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Abstract

In this paper, we introduce Cosine Autoencoder (CosAE), a novel, generic Au-
toencoder that seamlessly leverages the classic Fourier series with a feed-forward
neural network. CosAE represents an input image as a series of 2D Cosine time
series, each defined by a tuple of learnable frequency and Fourier coefficients.
This method stands in contrast to a conventional Autoencoder that often sacri-
fices detail in their reduced-resolution bottleneck latent spaces. CosAE, however,
encodes frequency coefficients, i.e., the amplitudes and phases, in its bottleneck.
This encoding enables extreme spatial compression, e.g., 64 x downsampled fea-
ture maps in the bottleneck, without losing detail upon decoding. We showcase
the advantage of CosAE via extensive experiments on flexible-resolution super-
resolution and blind image restoration, two highly challenging tasks that demand
the restoration network to effectively generalize to complex and even unknown
image degradations. Our method surpasses state-of-the-art approaches, highlight-
ing its capability to learn a generalizable representation for image restoration. The
project page is maintained at

1 Introduction

Training an image Autoencoder by reconstruction is one of the most commonly adopted approaches
for image representation learning. At the heart of such a learning process is creating an information
bottleneck: the network first downsamples the input image to lower spatial dimensional features,
then upsamples them back to reconstruct the input image. The key motivation of an information
bottleneck is to enhance a network’s ability to capture and preserve key data intrinsic patterns and
structures, thereby representation and generalization, which is particularly vital in vision tasks where
data quality is critical to performance. Introducing a narrow bottleneck in Autoencoder provides an
effective way not only to learn general-purpose representations for recognition tasks [1, 2, 3, 4], but
also to learn disentangled representations for image synthesis and manipulation [5, 6].

To establish an information bottleneck, most existing Autoencoder networks compress input images
into a spatially compact latent space [1, 2, 3, 5, 6]. They learn mid- to high-level representation for
classification and attributes disentanglement, by extracting the main shared structures while sifting
out any noisy components. However, a narrow bottleneck Autoencoder are rarely directly designed
forimage restoration task, mainly because the use of a downsampled bottleneck in conventional Au-
toencoders often results in the loss of spatial details. Thus, these Autoencoders struggle to effectively
represent high-frequency details, such as textures, compared to more coarse-grained structures. In
other applications where pixel regression quality make a key role, e.g., VQVAE [6] or lattent diffu-
sion models (LDM) [7], researchers address this challenge by striking a balance between the spatial
compactness of the bottleneck and its capability to preserve details. For instance, in training the
Autoencoder [6] used for [6, 7], the downsampling stride is typically capped at 16x. Strides higher
than this often result in considerable degradation of image quality [7].
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(a) Conventional Autoencoder (b) CosAE with extremely narrow bottleneck

Figure 1. Unlike (a) a conventional Autoencoder, (b) CosAE encodes frequency domain coefficients as ex-
tremely narrow bottleneck feature maps. Via a basis construction module, it faithfully represents both the global
structure and fine-grained details of an input image.

In this paper, we propose a novel Autoencoder directly applicable for image restoration — not only
does it possess an extremely narrow bottleneck to boost representation capability, but it also faith-
fully preserves high-fidelity details. Our solution, the Cosine Autoencoder (CosAE), draws inspira-
tion from Fourier transform principles, which demonstrates that finite signals can be depicted using
a set of harmonic basis functions. We follow this principle to encode frequency domain coefficients,
including amplitudes and phases, and integrate them with a set of Cosine basis functions before
being decoded back to the original image (Figure. | (b)). This is achieved through a Harmonic
Construction Module (HCM) that spatially expands the compact feature into a series of harmonic
functions, following the formulation of the classical Fourier series. Unlike downsampled feature
maps from the conventional Autoencoders, we found in CosAE, the representation with frequency
coefficients can be extremely compressed spatially. Yet, these representations can effectively recon-
struct fine-grained details when combined with high-frequency basis functions, e.g., the cosine basis
in the 2nd row in Figure.

As a generic Autoencoder, CosAE can be potentially utilized across various applications where tradi-
tional Autoencoders are applicable. In this paper, we demonstrate its capability for two challenging
pixel reconstruction tasks: (a) flexible-resolution super-resolution, and (b) blind image restoration.
We note that for tasks such as super-resolution, image denoising, and image enhancement, it is com-
monly believed that maintaining as many details as possible in the input without using a bottleneck
will lead to better restoration [8, 9, 10]. However, the absence of an information bottleneck can
potentially limit the capacity for representation. In contrast, the narrow bottleneck in CosAE en-
courages the alignment of the distributions of image representations under different types and levels
of distortions. Unlike most previous work [11, 12] where distinct networks are needed for restoring
images of different types of degradation, a single CosAE network demonstrates strong generaliza-
tion capabilities across a wide range of degradation. We summarize our contributions as: (i) We
propose CosAE, a novel generic Autoencoder featuring an extremely narrow bottleneck while pre-
serving high-fidelity image details. (ii) We introduce a basis construction module, a key component
of CosAE, that decomposes and represents not only the coarse structure but also the fine details of
an image. (iii) CosAE can effectively restore images without the need for degradation types or up-
sampling ratios during inference. This capability makes it highly scalable in restoring images with
unknown or complex types of degradation.

2 Related Work

Autoencoder Networks. Training Autoencoders [2] is a common approach for representation learn-
ing. By creating a bottleneck representation, Autoencoders abstract input data into generic visual
representations. This method is used in Denoising Autoencoders (DAE)[1] for image restoration
and Variational Autoencoders (VAE)[3] for image synthesis. Recent works have shown that Autoen-
coders can learn general representations for downstream tasks [13, 14, 15, 16, 4] and disentangled
representations for image synthesis [17, 18, 5, 19]. While bottleneck representations have proven
effective, recent works on RGB pixel reconstruction tasks [8, 9, 10] typically aim to maintain high
spatial resolution during auto-encoding to preserve input details for better image reconstruction.
In contrast, our work revisits the bottleneck concept, making it extremely narrow to achieve both
generic representation and high-fidelity reconstruction.

Image Restoration. General image restoration aims to recover and enhance damaged or de-
graded images to improve their visual quality, clarity, and perceptual information. Within it, super-
resolution [20, 21, 22, 23, 24, 8] and image denoising [25, 26, 27, 28, 29, 30] are the two major
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Figure 2. Overview of CosAE. CosAE contains an encoder that compresses an input image into a narrow
bottleneck. Each bottleneck vector [A,,, ¢,] is translated into a group of learnable harmonic functions H of
size T' x T', according to Eq. (2) (see the box). A decoder then reconstructs the input from the learned harmonic
functions. Note A, equals to Ay, v,,) in Eq. (2) for simplicity.

sub-problems. Unlike conventional approaches that rely on specific corruption operators or sepa-
rate networks for different levels of degradations, recent advancements have focused on learning
more generalizable representations to handle complex and unknown degradations. Among them,
flexible-resolution super-resolution [31, 32, 33] and blind image denoising [31, 34, 35] are widely
studied. Our work focuses on these two applications. While most prior methods use encoders with
minimal down-sampling, we show that a narrow bottleneck combined with continuous representa-
tion modules like LIIF [31] achieves consistent reconstruction across various corruption levels. In
blind image restoration, recent networks rely on priors from pretrained models [36] or learnable
dictionaries [37, 38], which complicate the training process and require additional measures to bal-
ance realism and fidelity. In contrast, CosAE maintains the simplicity of conventional Autoencoder
training without such dependencies.

