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ABSTRACT

We present Masked Frequency Modeling (MFM), a unified frequency-domain-
based approach for self-supervised pre-training of visual models. Instead of
randomly inserting mask tokens to the input embeddings in the spatial domain,
in this paper, we shift the perspective to the frequency domain. Specifically,
MFM first masks out a portion of frequency components of the input image
and then predicts the missing frequencies on the frequency spectrum. Our key
insight is that predicting masked components in the frequency domain is more
ideal to reveal underlying image patterns rather than predicting masked patches
in the spatial domain, due to the heavy spatial redundancy. Our findings sug-
gest that with the right configuration of mask-and-predict strategy, both the struc-
tural information within high-frequency components and the low-level statistics
among low-frequency counterparts are useful in learning good representations.
For the first time, MFM demonstrates that, for both ViT and CNN, a simple non-
Siamese framework can learn meaningful representations even using none of the
following: (i) extra data, (ii) extra model, (iii) mask token. Experimental re-
sults on image classification and semantic segmentation, as well as several ro-
bustness benchmarks show the competitive performance and advanced robustness
of MFM compared with recent masked image modeling approaches. Further-
more, we also comprehensively investigate the effectiveness of classical image
restoration tasks for representation learning from a unified frequency perspec-
tive and reveal their intriguing relations with our MFM approach. Project page:
https://www.mmlab—ntu.com/project/mfm/index.htmll

1 INTRODUCTION

Following the success of Masked Language Modeling (MLM) such as BERT (Devlin et al., [2019)
in natural language processing (NLP), Masked Image Modeling (MIM) (Bao et al.| 2022} He et al.,
2022; [Wei et al.l 2022} Xie et al., [2022)) has shown promising performance in self-supervised pre-
training of visual models. Both MLM and MIM follow a common corrupt-and-predict paradigm —
randomly masking a portion of input data and then learning to predict the missing parts. This simple
recipe enables modern Transformer-based deep architectures (Vaswani et al., |2017; Dosovitskiy
et al.| 2020) to learn generalizable representations from ubiquitous unlabeled text or image data.

By default, current MIM methods such as BEiT (Bao et al., [2022), MAE (He et al., 2022)) and
SimMIM (Xie et al.l [2022)) perform masking in the spatial domain by excluding image patches
randomly, a strategy inspired by MLM that performs masking on words (Figure [T{a-b)). However,
unlike human-generated language that is succinct and highly semantic, raw pixel values in the spatial
domain are of low information density. To cope with heavy spatial redundancy in images, MAE (He
et al.,2022) shows that one would need to mask a very high proportion (e.g., 75%) to encourage the
learning of meaningful features.

Beyond masking image patches, which is a particular way of corruption, in this paper, we are in-
terested in investigating the effectiveness of other corruption strategies for self-supervised repre-
sentation learning. We first explore the corruption recipes commonly applied in low-level image
processing tasks, including image super-resolution (SR), deblurring and denoising. As shown in
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Figure 1: Comparison of masking recipes in Masked Language Modeling (MLM), Masked Image
Modeling (MIM), low-level image processing and Masked Frequency Modeling (MFM). Note the
differences of masked information among MIM, low-level image processing and MFM.
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Figure [T[c), the downsampling, blur, and noise operations can degrade the exemplar image effec-
tively in the spatial domain, thus potentially serving as useful corruption strategies. However, the
corruption induced in the spatial domain prevents us from analyzing what specific information is
corrupted and needs to be reconstructed. To better understand these low-level corruptions, we shift
our attention from the spatial image domain to the frequency domain.

In the frequency domain, one could observe underlying patterns of an image not conveniently visible
from raw pixel values. For example, the downsampling and blur operations dominantly remove the
high-frequency image details, while adding noises tends to corrupt the full frequency spectrum of
an image globally (Figure[T|c)).

