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Abstract

In-generation watermarking for latent diffusion models has
recently shown high robustness in marking generated im-
ages for easier detection and attribution. However, its ap-
plication to autoregressive (AR) image models is underex-
plored. Autoregressive models generate images by autore-
gressively predicting a sequence of visual tokens that are
then decoded into pixels using a VQ-VAE decoder. Inspired
by KGW watermarking for large language models, we ex-
amine token-level watermarking schemes that bias the next-
token prediction based on prior tokens. We find that a di-
rect transfer of these schemes works in principle, but the
detectability of the watermarks decreases considerably un-
der common image perturbations. As a remedy, we propose
a watermarking approach based on visual token clustering,
which assigns similar tokens to the same set (red or green).
We investigate token clustering in a training-free setting, as
well as in combination with a more accurate fine-tuned to-
ken or cluster predictor. Overall, our experiments show
that cluster-based watermarks greatly improve robustness
against perturbations and regeneration attacks while pre-
serving image quality, outperforming a set of baselines and
concurrent works. Moreover, our methods offer fast verifi-
cation runtime, comparable to lightweight post-hoc water-
marking techniques. The source code is available at
https://github.com/lukovnikov/ClusterMark

1. Introduction
Watermarking of AI-generated content is a key tool to ad-
dress misuse [23], to achieve content authenticity, and to
maintain the quality of training data by filtering out AI-
generated material. Besides classic post-hoc watermarking,
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one line of research explores techniques for embedding wa-
termarks already during generation. Most research has fo-
cused on diffusion models [11, 37, 41], while autoregressive
(AR) image models received less attention. However, recent
progress in this field motivates a comprehensive exploration
of AR image model watermarking.

AR models for image generation [3, 4, 9, 21, 29, 31, 32,
34, 35, 43, 44] generate images by predicting a sequence of
tokens in a latent space that is then transformed to pixels us-
ing a decoder. A common approach is to use discrete tokens
which are obtained after a quantization of the latent space.

In this work, we explore the embedding of watermarks
during the autoregressive generation process. To this end,
we consider token-level watermarks which have previ-
ously been studied in the context of large language models
(LLMs) generating text. In particular, we adopt the KGW
watermarking approach proposed by Kirchenbauer et al.
[18] due to its simplicity and effectiveness. This approach
builds on the idea of partitioning tokens into red and green
sets, then biasing the model to favor green tokens during
generation. This enables watermark detection based on the
proportion of green tokens in a given text.

As a baseline, we first examine the direct transfer of
KGW-style watermarks. Although this approach works in
principle, we find that the watermarks lack robustness under
common image perturbations. This can be explained by the
following observations: To verify the watermark, a given
image needs to be mapped back to the tokens that were
originally produced by the AR model to generate the image.
Firstly, the tokens might not be perfectly reconstructed due
to a mismatch between the VQ-VAE’s image encoding and
decoding procedures. Secondly, image perturbations fur-
ther amplify the discrepancy between the original and the
reconstructed tokens. Hence, a naive application of LLM
watermarks is not suitable for image generators.

As a remedy, we introduce a new watermarking approach
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based on visual token clustering. By clustering similar to-
kens together and building the green and red sets on cluster
level instead of token level, the watermark detection robust-
ness improves considerably. Even after image perturbations
(e.g. blur), the reconstructed tokens are more likely to fall
into the same cluster as the originally generated tokens.

We investigate the clustering approach in two variants:
(1) a training-free version that only adapts the sampling pro-
cedure and (2) in combination with a trained token or cluster
classifier for more robust token reconstruction.

In summary, our contributions are as follows:

• Clustering for KGW-style watermarking for AR im-
age models. We are among the first to investigate token-
level watermarking for AR image models and propose
two novel approaches based on token clustering.

• Robustness analysis. We conduct an extensive analysis
demonstrating the high robustness of our methods against
common image perturbations and regeneration attacks.

• Extensive evaluation. We thoroughly evaluate the pro-
posed techniques on different left-to-right autoregres-
sive image models, i.e., LlamaGen [29] (versions GPT-
B and GPT-L) and RAR-XL [44]. Our methods achieve
state-of-the-art results with low verification runtime, out-
performing the most recently developed concurrent in-
generation watermarks for AR image generators with
available code [16, 33].

2. Preliminaries
2.1. Autoregressive Image Generation
There are various works [3, 4, 9, 21, 29, 31, 32, 34, 35,
43, 44] that have developed autoregressive methods for im-
age generation with different sampling approaches. In the
following, we focus on common approaches of decoding
discrete tokens from a latent space, that is, on approaches
that rely on vector-quantized variational autoencoders (VQ-
VAE) for mapping an image to a sequence of tokens.

Here, a color image x ∈ R3×H×W is first mapped to
a latent space using an encoder E , resulting in continuous
feature vectors E(x) = z ∈ Rd×h×w. This latent represen-
tation is then quantized to visual tokens q ∈ Vh×w based on
a codebook. More precisely, there exists a fixed vocabulary
V with a corresponding codebook Q ∈ R|V|×d containing
d-dimensional vectors. These vectors are used to look up
the nearest token to each of the h × w d-dimensional vec-
tors in z, obtaining a collection of visual tokens q. The to-
kens can be mapped back to an image by first dequantizing
them using the same codebook Q and then mapping the la-
tent vectors into pixel space using a corresponding decoder
D : Rd×h×w → R3×H×W .

An autoregressive image generator models the joint dis-
tribution of image tokens p(q1, q2, . . . , qh·w|s) given a se-

mantic context vector s (such as a class or text) by decom-
posing it into

∏h·w
i pθ(qi|q1:i−1, s). During generation, a

sequence of tokens is consecutively generated by sampling
from pθ at every step. The default setting is to generate an
image by producing tokens describing parts of the image,
in a left-to-right, top-down scanning order. We consider
this setting for our watermarking approach. Note, however,
that alternative orderings and parallel decoding [3, 4, 21, 32]
have also been explored.

2.2. LLM Watermarking

Several methods have been proposed for watermarking
LLM-generated text [5, 18–20, 26, 38, 42]. In this work, we
adopt the KGW watermarking technique by Kirchenbauer
et al. [18] due to its simplicity and effectiveness. At every
generation step, this technique uses the previously decoded
tokens to seed a random function that is used to partition the
vocabulary of the generator into two sets, one referred to as
“green”, the other as “red”. More formally, given the se-
quence of tokens decoded so far, y1:i−1 = (y1, . . . , yi−1) ∈
Vn−1, we first compute a hash oi = hash(κ, yi−l, . . . , yi−1)
using a random hashing function like SHA256. Here, κ is
a predefined secret key that remains the same across mul-
tiple generations, and l is the number of preceding tokens
that are used. The hash oi is then used to seed a pseudoran-
dom number generator (PRNG) to randomly select a frac-
tion γ of tokens from V to form the set of green tokens Gi

of size ⌊γ ∗ |V|⌋. We refer to this process as g(·), which
computes the green set based on previously generated to-
kens: Gi = g(κ, yi−l, . . . , yi−1). The red set of tokens is
then its complement: Ri = V \ Gi. Given Gi, the bias
mask mi ∈ {0, 1}V is defined by setting the mask to one
for green tokens: mi[v] = 1Gi

(v). Next, the model’s dis-
tribution over V is biased to favor tokens from the green set
by adding some value δ to their logits fθ(y1:i−1) ∈ RV pre-
dicted by the model before normalizing using the softmax:

p′θ(yi|y1:i−1) = softmax(fθ(y1:i−1) +mi ∗ δ) .

The smaller the value of δ, the less the generator’s distribu-
tion is affected, but the weaker the watermark signal.