Fourier Space. Recently, methods like SIREN [39] and Fourier feature mapping [39, 40, 41, 42]
have been used to preserve high-frequency details in networks. SIREN [39] utilizes the sinusoidal
function as an activation layer to reconstruct high-frequency components, while other approaches
[40, 41, 42] transform inputs into Fourier coefficients or feature maps to enhance detail retention.
Frequency representations are proposed for texture synthesis [43, 19] and image super-resolution
[32, 44]. Among image super-resolution works, the Fourier module of LTE [32] focuses on high-
frequency residuals via a skip-link, limiting its capability to learn compressed frequency domain
representations, while OPE-SR [44] employs a parameter-free decoder for pixel space decomposi-
tion using 1D Fourier basis, unlike CosAE, which uses a 2D Fourier basis to enable more compact
information bottleneck representation.

3 Approach

Similar to conventional Autoencoders, CosAE has an encoder to produce a bottleneck latent repre-
sentation (Sec.3.2) and a decoder to reconstruct the input image (Sec.3.5). Within the bottleneck,
we introduce a harmonic construction module (HCM) (Sec.3.3) to spatially expand the latent repre-
sentation into Fourier series (Figure.l (b)). We start by revisiting the classic 2D Fourier transform
theory [45] and its harmonic functions (Sec. 3.1). Furthermore, we delve into the details of the
proposed HCM, showing how to integrate the classic Fourier transform into a latent space in neural
networks.

3.1 Preliminary of Fourier Series
Fourier series is an effective tool to represent periodic or finite signals with a group of sinusoidal
functions. Formally, the periodic extension of a finite 1D signal {z(¢),¢ < T’} can be represented
with Fourier series in the amplitude-phase form:
z(t) ~ %"‘220:1 He ()
H(k,t) = Ay, - cos(3Ekt — ¢p)

where k denotes the discrete frequencies, H(k, t) denotes the k" harmonic component of the signal.
Within H(k, t), we have the scalars A, and ¢y, as the amplitude and the phase shift. Specifically, A



denotes the amplitude of the DC component. The Fourier series in Eq. (1) can be easily generalized
to n-dimensional cases. In the context of a finite 2D signal, e.g., an image, the harmonic function
with frequencies (u, v) corresponding to the = and y dimensions is denoted as:

2w
’H(u, v, T, y) = A(u,v) : COS[T(U'I + Uy) - ¢(u,v)} (2)

where z < T and y < T. We denote cos[2F (ux + vy)] as a Cosine basis function, and the full term
H(u,v,x,y) as harmonic function.

In our 2D domain, the amplitude and phase of an input image can be derived using the Fourier
transform (e.g., 2D FFT) [45]. However, Fourier coefficients are neither learnable nor directly com-
pressible for forming an information bottleneck, and thus cannot directly facilitate image restoration
or visual representation learning tasks. Instead of applying FFT, we learn the amplitude and phase,
denoted as A, ) and ¢, ) , as bottleneck feature maps via an encoder, allowing flexible dimension
configuration. To reconstruct the original image, we use Harmonic Component Modeling (HCM) to
generate a set of learned harmonic functions (Eq. (2)), and a decoder acts as a learnable summation
operator, mimicking the reconstruction process in Eq. (1).

The key insight is the compactness of Fourier coefficients in representing images, even those with
intricate details. For example, a complex texture image may have only a few significant frequency
components. By making Fourier coefficients a learnable representation, we can design an Autoen-
coder with an extremely narrow bottleneck.

3.2 Encoding Fourier Coefficients

The encoder of CosAE is responsible for learning Fourier Coefficients of the bottleneck latent space.
Given a 2D square P x P image patch I,,, the encoder compresses the input signal into a bottleneck
feature vector with the dimension of 2 X ¢, representing c pairs of corresponding amplitudes and
phases,

[A e R ¢ e R] =E(I,). 3

To generalize to images of any resolutions, in practice, we design the encoder with the downsampling
stride setting as P, so that A and ¢ are both ¢ channel-dimensional feature maps with its spatial
resolution 1/P as that of the input image. In CosAE, a relatively large stride P will be adopted so
that the bottleneck can be very small: for face images, we maintain a downsampling stride as P = 64
(resulting in a 1D bottleneck of R?*¢ for a 64 x 64 patch, see Eq. (3)), while for natural images,
we use a stride as P = 32. Remarkably, CosAE is still able to faithfully reconstruct high-frequency
details through combining these coefficients with the Cosine basis functions as latent feature maps,
as introduced in the following.

3.3 Constructing Harmonic via HCM

We introduce a harmonic construction module (Figure. 2, middle box) that operates on the bottleneck
to transform the predicted coefficients coming from the encoder into a set of 2D harmonic functions,
i.e., H in Eq. (2). Taking the 2D square patch I, as an example. The encoder processes this patch
to yield ¢ pairs of amplitudes A € R¢ and phases ¢ € R°. These are then combined with ¢
corresponding Cosine basis functions. Each basis is a T' x T' 2D Cosine waveform, where 7' can
be flexibly adjusted to achieve the desired output resolution. Thus, each pair of Fourier coefficient
A,y and ¢, ) Will be spatially expanded to a 7" x T" harmonic function, according to Eq. (2)
(the spatial expansion is visualized as transitions between the two red blocks, in Figure. 2). The ¢
harmonic functions, formulated as a T'x 1" x c feature map, are then decoded to reconstruct the image
patch I,. Specifically, T' - the size of the Cosine basis functions can be customized during training,
e.g., for the task of flexible-resolution super-resolution. We introduce the details in Sec.

Notably, 7" shouldn’t be too small to formulate a valid 2D Cosine waveform. To balance with model
efficiency, we set T' = P/2, i.e., T = 32 for face images and 7' = 16 for natural images, where the
decoder has an upsampling stride setting as 2. The ¢ pair of frequencies (v € R¢, v € R€), which
determine the Cosine basis functions, are also learnable, as detailed in Sec.



Input LIIF-4x LIIF-64x CosAE-nocos CosAE-imcos CosAE Ground Truth
Figure 3. Qualitative evaluation for face FR-SR. While models can super-resolve an input image with any
ratio between 2 and 8, we show the extreme case: to upsample a 32 x 32 input to a 256 X 256 output, i.e., x8.
We compared to both LIIF [10] and the CosAE variants stated at Sec.

3.4 Learning Frequencies as Network Parameters

Many prior works learn the u and v also from an encoder [19, 32], similar to the Fourier coefficients,
i.e., the frequencies are conditioned on the input signal. However, is it the optimal solution? To
answer the question, we briefly revisit the properties of the harmonic function.

Harmonics. There are two key principles for setting frequencies in signal processing. First, fre-
quencies (u,v) in Eq. (5) are sampled in increments inversely proportional to the signal’s length.
Second, frequencies must satisfy the sampling theorem to avoid aliasing. To determine the range of
the frequencies, we adopt the Fourier transform F'(+) to the harmonic function (we use 1D case, and
eliminate the amplitude and phase for simplicity),

F(Hi(w)) = > cos(ZEkt)e~ 2™t 4)
= a62r(w - F)) +o@m(w+ 7)),

i.e., the bandwidth of the harmonic B = k/T. According to the Nyquist-Shannon theorem, for a

sampling rate f, perfect reconstruction is guaranteed for a band-limit B = % < f? For discrete

signals, such as images, where the sampling interval is f; = 1 (pixel), k& can be restricted to k < %
to prevent aliasing and ensure an accurate harmonic representation.

