The Landscape of Deep Generative Learning
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Deep Generative Learning

Learning to generate data

Train

Samples from a Data Distribution Neural Network

[E|: 4 REE (Vahdat, Arash, Song, and Meng, 2023),

Vahdat, Arash et al. CVPR 2023 Tutorial Denoising Diffusion-based Generative Modeling: Foundations and Applications, 2023.
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1980s-2000s 2013 2016 2020 2021-2023

2000s-2010s 2014 2018 2020 ‘ g

2014 2015

[E]: 4pER X RATIALE (Deng, 2024),

Deng, [CS7352] Advanced Neural Network Theory and Application, SJTU Spring, 2024.
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> IEEY EITRE: EEEEMAFRIIERRS,
> REFREIRE: BIREFIEREUE.

Forward diffusion process (fixed)

Data Noise

Reverse denoising process (generative)

E: ¥ 8iamuBSisrRIREREUE (Sohl-Dickstein et al., 2015; Ho, Jain, and Abbeel, 2020), EF
SEiIB: Vahdat, Arash, Song, and Meng, 2023,

Sohl-Dickstein, et al. Deep Unsupervised Learning using Nonequilibrium Thermodynamics, ICML, 2015.
Ho, et al. Denoising Diffusion Probabilistic Models, NeurlPS, 2020.
Vahdat, Arash et al. CVPR 2023 Tutorial Denoising Diffusion-based Generative Modeling: Foundations and Applications, 2023.
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IEEEREAE T PRIOFRHENX :

Forward diffusion process (fixed)

Data Noise

q(xe | Xe—1) =N (Xt; V1—p: Xt—lyﬂtl) = q(x1.7 | %0) Hq(xt | x—1) (BXEDT)
B F3kE: Vahdat, Arash, Song, and Meng, 2023,

Vahdat, Arash et al. CVPR 2023 Tutorial Denoising Diffusion-based Generative Modeling: Foundations and Applications, 2023.
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Forward diffusion process (fixed)

Data Noise

BY:  a=[J0-8) = q(xc|x0) =N (xevVarxo, (1 - @) (FHIR
s=1

FHEAX:  x. =Vaxe+Vi-ace Hep e~ N(0,1)

IRFREE {6} RIEERS ar — 0, B q(xr | x0) = N(x7;0,1),
B H3&: Vahdat, Arash, Song, and Meng, 2023,

Vahdat, Arash et al. CVPR 2023 Tutorial Denoising Diffusion-based Generative Modeling: Foundations and Applications, 2023.
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IERY SR SRETH#HS
i B TERE:

Xt = Jarxe1 + V1 —arer,  q(xe | xe-1) ~ N (Xr; \/1—75%71,&1)
xe = \ao + V1 —are, = ﬁai
i=1
FHRHES:
Xt = \J/oexe—1 + V1= e

xe = Ve (Varies + VI~ areer) + VI~ age

Xt = \/QrQp_1Xt—2 + \/Oéitmetfl + V1 — ares
Xt = \JorQr_10¢_oXp—3 + -+ /1 — arop_q€
x¢ = Varxo + V1 — age
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ZIBRIALE, FIRHETTEIX a(xc|x0), 18 q(x.) BE?

Diffused Data Distributions

Data Noise
q(xt) = /‘J(X()yxf) dxg = /G(X(J) q(xt[x0) dxo «
N ) — NI — t
Diffused Joint Input Diffusion
data dist. dist. data dist.  kernel
The diffusion kernel is Gaussian convolution. a(xo) alx,) q(x,) a(xs) qlx)

HATRTLASERAE x0 ~ q(x0), FEFREE x 1;q(xt!xO), MIAEE x. ~ q(x;) (RIESS
XK.

B3R : Vahdat, Arash, Song, and Meng, 2023,

Vahdat, Arash et al. CVPR 2023 Tutorial Denoising Diffusion-based Generative Modeling: Foundations and Applications, 2023.
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D T EBEHIRIA q(xr) ~ N (x730,1)

Diffused Data Distributions

HErkidiE:
\\,Eﬁ XT ~ N(XT7 ) ) Xt x

33 X
> JEACRAE xe-1 ~ g(xe-1 | x4) ¥ 1 1
—_——
HEXEESH
alxo) alx,) alx,) alxs) alxr)
q(xo ;) alx,1x;) a(x;1x;) q(X3|Xs) qxr1|x7)

FAIBERIM q(xe—1 | x)? BREALRY, WRE—LIEEHT AR 6. R\, T
aILAARE S5 .