In order to verify the watermark for the given sequence
(y1, . . . , yT ), we can simply recompute the green sets Gi

for every given token given the preceding context. This
is fast as there is no need to access the original model.
Finally, to verify the watermark, we perform a one-side
(right-tailed) test assessing how unlikely it is to observe the
given number of green tokens, Ng = #green, in the en-
tire sequence by chance. The null hypothesis is that Ng

is distributed according to a binomial distribution: H0 :
Ng ∼ Binomial(T, γ). We compute the right-tailed p-value
p = Pr(X ≥ Ng) and reject H0 for a sequence if its p-value
p is lower than a chosen threshold ρ.
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<latexit sha1_base64="Z77pDW34BQhi8VbvQmZ3Gyk1rLQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELh4xyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+txvP6HSPJKPZhqjH9KR5EPOqLHSQ71f6RdLbtldgKwTLyMlyNDoF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/8lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5NWpexVy9X7q1LtNosjD2dwDpfgwTXU4A4a0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz+/+Y13</latexit>

C2

<latexit sha1_base64="v9EkUVlqWEkHvBZwNu/p6GhO0mM=">AAAB7XicbVBNTwIxEJ3FL8QPUI9eGomJJ7JrCHgkcvGIiXwksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMC2LOtHHdbye3tb2zu5ffLxwcHh0XSyenHS0TRWibSC5VL8CaciZo2zDDaS9WFEcBp91g2lz43SeqNJPiwcxi6kd4LFjICDZW6jSHabU+H5bKbsVdAm0SLyNlyNAalr4GI0mSiApDONa677mx8VOsDCOczguDRNMYkyke076lAkdU++ny2jm6tMoIhVLZEgYt1d8TKY60nkWB7Yywmeh1byH+5/UTE974KRNxYqggq0VhwpGRaPE6GjFFieEzSzBRzN6KyAQrTIwNqGBD8NZf3iSd64pXq9Tuq+XGbRZHHs7hAq7Agzo04A5a0AYCj/AMr/DmSOfFeXc+Vq05J5s5gz9wPn8AAR6Oxg==</latexit>

C47

<latexit sha1_base64="GySuNq3H1ULoyMY8EO2ydJDvnQQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktUj0We/FYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wbWZ+94kqzaR4MLOY+hEeCxYygo2VOs1hWqvNh+WKW3UXQOvEy0kFcrSG5a/BSJIkosIQjrXue25s/BQrwwin89Ig0TTGZIrHtG+pwBHVfrq4do4urDJCoVS2hEEL9fdEiiOtZ1FgOyNsJnrVy8T/vH5iwhs/ZSJODBVkuShMODISZa+jEVOUGD6zBBPF7K2ITLDCxNiASjYEb/XlddKpVb16tX5/VWnc5nEU4QzO4RI8uIYG3EEL2kDgEZ7hFd4c6bw4787HsrXg5DOn8AfO5w/2ao6/</latexit>

C22

<latexit sha1_base64="sDhrQhJBuwsKrHrC+drFjBVggW8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo/FXjxWMG2hDWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20OWn0w8Hhvhpl5YSK4Nq775RQ2Nre2d4q7pb39g8Oj8vFJW8epYuizWMSqG1KNgkv0DTcCu4lCGoUCO+G0ufA7j6g0j+WDmSUYRHQs+YgzaqzkNwdZfT4oV9yquwT5S7ycVCBHa1D+7A9jlkYoDRNU657nJibIqDKcCZyX+qnGhLIpHWPPUkkj1EG2PHZOLqwyJKNY2ZKGLNWfExmNtJ5Foe2MqJnodW8h/uf1UjO6CTIuk9SgZKtFo1QQE5PF52TIFTIjZpZQpri9lbAJVZQZm0/JhuCtv/yXtK+qXq1au7+uNG7zOIpwBudwCR7UoQF30AIfGHB4ghd4daTz7Lw576vWgpPPnMIvOB/fi86OiA==</latexit>

C7

<latexit sha1_base64="sDhrQhJBuwsKrHrC+drFjBVggW8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo/FXjxWMG2hDWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20OWn0w8Hhvhpl5YSK4Nq775RQ2Nre2d4q7pb39g8Oj8vFJW8epYuizWMSqG1KNgkv0DTcCu4lCGoUCO+G0ufA7j6g0j+WDmSUYRHQs+YgzaqzkNwdZfT4oV9yquwT5S7ycVCBHa1D+7A9jlkYoDRNU657nJibIqDKcCZyX+qnGhLIpHWPPUkkj1EG2PHZOLqwyJKNY2ZKGLNWfExmNtJ5Foe2MqJnodW8h/uf1UjO6CTIuk9SgZKtFo1QQE5PF52TIFTIjZpZQpri9lbAJVZQZm0/JhuCtv/yXtK+qXq1au7+uNG7zOIpwBudwCR7UoQF30AIfGHB4ghd4daTz7Lw576vWgpPPnMIvOB/fi86OiA==</latexit>

C7
<latexit sha1_base64="gW8HuvOs1RfujEfUCndQl7baOKE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewKQY9ELh4xkY8ENqRbulDptpu2a0I2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYNOZ+54kqzaR4MNOY+hEeCRYygo2V2o1BWqnMBsWSW3YXQOvEy0gJMjQHxa/+UJIkosIQjrXueW5s/BQrwwins0I/0TTGZIJHtGepwBHVfrq4doYurDJEoVS2hEEL9fdEiiOtp1FgOyNsxnrVm4v/eb3EhDd+ykScGCrIclGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtgQvNWX10n7quzVyrX7aql+m8WRhzM4h0vw4BrqcAdNaAGBR3iGV3hzpPPivDsfy9ack82cwh84nz/5dY7B</latexit>

C33

<latexit sha1_base64="gW8HuvOs1RfujEfUCndQl7baOKE=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewKQY9ELh4xkY8ENqRbulDptpu2a0I2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYNOZ+54kqzaR4MNOY+hEeCRYygo2V2o1BWqnMBsWSW3YXQOvEy0gJMjQHxa/+UJIkosIQjrXueW5s/BQrwwins0I/0TTGZIJHtGepwBHVfrq4doYurDJEoVS2hEEL9fdEiiOtp1FgOyNsxnrVm4v/eb3EhDd+ykScGCrIclGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtgQvNWX10n7quzVyrX7aql+m8WRhzM4h0vw4BrqcAdNaAGBR3iGV3hzpPPivDsfy9ack82cwh84nz/5dY7B</latexit>

C33

<latexit sha1_base64="HaIdvUd+2WxJGnr6ms51BLp1ny8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEq8diLx4rWFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfjxsxvP6HSPJYPZpKgH9Gh5CFn1Fip1ehnV9N+ueJW3TnIKvFyUoEczX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NgpObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsczLgCpkRE0soU9zeStiIKsqMzadkQ/CWX14ljxdVr1at3V9W6rd5HEU4gVM4Bw+uoQ530IQWMODwDK/w5kjnxXl3PhatBSefOYY/cD5/AIjEjoY=</latexit>

C5

<latexit sha1_base64="2xJv5Cp0prYAV9yQktvOXnpskwg=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSAh6JXDxiIh8JbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag4EsmeXlvJjPzgpgzbVz328ltbe/s7uX3CweHR8cnxdOzjpaJIrRNJJeqF2BNORO0bZjhtBcriqOA024wbS787hNVmknxYGYx9SM8FixkBBsrdZrDtFKdD4slt+wugTaJl5ESZGgNi1+DkSRJRIUhHGvd99zY+ClWhhFO54VBommMyRSPad9SgSOq/XR57RxdWWWEQqlsCYOW6u+JFEdaz6LAdkbYTPS6txD/8/qJCW/8lIk4MVSQ1aIw4chItHgdjZiixPCZJZgoZm9FZIIVJsYGVLAheOsvb5JOpezVyrX7aqlxm8WRhwu4hGvwoA4NuIMWtIHAIzzDK7w50nlx3p2PVWvOyWbO4Q+czx/5dI7B</latexit>

C24

…

…
<latexit sha1_base64="djxGdettxtZKsOrpLUXqqEyKfnE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB6DXjxGzAuSJcxOOsmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByN/fbT6g0j2TDTGP0QzqSfMgZNVZ6bPQr/WLJLbsLkHXiZaQEGer94ldvELEkRGmYoFp3PTc2fkqV4UzgrNBLNMaUTegIu5ZKGqL208WpM3JhlQEZRsqWNGSh/p5Iaaj1NAxsZ0jNWK96c/E/r5uY4Y2fchknBiVbLhomgpiIzP8mA66QGTG1hDLF7a2EjamizNh0CjYEb/XlddK6KnvVcvWhUqrdZnHk4QzO4RI8uIYa3EMdmsBgBM/wCm+OcF6cd+dj2ZpzsplT+APn8wfc542K</latexit>

