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Abstract

Recent advances in text-to-image diffusion models have made high-quality media generation ubiquitous, raising the need to
verify whether content has been misappropriated or altered by prompt-based editing. Traditional pixel-domain watermarks are
easily erased by the diffusion prior embedded in modern editing tools, motivating watermarks that embed signals in the latent
space. This paper proposes a taxonomy that organizes such methods along two independent axes: insertion mechanism
(learning-based, optimization-based, training-free) and insertion representation space (initial noise, intermediate state, VAE latent,
pixel). Within this coordinate system, we formalize the verification and identification tasks and analyze, as case studies, the effect
of frequency integrity on detection performance and visual quality, the survival mechanism under seed-independent editing (the
Semantic Imprinting Hypothesis), and computational efficiency achieved through phase modulation in the VAE latent space. We
further extend the threat model to five attack categories—signal processing, cropping, generative editing, regeneration, and
parameter tuning—and synthesize the resulting trade-offs among robustness, quality, and efficiency. Finally, we identify six open

challenges: adaptive attacks, regeneration, model-parameter modification, video extension, cross-architecture generalization, and
evaluation standardization.

Keyword : Diffusion Model Watermarking, Watermarking Taxonomy, Semantic Watermarking, Generative Editing
Robustness, Frequency Integrity
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F 1.4 HFUER ERZ A0 WE FA S A0 J[Ee| 2F/ HA
Table 1. Taxonomy Matrix of Latent Space Watermarking Methods by Insertion Mechanism and Representation Space

< Mechanism —

| Representation Space Training-free Optimization-based Learning-based
Tree-Ring™ (freq.), RingID™ (freq.),
Initial Noise (2 ;) G.Shading® (spatial), HSTR/HSQR"" (freq.), ZoDiac® (freq.) DiffuseTrace!"™ (spatial)
WIND'? (freq., seed)
Intermediate (2,) - ROBINY -

PhaseMark!™ RoSteALS!™ (spatial),

110]
(freq., phase) FreqMark ™ (freq.) Latent Watermark!"® (spatial)

VAE Latent (z,)

- @ - X
Classical DCT/DWT, Stable Signature™ (spatial, VAE-FT),

Pixel 17 - RivaGAN® (spatial, attention),
DwiDetSvd™ (freq.) HIDDeN'™® (spatial)

Fog WG Aol X 7IWES 54 A7l % AXE U, & AP A velse E OE S
FeA) 43 A B e Bk Ao A g 9% 919 tF T4 FaAelth B =L 08 A5H
YT A5 Aol o} = Ay N1&A A A B, AF, AAY 1R, AN, sehE £ ol wF
A Efo|lEo=g M@tk 27) o2 Ay A 2 TR AT WA tEdh
AR A4 A Fashe 21HYAE Avt vlge] 7
FoE A F7E dE AASE dAE F7 4H
g A FHOI detulY Spo R Adse At = N. ojo|2x 9ejopzlel 4-8tx HAlsl gl
v, 4 44 HFshe A Acksins A qE A A3
of AAsrt F2 A FEeIA ol Foj Atk

A AAYS T AT Fol ErtAe T Wy I8l Bold 4l BAFI & 7Hed], & 32E V

Overall Pipeline of Semantic Watermarking in the Latent Fourier Domain

Initial Latent Latent Fourier Watermarked

Noise Domain Latent Image X,ym
?(ZT) eEC erm ER
Watermark Key : IH e
Model
FFT iFFT Image
(Forward) (Inverse) Generation

Attack/qurr@

@' Original y Fourier =

V. a_. Pheiar e ! Query Latent Fourier Latent Query Possibly Attacked
Y/ Watermark Key ” Region Query F (Zr)eC ZreR

Image Xym

Verification Task | Diffusion

| Key — Fourier Query Region |;< T e

Identification Task
argmin; || Key; — Fourier Query Region ||,

T2 1 A F2lof ZAoMel 02X e M molZekel &7| =O0|= A|=0AQ] &4, O|0|X| A, 4t 7|8t
& 4 2| 7|4 BX| Mg ZSSIcH

Fig. 1. Overall pipeline of semantic watermarking in the latent Fourier domain. The process includes embedding
in the initial noise seed, image generation, inversion-based extraction, and distance-based detection.
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% Brety FAAS HES HSQRS AZ 2 A A4
5 SHolA RingIDSF fAFE (2 0.999 H9)s 71&
3]

sk WhH, EF A E(E 39 AFID-1k)°l1A = HSQRO]
-0.721, RingID7} +2.054 5 7153t % &3t 2po] & Hel
o S, Aol ojn x3tE AN = FAY BE o
7 A F49 4S5 A ¥4 TR AL