Driven by this observation, we present a simple and effective masking strategy in the frequency
domain for self-supervised visual representation learning, dubbed as Masked Frequency Modeling
(MFM). Specifically, we first perform Fast Fourier Transform (FFT) to convert each input image
into its frequency representation, i.e., frequency spectrum. We then mask a portion of frequencies
on the frequency spectrum using a low-/high-pass filter. With inverse FFT (iFFT), we finally take
the corrupted image with some of the frequencies attenuated as input. Our encoder is quite flexible
as no mask tokens are inserted. Thus, MFM can embrace both the vision Transformer (ViT)
vitskiy et all, [2020) and convolutional neural network (CNN) (LeCun et al. [1989) families. Our
decoder is a lightweight linear layer that reconstructs the masked frequency values on the frequency
spectrum via a frequency loss. As shown in Figure [T{d), an image with low or high frequencies
attenuated would reveal entirely different patterns: the low-frequency components usually contain
object smooth structure such as colors and styles, while the high-frequency counterparts largely
depict the object outline or silhouette structure. Such unique properties of the frequency domain
make it appealing for reducing information redundancy, thus creating a nontrivial and meaningful
self-supervisory task.

Our contributions are summarized as follows:

1) We propose a new masked frequency modeling task to pre-train visual encoders in a self-
supervised manner. Our MFM is agnostic to the architectures, and we demonstrate the flexibility of
applying MFM for both ViT and CNN families.

2) We contribute the first study of low-level corruption tasks for self-supervised learning (SSL)
in frequency domain. We investigate the effectiveness of corruption strategies commonly adopted
in low-level image processing tasks (i.e., SR, deblurring and denoising) for SSL from a unified
frequency perspective and reveal that the representation learning capability of these corruption tasks
actually depends on the architectures: they can achieve comparable and even better results than their
supervised counterpart on ViT, but no gains are observed on CNN.

3) Extensive experiments show that our MFM can achieve competitive performance among existing
MIM approaches on downstream tasks, such as image classification and semantic segmentation,
while not using mask tokens or other more complex designs. Further analysis on several robustness
benchmarks also exhibits more appealing robustness of the studied corruption tasks than MIM.
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2 RELATED WORK

Masked language modeling and its auto-regressive variants, such as BERT (Devlin et al., [2019)
and GPT (Radford et al., 2018; 2019; Brown et al., |2020), have achieved great success in pre-
training large-scale language models in the NLP community. These approaches perform masking
on the human-generated language by holding out random words and then predicting the missing
content. This simple mask-word recipe has shown excellent ability in pre-training generalizable
representations for broad NLP applications.

Masked image modeling leverages images corrupted by masking to learn useful representations.
Pioneered with stacked autoencoders (Vincent et al., |2010) and context encoders (Pathak et al., 2016)
using CNNss, recent approaches (Bao et al.||2022; [He et al.| [2022; Xie et al., 2022} [Wei et al.| 2022}
Chen et al.} 2022) follow the mask-word strategy in NLP to randomly mask image patches in the
spatial domain using the vision Transformers (Dosovitskiy et al.,[2020; Liu et al.|[2021)). Along with
this mask-patch strategy, different types of prediction targets have been studied, including discrete
tokens (Bao et al.}2022; Dong et al., [2021)), raw pixels (He et al., [2022} [Xie et al.,2022), and hand-
crafted features (Wei et al., [2022). Besides, iGPT (Chen et al., |2020a)) takes a low-resolution image
sequence as input and predicts missing pixels in an auto-regressive manner. Several methods (Zhou
et al.,[2022; |[EI-Nouby et al., 2021) also integrate MIM into contrastive-based Siamese frameworks.
Our work differs from previous approaches in that we perform masking in the frequency domain,
which relies on none of the following: (i) extra data (Bao et al.l 2022 [Dong et al.| 2021} |[Fang
et al.,|2022), (ii) extra model (Zhou et al., 2022; El-Nouby et al.| 2021} [Fang et al., 2022} Shi et al.,
2022; (Chen et al.,[2022), or (iii) mask token (Bao et al.,[2022; He et al.| 2022} Xie et al.| [2022} [Wei
et al.l 2022 [Chen et al.| 2022). CIM (Fang et al.| [2022)) also does not use mask token. However,
introducing an auxiliary generator to corrupt the input images adds nontrivial pre-training overhead.
In contrast, our frequency-domain-based corruption strategy can achieve comparable performance
with negligible computational cost.

