Standard pipelines are impractical for real surveys.
- PixHomology makes PH feasible on real images.

u

g il

® https://github.com/riccardoc?5/PixHomology €P
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