Qur solution. Based on the design of the classic Discrete Fourier Transform (DFT) described
above, we initialize ¢ pairs of (u, v) within the range [0,7'/2). However, for more flexible designs,
the (u, v) set should adapt to different needs, such as increasing frequency pairs for higher resolution
or reducing them for efficiency. In such cases, uniform sampling can result in sparse coverage. For
example, with " = 64 and the number of basis maps set to 64, both » and v are sparse, sampled
as [0,4,8,...,32]. Since natural image frequencies are not uniformly distributed, we make (u,v)
learnable parameters shared across all input images, enabling effective modeling of diverse frequen-
cies during training. Compared to prior approaches that adapt frequencies based on individual input
images [32, 19], our design aligns more closely with classic principles by using globally shared
frequencies that span a full range. Such design also addresses a common limitation in previous
models emphasizing lower frequencies that dominate natural images, allowing for a more balanced
and comprehensive frequency representation.

3.5 Decoding Harmonic for Reconstruction

Once the basis {H }rxTx. are obtained, we introduce a decoder network D to map them to RGB
pixels:

X = D({H(U,U,J),y)}); (uvv) < T/27 (x,y) <T )]

The architecture can be flexibly designed. E.g., our framework allows for either implicit representa-
tion networks [10, 39, 32, 33], sampling only a small portion of pixels to decode during training, or
convolutional/transformer-based decoders that use the full latent space, accommodating additional
modules like discriminators for full-sized outputs.



Table 1. FR-SR evaluation on the val splits of FFHQ+CelebA faces (15k images). We upsample LR images
of different input resolution (row-2), all to 256 x 256. The upper block displays methods using only L1 loss,
while the lower part show those trained with full objectives, denoted with (G). The gray block in the bottom
presents results for ablation studies (Sec. 4.2).

| FID-15k| | LPIPS | PSNR (db)T | SSIM1
LR-res | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128
LITF-64x N/A 041 038 037 0372603 2523 2395 2637 | 068 071 073 074
LTE-64x N/A 048 039 033 021 |2294 2480 2607 2923 | 062 0.69 073 084
ITNSR-64x N/A 047 039 036 036 |23.10 2524 2605 2630 | 0.63 070 072 0.73
CosAE N/A 036 032 028 026 | 2434 2618 27.52 2851 | 0.70 075 0.79 0381

LIIF-4x (G) 3493 1880 11.89 623 | 035 027 022 0.14 | 2294 2468 26.19 2794|063 0.70 0.75 0.80
LIIF-64x (G) 1891 1550 1505 1394 | 030 027 026 0.25| 2259 2324 2359 2357|062 064 0.65 0.65
CosAE (G) 1281 8.67 812 7.86 | 0.24 0.19 0.17 0.14 | 23.65 2537 26.66 27.51 | 0.67 0.72 0.76 0.78
CosAE-nocos (G) | 13.1 13.44 1354 1275 | 031 0.30 029 029 | 2092 21.24 2135 2134|057 058 059 0.59
CosAE-imcos (G) | 10.85 10.81 10.7 10.72 | 0.31 030 0.29 0.29 | 20.34 20.64 20.77 20.77 | 0.56 0.57 0.57 0.57
CosAE-FT (G) 16.55 12.68 11.78 10.70 | 0.26 022 0.19 0.16 | 23.55 25.00 25.90 26.30 | 0.66 0.70 0.73 0.74

3.6 Network Implementation

FFT for Additional Input. We found that incorporating the 2D FFT of the input image as extra
channels enhances performance, as it intuitively aligns with the encoder’s task of capturing Fourier
coefficients in the latent space. Specifically, we apply the FFT to generate real and imaginary 2D
maps for each RGB channel, which are then concatenated with the original RGB channels, yielding
a 9-channel input map for the network.

Network architectures. We build our encoder and decoder based on [6], which has been widely
utilized for auto-regression and diffusion models [6, 7, 46]. To enable a larger downsampling stride
in the encoder, we add extra ResNet blocks and position the attention layers near the bottleneck.
Correspondingly, we employ a relatively lightweight decoder with an upsampling factor of 2. We
train CosAE on 256 x 256 patches for all the downstream tasks, while setting ¢ = 256 for all the
experiments. Please refer to Sec. and 3.3 for other hyper-parameters.

Notably, we process each bottleneck feature vector independently, allowing inference on images of
any size. This is achieved by replacing global attention with window attention [47] within each
T x T feature cell, in the decoder. Likewise, during inference, for inputs with a different size than
256 x 256, we employ window attention as well on each non-overlapping 256 x 256 region.

Objectives. We follow [6] to train CosAE with L1 loss and a perceptual loss [48] as the reconstruc-
tion objectives, denoted as Lye. = L1 + Lipips. In addition, we apply a patch-based discriminator
[49], denoted as L 4, to enhance the visual quality of the reconstructed image. The entire network,
along with the c pairs of learnable frequencies {u,v} € R?*¢, is trained with £ = L,.c. + AMlgan-
We keep the same settings for the adaptive weight A as [6]. More details are presented in the sup-
plementary material.

4 Experimental Results

In this paper, we focus on the applications of flexible-resolution super-resolution and blind image
denoising, leaving other potential auto-encoder-related applications for future research. We evaluate
both tasks in the domains of face and natural images.

For both face and natural image domains, we train the CosAE with the upscaling factor from 1 to 8.
During training, we sample a high-resolution (HR) image Iz € R7*W*3 from the training set,
and downsample it with a uniformly sampled ratio € (1, 8] to obtain the low-resolution (LR) input

image I1.p € R >3 To train a super-resolution model with flexible output resolutions, we then
sample an upscaling ratio as u € (1, 7] to let CosAE upscale the input image to I,,,; € R+ > +Wx3,
This is conducted by setting T = %Tmm, where 1,4, refers to the 7" in Sec. 3.3, which upscales
the LR image to the original size of the HR image. Note that we always (bilinearly) resize the LR
image to the original size of the HR image to fit the Encoder of CosAE. The size of the HR images
is fixed to 256 x 256 during training, achieved either by resizing (e.g., for face images) or by random
cropping (e.g., for natural images).

Our experiments also indicate that strictly limiting frequencies (u,v) to prevent aliasing is NOT
essential for effective performance. To validate this, we performed an ablation study (see Ap-
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Figure 4. FR-SR on DIV2K [24]. We showcase 8 X results similar to Figure. 3. CosAE faithfully reconstructs
fine details, for both regular (buildings) and irregular (skin and food) textures. Zoom in to see details.

pendix B.2) where we introduced a channel dropout variant during training, strictly constrained
min(u,v) < T/2, and observed the resulting outcomes. Further frequency analysis and discussions
on limitations, including out-of-distribution generalization and common artifacts, are provided in
the Appendix.

4.1 Flexible-resolution Super-resolution (FR-SR)

FR-SR has been intensively explored via implicit representation [10, 32, 33], in which the output
resolution can be flexibly configured by setting the size of the coordinate map.