Self-supervised learning mainly focuses on designing effective pretext tasks for pre-training (Do-
ersch et al.l 20155 Wang & Gupta, 2015} Noroozi & Favarol 20165 Larsson et al.L|2016; Zhang et al.,
20165 2017c; |[Noroozi et al.L [2017; Bojanowski & Joulin, [2017; [Pathak et al., 2017 |Gidaris et al.,
2018). Contrastive learning (Wu et al.| 2018} He et al.| [2020; Misra & Maaten, 2020; |Chen et al.,
2020bict (Grill et al.| [2020; [Chen & Hel [2021}; |Chen et al.| [2021; |Caron et al.l [2021)) has dominated
the field over the past few years. Unlike the mask-and-predict pretext task, contrastive learning
typically uses a Siamese framework and greatly relies on data augmentation.

Low-level image processing tasks, such as image super-resolution (Dong et al., 2015)), deblur-
ring (Zhang et al.| 2022) and denoising (Zhang et al., [2017b)), focus on restoring the high-fidelity
image from its corrupted input. The corrupted images are usually generated with degradation trans-
formations, which consist of downsampling, blur, noise and JPEG compression. Recent promising
results of MIM motivate us to investigate the effectiveness of these corruption operations in the
context of representation learning.

Frequency domain analysis has been widely adopted in many computer vision tasks, such as
image generation (Jiang et al., |2021), domain adaptation (Xu et al., [2021), and image super-
resolution (Pang et al) 2020). Early studies (Oppenheim et al.l [1979} |Oppenheim & Lim, (1981}
Piotrowski & Campbell, [1982; [Hansen & Hess, 2007) have revealed that in the frequency domain,
the phase component largely captures high-level semantics of the original signals, while the am-
plitude component mainly retains low-level statistics. As such, underlying image patterns can be
more conveniently observed in the frequency representation, compared with the raw pixel values
in the spatial domain. Motivated by the intriguing properties of the Fourier domain, we propose a
novel mask-frequency recipe and conduct the first study w.r.t. masked information modeling in the
frequency domain for image data.

3 APPROACH

Our masked frequency modeling (MFM) is a simple yet effective self-supervised pre-training ap-
proach, which masks out a portion of image frequency components and predicts the missing fre-
quencies on the frequency spectrum. Figure 2] shows the overview of our approach. The framework
consists of four components: masking strategy, encoder, decoder, and reconstruction target. We first
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Figure 2: Overview of our MFM pre-training pipeline. We convert each input image into fre-

quency domain via FFT and mask a portion of frequencies on the frequency spectrum via a low-pass

(top) or high-pass (bottom) filter. After iFFT, the low-/high-pass filtered spatial images are then ran-

domly fed to the encoder (e.g., ViT, CNN), with a lightweight one-layer head to predict the masked

frequency values on the frequency spectrum via a frequency loss. The red circle denotes the selected

mask radius, and the dice icon refers to the random sampling process of low-/high-pass filters, fol-
lowing a Bernoulli distribution.

detail each component of MFM in Section and then discuss the relation of our approach with
low-level image processing tasks in Section

3.1 MASKED FREQUENCY MODELING

Preliminary: Frequency representation of images. Given a single channel imag x € REXW,
we can obtain the corresponding frequency representation via 2D Discrete Fourier Transform JF (z):

H-1W-1

Fl@) (o)=Y a(hw)e 2 (#+H#), (1)

h=0 w=0

where  (h, w) is the real pixel value at the coordinate of (h, w) on the spatial image, F (x) (u,v) is
the complex frequency value at the coordinate of (u, v) on the frequency spectrum, e and ¢ are Eu-
ler’s number and the imaginary unit, respectively. Accordingly, 7! (x) defines the inverse Fourier
transform that maps spectral signals back into original image space. Both the Fourier transform and
its inverse can be calculated efficiently using the FFT algorithm (Nussbaumer, |1981).

Masking strategy. We define a mask M € {0, 1}HXW, whose value is determined by a thresh-

olding function that separates the low and high frequency components from F (x) according to a
hyper-parameter, i.e., radius r:
M(U,’U) _ 1a ifd((u'av)a(chacw)) <r
0, otherwise

2

where (cp, ¢,,) denotes the center of the image, d (-, -) denotes a certain distance criterion. Here,
we use the Euclidean distance, i.e., a circle mask as default. Note that the mask shape is not solely
restricted to a circle one, and we study the effects of different mask shapes in the experiment section.