T4

<latexit sha1_base64="zUPdipLmNezj8iNq1xoRwhntoZU=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhYSkSOtGKHbjskJf0IQwmU7aoZNJmJkIJXTjxl9x40IRt/6DO//GaZuFth4Y7uGce7lzT5AwKpVtfxuFtfWNza3idmlnd2//wDw86sg4FZi0ccxi0QuQJIxy0lZUMdJLBEFRwEg3GDdmfveBCElj3lKThHgRGnIaUoyUlnzztOE78Aa6WcvPKtNLqItT09WyLHfqm2XbsueAq8TJSRnkaPrmlzuIcRoRrjBDUvYdO1FehoSimJFpyU0lSRAeoyHpa8pRRKSXza+YwnOtDGAYC/24gnP190SGIiknUaA7I6RGctmbif95/VSF115GeZIqwvFiUZgyqGI4iwQOqCBYsYkmCAuq/wrxCAmElQ6upENwlk9eJZ2K5VSt6v1VuX6bx1EEJ+AMXAAH1EAd3IEmaAMMHsEzeAVvxpPxYrwbH4vWgpHPHIM/MD5/AD0IleA=</latexit>

C1 = {T2, T17, ...}
<latexit sha1_base64="v+NyUk8pPhYhbAtccNyc2qw9CLQ=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFcSEhKqboQit24rNAXNCFMptN26GQSZiZCCVm48VfcuFDErR/hzr9x2mahrQeGezjnXu7cE8SMSmXb38ba+sbm1nZhp7i7t39waB4dd2SUCEzaOGKR6AVIEkY5aSuqGOnFgqAwYKQbTBozv/tAhKQRb6lpTLwQjTgdUoyUlnyz1PAr8Aa6actPq9kF1OVaF8uy3Mw3y7ZlzwFXiZOTMsjR9M0vdxDhJCRcYYak7Dt2rLwUCUUxI1nRTSSJEZ6gEelrylFIpJfOj8jgmVYGcBgJ/biCc/X3RIpCKadhoDtDpMZy2ZuJ/3n9RA2vvJTyOFGE48WiYcKgiuAsETiggmDFppogLKj+K8RjJBBWOreiDsFZPnmVdCqWU7Nq99Vy/TaPowBK4BScAwdcgjq4A03QBhg8gmfwCt6MJ+PFeDc+Fq1rRj5zAv7A+PwBziGVqg==</latexit>

C2 = {T4, T9, ...}
…

Look up Tokens and 
<latexit sha1_base64="P5uTVhnDiNW6LSz/zb4pEApYqlI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGzAuSJcxOOsmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByN/fbT6g0j2TDTGP0QzqSfMgZNVZ6bPQr/WLJLbsLkHXiZaQEGer94ldvELEkRGmYoFp3PTc2fkqV4UzgrNBLNMaUTegIu5ZKGqL208WpM3JhlQEZRsqWNGSh/p5Iaaj1NAxsZ0jNWK96c/E/r5uY4Y2fchknBiVbLhomgpiIzP8mA66QGTG1hDLF7a2EjamizNh0CjYEb/XlddKqlL1qufpwVardZnHk4QzO4RI8uIYa3EMdmsBgBM/wCm+OcF6cd+dj2ZpzsplT+APn8wfZ342I</latexit>

T2

<latexit sha1_base64="53JQMYgHklioeUtDoj5/totl27k=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVaT0WvXis0C9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8x2+5BWx8MPN6bYWZeEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2md5nffaJKMylaZhZTP8JjwUJGsLFSpzVMvfp8WK64VXcBtE68nFQgR3NY/hqMJEkiKgzhWOu+58bGT7EyjHA6Lw0STWNMpnhM+5YKHFHtp4tr5+jCKiMUSmVLGLRQf0+kONJ6FgW2M8Jmole9TPzP6ycmvPFTJuLEUEGWi8KEIyNR9joaMUWJ4TNLMFHM3orIBCtMjA2oZEPwVl9eJ52rqler1h6uK43bPI4inME5XIIHdWjAPTShDQQe4Rle4c2Rzovz7nwsWwtOPnMKf+B8/gAWpY7U</latexit>

T17

<latexit sha1_base64="djxGdettxtZKsOrpLUXqqEyKfnE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB6DXjxGzAuSJcxOOsmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByN/fbT6g0j2TDTGP0QzqSfMgZNVZ6bPQr/WLJLbsLkHXiZaQEGer94ldvELEkRGmYoFp3PTc2fkqV4UzgrNBLNMaUTegIu5ZKGqL208WpM3JhlQEZRsqWNGSh/p5Iaaj1NAxsZ0jNWK96c/E/r5uY4Y2fchknBiVbLhomgpiIzP8mA66QGTG1hDLF7a2EjamizNh0CjYEb/XlddK6KnvVcvWhUqrdZnHk4QzO4RI8uIYa3EMdmsBgBM/wCm+OcF6cd+dj2ZpzsplT+APn8wfc542K</latexit>

T4

<latexit sha1_base64="9SGB47S+yq2CFY+PEXF9heUx7AU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqt6KXjxWaGyhDWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjRx2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXju5nfekKleSybZpJgENGh5APOqLGS3+xlN9NeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuem5ggo8pwJnBa6qYaE8rGdIgdSyWNUAfZ/NgpObNKnwxiZUsaMld/T2Q00noShbYzomakl72Z+J/XSc3gOsi4TFKDki0WDVJBTExmn5M+V8iMmFhCmeL2VsJGVFFmbD4lG4K3/PIqebyoerVq7eGyUr/N4yjCCZzCOXhwBXW4hwb4wIDDM7zCmyOdF+fd+Vi0Fpx85hj+wPn8Aajgjps=</latexit>

T9

<latexit sha1_base64="aUJOGlwzbFlBIkNbWbUaQbvTER4=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqR6LXjxW6Be0S8mm2TY2myxJVihL/4MXD4p49f9489+YbvegrQ8GHu/NMDMviDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqa5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QSTu7nfeaJKMymaZhpTP8IjwUJGsLFSuzlIvcvZoFxxq24GtEq8nFQgR2NQ/uoPJUkiKgzhWOue58bGT7EyjHA6K/UTTWNMJnhEe5YKHFHtp9m1M3RmlSEKpbIlDMrU3xMpjrSeRoHtjLAZ62VvLv7n9RIT3vgpE3FiqCCLRWHCkZFo/joaMkWJ4VNLMFHM3orIGCtMjA2oZEPwll9eJe2Lqler1h6uKvXbPI4inMApnIMH11CHe2hACwg8wjO8wpsjnRfn3flYtBacfOYY/sD5/AEQkY7Q</latexit>

T13

<latexit sha1_base64="9zieC3vcERYyOkCx0mQJvGdRDIY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mV0uqt6MVjhX5Bu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3M39zhNVmknRNNOY+hEeCRYygo2V2s1BWrmZDYolt+wugNaJl5ESZGgMil/9oSRJRIUhHGvd89zY+ClWhhFOZ4V+ommMyQSPaM9SgSOq/XRx7QxdWGWIQqlsCYMW6u+JFEdaT6PAdkbYjPWqNxf/83qJCa/9lIk4MVSQ5aIw4chINH8dDZmixPCpJZgoZm9FZIwVJsYGVLAheKsvr5P2VdmrlqsPlVL9NosjD2dwDpfgQQ3qcA8NaAGBR3iGV3hzpPPivDsfy9ack82cwh84nz8eQY7Z</latexit>

T49

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit>...

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit>...
<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit>...

Green Fraction
<latexit sha1_base64="ymkKDR6ju6DCOhHUGa4gP8LrTjs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqheh2IvHCtYW0lA22027dLMbdidCCf0ZXjwo4tVf481/47bNQVsfDDzem2FmXpQKbsDzvp3S2vrG5lZ5u7Kzu7d/UD08ejQq05S1qRJKdyNimOCStYGDYN1UM5JEgnWicXPmd56YNlzJB5ikLEzIUPKYUwJWCpr9fDzFN9h13X615rneHHiV+AWpoQKtfvWrN1A0S5gEKogxge+lEOZEA6eCTSu9zLCU0DEZssBSSRJmwnx+8hSfWWWAY6VtScBz9fdEThJjJklkOxMCI7PszcT/vCCD+DrMuUwzYJIuFsWZwKDw7H884JpREBNLCNXc3orpiGhCwaZUsSH4yy+vkscL16+79fvLWuO2iKOMTtApOkc+ukINdIdaqI0oUugZvaI3B5wX5935WLSWnGLmGP2B8/kDVd2P/w==</latexit>

Ck = ...