4.1.1 FR-SR for Face Images.

We train the face model using cropped faces from the training splits of FFHQ [50] and CelebA-HQ
[51, 52], utilizing the official training and validation splits. To evaluate the output images, we use
FID [53] and LPIPS [48] metrics, along with PSNR and SSIM to compare with methods that use
pixel regression objectives [10, 32, 33].

Baselines. We compare CosAE with local implicit representation methods LIIF [10], LTE [32],
and ITNSR [33], which generate arbitrary-resolution outputs by predicting RGB values at specific
coordinates. For a fair comparison, we re-implemented these methods using the same Encoder as
CosAE to ensure consistent representation capacity across models. Among those, LIIF is a direct
counterpart to our approach, approximating the replacement of high-frequency components (Cosine
basis functions) with plain coordinate maps. To ensure a fair comparison, we align LIIF by replacing
its implicit decoder with ours (CNN with self-attention) and adopting the GAN loss.

To compare with LTE [32] and ITNSR [33], we replace their Encoders with ours but keep their
original Decoders intact as they are key components. We do not add GAN loss as it does not enhance
results. LTE does not have a narrow bottleneck due to a skipped link before the output. We align
the input settings for all methods to match ours while keeping other components as per their original
versions, denoting the modified networks as “-64x” in Table |. Notably, during inference, CosAE
performs blind super-resolution without needing the upsampling ratio, unlike other methods.

Comparison with the State-of-the-Art Methods. We demonstrate significantly improved per-
formance with CosAE, compared with the baselines of LIIF-64x, LTE-64x and ITNSR-64x, both
qualitatively (Figure. 3) and quantitatively (Table. 1). In Table. |, networks trained only with L1
loss are placed in the upper block and those trained with full objectives (Sec. 3.6) are in the bot-
tom rows. Our results are significantly better, especially in terms of large-ratio (e.g., X8 and x6)
super-resolution, on all the matrices.

4.1.2 FR-SR for Natural Images.

To perform FR-SR training on natural images, we initially pretrain CosAE on the ImageNet [54]
training split, using the same approach as the face model. However, we encountered distortions
in the reconstructed images when applying the 4 x 4 bottleneck — same as the face model. To
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Figure 5. Comparisons with the STOA face restoration methods. Results are shown for both real-world
(WebPhoto-Test, 1st row) and synthetic degraded images (CelebA-Test, 2nd row). CosAE restores more high-
frequency and realistic facial details compared to other methods.

address this, we adjusted the bottleneck to 8 x 8 with T}, = 16. Subsequently, we fine-tuned the
model using the same training settings on a combination of the DIV-2K [24] training set and all the
images from Flicker2K [55] (referred to as the DF2K dataset). We compared the CosAE with LIIF
[10] aligned in the same way as training the face model, denoted as “LIIF-32x” as the Encoder for
natural images has a 32x downsampling stride. Both models were trained with the same datasets,
input settings, and objectives.

To evaluate the performance, we used LPIPS on the DIV-2K validation set, considering the adoption
of the discriminator. The FID score [53] is not applicable due to the testing set is small. We keep the
same super-resolution up-scaling factor as that of the face (in Table. 2 we present the down-sampling
factor instead of the resolution, given images of DIV2K have different sizes between individuals).
Similarly, CosAE demonstrates significantly better performance than the others. Qualitative results
are shown in Figure. 4, and Figure. 9, 10 in the Appendix.

4.2 Ablation Studies

To validate the design choices, we perform the Ablation Studies on the task of FR-SR for face
images, which focus on the following aspects.

W or w/o Cosine Basis Functions. To evaluate if the Cosine basis functions play a key role in
improving the performance, other than LIIF that replaces them with coordinate maps, we further
replace them with plain upsampling layers, while preserving all the other components and training
recipes. We denote it as nocos.

Encoding Input with Cosine Basis. To see if the Cosine basis functions can be placed other than the
bottleneck, we encode the input image with Cosine basis functions, i.e., similar to Fourier transform
to multiply each basis with the signal, but without the summation operator. We keep the bottleneck
the same design as the nocos model. We denote it as imcos.

Fourier Transform. Instead of using the Decoder to mimic the summation operation in Eq. (1), we
directly sum over the frequencies, i.e., the channel dimension of the bottleneck, before the Decoder.
This is equivalent to performing the Fourier transform, instead of preserving the Fourier series, in
the bottleneck latent space. We denote it as F7T.

Results. We compare the ablated models with the others trained with full objectives, in Table.
Compared to CosAE, all the variants show degraded performance on all the matrices. We observe
nocos and imcos exhibit visually pleasant faces with rich details, but keep less fidelity, e.g., the eye-
lid or lip color may completely changed, see Figure. 3. FT shows lower quality local region details
given it does not fully leverage the capabilities of the decoder (see Figure. |2 in Supp., due to space
limitation).
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Figure 6. Comparisons with LDM on 4x super-resolution on ImageNet. In comparison, the CosAE pro-
duces more fine-grained details, in terms of both the structure and the texture. Zoom in to see details.

Table 3. Quantitative comparisons on CelebA-Test. Our CosAE shows better
K performance on almost all the metrics, except for the FID score (see the possible

Table 2. FR-SR evaluating of FR-SR on DIV2 :
reasons in Sec. 4.3).

e.g., X2 to x 8, with LPIPS | on the validation set (FID

is N/A due to no reference set). Method ‘ FID| PSNRT  SSIMt LPIPS| IDDJ
up-ratio | x8 | x5.33 | x4 | x2 Input 132.69  24.96 0.66 0.50 0.93
DFDNet 52.92 24.10 0.61 0.45 0.76

LIIF-4x (G) | 0.41 0.33 0.30 | 0.26 PULSE 67.75 21.61 0.63 0.46 1.20
LIIF-32x (G) | 0.42 0.34 029 | 021 GFP-GAN 4239 24.46 0.67 0.36 0.60
RestoreFormer 41.45 24.42 0.64 0.36 0.57

CosAE(G) | 033 | 025 | 018 | 0.11 e e | 5243 218 0l 030 060
CosAE 52.03 25.65 0.70 0.27 0.53

Wide or Narrow Bottleneck? Is a narrow bottleneck better? Since CosAE does not support a
wider bottleneck variant due to a certain size 7" needs to be maintained for valid Cosine functions
(Sec. 3.3). Thus, we modify a “wide” LIIF [10] by removing the downsampling layers, resulting in
the LIIF-4x variant with a stride of 4. We evaluated LIIF-4x on face (Table |, Figure.3) and natural
images (Table2, Figure.4) using full objectives. Notably, the narrow bottleneck provided consistent
performance across different ratios. Table! shows minimal performance drop for super-resolving
images by factors of 2 to 8 for LIIF-64x and other methods, compared to LIIF-4x. This consistent
performance in FR-SR demonstrates the potential benefits of using a narrow bottleneck encoder.

4.3 Blind Face Image Restoration

Due to the space limitation, we present the results for blind face image restoration, while leaving
details of blind natural image restoration in the supplementary material.

Blind image restoration restores high-quality images from complex and unknown degradation. For
face images, most recent works [36, 37, 38] focus on two aspects: synthesis of degraded images that
mimic the divergence and complex type of degradation via math operators [36, 56], and improve
network architectures. We focus on the latter aspect.