With the predefined mask M, we can easily obtain the decomposed low-pass filtered image x; and
the high-pass filtered counterpart x;, as follows:

o =F Y(F)oM), x,=F ' (Fx)o(l-M), @)

where 1 is the all-ones matrix, ® is the Hadamard product between matrices. These filtered images
are then randomly selected with a Bernoulli distribution and fed to an encoder as inpuﬂ

MFM encoder. The architecture of our encoder is quite flexible since we do not insert any mask
tokens on the corrupted non-overlapping patch embeddings as in MIM (Bao et al.| 2022 He et al.,
20225 Xie et al.}[2022; [Wei et al.,[2022). Therefore, our MFM can be applied on both ViT and CNN
architectures without any special designs. In this paper, we mainly use a standard ViT (Dosovitskiy
et al.,|2020) as our encoder for a direct comparison with MIM methods. Specifically, we first divide a

'For RGB images, the procedure is operated on each channel independently.
Despite performing masking in the frequency domain, we still take the converted spatial images as input
such that our model would not suffer an input domain gap between pre-training and fine-tuning.
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filtered spatial image into regular non-overlapping patches. Then, the encoder embeds the patches by
linear projection with added positional embeddings. The combined embeddings are then processed
via a series of self-attention-based Transformer blocks (Vaswani et al., |[2017). We also consider a
typical CNN architecture, i.e., ResNet-50 (He et al.| 2016)), to demonstrate the versatility of MFM.
To this end, we simply send the filtered spatial image to the CNN encoder as input.

MFM decoder. The decoder accomplishes the frequency reconstruction task. It can be of arbi-
trary form as long as its input is compatible with the encoder’s output. Here, we simply adopt a
lightweight linear layer as our decoder for efficiency, after which we perform FFT to convert each
output image into the frequency domain for frequency reconstruction. The effect of different de-
coders is further studied in Appendix [A]

Reconstruction target. Our MFM reconstructs the input by predicting the missing frequency values
on the frequency spectrum. To faithfully recover the frequency values, we should define a frequency
distance metric that considers both amplitude and phase as a loss function. Regarding each fre-
quency value F () (u,v) as a two-dimensional Euclidean vector f, one can easily derive that the
magnitude of the vector corresponds to the amplitude while the angle corresponds to the phase. In-
spired by Jiang et al.| (2021), we thus define the frequency distance D (-, -) as the distance between

the reconstructed vector ﬁ and the original vector f:, at each spectrum coordinate (u, v):
D (£ 7)) =|fi-F
= (Rr (2) (u,v) = Ro (2) (u,0))* + (T (2) (u,0) = L, (2) (u,0))*)"?,

where R(x) and Z(x) are the real and imaginary part of F(x), respectively, -y is an exponent to
control the sharpness of the distance function and is set to 1 by default. For each image, the final
loss function, i.e., the average frequency distance of all spectrum positions can thus be written as:

= |7 (@) (u,0) = Fo () (u,0)[

Y
2

“)

H-1W-1

L=D(F @), Fol@) = g > O 1A @) o) - F@ @)l O

u=0 v=0

In practice, we compute the loss only on the masked area of the frequency spectrum instead of the
full spectrum as the latter tends to decrease the accuracy according to our experiments.

3.2 RELATION WITH LOW-LEVEL IMAGE PROCESSING TASKS

The notion of recovering masked frequency components in MFM is reminiscent to the objectives in
low-level image processing tasks, such as image super-resolution (SR), deblurring and denoising. In
these tasks, a model takes a degraded image as input, and the aim is to restore the missing compo-
nents. Different degradations corrupt different components in the frequency domain. As discussed
in Section |1] for the image SR and deblurring tasks, most of the high-frequency components are
removed while the low-frequency counterparts are retained; for the image denoising task, both low-
and high-frequencies are significantly altered.

By analyzing the frequency spectrum of these tasks, we can observe how different frequencies of an
image contribute to visual representation learning, thus gaining better insights on designing more
effective learning objectives. Compared with these tasks, MFM provides a more general and unified
frequency perspective to perform these low-level corruptions while being conceptually simpler: we
directly remove certain frequencies on the frequency spectrum via a low-/high-pass filter. Our exper-
iments show that MFM can achieve better performance than these tasks for representation learning.
We will comprehensively study these tasks and show more details in the experiment section.