<latexit sha1_base64="4D4zJleNjTEKsw/5UAxRMZ5Oz5s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqsdiLx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfjxsxvP6HSPJYPZpKgH9Gh5CFn1FjpvtH3+uWKW3XnIKvEy0kFcjT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ3Wanf5HEU4QRO4Rw8uII63EITWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8we+dY12</latexit>

C1

<latexit sha1_base64="dA3rupKO72/rKP2/KE/EZp8BX3Y=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqR6LvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYNOZ+54kqzaR4MNOY+hEeCRYygo2V2o1BelmbDcoVt+pmQKvEy0kFcjQH5a/+UJIkosIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepwBHVfppdO0NnVhmiUCpbwqBM/T2R4kjraRTYzgibsV725uJ/Xi8x4Y2fMhEnhgqyWBQmHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/nlVdK+qHq1au3+qlK/zeMowgmcwjl4cA11uIMmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx/+BI7E</latexit>

C36
<latexit sha1_base64="DizqvstMq3Dm6fipHoW/qaYdcKQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqR6LvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYNOZ+54kqzaR4MNOY+hEeCRYygo2V2o1B6l3OBuWKW3UzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP82unaEzqwxRKJUtYVCm/p5IcaT1NApsZ4TNWC97c/E/r5eY8MZPmYgTQwVZLAoTjoxE89fRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmlfVL1atXZ/Vanf5nEU4QRO4Rw8uIY63EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w/2aY6/</latexit>

C13
<latexit sha1_base64="sDhrQhJBuwsKrHrC+drFjBVggW8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo/FXjxWMG2hDWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20OWn0w8Hhvhpl5YSK4Nq775RQ2Nre2d4q7pb39g8Oj8vFJW8epYuizWMSqG1KNgkv0DTcCu4lCGoUCO+G0ufA7j6g0j+WDmSUYRHQs+YgzaqzkNwdZfT4oV9yquwT5S7ycVCBHa1D+7A9jlkYoDRNU657nJibIqDKcCZyX+qnGhLIpHWPPUkkj1EG2PHZOLqwyJKNY2ZKGLNWfExmNtJ5Foe2MqJnodW8h/uf1UjO6CTIuk9SgZKtFo1QQE5PF52TIFTIjZpZQpri9lbAJVZQZm0/JhuCtv/yXtK+qXq1au7+uNG7zOIpwBudwCR7UoQF30AIfGHB4ghd4daTz7Lw576vWgpPPnMIvOB/fi86OiA==</latexit>

C7

<latexit sha1_base64="Mx4dJlBZd0WdhYo0BwxmB7UE4GY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JO8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1BFjdY=</latexit>3 <latexit sha1_base64="dA3rupKO72/rKP2/KE/EZp8BX3Y=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqR6LvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYNOZ+54kqzaR4MNOY+hEeCRYygo2V2o1BelmbDcoVt+pmQKvEy0kFcjQH5a/+UJIkosIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepwBHVfppdO0NnVhmiUCpbwqBM/T2R4kjraRTYzgibsV725uJ/Xi8x4Y2fMhEnhgqyWBQmHBmJ5q+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/nlVdK+qHq1au3+qlK/zeMowgmcwjl4cA11uIMmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx/+BI7E</latexit>

C36

<latexit sha1_base64="Mx4dJlBZd0WdhYo0BwxmB7UE4GY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JO8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1BFjdY=</latexit>3 <latexit sha1_base64="DizqvstMq3Dm6fipHoW/qaYdcKQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqR6LvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYNOZ+54kqzaR4MNOY+hEeCRYygo2V2o1B6l3OBuWKW3UzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP82unaEzqwxRKJUtYVCm/p5IcaT1NApsZ4TNWC97c/E/r5eY8MZPmYgTQwVZLAoTjoxE89fRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmlfVL1atXZ/Vanf5nEU4QRO4Rw8uIY63EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w/2aY6/</latexit>

C13

<latexit sha1_base64="JYkVTSSay5g7r2f2e5pksDfzsCA=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRahXkqiUj0We/FYwX5AG8Nmu22XbjZhdyOEEP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZ50eMSmXb30ZhbX1jc6u4XdrZ3ds/MA+POjKMBSZtHLJQ9HwkCaOctBVVjPQiQVDgM9L1p82Z330kQtKQ36skIm6AxpyOKEZKS55ZHj+kmMVSEZFVm156Uc/OPLNi1+w5rFXi5KQCOVqe+TUYhjgOCFeYISn7jh0pN0VCUcxIVhrEkkQIT9GY9DXlKCDSTefHZ9apVobWKBS6uLLm6u+JFAVSJoGvOwOkJnLZm4n/ef1Yja7dlPIoVoTjxaJRzCwVWrMkrCEVBCuWaIKwoPpWC0+QQFhnIUs6BGf55VXSOa859Vr97rLSuMnjKMIxnEAVHLiCBtxCC9qAIYFneIU348l4Md6Nj0VrwchnyvAHxucPQ/WUhw==</latexit>

gcluster(C36)
<latexit sha1_base64="cXSfvjSiKr9MFEYL9MW34MuAHjI=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRahXkqiUj0We/FYwX5AG8NmO22XbjZhdyOEEP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZ50eMSmXb30ZhbX1jc6u4XdrZ3ds/MA+POjKMBYE2CVkoej6WwCiHtqKKQS8SgAOfQdefNmd+9xGEpCG/V0kEboDHnI4owUpLnlkeP6SExVKByKpNL3UusjPPrNg1ew5rlTg5qaAcLc/8GgxDEgfAFWFYyr5jR8pNsVCUMMhKg1hChMkUj6GvKccBSDedH59Zp1oZWqNQ6OLKmqu/J1IcSJkEvu4MsJrIZW8m/uf1YzW6dlPKo1gBJ4tFo5hZKrRmSVhDKoAolmiCiaD6VotMsMBEZyFLOgRn+eVV0jmvOfVa/e6y0rjJ4yiiY3SCqshBV6iBblELtRFBCXpGr+jNeDJejHfjY9FaMPKZMvoD4/MHPFWUgg==</latexit>

gcluster(C13)
<latexit sha1_base64="Mx4dJlBZd0WdhYo0BwxmB7UE4GY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JO8X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1BFjdY=</latexit>3 <latexit sha1_base64="sDhrQhJBuwsKrHrC+drFjBVggW8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo/FXjxWMG2hDWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20OWn0w8Hhvhpl5YSK4Nq775RQ2Nre2d4q7pb39g8Oj8vFJW8epYuizWMSqG1KNgkv0DTcCu4lCGoUCO+G0ufA7j6g0j+WDmSUYRHQs+YgzaqzkNwdZfT4oV9yquwT5S7ycVCBHa1D+7A9jlkYoDRNU657nJibIqDKcCZyX+qnGhLIpHWPPUkkj1EG2PHZOLqwyJKNY2ZKGLNWfExmNtJ5Foe2MqJnodW8h/uf1UjO6CTIuk9SgZKtFo1QQE5PF52TIFTIjZpZQpri9lbAJVZQZm0/JhuCtv/yXtK+qXq1au7+uNG7zOIpwBudwCR7UoQF30AIfGHB4ghd4daTz7Lw576vWgpPPnMIvOB/fi86OiA==</latexit>

C7

…

+1

+1

+1

<latexit sha1_base64="ZVFuL/frNJY8X2Q2y99GZc4Lq+Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1Fjpodn3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfYW42H</latexit>

T1
<latexit sha1_base64="P5uTVhnDiNW6LSz/zb4pEApYqlI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGzAuSJcxOOsmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByN/fbT6g0j2TDTGP0QzqSfMgZNVZ6bPQr/WLJLbsLkHXiZaQEGer94ldvELEkRGmYoFp3PTc2fkqV4UzgrNBLNMaUTegIu5ZKGqL208WpM3JhlQEZRsqWNGSh/p5Iaaj1NAxsZ0jNWK96c/E/r5uY4Y2fchknBiVbLhomgpiIzP8mA66QGTG1hDLF7a2EjamizNh0CjYEb/XlddKqlL1qufpwVardZnHk4QzO4RI8uIYa3EMdmsBgBM/wCm+OcF6cd+dj2ZpzsplT+APn8wfZ342I</latexit>

T2 …
<latexit sha1_base64="4P5UQRgOYdoVZjyzN25v+T5nAgQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VW1toQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSybZpKgH9Gh5CFn1Fjpodl3++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lTxeVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfW142G</latexit>

T0
<latexit sha1_base64="MoFCcybhDUclq3mWXoQLkga09pc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqRI9BLx4j5gXJEmYnvcmQ2dllZlYIIZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/mtJ1Sax7Juxgn6ER1IHnJGjZUe673LXrHklt05yCrxMlKCDLVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NTp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14Y0/4TJJDUq2WBSmgpiYzP4mfa6QGTG2hDLF7a2EDamizNh0CjYEb/nlVdK8KHuVcuXhqlS9zeLIwwmcwjl4cA1VuIcaNIDBAJ7hFd4c4bw4787HojXnZDPH8AfO5w/bY42J</latexit>