B H3Ei&: Vahdat, Arash, Song, and Meng, 2023,

Vahdat, Arash et al. CVPR 2023 Tutorial Denoising Diffusion-based Generative Modeling: Foundations and Applications, 2023.
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Reverse denoising process (generative)

Data Noise

p(x7) = N(x7;0,1)

T
po(Xe—1 | X¢) = N(Xt—1§ po(Xe, t), U?I) =  po(x0.1) = p(xT) HPG(Xt—l | xt).

..,
Il
—_

He po(xe, t) 2oIGRIMERILE (A0 U-Net, KIREIRSEE)
B H3R&: Vahdat, Arash, Song, and Meng, 2023,

Vahdat, Arash et al. CVPR 2023 Tutorial Denoising Diffusion-based Generative Modeling: Foundations and Applications, 2023.
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> lgeT, REZESER (I VAE):

Eq, [log po(x)] < Eq, {log Po(x, z)} =1L

qx(z[x)
P x; = arxo + V1 — ace, BESEHWARA (Ho, Jain, and Abbeel, 2020):

1 l—a
o (Xt, t) = (Xt - ,t €o(xt, t))

) = L
T 2
L =Eq(xg,e) {Z AE gy [|l€ = eo(vaexo + VT = are, 1) ﬂ
t=1

> IRE A\ = 1 XIFTE t SUREBRAE (Ho, Jain, and Abbeel, 2020),

Ho, et al. Denoising Diffusion Probabilistic Models, NeurlPS, 2020.
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Algorithm1-Training

Algorithm2-Sampling

1
, 582 1 X1 ~ N(O, ’)
X0 ~ q(xo) 2: fort=T,...,1do
3. t ~ Uniform({1,..., T}) 3 N(O,1)
zZn~ )
4 ~ N(0,1
€ \ ( _) 4: P \/% <xt — \}%Eg(xt, t)) + otz
I Nz AN ‘ t
- _ 9 5 end for
Vo ||e — o (Varxo + VI —are, 1) 6 ret
return x
6: BT -

EERIR: KIBHIRY SR DDPM (Ho, Jain, and Abbeel, 2020)

Ho, et al. Denoising Diffusion Probabilistic Models, NeurlPS, 2020.
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DiffusionSat &1/

longitude  -S071[) (D diffusion timestep
t — addition
attude 2838 ) ) o
Gsh 049 . [ ] timestep embedding ——» concatenation
]
coudcover 0 [ D . o metadata embedding ——» cross attention
year 2016 . | —] | . sinusoidal projection
month 10 D — @R combined embedding & MLP embedding
l—| ‘ VAE Encoder

VAE Decoder

Gauss\an
_mois Stable Diffusion m CLIP text encoder
Denoising U-Net g \.J denasing loop with

classifier-free guidance

W A W

O]

a fmow satellite image of a
recreational facility in the (text & metadata)

United States of America
latent-space
image features

text embedding

[E]: DiffusionSat base ERHETIAIREIALEN, BR T ANAGE ESRENAITTEIE ((EREEREY. AHA. IB) S
ETFMERE, LERBRERERE (Khanna et al., 2024),

Khanna, et al. DiffusionSat: A Generative Foundation Model for Satellite Imagery, ICLR, 2024.
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DiffusionSat BN ARIEES

> BRAIRR: "A satellite
image of a farmland"
> §3iA):

> IRHNFE — token

> HIRRET:
{"A" 101, " satellite” :
564, ..., <EOS> : 102}

> CLIP XA4miges:

> Token ID — 512 4R\
> IR AT

juse sors}l @~ difusion timesico
ww]) &
®

[
-
— }
[—
=

N

Stable Diffusion N
Denoising U-Net ey \J

71

toxt embedding

[E]: IARIGEMER (OpenAl CLIP) IHINIZREHTHE, FHEMR
512 FERNFATRA BETML (Khanna et al., 2024),

Khanna, et al. DiffusionSat: A Generative Foundation Model for Satellite Imagery, ICLR, 2024.
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DiffusionSat B TEUESRISsE

> SEATTEETRG:

> {E/%EE: Sentinel-2
> (IE: (5E: 37.7749,
2E: -122.4194)

ongitde so71}) S
[ S ]
Gso e timestep embedding
o P - _ netadata embedding
ws B
c

ined embedding

day

n [
)
> HEB: 2022-06-01 S Stable Diffusion ~
» GSD:- 10 m I I Denoising U-Net €5 Zlv!
> =& 5% = ’
> ARRIR: TERRISE E]: mHiEmnssisRA %ﬁiﬁiﬁﬁéb ERKERN, S
o HEsSRIn T2 A, BTR
> B 512 BRI TR (Knanna et ol 2020),