For blind face image restoration, we adopt the degradation operators of [38] to synthesize degraded/-
clean paired data during training. Instead of training the network from scratch, we found finetuning
the CosAE network trained for the task of FR-SR (Sec. ) yields faster convergence. Unlike
training a FR-SR task, we instead fix 7' = 7,4, and finetune the model with images of 512 x 512.

Comparison to the State-of-the-Art Methods. We compare the CosAE with the state-of-the-art
methods, including DFDNet [34], PULSE [57], GFP-GAN [36], RestoreFormer [37] and Code-
Former [38]. Following [36, 38], we evaluate CosAE in the CelebA-Test, LFW-Test, WebPhoto-
Test, and WIDER-Test [38] datasets. We provide quantitative evaluations on both the synthetic
dataset — the CelebA-Test dataset in Table. 3, and the real datasets including LFW-Test, WebPhoto-
Test, and WIDER-Test in Table. 7 in Supp. In addition, we show qualitative results on both synthetic
and real-world datasets in Figure.

Both quantitative comparisons demonstrate the superior performance of our CosAE: it outperforms
the other approaches on almost all the metrics, except for the FID score. However, it is important
to note that the FID score may not provide an accurate assessment of realism when dealing with a
relatively small test set, especially in the aforementioned real datasets. Qualitatively, compared to



Table 4. x4 super-resolution on ImageNet-val. CosAE achieves competitive realism scores compared with
all the diffusion- and GAN-based methods [7, 58, 59, 60, 61, 62] with much larger capacities. ‘N/A’ indicates

not reported.

method U-Net SR3 LDM-4 emphLDM-4 LDM-4-G GigaGAN 12%sB DDRM IRSDE ResShift CosAE

LPIPS| N/A N/A N/A N/A N/A N/A 0.206 0.471 0.304 0.126 0.167
FID-50k) 15.2 5.2 2.8 2.4 44 1.2 2.8 N/A N/A N/A 2.1
Params (M) 625 625 169 552 183 359 552 552 137 121 67

Inference (s) N/A N/A N/A N/A N/A 0.13 1.832 1.184 5.927 0.105 0.036

other approaches, CosAE synthesizes much more realistic facial details, e.g., in the hair and skin
regions, as well as more wrinkles, freckles, beards, etc., than to generate a smoother one.

4.4 Fixed-ratio Super-resolution on ImageNet

In order to evaluate our approach against conventional methods for learning image representation,
we conducted super-resolution experiments on the ImageNet dataset using a 4 x upsampling factor.
To accomplish this, we finetuned the CosAE network trained with the FR-SR on natural images
with a fixed T' = T},,4z, 1.€., no flexible output resolution being configured during training. This
setting was applied to ImageNet images that were resized to 256 x 256 pixels. We compared CosAE
with U-Net regression [7], LDM [7] series, GigaGAN [58], other diffusion-based models, including
I2SB [59], DDRM [60], IRSDE [61] and ResShift [62]. We use FID score with the reference of 50k
validation images in ImageNet, and the LPIPS [48] as the evaluation matrices. In addition, model
size as well as the inference speed (ours are tested on a single V100) are reported. As shown in table

, CosAE outperforms most models in both efficiency (i.e., number of parameters and runtime) and
performance. Qualitative visual comparison with LDM-4 [7] are shown in Figure.

5 Conclusion

We introduce CosAE, a novel auto-encoder architecture for blind image restoration tasks. By in-
corporating learnable harmonic functions in the bottleneck, CosAE effectively captures underly-
ing structures and patterns of images with extremely compressive representation, achieving ac-
curate reconstruction with high-fidelity details. CosAE outperforms state-of-the-art methods in
flexible-resolution super-resolution and blind image restoration. As a generic denoising Autoen-
coder, CosAE offers potential for various computer vision tasks.
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Appendix Outlines

The Appendix is structured as follows: We present the broader impact of our work, in Sec.
We provide insights for the theories presented in the main paper, we discuss more on (i) frequency
analyses at Sec. ; (i1) if the frequencies need to be regularized during training, at Sec. , and
(iii) the limitations, at Sec. . We present additional implementation details and experimental
results, in Sec. C and D. Most qualitative results are shown in the last few pages.

A Broader Impact

With the presented applications of face and natural image restoration, the societal impact of the
CosAE can be far-reaching. Accurate image restoration is crucial in various domains, including
forensic analysis, medical imaging, and digital art preservation. CosAE’s ability to restore high-
quality images while preserving fine-grained details has the potential to enhance visual content in
these fields. By enabling the restoration of images with unknown degradation types, CosAE offers a
valuable tool for image analysis and enhancement, leading to improved decision-making, enhanced
diagnostics, and enhanced cultural preservation. Furthermore, the generalizability of CosAE can
contribute to advances in computer vision applications, such as image recognition, object detection,
and scene understanding, with broader implications in fields like autonomous vehicles, robotics, and
augmented reality.

On the potential downsides, one key concern is the bias in the training data used to develop the
model. If the training data is not diverse and representative of different demographics, there is a
risk of perpetuating biases or inequalities in the restored images, particularly in the case of face
restoration. This can lead to unintended consequences, such as reinforcing societal stereotypes or
discrimination. Therefore, we choose to use the training sets on the face-related tasks, e.g., FFHQ
and CelebA, that are inclusive, diverse, and carefully curated to mitigate biases and promote fair-
ness in image restoration applications. Additionally, transparency and ethical considerations should
be prioritized to address concerns related to privacy, consent, and the responsible use of restored
images, particularly in sensitive domains such as healthcare or criminal investigations. However,
it is important to note that the primary objective of CosAE is pixel-level restoration rather than
recognition or synthesis of faces. This distinction implies that there may be relatively fewer con-
cerns associated with the use of CosAE compared to other models in the face domain, such as face
recognition or synthesis models.

B Discussions

While major designs are presented in the main paper, here, we provide more insights and limitations
of CosAE.

B.1 Frequency Analyses

We visualize the learned frequencies u,v € R*?,c¢ = 256 in Figure. 7. While initialized uni-
formly between [0,7/2] (see Sec.3.4), the learned frequencies effectively capture both low- and
high-frequencies without significant drift from their initial values. We note that unlike [32], where
each image has its individual set of frequencies, which can be compared with its ground truth fre-
quency values computed via FFT, in our case, all images will share the same set of frequencies.
Along with the design where the frequencies are from the latent space, as such, there is no such
“ground truth” we can compare with. However, our design is closer to the classic discrete Fourier
transform, where frequencies are often uniformly sampled and are not input-conditioned.

Initializing with low frequencies. To further quantitatively study the potential effects for fre-
quency, we conduct another ablation study: we initialize uw,v with low frequencies only, i.e.,
u,v € (0,0.5], denoted as -LF, and train the model with L1 loss only to exclude any factors (e.g.,
the discriminator or the LPIPS loss) that may generate high-frequency details. As demonstrated in
Table. 6, without high-frequency initialization, as proposed in CosAE, CosAE-LF shows degraded
performance on all the matrices.
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Figure 7. Initialized frequencies vs. learned frequencies. While initialized uniformly between
[0,T/2] (see Sec. 3.4), the learned frequencies effectively capture both low- and high-frequencies
without significant drift from their initial values. 3 pair of learned frequencies u, v, marked by green
A among the points, are visualized as 2D waves on the right.