T3

<latexit sha1_base64="H4YV6LvZLtPqryGzlcFL699u7Ts=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJUejyc=</latexit>

�Boost Logits by

<latexit sha1_base64="Z77pDW34BQhi8VbvQmZ3Gyk1rLQ=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELh4xyiOBDZkdGpgwO7uZmTUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+txvP6HSPJKPZhqjH9KR5EPOqLHSQ71f6RdLbtldgKwTLyMlyNDoF796g4glIUrDBNW667mx8VOqDGcCZ4VeojGmbEJH2LVU0hC1ny5OnZELqwzIMFK2pCEL9fdESkOtp2FgO0NqxnrVm4v/ed3EDG/8lMs4MSjZctEwEcREZP43GXCFzIipJZQpbm8lbEwVZcamU7AheKsvr5NWpexVy9X7q1LtNosjD2dwDpfgwTXU4A4a0AQGI3iGV3hzhPPivDsfy9ack82cwh84nz+/+Y13</latexit>

C2

<latexit sha1_base64="6jJOsIvAVnvGuu16nM6j2LZbQLU=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSLUS0mKVI/FXjxWsB/QxrDZbtqlm03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgoQzpR3n29rY3Nre2S3sFfcPDo+O7ZPTtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCcWPudyZUKhaLRz1NqBfhoWAhI1gbybft4VNGeKo0lbNyw69e+XbJqTgLoHXi5qQEOZq+/dUfxCSNqNCEY6V6rpNoL8NSM8LprNhPFU0wGeMh7RkqcESVly0un6FLowxQGEtTQqOF+nsiw5FS0ygwnRHWI7XqzcX/vF6qw1svYyJJNRVkuShMOdIxmseABkxSovnUEEwkM7ciMsISExOEKpoQ3NWX10m7WnFrldrDdal+l8dRgHO4gDK4cAN1uIcmtIDABJ7hFd6szHqx3q2PZeuGlc+cwR9Ynz/1TJM6</latexit>

gcluster(C2)

<latexit sha1_base64="LshzaqkWKNqEYgKB78GqDb9D6hU="></latexit>

T4
c(·)��! C2

gcluster(·)������! Gcluster
i = {C13, C49, . . .}

<latexit sha1_base64="wtIZ/j4JtC2wIOc6GlxovORzNkg="></latexit>

Gcluster
i

c�1(·)����! Gi = {T1, T3, . . .}

Figure 1. Overview of our proposed cluster-based watermark for AR image generators. Before generation, tokens are clustered based on
codebook vector similarity, partitioning the vocabulary into a set of clusters. Additionally, a token or cluster classifier can be trained to
further boost robustness (This figure shows the variant with the cluster classifer). At every generation step, the set of clusters is partitioned
into green and red sets and sampling is biased towards tokens in green clusters. During verification, if the fraction of green tokens is
significantly higher than random chance, the image is considered watermarked.

3. Watermarking for AR Image Generators

First, we introduce a baseline watermark for autoregressive
image generation. Next, we describe our token clustering
and fine-tuning strategies for improving robustness.

3.1. Baseline AR Watermark
As a baseline variant, we consider the naive application
of KGW watermarking on the token sequence {qi}h.w1 =
(q1, . . . , qh.w) produced by the AR image generation
model. The generation of the image consists of two phases:
(1) sampling the token sequence {qi}h.w1 using the AR
model, and (2) mapping the token sequence to an image
x using the VQ-VAE. During sampling, the hash for the
red-green partitioning is computed from the previous token:
oi = hash(κ, qi−1). We refer to κ as the (hash) prefix. For
the verification of a given image x, we first use the encoder
and quantizer of the VQ-VAE to produce a token sequence
{q′i}h.w1 , and then count the fraction of green tokens along
the generation order.

3.2. Cluster-Based AR Watermark
Due to the quantization in the encoding step of the VQ-
VAE, even small image perturbations can lead to entirely
different tokens being predicted for a large fraction of the
tokens (since it is sufficient that the perturbation moves the
latent representation closer to another token in the code-
book). This sensitivity of the token reconstruction leads
to poor robustness under image perturbations, as similar to-
kens are randomly assigned to either red or green sets. Thus,
we cluster the codebook tokens based on their embeddings
to improve robustness. Tokens are partitioned into green
and red sets such that all tokens belonging to the same clus-
ter are either in the green or in the red set.

Clustering the vocabulary. Prior to generation, we apply
k-means clustering to partition the vocabulary V into k dis-
joint subsets (C1, . . . , Ck). This partitioning is computed
using the Euclidean distances between the token represen-
tations in the codebook Q. For convenience, we define a
cluster assignment function c(q) ∈ {1, . . . , k}, which re-
turns the index of the cluster containing token q.

Watermarking with clusters. During generation, there
are two main differences compared to the basic case. The
hash oi is computed based on the cluster of the preceding
token: oi = hash(κ, c(qi−1)), where κ is the (hash) pre-
fix that is kept constant across multiple generations. The
hash is then used to compute a green set Gcluster

i over clus-
ters (C1, . . . , Ck), rather than over the vocabulary V. The
green set over V is simply the union over green clusters:
Gi =

⋃
Ci∈Gcluster

i
Ci. This green set of tokens Gi is then

used to bias the generative distribution towards generating
one of the green tokens, similarly to the baseline variant.
Note that the red/green assignment is shared by all tokens
in a cluster. This should improve robustness to image per-
turbations, under the assumption that perturbed images are
likely to decode to semantically or geometrically similar to-
kens within the same cluster. Verification works similarly
to the baseline variant with the difference that hashing and
masking are again done on cluster level. Algorithm 1 de-
scribes the generation and verification process in detail.

3.3. Token and Cluster Reconstruction
The approach discussed so far is training-free and only re-
lies on the clustering of tokens based on their codebook vec-
tors. As an extension of this cluster-based watermarking ap-
proach, we also investigate fine-tuning the VAE encoder to
improve cluster reconstructions. Here, we experiment with
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two approaches: (1) a token predictor that predicts the token
indices that can then be mapped to cluster indices and (2) a
cluster predictor that directly outputs the cluster indices. To
increase robustness, fine-tuning is performed adversarially
with perturbation-augmented images by applying a pertur-
bation function ϕ(·).

The token and cluster classifier (MT andMC , respec-
tively) are implemented by taking a copy of the VQ-VAE
encoder E without the pre-quantization layer, and adding a
simple classification output layer. They are fine-tuned using
unwatermarked images generated by the AR model. The to-
ken classifier is trained with the following loss, which tries
to produce the original tokens:

LTC = E
(x,{qi}h.w

1 )∼pθ

[∑
i

CE(MT

(
ϕ(x))i, qi

)]
, (1)

whereas the cluster classifier is trained with another loss,
which tries to reproduce the clusters of the original tokens
directly:

LCC = E
(x,{qi}h.w

1 )∼pθ

[∑
i

CE(MC

(
ϕ(x))i, c(qi)

)]
, (2)

Note that the use of these classifiers does not require any
changes to the watermarked image generation procedure.

3.4. Prefix Tuning
In preliminary experiments, we observed that the choice
of hash prefix κ (the secret) significantly affects water-
mark detection performance. For certain images (e.g., those
with large uniform regions), specific cluster transitions oc-
cur more frequently, leading to unusually high green counts
even in unwatermarked images and resulting in false pos-
itives. To address this, we adopt a simple empirical ap-
proach by evaluating multiple κ values and selecting the
best-performing one.

4. Evaluation
In this section, we evaluate the effectiveness of our pro-
posed watermarking approach. We first detail the experi-
mental setup, including the models and metrics used, before
presenting our main findings and an ablation study.

4.1. Experimental Setup
Models. We conduct experiments on three left-to-right
autoregressive models: LlamaGen [29] (GPT-B and GPT-L)
and RAR-XL [44]. For both models, their class-to-image
variants are used, which generate images conditioned on
ImageNet [28] classes. We use the best reported generation
settings. See Section A in Suppl. Material for details.