4 EXPERIMENTS

4.1 IMPLEMENTATION DETAILS

We use the vanilla ViT-Small (ViT-S/16), ViT-Base (ViT-B/16) and ResNet-50 models as the back-
bones in our study. We perform self-supervised pre-training on the ImageNet-1K (Deng et al.|
2009) training set without labels. For ViT, our pre-training setting generally follows BEiT (Bao
et al.;,2022), while we only use random resized cropping (224 x 224 resolution) and flipping as data
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Table 1: Ablations for MFM with ViT-B/16 on ImageNet-1K. All models are based on 300-epoch
pre-training, and we report top-1 fine-tuning accuracy. Unless specified, the default settings are: the
mask type is random (i.e., random sampling of low-/high-pass filters), the mask radius is 16, the
mask shape is circle, the sampling ratio for low-pass filters is 50% (i.e., 50% for low-pass filters and
50% for high-pass counterparts), the reconstruction target is masked frequencies on the spectrum,
and the loss function is a frequency loss with v = 1. Default entry is marked in gray .

(a) Mask type. Random sampling  (b) Mask radius. Using a fixed ra-  (c) Mask shape. A circle mask is

of both filters works the best. dius is enough. more accurate.
Mask type  Top-1 acc (%) Mask radius  Top-1 acc (%) Mask shape  Top-1 acc (%)
none 76.5 186 ggi circle 83.1
. square 82.9
low-pass 824 24 82.7 rhombus 82.8
high-pass 82.3 32 82.6
random 83.1 (8, 24] 83.0

(d) Sampling ratio. Sampling (e) Reconstruction target. Predict- (f) Loss function. A frequency
low-/high-pass filters with an ing only the masked frequencies yields loss works better than spatial loss.
equal probability is effective. better performance.

Loss Top-1 acc (%)
Sampling ratio  Top-1 acc (%) freq. (y = 1) 83.1
03 825 Reconstruction target  Top-1 acc (%) freq. (v = 2) 825
0.5 83.1 masked spectrum 83.1 4 82.3
0.7 82.7 full spectrum 82.4 2 82.2

augmentation, with dropout and stochastic depth not applied. We also do not use relative position
or layer scaling. After pre-training, we conduct supervised end-to-end fine-tuning on ImageNet-1K
image classification and ADE20K (Zhou et al.,[2017) semantic segmentation to evaluate the quality
of learned representations, following BEIiT (Bao et al.l [2022). For ResNet-50, we adopt the same
pre-training configuration as that in ViT without further parameter tuning. We provide the detailed
pre-training and fine-tuning recipes in Appendix [G|

4.2 MAIN PROPERTIES

We start by ablating our MFM using ViT-B/16 as the default backbone. All experiments are con-
ducted with 300-epoch pre-training and 100-epoch fine-tuning on the ImageNet-1K dataset unless
otherwise specified. Several intriguing properties are observed.

Masking strategy. We first study different masking strategies on the frequency spectrum. We
consider two kinds of filters: low-pass filter (i.e., mask high frequencies), and high-pass filter (i.e.,
mask low frequencies). As shown in Table[Ta] masking and predicting either high frequencies (“low-
pass” entry) or low frequencies (‘“high-pass” entry) perform significantly better than simply encoding
and reconstructing the original image (“none” entry). This indicates that both high-frequency and
low-frequency components are useful in representation learning, where the former largely depicts
the object structure information such as outline or silhouette and the latter usually captures low-level
statistics such as colors and styles. A random variant, i.e., randomly selecting one filter from both
low-pass and high-pass filters (“random” entry), benefits from all lens of frequencies, thus further
improving the performance.

Mask radius. Table studies the effect of mask radius, which controls the difficulty of our task.
A larger radius leaves more frequencies for a low-pass filter while removes more frequencies for
a high-pass filter. MFM works the best with a moderate difficulty. Using a fixed radius (e.g., 16)
performs slightly better than a random one, i.e., the radius is uniformly sampled within a range (e.g.,
8, 24]).

Mask shape. We study three centrosymmetric mask shapes in Table Different mask shapes
focus on different masking directions. Take low-pass filter as an example, a square shape removes
more frequencies in the horizontal and vertical direction, while a rhombus one removes more in the
diagonal direction. The results demonstrate that a circle mask shape that pays an equal attention
to each direction on the frequency spectrum performs the best. We hypothesize that the effect of
different mask shapes is largely correlated with the category statistics of pre-training datasets.
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Table 2: Comparison of SR, deblurring, denoising and MFM tasks with ViT-B/16 on ImageNet-
1K. All models are pre-trained for 300 epochs, and evaluated with top-1 fine-tuning accuracy. Cor-
rupted image samples from ImageNet-1K training set with different degradation levels are visual-
ized in both image and frequency domain. The studied hyper-parameter that controls the difficulty
of degradation for each task is (a) downsampling scale factor, (b) Gaussian blur sigma, (c) Gaussian
noise sigma, and (d) mask radius, respectively. More examples are provided in Appendix Zoom
in for best view.