Table 5. FR-SR evaluation for uniform vs learnable (u, v). We denote the ablation (suggested by Reviewer
Gqngq) for using freezed, uniformly sampled frequencies as CosAE-uniform.

| FID-15k| | LPIPS| | PSNR (db)? | SSIM1
LR-res | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128

CosAE-uniform (G) | 13.09 10.80 10.28 1049 | 028 0.25 0.23 022 | 22.69 2351 24.05 2421 | 0.63 0.65 067 0.68
CosAE (G) 1281 8.67 812 786 | 024 019 0.17 0.14 | 23.65 2537 26.66 27.51 | 0.67 0.72 0.76 0.78

Does non-learnable frequencies lead to performance degradation? We found that fixing fre-
quencies (u, v) to a uniform grid caused a slight performance drop, reinforcing the need for learnable
frequencies for a more generalizable model. We retrained the model with fixed uniform sampling,
finding that CosAE-uniform underperformed CosAE across metrics, as shown in Table 5. Uniform
sampling, while initially dense with 7" = 32, leads to sparse frequency coverage as basis maps or
resolution increase. This sampling restricts adaptability and imposes a strict grid format, limiting
modeling accuracy. Thus, learnable frequencies enhance both performance and design flexibility.

B.2 Frequency Regularization During Training?

The flexible output resolution training strategy, as introduced in Sec. 4.1 for training Flexible-
resolution Super-resolution (FR-SR), yields a potential issue: When adjusting T € (0, T}q2], fre-
quencies of any w and v that are greater than T'/2 will result in aliased 2D waveform maps. Will this
issue degrade performance? Or in other words, is non-aliased Cosine basis functions necessary for
CosAE? The answer is NO, as we detailed the validation experiments in the following.

Training with Non-aliased Basis Functions. To investigate whether maintaining non-aliased ba-
sis functions the necessity for CosAE, we design and compare with a variant, namely -NoAls.
Specifically, we introduce a channel-dropout approach to adaptively obtain valid frequencies for
dynamically varying output resolution. Given T € (0, Tjax], we mask out any basis functions
Hy € {H}rx1xc when their min(ug,vg) > T/2. Consequently, when reconstructing a smaller-
sized output, only a subset of the basis functions and bottleneck features are utilized. Intuitively, the
design also indicates that a smaller image requires fewer bits in the bottleneck (see Figure. 8).

As detailed in Table. 6, -NoAls even outperforms the reported CosAE, which is trained without re-
moving the aliased basis functions, in terms of FID scores. On the other hand, it still underperforms
in terms of LPIPS, PSNR and SSIM, indicating less consistent results compared to the ground-truth
images. Thus, we conclude that: (a) training CosAE without maintaining a non-aliased set of Cosine
basis functions achieves satisfactory results and does not degrade the performance, as we reported
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in the main paper; (b) the approach -NoAls is also a valid alternation that supports even more com-
pressive bottleneck representation when smaller output resolution is desired.

B.3 Limitations

Out-of-distribution Generalization. In contrast to implicit image representation methods for
continuous super-resolution [10, 32, 33], where out-of-distribution up-sampling can be achieved
by interpolating the coordinate input maps, it is not advisable for CosAE to follow a similar ap-
proach by directly increasing the value of 7" during inference. This is because frequencies u and v
that are greater than T1,,x /2, which is fixed during training, have not been learned and thus crucial
high-frequency details may be lost.

Alternatively, CosAE can still generalize super-resolution to higher ratios, e.g., super-resolve face
images that are equal to or greater than 32 x 32 to 512 x 512, simply by resizing the input image
to 512 x 512. However, the face model’s generalization capability is limited since the model has
not been exposed to high-resolution face patches during training. This is in contrast to the natural
image domain model, which is trained on random crops of diverse natural images, allowing for a
broader range of generalization. Thus, we suggest two solutions: First, one can utilize face images
with a variety of resolutions and crop patches of size 256 x 256. It is important to include higher
resolution patches to capture the desired level of detail in the training process. Secondly, if a specific
resolution, such as 512 x 512, is desired, one can further fine-tune the FR-SR face model on the
specific resolution (all network architectures and training settings are kept the same). The model
typically converges super fast, e.g., within 100 iterations, during this fine-tuning process. We show
the qualitative performance of a 512 x 512 face model, which is obtained by fine-tuning the FR-SR
face model (the second approach), in Figure.

T, XT,
T, xT;

1o ' e
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Figure 8. Training with Non-aliased Basis Functions. Left: when T is small, the corresponding
high-frequency coefficients stored in the bottleneck are masked, resulting in a smaller output image;
Right: when T' = T}, all the bottleneck features are adopted to have a full-sized output image.

Table 6. Additional FR-SR evaluation on the val splits of FFHQ+CelebA faces (15k images). We
compared our CosAE with (a) the variant that initialized with only low-frequency set of u, v, as CosAE-LF
(Sec. ); and (b) the variant -NoAls, that maintain non-aliased basis function only during training (Sec. ).

| FID-15k| | LPIPS| | PSNR (db)t | SSIM{
LR-res | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128 | 32 | 48 | 64 | 128
CosAE-LF N/A 038 033 031 0302399 2588 2699 27.80 | 0.68 0.74 076 0.78
CosAE N/A 036 032 028 026 | 2434 2618 27.52 2851|070 075 079 081
CosAE-NoAls (G) | 10.78 8.12 7.99 7.53 | 025 029 0.8 0.17 | 2355 2496 2588 2630 | 066 070 073 074
CosAE (G) | 1281 867 8.12 7.86 | 024 0.9 0.7 0.14 | 23.65 2537 2666 27.51 | 0.67 072 076 0.78

Common Artifacts. When restoring extremely low-resolution or degraded images, CosAE also
presents artifacts. See the tree leaves in the second row of Figure. and the fur textures in the
last row of Figure. 0. Interestingly, the artifacts are similar to 2D sinusoidal waves — which is
very different from the conventional CNN/transformer-based models that commonly produce over-
smooth or aliased regions, see Figure. 10, the first and the second columns.

C Implementation Details

We further introduce the configuration of the CosAE models for both the face and the natural image
domains, with a particular emphasis on the encoder and decoder given sufficient description is pro-
vided for the basis construction module in the main paper. We include key training details to ensure
code reproduction. Codes will be released upon legal approval.
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(a) LIIF-4x (b) LIIF-32x (c) CosAE

Figure 9. Wide vs. narrow bottlenecks for DIV2k. By comparing upsampling with 8 x and 2, (b) LITF-32x
and (c) CosAE that have narrow bottlenecks presents much more consistent super-resolution results, compared
with that of (a) LIIF-4x, with a wide bottleneck.

Network Architectures. We follow [6] to design the encoder E and the decoder D module, where
the design logic and the detailed descriptions can be found from its appendix. Based on the stride,
for the face model, we configure 7 down-sampling blocks resulting in 64 x down-sampling in the
bottleneck; Likewise for natural images, we configure 6 down-sampling blocks to accommodate its
32x down-sampling stride. We configure 2 ResNet blocks at each resolution, and 2 vanilla attention
blocks at the last two down-sampling blocks, for both models. We adopt the same decoder for face
and natural image models, which retains only 1 upsampling layer, and is configured with 7 ResNet
blocks in total.