Evaluation Metrics. Similarly to previous work, we re-
port TPR@FPR=1% and AUC to measure watermark detec-
tion performance. The main evaluation (Tab. 1) uses 2,000

Algorithm 1 Cluster-Based Watermarking

1: function COMPUTEGREENSET(qi−l:i−1, V, C, κ, γ)
2: G ← PRNG(hash(κ, c(qi−l:i−1))) ▷ Seed PRNG
3: for j = 1, 2, . . . , k do
4: rj ← G.uniform(0, 1)
5: end for
6: kgreen ← ⌊γ · k⌋ ▷ Number of green clusters
7: Gcluster ← argsort((r1, r2, . . . , rk))[:kgreen]
8: G =

⋃{Cj : Cj ∈ Gcluster} ▷ Merge green
9: return G

10: end function

11: function GENERATEWITHWM(fθ, V, C, κ, γ, δ, s)
12: q1 ∼ softmax(fθ(s)) ▷ Sample first token
13: for i = 2, . . . , h.w do ▷ Generate h.w tokens
14: Gi ← ComputeGreenSet(qi−l:i−1,V, C, κ, γ)
15: zi ← fθ(q1:i−1, s) ▷ Compute model logits
16: for v ∈ Gi do
17: zi[v]← zi[v] + δ ▷ Bias green
18: end for
19: qi ∼ softmax(zi) ▷ Sample next token
20: end for
21: return q1:h.w
22: end function

23: function VERIFYWATERMARK(q1:h.w,V, C, κ, γ)
24: green count← 0
25: for i = 2, . . . , h.w do
26: Gi ← ComputeGreenSet(qi−l:i−1,V, C, κ, γ)
27: if qi ∈ Gi then
28: green count← green count + 1
29: end if
30: end for
31: p-value← 1− CDFBinom(green count− 1, h.w, γ)
32: return p-value
33: end function

watermarked images and provides empirical numbers com-
puted against a set of 2,000 generated, unwatermarked im-
ages. Image quality is assessed by computing the FID of
50k generated images against the ImageNet validation set.

Watermark Settings. We explore different settings for
the cluster-based watermark by varying the number of clus-
ters (k ∈ 8, 16, 32, 64, 128), the strength of the watermark
(δ ∈ 2, 5), and the fraction of green tokens (γ ∈ 0.5, 0.25).
This is done for different hash prefixes (κ ∈ 1, . . . , 8) from
which we pick the best-performing one. The optimal set-
tings were determined on a validation set disjoint from the
test set used in Table 1 and by using different perturbations.
This procedure is described in detail in Section B in the
Supplementary Material.
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Model FID ↓ Clean JPEG 20 Gauss. Blur R 3 Gauss. std .2 Salt&Pepper .1 Color Jitter Regeneration

LlamaGen GPT-B 256× 256 (Baseline FID=6.01)

DWT-DCT-SVD 6.51 1.000 — 1.000 0.415 — 0.006 0.975 — 0.785 0.503 — 0.005 0.506 — 0.009 0.542 — 0.161 0.826 — 0.494
RivaGAN 6.34 1.000 — 0.999 0.928 — 0.510 0.996 — 0.963 0.951 — 0.661 0.958 — 0.701 0.848 — 0.752 0.853 — 0.475
TrustMark 6.06 N/A — 1.000 N/A — 0.154 N/A — 0.320 N/A — 0.023 N/A — 0.022 N/A — 0.650 N/A — 0.373
SSL 6.19 1.000 — 1.000 0.837 — 0.242 0.994 — 0.938 0.553 — 0.035 0.545 — 0.022 0.982 —0.919 0.937 — 0.685
IndexMark (+IE) 5.84 1.000 — 1.000 0.969 — 0.821 0.761 — 0.171 0.631 — 0.055 0.635 — 0.071 0.907 — 0.732 0.951 — 0.761
Ours (No Clustering) 5.90 0.999 — 0.999 0.928 — 0.692 0.621 — 0.068 0.626 — 0.075 0.621 — 0.069 0.851 — 0.573 0.916 — 0.710
+ Token Classifier 5.90 1.000 — 1.000 0.877 — 0.564 0.818 — 0.366 0.912 — 0.651 0.999 — 0.998 0.974 — 0.926 0.881 — 0.677
Ours (Clustering, k=64) 6.12 1.000 — 1.000 0.993 — 0.956 0.951 — 0.663 0.861 — 0.369 0.875 — 0.402 0.926 — 0.792 0.997 — 0.972
+ Token Classifier 6.12 1.000 — 1.000 0.978 — 0.875 0.995 — 0.949 0.980 — 0.900 1.000 — 1.000 0.960 — 0.917 0.996 — 0.968
+ Cluster Classifier 6.12 1.000 — 1.000 0.982 — 0.893 0.992 — 0.925 0.982 — 0.895 1.000 — 0.999 0.985 — 0.951 0.993 — 0.935

LlamaGen GPT-L 384× 384 (Baseline FID=4.50)

DWT-DCT-SVD 4.54 1.000 — 0.999 0.461 — 0.010 0.975 — 0.815 0.518 — 0.009 0.502 — 0.008 0.544 — 0.195 0.888 — 0.628
RivaGAN 4.62 1.000 — 0.999 0.958 — 0.702 0.999 — 0.983 0.950 — 0.682 0.959 — 0.733 0.859 — 0.790 0.910 — 0.596
TrustMark 4.46 N/A — 0.997 N/A — 0.338 N/A — 0.947 N/A — 0.029 N/A — 0.025 N/A — 0.636 N/A — 0.523
SSL 4.35 1.000 — 1.000 0.905 — 0.453 0.998 — 0.984 0.612 — 0.058 0.571 — 0.048 0.988 —0.954 0.986 — 0.893
IndexMark (+IE) 4.49 0.999 — 0.999 0.976 — 0.836 0.841 — 0.307 0.642 — 0.035 0.654 — 0.041 0.929 — 0.793 0.983 — 0.834
Ours (No Clustering) 4.36 1.000 — 1.000 0.960 — 0.8255 0.726 — 0.193 0.657 — 0.097 0.634 — 0.082 0.884 — 0.683 0.961 — 0.812
+ Token Classifier 4.36 1.000 — 1.000 0.901 — 0.641 0.887 — 0.550 0.9128 — 0.698 0.999 — 1.000 0.980 — 0.954 0.929 — 0.729
Ours (Clustering, k=64) 4.85 1.000 — 1.000 0.996 — 0.975 0.983 — 0.905 0.899 — 0.483 0.923 — 0.543 0.931 — 0.849 0.999 — 0.997
+ Token Classifier 4.85 1.000 — 1.000 0.985 — 0.931 0.999 — 0.991 0.984 — 0.925 1.000 — 1.000 0.986 — 0.975 0.999 — 0.991
+ Cluster Classifier 4.85 1.000 — 1.000 0.989 — 0.944 0.995 — 0.971 0.991 — 0.956 1.000 — 1.000 0.982 — 0.963 0.999 — 0.990

RAR-XL 256× 256 (Baseline FID=3.13)

DWT-DCT-SVD 3.87 1.000 — 1.000 0.411 — 0.003 0.983 — 0.802 0.504 — 0.004 0.494 — 0.004 0.534 — 0.135 0.819 — 0.462
RivaGAN 3.64 1.000 — 1.000 0.943 — 0.550 0.998 — 0.983 0.956 — 0.651 0.963 — 0.730 0.860 — 0.785 0.870 — 0.496
TrustMark 3.31 N/A — 0.998 N/A — 0.118 N/A — 0.248 N/A — 0.024 N/A — 0.021 N/A — 0.651 N/A — 0.350
SSL 4.31 1.000 — 1.000 0.855 — 0.227 0.996 — 0.955 0.598 — 0.029 0.572 — 0.017 0.985 —0.927 0.953 — 0.699
WMAR (FT+AUGS) 4.23 1.000 — 1.000 0.992 — 0.954 0.964 — 0.652 0.879 — 0.476 0.861 — 0.423 0.914 —0.718 0.954 — 0.758
Ours (No Clustering) 3.14 1.000 — 0.999 0.927 — 0.586 0.638 — 0.045 0.503 — 0.026 0.528 — 0.021 0.859 — 0.532 0.947 — 0.750
+ Token Classifier 3.14 1.000 — 1.000 0.958 — 0.792 0.930 — 0.565 0.915 — 0.626 1.000 — 0.999 0.984 — 0.919 0.966 — 0.818
Ours (Clustering, k=64) 3.96 1.000 — 1.000 0.992 — 0.901 0.772 — 0.100 0.723 — 0.087 0.739 — 0.093 0.935 — 0.661 0.986 — 0.868
+ Token Classifier 3.96 1.000 — 1.000 0.995 — 0.960 0.986 — 0.837 0.984 — 0.885 1.000 — 1.000 0.991 — 0.956 0.994 — 0.945
+ Cluster Classifier 3.96 1.000 — 1.000 0.996 — 0.964 0.979 — 0.770 0.975 — 0.800 1.000 — 1.000 0.987 — 0.943 0.993 — 0.922

Table 1. Main results on a set of challenging perturbations. Detailed perturbation configurations are provided in Appendix A of the Sup-
plementary Material. We report AUC and TPR@FPR=1% across various perturbation and regeneration attacks. For Ours (No Clustering)
we set the penalty δ = 5 and the green-token fraction γ = 0.25. For Ours (Clustering) and for our method using the token/cluster classifier
we use k = 64 clusters and the same δ and γ. To improve readability, the best and second best entries in each column are highlighted.