Task Parameter  Top-1 acc (%)
X2 82.1
x4 82.2
@SR X8 82.4
x16 82.1
original

; T -
3 81.2
(b) Deblur 5 817
7 81.5
25 82.4
. 50 82.6
(c) Denoise 75 827
100 82.6
8 82.8
16 83.1
(&) MFM 2 82.7
32 82.6

Sampling ratio. Table[Td|ablates different sampling ratios for low-/high-pass filters. Here, the sam-
pling ratio denotes the probability of sampling a low-pass filter, following a Bernoulli distribution.
The results show that simply sampling both filters with an equal probability works the best.

Reconstruction target. Table compares two reconstruction targets: 1) predicting only the
masked frequencies on the frequency spectrum as in our default setting, and 2) recovering both
the masked and unmasked frequencies on the frequency spectrum. Predicting the masked spectrum
performs better than reconstructing the full spectrum by a clear margin (83.1% vs. 82.4%). This
suggests that predicting the invisible signals is a more favourable task in representation learning,
which is in accordance with the observation in recent MIM approaches.

Loss function. Table [If] studies the design of loss functions. A frequency loss (freq.) performs
better than a spatial loss (¢1, /), with v = 1 working the best. It makes sense as directly predicting
the missing frequencies in the frequency domain better aligns to our MFM task.

4.3 DIAGNOSIS OF LOW-LEVEL IMAGE PROCESSING TASKS

In this subsection, we study the representation learning capability of low-level image processing
tasks from a unified frequency perspective. We examine three representative tasks: image super-
resolution (SR), deblurring, and denoising.

Setup. To ensure a direct comparison, we adopt the same pre-training and fine-tuning hyper-
parameters as MFM and only alter the types of image degradation during pre-training. Specifically,
for the SR task, we first use its standard data pre-processing, i.e., bicubic downsampling, to down-
sample the input images by a scale factor. We then upsample them back to the original input size,
i.e., 224 x 224. For the deblurring task, we consider the commonly-used isotropic Gaussian filter and
uniformly select the blur kernel size from {7,9,11,13,15,17,19, 21} as suggested in
(2021)). For the denoising task, we employ the typical Gaussian noise. The intensity of both deblur-
ring and denoising tasks is controlled by the standard deviation (i.e., sigma value) of the Gaussian
distribution. For all tasks, the reconstruction target is the original image but in the frequency domain
via the same frequency loss as MFM.

Observations. Table [2]shows the results with different levels of degradation for each task. We first
notice that the optimal degradation level of each task in the context of representation learning is
much heavier than its original task setting. For instance, a standard SR task usually has a down-
sampling factor within x4, while we show that a much heavier x8 setting works the best. With
right configuration of the task difficulty, all these tasks can achieve comparable or even better per-
formance than their supervised counterpart (e.g., 81.8% in[Touvron et al.| (2021a))), indicating that
these low-level tasks are more or less helpful in representation learning. In addition, we observe that
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representation learning benefits from all lens of frequencies. This can be verified by the superior
performance of denoising over SR and deblurring. As visualized in the frequency spectrum of the
example image, denoising tends to intensify all frequencies of the spectrum, while SR and deblur-
ring only removes high-frequency components. Thus, the performance of denoising is much closer
to MFM, as both utilize the full frequency spectrum. Attenuating and intensifying frequencies on
the spectrum are essentially two different ways of performing corruption in the frequency domain.
We believe other corruption types may also work well and leave this exploration for future work.

4.4 COMPARISON WITH PREVIOUS METHODS

4.4.1 IMAGE CLASSIFICATION

Table 3: ImageNet-1K top-1 fine-tuning accuracy of self-supervised models using ViT-S/16 and
ViT-B/16 as the encoder. DINO and MoCo v3 use extra momentum encoder. BEiT requires extra
250M DALL-E data (Ramesh et al.,[2021)) to pre-train dVAE. BEiT and MAE also use mask tokens
(inserted either in the encoder or the decoder). All entries are on an image size of 224 x 224. We use
the actual processed images/views to measure the effective pre-training epochs (Zhou et al., [2022)).
Scratch indicates the supervised baseline in [Touvron et al.| (2021a). . doubled attention heads. *:
our reproduced results with official code.