Specifically in the decoder, in addition to the aforementioned blocks, we also introduce two attention
layers besides the first two ResNet blocks. We restrict the attention layers to nonoverlapping local
regions — only within each cosine basis function, as shown in the right red block of {#{} in Figure. 1
in the main paper. This design (i) allows inference of arbitrary resolution input images, e.g., super-
resolution of the DIV2K validation set, as shown in Figure. 10 and Figure. 5 in the main paper; and
(ii) significantly reduces memory consumption, especially for high-resolution images.

Training Details. For all models, we apply the weight A for the discriminative loss of the patch
Lcan as 0.8, while fixing the weight for the regression loss L. to 1 (see Sec. 3.6 in the main
paper). We adopt the same configuration for the Adam optimizer as introduced in the VQVAE
training pipeline in [6, 7], for all the models. We train all the models up to convergence. To reiterate
the details described in the main paper: (i) for FR-SR task (Sec.4.1) in both face and natural image
domains, we randomly sample 7" < T},,,, to allow for flexible resolution output. (ii) we fix the T’
to Thhax for both image restoration tasks (Sec 4.3) and the fixed-ration super-resolution for ImageNet
(Sec 4.4). (iii) Except for face image restoration tasks where models are trained with 512 x 512 input
images to align with the previous work, all the other models are trained using 256 x 256 images or
patches.

D Additional Experimental Results

D.1 Arbitrary-Resolution Super-resolution

Inference with Varying 7. In the main paper, we evaluate flexible-resolution super-resolution
by re-scaling the input images to the desired output resolution and then performing Autoencoder
reconstruction. However, in this section, we present an alternative approach for achieving arbitrary-
resolution super-resolution. Similar to [10, 32, 33] where the output resolution is controllable by
configuring the size of the coordinate map, in CosAE, the output resolution can be flexibly changed
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(@) LIIF-4x (b) LIIF-32x " (c) CosAE

Figure 10. More arbitrary-resolution super-resolution on DIV2K [24]. We showcase 8 results (the LR
input images are illustrated in the left-most column accordingly) as in the Figure. 5 in the main paper. Zoom in
to see more details, especially within close-ups.
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Figure 11. Super-resolving a 64 x 64 face image by 1 to 8 times, via varying the 7. We perform arbitrary-
resolution super-resolution in a different way, by varying 7' € [Tiin, Tmax] that is analogous to interpolating the
coordinate maps in [10, 32, 33]. The images in the red bounding boxes denote the LR inputs. HR images with
the size of [64, 128,192, 320, 512] are shown.

by varying T' < T« As aforementioned, we show in Figure. |1 that to super-resolve an 64 x 64
image by 1 to 8 times, where the model is fine-tuned on the face FR-SR model on 512 x 512 training
images from the training splits of FFHQ [50] and CelebA-HQ [51] (which is consistent with training
the face FR-SR model), to present higher resolution reconstruction results.

More Results for Face Image Super-resolution. We show more qualitative evaluations with com-
parisons to the CosAE variants introduced at Sec.4.2, i.e., the nocos, imcos and FT, in Figure. 12,
in the case of up-sampling the 32 x 32 LR input images (Figure. 12 (a)) to 256 x 256. We do not
include results of the LIIF-64x and the LIIF-4x models here since they are significantly worse, as
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CosAE-‘nocos CosAE-imcos CosAE-FT CosAE Ground Truth ‘

Figure 12. Qualitative evaluation of Face Image Super-resolution. We compare CosAE with its variants,
the nocos, imcos and FT, with 8 super-resolution. While the nocos and imcos are likely to change the identity
and style of the original subjects, the FT yields artifacts in the hair and facial regions, as shown in the close-ups.
Zoom-in to see details.

already demostrated in Figure.3 in the paper. We demonstrate that CosAE significantly outperforms
the others. Specifically, both nocos and imcos are prone to completely change the facial style (row 1
and 5), expressions (row 4), identities (row 1,3,4), although their image quality are visually present.
The FT presents degraded details on the texture regions, such as hair and facial lines. We show
zoomed regions of one example in the last row to contrast their differences.

More Results for Natural Image FR-SR. We showcase the 8x super-resolution results on the
validation split of the DIV2k [24] dataset. Please note that all models are designed to upsample
low-resolution images by a factor ranging from 1 to 8, as detailed in Sec. 4.1 of the main paper.

In Figure. 9, we demonstrate the importance of a narrow bottleneck in the natural image domain.
Considering that the base and super-resolution models for natural images possess a relatively wider
bottleneck compared to face models — specifically with a down-sampling stride of 32x — the consis-
tency across varying super-resolution ratios is less conspicuous, especially as evidenced in Table 2 of
the main paper. Nonetheless, our observations reveal that noticeable artifacts are more pronounced in
the results generated by models with wider bottlenecks, for instance, LIIF-4x as displayed in Figure.

22



(b) GFPGAN (c) RestorFormer (d) CodeFormer (e) CosAE (ours)

Figure 13. Comparisons with the state-of-the-art face restoration approaches on degraded images. We
show results on both the synthetic degraded image dataset and the real-world degraded image datasets. That is,
row 1-2 for the WebPhoto-Test dataset (median degradation), row 3-4 for the WIDER-Test [38] dataset (server
degradation), row 5 for the LFW-Test dataset (light degradation), and row 6 for the CelebA-Test synthetic
dataset. Note that we enable Face Alignment and Background Enhancement for CodeFormer to obtain the best
performance, and test the latest version v 1.4 for GFPGAN [36].
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Table 7. Quantitative evaluation on the real-world face degraded images. Among them, LFW-Test,
WebPhoto-Test, and WIDER-Test include samples exhibiting a range of degradation levels, from light to severe.

psModel & LFW-Test WebPhoto-Test WIDER-Test

Metrics
FID MUSIQ FID MUSIQ FID MUSIQ
DFDNet 62.57 67.95 100.68 63.81 57.84 59.34
PULSE 64.86 66.98 86.45 66.57 73.59 65.36
GFPGAN 49.96 68.95 87.35 68.04 40.59 68.26
CodeFormer | 52.02 71.43 78.87 70.51 39.06 69.31
CosAE 60.78 71.75 76.16 72.10 44.64 72.62

Table 8. Quantitative evaluation with image restoration on COCO-Test with synthetic corruption. The
FID scores are computed on the COCO validation split, which contains 5000 images.
Model FID-5k] LPIPS| PSNRT SSIMt
SCUNet 45.47 0.41 22.42 0.62
CosAE 22.34 0.31 22.85 0.63

(a), compared to the other two models with a narrow bottleneck. Similar trends can be observed in
Figure. 10. Furthermore, even more substantial discrepancies are apparent when comparing its 8x
super-resolution results with those of 2x.

It worth noting that in the re-implemented LIIF [10], we use nearest-neighbor instead of weighted

interpolation (denoted as local ensemble in the original paper) on top of the bottleneck. This is

because the weighted interpolation doesn’t ensure convergence when coupled with the new encoder

and decoder networks. As a result, the outputted images exhibit grid-like artifacts (see Figure. 9 and
(b)), especially those with large super-resolution ratios.