Robustness analysis. The robustness is evaluated
w.r.t. both perturbations and regeneration attacks on a
distinct set of 2,000 images. We use an extensive set of
image perturbations, such as Gaussian noise and blur.
For regeneration attacks, we use the SD1.5 and FLUX.1
autoencoders, regenerating the watermarked images by first
encoding them with the VAE encoder and then decoding
them with the VAE decoder. We further add a diffusion-
based regeneration attack [46] with default settings, i.e. 60
steps of denoising using Stable Diffusion 2.1 [27]. Visual
examples of all applied perturbations as well as the detailed
perturbation settings can be found in Section A in the
Supplementary Material.

We additionally evaluated geometric transformations
and found that our watermark is vulnerable to rotation and
cropping, which is in line with previous in-generation wa-
termarks [13, 16, 33, 37, 41]. This issue can be mitigated
by using an image synchronization layer such as Sync-
Seal [12]. A detailed analysis of SyncSeal’s ability to undo

geometric transformations and restore successful detection
of our watermark is provided in Section B in the Supple-
mentary Material.

Baselines. We benchmark our AR watermarking ap-
proach against post-hoc watermarks: DWT-DCT-SVD [25],
RivaGAN [45], TrustMark [2], and SSL [10], applied af-
ter generating unwatermarked images. We also compare
against concurrent AR watermarks for which source code
is readily available: (1) IndexMark [33], which was imple-
mented only on LlamaGen, and (2) WMAR [16], which was
developed for RAR-XL among two other models. For both,
we evaluate with their best settings, namely IndexMark with
Index Encoder and WMAR with fine-tuning of the VAE en-
coder and decoder with data augmentation. Besides these
schemes, most other in-generation watermarks target diffu-
sion models and are not applicable to AR models.
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Figure 2. Examples of images generated by LlamaGen-L (top)
and RAR-XL (bottom), shown (column-wise) (1) unwatermarked
images, (2) watermarked images without clustering, and (3,4) wa-
termarked images with clustering enabled. Note that while images
were generated using the same seed, they differ visually because
our watermarking method modifies the generation process rather
than applying a post-hoc watermark to given cover images. For
more examples, see Section C in the Supplementary Material.

Training details. To fine-tune the token/cluster classifier,
we use 100k images generated using the model without ap-
plying watermarks. A predefined set of 64 clusters is used,
obtained by k-means clustering. The model was fine-tuned
for 30 epochs with batch size 16, which took ∼12 hours on
one A40 GPU. The set of perturbations used during fine-
tuning is given in Section A in the Supp. Material. We use
a linearly increasing perturbation schedule.

4.2. Results
Table 1 shows our main results. The reported watermarking
hyper-parameters (k = 64, δ = 5, λ = 0.25) are determined
by choosing the best trade-off between image quality (mea-
sured using FID) and robustness. The ablation study in Sec-
tion 4.3 gives further details on the selection. Overall, the
results show that cluster-based watermarking indeed signifi-
cantly improves robustness, even in its training-free variant.
When combined with a token classifier or cluster classifier,
it achieves the best overall results in the comparison, also
outperforming concurrent work. Visual examples of gener-
ated images are provided in Figure 2, with more examples
provided in Section C in the Supplementary Material.

Baseline variant. Our simple token-level baseline water-
marking method (Ours (No clustering)) shows near per-
fect TPR@FPR1% in the clean setting, with image qual-
ity matching that of non-watermarked images, as measured
by the FID. However, under even mild image perturbations,
such as Gaussian noise, TPR significantly drops, rendering
the watermark unusable.

Effect of clustering. The training-free cluster-based ap-
proach (Ours (Clustering)) drastically increases robustness

Model LlamaGen RAR
Resolution 2562 (GPT-B) 3842 (GPT-L) 2562 (XL)

DWT-DCT-SVD 26.5 ±11.7 68.4 ±26.9 23.7 ± 9.9

RivaGAN 24.8 ±13.6 61.5 ±20.4 57.6 ±23.7

TrustMark 98.7 ±15.5 95.2 ±17.9 95.0 ±17.9

SSL 219.7 ± 0.4 222.8 ± 0.9 222.2 ± 1.1

Ours 12.3 ±10.9 23.6 ±10.8 14.9 ±13.2

+ Token Classifier 11.3 ± 9.3 22.2 ±10.5 10.5 ± 8.4

+ Cluster Classifier 12.8 ±10.3 22.7 ± 8.4 9.6 ± 8.6

Table 2. Verification runtime (in milliseconds per image) of our
methods against baselines across different models.

against various perturbations for both LlamaGen variants
as well as RAR-XL. While watermark detectability is sig-
nificantly improved, robustness to blurring and to salt-and-
pepper noise remains hard to achieve. However, note that
blurring and salt-and-pepper noise are very noticeable and
destructive (see Section A in the Supplementary Material
for an example), which severely limits the usefulness of the
perturbed image. With a sufficiently large number of clus-
ters (k = 64 in Table 1), the FID remains low.

Effect of token or cluster classifier. Using the Token
Classifier or Cluster Classifier boosts robustness to sev-
eral image perturbations for all studied models, outperform-
ing all baselines. The effect is most pronounced for salt-
and-pepper noise, color jitter, and blurring, which are also
the most destructive transformations for the training-free
variants. For example, the cluster classifier successfully
learned to undo salt-and-pepper noise, yielding near-perfect
watermark detection—a clear increase from 9.3–54.3%
TPR@1%FPR when using only clusters (k = 64).

Comparison to baselines. The results show that our
best method outperforms all baselines, including the con-
currently developed in-generation AR watermarks Index-
Mark [33] and WMAR [16], by a large margin across all
tested models on almost all perturbations. The exception
is Gaussian Blur, where RivaGAN achieves slightly higher
robustness. Comparing the FID shows that our methods
achieve generator quality close to unwatermarked gener-
ation, unlike WMAR, which achieves worse FID in our
evaluation using its code and pretrained models. We also
compute CLIP scores and see no significant degradation
in text conditioning performance compared to the non-
watermarked case. All CLIP scores are in the 29–31 range
and are reported in Section B in the Supp. Material.

Runtime. Table 2 shows the verification runtime of the
methods evaluated in this work. Time is measured by
running watermark verification on single-example batches
for 1,000 images. For the baselines, we use a commonly
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Figure 3. Empirical TPR@FPR=1% under different perturbations for LlamaGen (GPT-L) and RAR-XL for different numbers of clusters k
and penalties δ, with green token fraction γ = 0.25 for the training-free approach. Results are reported over multiple prefixes (8 for
RAR-XL and LlamaGen): Lines indicate the average and the shaded area borders the standard deviation.
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Figure 4. FID obtained for LlamaGen (GPT-L) and RAR-XL
across different number of clusters k, different fractions of green
tokens γ, and penalties δ. See Section B in the Supplementary
Material for full results across all settings.

used implementation for DWT-DCT-SVD and RivaGAN1

as well as the official implementations of TrustMark2 and
SSL3, all with GPU acceleration enabled. The results in-
dicate that the verification of token-based watermarks for
AR models is as lightweight as for DWT-DCT-SVD (10-25
milliseconds). This is in stark contrast to recently proposed
in-generation watermarking methods for diffusion models
(e.g., Tree-Ring [37]), which in addition to encoding the im-
age to latent space also require full inversion of the diffusion
process, resulting in roughly the same overhead for verifi-
cation as for generation. For IndexMark and WMAR, we
observe verification times similar to those of our method.
For example, WMAR deployed with RAR-XL takes ∼10
ms (after filling their green lookup table cache), while In-
dexMark takes 15 ms (GPT-B) and 30 ms (GPT-L).

Lastly, the generation runtime overhead is negligible
with an average overhead of 0.06s out of 3.7s total gener-
ation time and 0.3s out of 14.3s for LlamaGen GPT-B and
GPT-L, respectively.