Method Pre-train data Extra model Mask token Epochs ViT-S ViT-B
Scratch (Touvron et al.}[2021a) - - - - 79.9 81.8
MoCo v3 (Chen et al.}|[2021) IN-1K momentum ViT - 600 814" 832
DINO (Caron et al.][2021) IN-1K momentum ViT - 1600 81.5 82.8
BEIT (Bao et al.}[2022) IN-1K+DALL-E dVAE v 300 81.3 82.9
MAE (He et al.|2022) IN-1K - v 300 80.6% 829
SR IN-1K - - 300 80.8 82.4
Deblur IN-1K - - 300 79.4 81.7
Denoise IN-1K - - 300 81.1 82.7
MFM IN-1K - - 300 81.6 83.1

Table 4: ImageNet-1K top-1 fine-tuning accuracy of self-supervised models using ResNet-50 as the
encoder. Table is split to three sub-tables for better placement. Results for other methods are taken
from Fang et al.| (2022) as we adopt the same fine-tuning recipe. ': modified ResNet-50 architecture.

(a) Training-from-scratch baselines. (b) Fine-tuning for 100 epochs. (c) Fine-tuning for 300 epochs.
Method Epochs Top-1 acc (%) Method Epochs Top-1 acc (%) Method  Epochs Top-1 ace (%)
Originalgo - 75.3 RSB A3 - 78.1 RSBA2 - 798
PyTorchgg - 76.1 SimSiam 400 79.1
FiX_Reslzo - 71.0 SD}:blur 388 Zgg MoCov2 400 79.6
DeiTs00 - 78.4 Denoise 300 77'5 SimCLR 800 79.9
ResNet-RSi;, - 78.8 MEM - 300 783 BYOL 400 80.0
FAMS 400 - 79.5 : SwAV 600 80.1

MFM 300 80.1

ViT. In Table[3] we compare the ImageNet-1K end-to-end fine-tuning results of self-supervised ViT-
S/16 and ViT-B/16 models. We fine-tune ViT-S/16 for 200 epochs, and ViT-B/16 for 100 epochs.
Other self-supervised models use the same or longer fine-tuning schedule. Compared with other
representative self-supervised learners, our MFM can achieve comparable performance with fewer
pre-training epochs while using none of the following: (i) extra data, (ii) extra model, (iii) mask
token. This demonstrates the great potential of masked frequency modeling.

ResNet-50. We demonstrate that MFM can also pre-train a high-capacity ResNet-50 model. We
simply adopt the same pre-training settings as ViT. During fine-tuning, we generally follow the ad-
vanced vanilla ResNet “training from scratch” recipe in RSB (Wightman et al.,[2021) except that we
use the AdamW optimizer (Loshchilov & Hutter, 2017) following Fang et al.|(2022). Table[z_f] shows
the results. Different from ViT, we observe performance degeneration of low-level image process-
ing tasks like SR, deblurring and denoising compared with the RSB training-from-scratch baseline
(Table @b). We hypothesize this discrepancy is due to the architectural difference between ViT and
CNN. Compared with ViT, the convolution operation in CNN tends to be more effective in cap-
turing high-frequency components. Thus, encouraging a CNN model to reconstruct high-frequency
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components of images brings no benefits to the performance. Instead, learning high-frequency infor-
mation can compensate for the ability of ViT models in capturing the high-frequency components. In
contrast, our MFM outperforms its supervised counterparts in both ViT and CNN architectures as it
leverages both low- and high-frequency components. Even under a demanding training procedure,
e.g., fine-tuning for 300 epochs (Table Ac), MFM can still improve the supervised RSB A2 base-
line by 0.3% and surpass several representative contrastive-based self-supervised learning methods.