& Qe
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Table 2. Detection Performance Comparison of Watermarking Methods under a Unified Benchmark

Method Mechanism / Space F;ﬁi:_ Payload (Téir:’;;F) Llezr Eiizt)
DwtDctSvd!" Training-free / Pixel-freq. v 32 0.494 108 0.206
RivaGAN® Learning-based / Pixel v 32 0.692 10° 0.484
Stable Signature!® Learning-based (VAE-FT) / Pixel X 48 0.819 10% 0.489
Tree-Ring® Training-free / z, -freq. X zero-bit 0.699 2048 0.125
HSTRI' Training-free / z, -freq. X zero-bit 0.993 2048 i 0.946
RingID"! Training-free / z, -freq. X zero-bit 0.999 2048 0.977
HSQR!"! Training-free / z, -freq. X zero-bit 0.999 8192 0.995
G.Shading® Training-free / z, -spatial X 256 1.000 10° 0.999
ZoDiacl® Optimization-based / z, -freq. v zero-bit 0.982 64 0.031
PhaseMark-PCQ"¥ Training-free / z, -freq. v 128 0.970 106 0.816
PhaseMark-APM[™ Training-free / z, -freq. v 128 0.999 108 0.988

X 3. S HIXDIR 7|F ofojx| MY Z& Hln

Table 3. Image Generative Quality Comparison under a Unified Benchmark

Method Mechanism / Space AFID-1k Note
RivaGAN® Learning-based / Pixel -0.785 -
HSQR!"! Training-free / z, -freq. -0.721 Integrity-preserving
PhaseMark-PCQ!"¥ Training-free / z, -freq. -0.517 Quality-centric variant
DwtDctSvd!"” Training-free / Pixel-freq. -0.389 -
G.Shading® Training-free / z, -spatial -0.317 Distribution-preserving
Stable Signature!® Learning-based (VAE-FT) / Pixel -0.241 -
HSTRI' Training-free / z, -freq. -0.099 Integrity-preserving
ZoDiac® Optimization-based / z, -freq. +0.091 -
PhaseMark-APM!'4 Training-free / z, -freq. +0.042 Performance-centric variant
Tree-Ring™ Training-free / z, -freq. +1.184 Integrity not preserved
RingID®! Training-free / z,. -freq. +2.054 Integrity not preserved; artifact
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¥ 4. 27 9i5(Random Crop) =22 5l0i|A2] Al(Identification) KBt H|wW
Table 4. Identification Accuracy under Spatial Distortion (Random Crop Attack)
Method Crop Scale 0.3 Crop Scale 0.4 Crop Scale 0.5 Crop Scale 0.6
RingID! 0.559 0.774 0.919 0.971
HSTR™ 0.903 0.992 0.999 1.000
HSQR!"" 0.999 0.999 1.000 1.000
#utk olyg} AF(Cropping) &t 22 &7H4 9=l digh 1. HEY dilof mE {E{0tE 274 X0
WA 3 FLsh 712 FHEL ojulA] HA) Geol F
2o WES HLenE on e AR Jo] AL A X 5e A= AAE AFHE2P)Y NS 5HY A#Y
S gEeha AB £40] A BASE BAZ AU (nfEdi 83014 Chka ey e AEEL v
HSTR % HSQR-E ZA) #WEle] 2% & %(center-aware)©ll st Adolty. Fa Yol 4 EH(frequency-aligned)
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of et e FEAAT
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< ZA%e HSTR % HSQR W42 A9 3F 4

=
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57 3L
S A

2
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-
0x
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omEA Enty] 7o AU
3l dEHe A AFE B9 5 v
T AA8(Seed-linked) ¥ Tl A=
I3 InfBdit"” 3} 2] AA AAHES N2 Ay
A z7)8}et= A= 53 (Seed-independent)
Sl whel, A Al gk Bk AEe A
H7pF 8752 A

k)
o iy

y

HSQR¥} X HEF ¢5sl 71" <l Gaussian Shading>

BAg 258 A2 AsdA A4 HHo) AzEE

InfEdit 73145 0.98 o9 H& BAAS FA T
Hh, Fule RAA AR A"EY BIA7L 2

Tree-Ring> H A &0] P2PollA 0.25, InfEditol A
032 FEo2 WA AP, T8y ojge gx& A
st A9 B3 AAolA HEvart AR o s v H
A7) W Z T ofyth AlF A3¥ A3, Tree-RingS HH
ol e Y& ouA AL ojn] Y HEES HIoH,
A & AEE T3 A2 A FES AAS

ol oJu|EA WY HAo] JEntA A E dFA R
AAGE7|Ee, A8 omA] GAlA P48 HE 7Hs
do] MY olFol & A FE A2 T Ues AL
T2 Tree-Ring OOD B OZ et 34 =2
sl Y& ojuA] GAME A5 7t g AL