D.2 Face Image Restoration

We provide more quantitative evaluation on the real-world datasets, including LFW-Test, WebPhoto-
Test, and WIDER-Test, in Table. 7. It is important to acknowledge that the FID score may not
provide an accurate assessment of realism when dealing with a relatively small test set, such as in
the aforementioned datasets. In line with the approach in [38], we additionally incorporate MUSIQ
[63] into our analysis.

Furthermore, we show more qualitative results in Figure. |3, compared with the SOTA approaches.
For both real-world (row 1-5) and synthetic (row 6) degraded images, CosAE tends to reconstruct
more textures in the hair and skin regions. For example, the model tends to synthesize more wrin-
kles, freckles, beards, etc., on the face, than to generate a smoother one, see Figure. |3, row 3-5.
We enable Face Alignment and Background Enhancement for CodeFormer to obtain the best perfor-
mance, and test the latest version for GFPGAN [36].

D.3 4x Super-Resolution on ImageNet

We follow the setting in [7] to fine-tune a 4x super-resolution model on top of the natural image
FR-SR models pretrained on ImageNet. That is, image degradation models are fixed to a bicubic
interpolation, with 4x down-sampling to the 256 x 256 images from the training split. In Figure

, we conducted a comparison with the Latent Diffusion Model (LDM) [7] . Importantly, we
benchmarked our method against the qualitative evaluations outlined in [7] and [58]. These were
trained on the same dataset, as detailed in Table 4 of the main paper. It’s worth mentioning that the
model referenced in Table 4 of the main paper may not align with the released model utilized in
Figure 14, which was pretrained on Openlmages [64].

D.4 Natural Image Restoration

We compare our natural image restoration model with SCUNet [65], a model that shares similar
configurations to ours. Notably, neither approach utilizes ground-truth noisy-clean pairs while train-
ing. Similar to the face restoration model, we fine-tune the FR-SR model from the natural image

'Sourced from
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domain with synthetically degraded images. To do so, we follow the design of image corruption
operators in SCUNet [65] to produce training pairs online on the ImageNet training split. To eval-
uate the approach, we further introduce a synthetic dataset produced on the COCO validation split
[66], namely COCO-Test, using the same corruption operators at training. Adopting the metrics as
Table. 3 in the main paper (except IDD, which is not applicable for images other than faces), the
quantitative evaluation on the synthetic dataset is shown in Table.

We further showcase the image restoration results on both COCO-Test and a real-world noisy image
dataset RNI15 [65], in Figure. . On a broad level, CosAE and SCUNet [65] exhibit different
propensities. CosAE typically emphasizes the preservation of texture and intricate structural details,
while SCUNet shows a tendency to maintain the integrity of larger structures.
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Input LDM CosAE Ground Truth
Figure 14. Comparisons with LDM on 4x super-resolution on ImageNet. In comparison, the CosAE
produces more fine-grained details, in terms of both the structure and the texture. Zoom in to see details.
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(a) Noisy (b) SCUNet (c) CosAE (ours)

Figure 15. Qualitative evaluation for image restoration. We compared CosAE with SCUNet [65]. We show
denoising results on the synthetic noisy dataset created from the validation split of COCO [66], in the first 3
rows. We also show the denoising results on real-world noisy images from RNI15 [65], in the last 2 rows.
Zoom in to see details.
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Figure 16. x8 Super-Resolution for Natural Images.

28



Figure 17. x8 Super-Resolution for Natural Images.
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Figure 18. Blind face image restoration, with 512 x 512 resolution.
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Figure 19. Blind face image restoration, with 512 x 512 resolution.
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Figure 20. Blind face image restoration, with 512 x 512 resolution.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]
Justification: We believe so. We summarize our contributions at the end of the introduction.
Guidelines:
e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

e It is fine to include aspirational goals as motivation as long as it is clear that these
goals are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: We explicitly list limitations of our work in Section
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means
that the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The au-
thors should reflect on how these assumptions might be violated in practice and what
the implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the ap-
proach. For example, a facial recognition algorithm may perform poorly when image
resolution is low or images are taken in low lighting. Or a speech-to-text system might
not be used reliably to provide closed captions for online lectures because it fails to
handle technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to ad-
dress problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: It is explained in the approach.
Guidelines:

* The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theo-
rems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a
short proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be comple-
mented by formal proofs provided in appendix or supplemental material.

¢ Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main
experimental results of the paper to the extent that it affects the main claims and/or conclu-
sions of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]
Justification: We have included implementation details in both main paper and appendix.
Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps
taken to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture
fully might suffice, or if the contribution is a specific model and empirical evaluation,
it may be necessary to either make it possible for others to replicate the model with
the same dataset, or provide access to the model. In general. releasing code and data
is often one good way to accomplish this, but reproducibility can also be provided via
detailed instructions for how to replicate the results, access to a hosted model (e.g., in
the case of a large language model), releasing of a model checkpoint, or other means
that are appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all sub-

missions to provide some reasonable avenue for reproducibility, which may depend

on the nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear
how to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to re-
produce the model (e.g., with an open-source dataset or instructions for how to
construct the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case au-
thors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?
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Answer:

Justification: Although we have answered “No” for now, we intend to release the code and
models to enable the reproducibility of our main experimental results, pending approval
from the legal department. This temporary status reflects our commitment to open access
once all necessary permissions are secured.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (
) for more details.

* While we encourage the release of code and data, we understand that this might not
be possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

¢ The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (
) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: It is explained in both the experiment section and appendix.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of
detail that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in the appendix, or as supple-
mental material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropri-
ate information about the statistical significance of the experiments?

Answer: [Yes]
Justification: We discussed the details in the paper and it is statistically meaningful.
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* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)
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* The assumptions made should be given (e.g., Normally distributed errors).

e It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

* Itis OK to report 1-sigma error bars, but one should state it. The authors should prefer-
ably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis of
Normality of errors is not verified.

» For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: It is explained in the experimental section and Table 4.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments
that didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics ?

Answer: [Yes]
Justification: Yes, we confirm.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]
Justification: This is discussed in appendix Section
Guidelines:

* The answer NA means that there is no societal impact of the work performed.

o If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact spe-
cific groups), privacy considerations, and security considerations.
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* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

e The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitiga-
tion strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer:
Justification: We believe there is no such risk.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by re-
quiring that users adhere to usage guidelines or restrictions to access the model or
implementing safety filters.

* Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: We credit the original owners of all assets.
Guidelines:

* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the pack-
age should be provided. For popular datasets, has
curated licenses for some datasets. Their licensing guide can help determine the li-
cense of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New Assets

Question: Are new assets introduced in the paper well documented and is the documenta-
tion provided alongside the assets?

Answer: [Yes]

Justification: We are applying to release the code and part of the models to reproduce the
main results in the paper.

Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can
either create an anonymized URL or include an anonymized zip file.

Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the pa-
per include the full text of instructions given to participants and screenshots, if applicable,
as well as details about compensation (if any)?

Answer: [NA]
Justification: [NA|
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research
with human subjects.

* Including this information in the supplemental material is fine, but if the main contri-
bution of the paper involves human subjects, then as much detail as possible should
be included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, cura-
tion, or other labor should be paid at least the minimum wage in the country of the
data collector.

Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: [NA|
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research
with human subjects.

* Depending on the country in which research is conducted, IRB approval (or equiva-
lent) may be required for any human subjects research. If you obtained IRB approval,
you should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity
(if applicable), such as the institution conducting the review.
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