Khanna, et al. DiffusionSat: A Generative Foundation Model for Satellite Imagery, ICLR, 2024.
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> i
> N FENEESNE
> RS EliSARIDeE - [REE
> IEMYE: £ T SHIASERgEE
> St FEANAFOTTERIRA
> 23: UNet FRUIFH RIS

> TR

> N BEIRAFSEEE xr ~N(0,1)

> AT B BT S UNet ERKIR

> ﬁif_?; faTsEMRI0SE - REERE
57

Khanna, et al. DiffusionSat: A Generative Foundation Model for Satellite Imagery, ICLR, 2024.

N
N
Stable Diffusion

Denoising U-Net e
7 \ J 2o

]
QI[D

[Z|: DiffusionSat EHRMERICh)||Z (IEAT 8 SR
(REXIR) WEAIXLL, BR T EUMEIEIIIRE5ES.

Y EETHMERL2S (Khanna et al., 2024),
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> HEpk:
> Hrh:

> noise: x7~N(0,1)
P Ciext: XA (Huﬁ)\)
P Creta: ﬁé&% ('E*H)\-')\)

it

X~ p(n0i567 Ctext Cmeta)

ongiude w071}
etiude 2038 )
@sD s
coudcoer 0 B

e

[—] diffusion timestep.
3

— &

] [ ) fimestep embedding
&

) (-] _ metadata embedding

[

combined embedding

K—V_L!—\

Stable Diffusion I’
Denoising U-Net eg ~

a fnow satellite image of a z
recreational facility in the
United States of Amcrica

Khanna, et al. DiffusionSat: A Generative Foundation Model for Satellite Imagery, ICLR, 2024.

text embedding

——= addiion
—— concatenation

—— cross attention

sinusoidal projection
&MLP embedding

VAE Encoder

GLIP text encoder

denoising loop with
classifer-fre guidance
(text & metaciata)

[ ]
B
€ VA Dacr
B
o
e

latent-space
image features

DiffusionSat ERHEREIREE (Khanna et al., 2024),
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DiffusionSat+3DControlNet: HEZEHELS

temporal layer i

[80.51,50.44, 0.61,

1 —— concatenation

]
T
——» cross attention
GLIP text encoder
a a @ DiffusionSat
frozen weights
DiffusionSat
trainable copy

[0.51,50.44, 0.47,
0,2012, 1, 26] Zt

a satellite image of a
place of worship in Ukraine

H sinusoidal projection

&MLP embedding

0,2004, 7, 21]

—— 0 70} (@) (i+1)
= “_],|8Dzeo[” [| Temporal | | @z |7

Conv 1" | Transformer ‘f’ +

- | 1 A-a)z®
. g i
> cthu

b6 chw w6 cnw

leamed parameter 0 < a; < 1 initialized to O

5 U = — addition

&

—

> 1 If
~I

target metadata: [30.51, 50.44, 0.57, 0, 2020, 11, 3] -+ ‘ ‘ 2z latent-space
diffusion timestep: ¢~ =--------mmmmoooooon > input

. DiffusionSat FfJ 3DControlNet, (Khanna et al., 2024)

Khanna, et al. DiffusionSat: A Generative Foundation Model for Satellite Imagery, ICLR, 2024.
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DiffusionSat+3DControlNet: B FRFRNILEER

2009-03 2011 08 . 2016-07 SD + 3D CN STSR

. WS E‘J‘

a 1um
2016-03 2016-07 2016-09
— q ~—

age o facility in USA

&: fMoW-temporal #iE&E EAIRSFFFUMAERAER. (Khanna et al., 2024)

jam t' >t t <t
SSIMT  PSNRT LPIPS, | SSIMt  PSNRtT  LPIPS|
0.2181 11.3004 0.5342

0.2862 12.4990  0.5307
0.4293 14.8699  0.3937

0.2027 11.0536  0.5523
0.3297  13.6938  0.5062
0.3983 13.7886 0.4304

SD + 3D CN
DiffusionSat + CN
DiffusionSat + 3D CN

7R 4 fMow- temporal I FRONARBERER. ¢ > t ROCHFRRMGERTER L, ¢/ <t TR
BRI ERGERFKR.