1https://github.com/ShieldMnt/invisible-watermark
2https://github.com/adobe/trustmark
3https://github.com/facebookresearch/ssl_watermarking

4.3. Ablation Study
We investigate the effect of the number of clusters k and
watermark strength δ on the TPR in Fig. 3, as well as the
effect of k, δ and green token fraction γ on the FID in Fig. 4.
Additional ablation details are reported in Section B in the
Supplementary Material.

Effect of the number of clusters. We tested extremely
low numbers of clusters (down to 8) in order to study their
effects on image degradation and watermark robustness.
From the TPR plots in Figure 3, we can see that generally,
a lower number of clusters results in higher robustness to
various perturbations. This matches our expectations since
fewer and larger clusters result in the reconstructed tokens
becoming less likely to leave their original token’s cluster
after stronger perturbations. However, we also see a higher
variance across different prefixes. The FID reported in Fig-
ure 4 indicate that with a number of clusters lower than 64,
there is a significant drop in generation quality.

Effect of green token fraction γ and penalty δ. Regard-
ing image quality (Fig. 4), we observe that γ = 0.25 results
in worse FID compared to γ = 0.5, especially when com-
bined with a stronger penalty at extremely low numbers of
clusters. On the other hand, a higher penalty value δ al-
ways results in significantly higher watermark robustness.
A lower green set fraction γ = 0.25 results in significantly
higher robustness. This can be seen in Figure 9 in the Sup-
plementary Material.

Effect of hash prefix. The prefix κ used to seed the
pseudo-random number generator for green set generation
can have a significant impact on robustness. As shown
in Figure 3, lower cluster counts exhibit this effect more
strongly, with noticeably higher variance.

To investigate this, we compare the impact of the two
hash prefixes which show the best (κ = 5) and worst
(κ = 1) empirical performance on the green tokens ratio
recovered from 2,000 watermarked and unwatermarked im-
ages for an extremely low number of clusters k = 8. We use
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Best Prefix
<latexit sha1_base64="ivblXZIegrcXtg/HWS+cjmnAfrw=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItQL2VXtHoRil48VrAf2C5lNs22odlsSLJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvEBypo3rfju5ldW19Y38ZmFre2d3r7h/0NRxoghtkJjHqh2AppwJ2jDMcNqWikIUcNoKRrdTv/VElWaxeDBjSf0IBoKFjICx0mO5OwIp4fritFcsuRV3BrxMvIyUUIZ6r/jV7cckiagwhIPWHc+Vxk9BGUY4nRS6iaYSyAgGtGOpgIhqP51dPMEnVunjMFa2hMEz9fdECpHW4yiwnRGYoV70puJ/Xicx4ZWfMiETQwWZLwoTjk2Mp+/jPlOUGD62BIhi9lZMhqCAGBtSwYbgLb68TJpnFa9aqd6fl2o3WRx5dISOURl56BLV0B2qowYiSKBn9IreHO28OO/Ox7w152Qzh+gPnM8fXn6QFQ==</latexit>

( = 5) Worst Prefix
<latexit sha1_base64="L/rJ0pQSqRB/QnAmfgwwLu5Z1As=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKRC9C0IvHCOaByRJ6J7PJkNnZZWZWCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOg4VZTVaSxi1QpQM8ElqxtuBGslimEUCNYMhrdTv/nElOaxfDCjhPkR9iUPOUVjpcdSZ4hJgtfeWbdQdMvuDGSZeBkpQoZat/DV6cU0jZg0VKDWbc9NjD9GZTgVbJLvpJolSIfYZ21LJUZM++PZxRNyapUeCWNlSxoyU39PjDHSehQFtjNCM9CL3lT8z2unJrzyx1wmqWGSzheFqSAmJtP3SY8rRo0YWYJUcXsroQNUSI0NKW9D8BZfXiaN87JXKVfuL4rVmyyOHBzDCZTAg0uowh3UoA4UJDzDK7w52nlx3p2PeeuKk80cwR84nz9YapAR</latexit>

( = 1) Unwatermarked Token-IDs

Figure 5. Distribution of green token ratios for watermarked
and unwatermarked images across two hashing prefixes κ with
a very low number of clusters k = 8. Poorly performing hash
prefixes suffer from large uniform regions in unwatermarked im-
ages, which produce repetitive token bigrams that are spuriously
counted as green.

LlamaGen (GPT-B) without the cluster/token-classifier, and
set δ = 5 and γ = 0.25. Watermarked images are distorted
with the strong perturbation set B to increase the overlap of
the two distributions. This is shown in Figure 5. Ideally,
the green token ratio distribution of unwatermarked images
should follow a Gaussian centered around γ = 0.25. While
κ = 5 closely approximates this, κ = 1 exhibits a heavy
right tail that ultimately reduces separability.

This is due to the presence of unwatermarked images
with large white areas. For some prefixes, green cluster
patterns include those transitioning from a flat white area
to a nearly identical area (as shown in Fig. 5 on the right).
This inflates the green token ratio in unwatermarked images
and triggers false positives. Lower cluster counts make this
behaviour more likely.

Prefix tuning is an empirical method to prevent such as-
signments and can be used to optimize performance during
deployment; we leave the exploration of potentially better
solutions to future work.

5. Related Work
The integration of watermarks into AI-generated images
can be realized in different ways. Post-processing tech-
niques [1, 8, 22, 30, 45, 47] apply watermarking to exist-
ing images in a post-hoc manner. Another possibility is to
integrate watermarking directly during the generation pro-
cess. Various techniques have been proposed for text-to-
image diffusion models [6, 7, 11, 13, 37, 41]. For instance,
the decoder of a latent diffusion model (LDM) can be fine-
tuned to always create watermarked images from the la-
tents [7, 11, 40]. Alternatively, inversion-based semantic
watermarking modifies the initial latent noise during gener-
ation to embed a pattern, which is then recovered through
the inversion of the denoising process [6, 13, 37, 41]. Since
the initial latent is modified, the watermark becomes an in-
herent part of the generated image. In-generation (seman-
tic) watermarking thus exploits the fact that there is a myr-
iad of different ways to generate an image that conforms to
user specifications (e.g. the prompt) by partly fixing ran-
domness in the generation procedure. In this work, we inte-

grate watermarking during generation by biasing the token
sampling for AR models for images.

Concurrently with our work, some recent works have
also investigated token-level watermarking for AR image
models [16, 17, 33, 39]. Wu et al. [39] propose a different
clustering-based approach evaluated on a different model
(Emu-3), and only provides a limited robustness study by
evaluating robustness to l2 and l∞ noise. Tong et al. [33]
(IndexMark) compute pairs of similar tokens but assign one
token in the pair to the green set and the other one to the
red set. We assign similar tokens to the same set. They also
train an index reconstruction model to improve token recon-
struction accuracy. Similarly to Tong et al. [33], Jovanović
et al. [16] (WMAR) also train a token reconstruction model.
However, they also consider data augmentation with pertur-
bations during training to improve detection robustness. In
contrast, our base clustering approach is training-free, sim-
ple to use, and improves robustness while preserving im-
age quality. Our token and cluster classifiers are similar to
the trained token reconstructors of IndexMark and WMAR,
with a few differences. WMAR also fine-tunes the VAE de-
coder, which complicates the training process and further
affects the appearance of generated images. In contrast, our
training-based approach is simpler to train and does not re-
quire updating the decoder.

Separate from the detection of AI-generated content,
Wang et al. [36] use AR models to embed a hidden image
into a given cover image in a post-hoc fashion. Finally, re-
lated to our cluster-based watermarking methods are seman-
tic watermarking methods for LLMs (e.g., Ren et al. [26]),
developed to resist synonym and paraphrasing attacks by
grouping tokens with similar embeddings.

6. Conclusion
In this work, we investigate clustering as a promising so-
lution to address the poor robustness of KGW-style wa-
termarking in autoregressive models for image generation.
We thoroughly ablate various design choices across mul-
tiple models. The results indicate that clustering is effec-
tive in improving robustness against common perturbations
and attacks. In fact, it significantly boosts watermark detec-
tion, except in the most challenging and destructive settings,
namely strong salt-and-pepper noise as well as blurring. In
addition to clustering, which is training-free, this work also
investigates training token or cluster predictors in combi-
nation with clustering. The results indicate that cluster-
ing also boosts robustness in this setting, outperforming es-
tablished post-hoc watermarking baselines and concurrent
works on watermarking AR image models. This work pro-
vides a robust alternative for the detection of AI-generated
content with low verification runtime overhead, contribut-
ing to trustworthy deployment of generative AI.
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