Table 5: ADE20K semantic segmen-

4.4.2 SEMANTIC SEGMENTATION
tation (mloU) of ViT-B/16 models.

We evaluate MFM and low-level image processing tasks on Method mloU
the ADE20K semantic segmentation benchmark. We use Supervised (Touvron et al.|[2021a)  45.3
UperNet (Xiao et al., 2018) and adopt the same setup fol- MoCo v3 (Chen et al.|2021) 472
lowing BEiT (Bao et al.| [2022). All models are fine-tuned DINO (Caron et al.]2021) 46.8
for 160K iterations with an input resolution of 512 x 512. As BEiT (Bao et al.|2022) 477
shown in Table 5] our corruption-based models can achieve MAE (He et al.][2022} 48.1
competitive performance compared with other representa- SR 48.5
tive self-supervised learners that are usually more expensive Deblur 47.0

Denoise 47.6
to compute. MEM 486

Table 6: Robustness evaluation on six robustness benchmarks. We report top-1 accuracy of ViT-
B/16 (left) and ResNet-50 (right) models except for IN-C that uses the mean corruption error (mCE).
The original ImageNet top-1 fine-tuning results are also appended for reference. The best results are
in bold, and the second best results are underlined.

Method Robustness benchmarks Orig.  Method Robustness benchmarks Orig.
FGSM PGD IN-C(}) IN-A IN-R IN-SK FGSM PGD IN-C(}) IN-A IN-R IN-SK
Scratch 463 212 485 28.1 447 320 81.8  Scratch 202 34 77.0 6.6 360 250 78.1
MAE 389 112 523 315 483 338 829 SimMIM 168 2.1 77.0 57 349 242 717
SR 46.1 215 46.3 29.1 492 355 824 SR 17219 73.6 65 358 254 779

Deblur 425 172 492 253 469 332 817  Deblur 172 2.0 748 82 372 265 780
Denoise 47.6 243 478 307 484 348 827 Denoise 158 1.8 78.0 72 356 247 715
MFM 477 244 475 327 486 348 831 MFM 185 23 74.2 90 369 267 785

4.5 ROBUSTNESS EVALUATION

We evaluate the robustness of our models on a series of benchmarks in three aspects: (i) adversarial
robustness, (i) common corruption robustness, and (iii) out-of-distribution robustness. For (i), we
study the adversarial examples generated by white-box attackers (e.g., FGSM (Goodfellow et al.,
2014) and PGD (Madry et al., 2017)) on ImageNet-1K validation set as well as natural adversarial
examples on ImageNet-A (Hendrycks et al.||2021b); for (ii), we evaluate on ImageNet-C (Hendrycks
& Dietterich, [2019) that includes 15 types of algorithmically generated corruptions with five levels
of severity; for (iii), we test on ImageNet-R (Hendrycks et al.,[2021a)) and ImageNet-Sketch (Wang
et al.| 2019) that contain images with naturally occurring distribution shifts. We evaluate the same
models fine-tuned on original ImageNet-1K (ViT-B/16 in Table [3]and ResNet-50 in Table [4b) with-
out any specialized fine-tuning on the different validation sets. As shown in Table [6] we can con-
clude three observations: 1) Transformer-based models (e.g., ViT) are more robust than the CNN
counterparts (e.g., ResNet-50). 2) Corruption-based tasks (e.g., SR, Deblur, Denoise and MFM)
are generally more robust than the MIM task (e.g., MAE and SimMIM). 3) MFM achieves the best
trade-off between standard performance and robustness (the robustness of MFM always ranks within
the top two, while the standard accuracy is the best).

5 CONCLUSION

In this work, we have studied the effectiveness of low-level image processing tasks for visual rep-
resentation learning from a new frequency perspective and introduced a unified, flexible and robust
self-supervised visual pre-training framework to perform image corruptions in the frequency do-
main. We show that without relying on mask tokens or more complex designs (e.g., discrete visual
tokens), a simple mask-frequency strategy can achieve competitive performance for both ViT and
CNN. We hope our unique frequency perspective can motivate the community to rethink the role of
low-level tasks for unsupervised representation learning.
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ETHICS STATEMENT

The proposed method learns statistics of the training dataset and may reflect the biases in the data.
Debiased measures thus have to be taken. The method may be deployed with large-scale models and
data, causing negative impacts on the environment.

REPRODUCIBILITY STATEMENT

We provide detailed hyper-parameter specifications for our experiments in the main text (Section )
and the supplementary material (Appendix to ensure reproducibility. Code and models will
be released at https://www.mmlab—-ntu.com/project/mfm/index.html]to facilitate
future research.
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