Khanna, et al. DiffusionSat: A Generative Foundation Model for Satellite Imagery, ICLR, 2024.
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DiffusionSat+3DControlNet: O HERIEER

HGB

[B]: DiffusionSat TESYEEBOHRITEFHIREGIEER, (Khanna et al., 2024)

Khanna, et al. DiffusionSat: A Generative Foundation Model for Satellite Imagery, ICLR, 2024.
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> ERTURBIRTLAERHTRY. BEAVER.
> FNIRTLARE KT 7o I4:80E.
> Bl LBRE R EMRRNEIR, ERRRY RN B,

Xpasf“'p (Xlxprev CT)

+ suffer from [ >
volcano eruption
C ‘ Generative Models ‘

T
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Befi JaN{AE TEIEIER?

ZHFE:
> BEL. hERE. HEL. MRHEF.
MHE:

> BASHEKE R (Mixup) (Zhang et al., 2018),
> BEJHAENEE R ERS (CutMix) (Yun et al., 2019),

Original s I
Samples F
7
_ —
Input y ?

El: mREuEEEsETaE. MNEEIAIRKRA: Mixup (Zhang
et al., 2018), Cutout (DeVries and Taylor, 2017), CutMix (Yun
et al., 2019),

Zhang, et al. Mixup: Beyond Empirical risk minimazation, ICLR, 2018.
Yun, et al. CutMix: Regularization Strategy to Train Strong Classifiers With Localizable Features, ICCV, 2019.
DeVries, et al. Improved Regularization of Convolutional Neural Networks with Cutout, arXiv, 2017.

BRG] (CutMix):

cutmix_label = X - labelg + (1 — X) - labelg

labelg = [0, 1]

cutmix_label = 0.5 x [1,0] + 0.5 x [0, 1] = [0.5,0.5]

© 2025 Sakura
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Aerial images Pixel-wise labels Aerial images Pixel-wise labels

1

SatSyn (Toker et al., 2024) #2H

T—RhEREE (T EER)

TR P25 BB AR

RIEHE, AR AURE T AR
) 3], EREENSENESS, 18t
H A EIR A AR T BER
EEIEF.

— o~
o
=

n
o

.~ Occurrence %
o

(e]
~—

Toker, et al. SatSynth: Augmenting Image-Mask Pairs through Diffusion Models for Aerial Semantic Segmentation, CVPR, 2024.

© 2025 Sakura



ERERERFRIN T : Text2Earth

m

£ A
Time Step —»c@—» ® Element-Wise Add
©) Concatation
Resolution—»@—»l
A
,,,,,,,,,,,, Denoising U-Net x T
\ N
(:.}’l ‘ E ’H ﬂ‘(é’ %—» D
Zn 4 Q\K\V Ly
iy Text
Text Encoder
~ v

[E]: Text2Earth: EMXAIREIBIRVIUAIERHER! (Liu et al., 2025),

Liu, et al. Text2Earth: Unlocking text-driven remote sensing image generation with a global-scale dataset and a foundation model. GRSM. 2025.
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Text2Earth: 7~HIZ5ER

The River Winds
Through the
Yellow Desert

There are Some
Buildings With
White Walls in a
Commercial Area

There are
Houses by
the Beach

Several Green
Circular Fields are
Neatly Arranged
on the Ground

A Dense
Commercial Area
has Lots of
Varied Buildings

At the Edge of the
Desert, you can
See a Lake and

Green Mountains

Nourished by the

Lake

[E]: Text2Earth 4ERAITRGILER (Liu et al., 2025),

There is a Red
Building in a
Meadow

There is Yellow
Desert With a

Line of Green "ﬂ K 2an

Plants

A Curved Road
Passes Through
the Dense Forest

Liu, et al. Text2Earth: Unlocking text-driven remote sensing image generation with a global-scale dataset and a foundation model. GRSM. 2025.
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CJ

“Attention Feature
Noise Fusion
‘Trainable

.

[E]: CRS-Diff: EIESEREIREMIELR (Tang, Li, et al., 2024),

Tang, et al. CRS-Diff: Controllable Remote Sensing Image Generation with Diffusion Model. TGRS. 2024.
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CRS-Diff: fBll%

Condition-1  Condition-2 Results

. M;"“lg‘ ‘l'!s n% o

: [ B

. CRS-Diff R AIRFILER (Tang, Li, et al., 2024),

Tang, et al. CRS-Diff: Controllable Remote Sensing Image Generation with Diffusion Model. TGRS. 2024.
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