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Abstract
Stereo image super-resolution (SR) aims to increase the spatial resolutions of the left and
right views of a stereo image in an attempt to generate higher-resolutions views that appear
visually equivalent to those obtained with a higher-resolution stereo camera. The field of
stereo image SR has seen rapid significant progress due in large part to the application of
deep-learning-based techniques and its associated recent research advancements. Yet, despite
this progress, stereo images captured under real-world conditions (e.g., using consumer-level
cameras in non-laboratory settings) often contain irregular disparities between the left and
right views, a fact that has not been fully considered nor properly addressed in previousworks.
To address this issue, in this paper, we propose a stereo image super-resolution Transformer
(SSRT) network which consists of two blocks, a multi-kernel Transformer block and a cross-
merging block, to fully extract intra-view features and capture cross-view dependencies.
The multi-kernel Transformer block is proposed to increase the number of representation
subspaces for intra-view feature extraction. The cross-merging block utilizes patch-wise
attention which efficiently expands the search area to tackle stereo image pairs with arbitrary
pixel offsets. Experimental results demonstrate that, for 2× stereo image super-resolution,
our model with a comparable number of network parameters achieves 37.57 dB on ETH3D,
35.88 dB onMiddlebury, 29.56 dB on Flickr1024, 31.52 dB on KITTI 2012, and 31.15 dB on
KITTI2015 in terms of PSNR, and surpasses the state-of-the-art method by a large margin of
+0.80 dB on ETH3D, +0.57 dB onMiddlebury, +0.36 dB on Flickr1024, +0.14 dB on KITTI
2012, and +0.06 dB on KITTI 2015. The code is available at https://github.com/yanksx233/
SSRT.
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1 Introduction

Stereo image pairs have beenwidely used inmany stereo vision areas such as augmented real-
ity, virtual reality and stereo video retargeting [27]. However, due to limitations in both device
performance and transmission bandwidth, low resolution (LR) images may be produced,
which affects not only the user experience but also the performance of other downstream
vision-based algorithms. In addition, directly capturing high resolution (HR) images often
requires more advanced imaging devices with more expensive electronic components, which
can be economically prohibitive, and also negatively impact mobility and battery life. To
address this issue, the topic of stereo image super-resolution (SR) has emerged, which aims
at increasing the resolution of LR stereo image pairs to generate their HR counterparts,
thereby resulting in enhanced image quality with an economical hardware overhead.

Stereo image pairs captured by a binocular camera or multiple cameras often display the
sameobject fromdifferent viewpoints.Due to the highly similar patterns and textures between
the two view images, the perceptual quality of a stereo image can possibly be enhanced by
using the mutual information extracted from the stereopair. Thus, in stereo image SR, other
than to utilize the dependencies between pixels in a single image (intra-view) for image
reconstruction, it is also important to capture and make use of the dependencies between the
two views (cross-view) to further enhance the SR performance.

1.1 Motivation

The most popular and effective way to model the intra-view dependencies is to use a so-
called attention mechanism [13, 32, 42]. For example, the Transformer [4, 6, 28, 50, 54]
which consists of a series of attention modules has demonstrated powerful performance in
single image restoration owing to its ability to flexibly capture long-range dependencies.
The attention mechanism used in the existing image restoration Transformer can be roughly
classified into three categories: (1) global self-attention (e.g., IPT [4]) that views an image
as a series of tokens; (2) local self-attention (e.g., SwinIR [28], HAT [6], Uformer [50])
with adaptive representation capability and a receptive field with a wider extent than that
used during convolution; and (3) transposed attention (e.g., Restormer [54]) with a lighter
computational cost than self-attention. Although these attention mechanisms have demon-
strated powerful feature-representation capabilities, they still suffer from certain limitations.
For example, token-based global self-attention often fails to model the relationship between
neighboring pixels in an image, and local self-attention based on window-partitioning does
not take into account the inductive bias which is helpful in enabling the attention operation
to be translational and rotational equivariant. Transposed attention can be considered as an
adaptive 1×1 convolution, which performs point-wise convolution over all spatial locations
using a consistent kernel (i.e., a single attention weight matrix with shape RC×C , where C
denotes the number of channels). Consequently, the limited spatial receptive field and single
representation subspace can potentially lead to a sub-optimal solution.