25
$3510, o] 8k A7} post-edit attack®] F=71E 74| A

|

3

Sl

e
5

AA A% AT ootk WebA] B Eo
28 Yeriamo] RE o|uAH ] B A
HFEEO.E 73 A4E B BT 487

E 5 ddd Y 7UE0 02 0 AE(TPR@1%FPR) 45 HIL
Table 5. Verification Robustness (TPR@1%FPR) under Generative Editing Mechanisms

Method Category Method P2P (Inversion-based) InfEdit (Seed-independent)
Spectral Modification Tree-Ring® 0.25 0.32
Optimization-based ZoDiac® 0.75 0.86
Frequency-aligned HSQR!"" 0.99 1.00
Cryptographic G.Shading® 1.00 0.98
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¥ 59 A= SD2.1E AAE oJu]xE SD1.5 7]Hke]
InfEditS. 2 WZ 3= WA} 2 9(cross-model) 37304 4F
ZH 7=, okl APEF= voldAl % I Alge] A

ot g F3ie L WUEE AY P4o] obr|e A

Aol 7k EE 7HE5% 2ANA B2 AF A% S 74
gtk A AE 59 T4 g AFAQ A s
vebd ok
2. 2|02 Ztol 7Hd(Semantic Imprinting
Hypothesis)
U EEe] JBE YEuiart A s 592l A4

2l 7}d(Semantic Imprinting
Hypothesis)’= 3 Am™gth 17 2+ ol 7HdS
00D 5740] 7+t v £ SIEjp}Ro Foa ol EE
o JEE GvEA Jerae) g o AEEoE
Uk Aotk Adere] 7%, Tree-Ring?t 7o) 27] 24
AEe] Foe 4re 1 Wxsks $AL el 9
glo] g5t Relo] Adxe & A4 viuZ =} F53] 4
FH A 3 ol B vtAE olv A9 ojn| - A ZH4

—_

e
tlo

Case 1: O0D-prone Semantic watermark

M= et A7t daEA SLEA Xenh
ZE 7|9k {1y o] o] W2 @A &2 ol A =
ol A IS F3l MEA A B, 9

FE B AE 7ol AR

[e] RN

3
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Fig. 2. Visualization of the Semantic Imprinting hypothesis. OOD-prone methods fail to form stable detectable signals from the
original generation stage, whereas well-designed watermarks are internalized as stable visual attributes, ensuring robust detection

even under seed-independent generative re-synthesis.
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Table 6. Comparison of Latency and Regeneration Robustness by Target Space and Optimization

Methods Target Optimization-Free Latency Regen. Verif.
Space (Embed / Detect) (Embed / Detect) (TPR@1%FPR)
ZoDiac® Zp Emb.: X (Opt. z7) ~7.3mins / 4.11s 0.958
Det.: X (Inversion)
Semantic Emb.: O (Sampling) 0.9991,
Watermarks®+511 Zr Det.: X (Inversion) -/ 4ts 0.9971""
PhaseMark!™ 2 O (Single-Shot) 0.14s / 0.05s 0.998
H 7. VAE TH 37t flak Hx Mehf 0E M- EYloj=e=
Table 7. Performance vs. Image Quality Trade-off across Phase Modulation Variants
Modulation Strategy Type TPF??;?)F PR M"”(‘ngn??te PSNR 1 LPIPS |
APM (Robust) Hard / Absolute 0.999 0.988 31.715 0.129
IPS Hard / Relative 0.998 0.980 32.437 0.090
SPS Soft / Relative 0.996 0.960 32.952 0.068
PCQ (Quality) Soft / Absolute 0.970 0.816 34.156 0.037
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Table 8. Taxonomy of Attack Types and Primary Vulnerable Representation

Primary Vulnerable Representative
Attack Category Sub-types Representation Literature
Signal Processing Brightness, Contrast, JPEG, Blur, ’ ) .
() BM3D, Noise Pixel spatial domain methods -
Cropping Center crop, Globally-embedded methods Lee & Cho!'!
(V) Random crop
Generative Editing Seed-linked (P2P/NTI), 21
(V) Seed-independent (InfEdit) OOD-prone watermarks Lee & Cho
Regeneration VAE compression, Pixel-domain collapses; z /%, Zhao et al?,
(W) Diffusion regeneration largely robust Ni et all?
Parameter Tuning Full fine-tuning, LoRA, DreamBooth, . . Feng et al®,
() Textual Inversion Learning-based, pixel methods Wang et all*!
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