Although great success has been achieved in capturing the intra-view dependencies, it is
often insufficient to utilize only the intra-view dependencies for stereo image SR because
the cross-view dependencies between the two views can also be important. To capture the
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cross-view dependencies to further improve the SR performance, a number of stereo image
SR approaches have been presented. For example, Jeon et al. [21] manually stacked the left
image and a number of right images with different horizontal shifts to model the parallax
prior between the two views. However, one potential limitation of the method in [21] is that
only a fixed parallax is considered. Wang et al. [43] proposed a parallax attention module by
constraining the query regionof a non-localmethod [44] to the horizontal epipolar, resulting in
an algorithm that can handle large horizontal disparity with low computational complexity.
Dai et al. [9] tackled both SR and disparity estimation tasks simultaneously in a unified
framework via knowledge interaction among different tasks to improve the performance. Chu
et al. [7] introduced a simple yet effective model for both single-view feature extraction and
cross-view feature fusion via NAFNet [5] and cross attention modules, respectively. Though
effective, these methods usually ignore vertical pixel offsets, while in practice stereo scenes
can generally have irregular epipolar constraints. Recently, Chen et al. [3] fed concatenated
features extracted from the two views into convolution layers with a larger kernel size (i.e.,
7×7) to simultaneously capture both horizontal and vertical pixel offsets. However, the
disparity considered in [3] is strictly constrained to the kernel size of the convolution layer
because an attention mechanism is not incorporated.

1.2 Innovation

To overcome the aforementioned limitations in both intra-view and cross-view feature extrac-
tion, a stereo image SR Transformer (SSRT) network is proposed in this paper (as shown in
Fig. 1). In our model, we cascade a neighborhood attention Transformer block (NATB) [15]
and a dual-window transposed attention Transformer block (TATB) to form what we call
a multi-kernel Transformer block (MKTB), which provides a good balance between com-
putational cost and receptive field size. The neighborhood attention in the NATB preserves
the inductive bias provided by large-kernel convolution. The dual-window partition in the
TATB allows the transposed attention mechanism to generate attention kernels with different

Fig. 1 Network architecture of the proposed SSRT model, which consists of multi-kernel Transformer blocks
(MKTBs) and cross-merging blocks (CMBs) alternately concatenated. Note that the two branches in SSRT
share the same network parameters to reduce the model complexity
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weights at different spatial windows such that different image regions are represented by
different feature spaces. Specifically, the TATB uses a dual-window partition mechanism
within the transposed attention mechanism to enhance its feature representation capability
and thus overcome the aforementioned limitation that only a single representation subspace is
considered in intra-view feature extraction. Finally, to overcome the limitation that irregular
disparities in real-world stereo images are not fully exploited by exiting methods, we propose
a cross-merging block (CMB) tomore effectively capture the irregular pixel shift between the
two views in stereo images. The CMB not only fuses the left and right view features which
may contain vertical pixel offsets, but it also conducts patch-matching in the LR space and
patch-wise transferring in the HR space such that the large receptive field of the HR space is
obtained with a relatively lower computational complexity (as shown in Fig. 2).

1.3 Contribution

Compared with existing stereo image SR methods, SSRT has several distinctive properties.
First, compared with token-based global self-attention [4] and window-based local self-
attention [6, 28, 50] commonly used for image super-resolution and/or restoration tasks,
SSRT preserves the translational and rotational equivariance thanks to the neighborhood
attention. Second, compared with conventional transposed attention adopted in [54], a dual-
window partition is incorporated such that images can be represented in multiple feature
spaces and thus the optimal network solution can possibly be achieved. Also, two attention
blocks (i.e., NATB and TATB) are used in MKTB to balance the receptive field size and
the model computational complexity. Finally, compared with most existing stereo image SR
methods which employ pixel-wise attention to model cross-view dependencies, patch-wise
attention is adopted in our work such that the most similar patch can be selected, thereby
eliminating the consideration of irrelevant points. The more flexible image search regions

left right

Search area

Similar patch

+ 1 pixels

match
+ 1 pixels

↓2 ↓2index

Query patch

Fig. 2 An illustration of the patch-wise attention strategy used in the cross-merging block. Note that this
attention only transfers the most similar patch from the search area to the query position. Also note that we
conduct patchmatching in theLRspace andpatch-wise transferring in theHRspace to reduce the computational
cost
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and the cross-scale patch match/transfer strategy allow the model to capture both vertical and
horizontal disparities between the two views with a lower computational cost. Overall, the
main contributions of this paper are summarized as follows:

1. We propose to compute transposed attention in different local windows. Accordingly,
we further propose a dual-window transposed attention to prevent blocking artifacts
caused by using a regular window partition while still maintaining a spatially linear
computational complexity.

2. We propose MKTB, which jointly utilizes adaptive large-kernel convolution and point-
wise convolution for more effective modeling of intra-view dependencies.

3. We propose CMB with patch-wise attention for more effective modeling of cross-view
dependencies between the two views with irregular disparities.

4. Experimental results tested on five public stereo image datasets demonstrate that the
proposed model outperforms existing stereo image SR methods by a large margin with
fewer/comparable network parameters.

1.4 Sections of themanuscript

The rest of the paper is organized as follows. Section 2 provides a brief review of existing
image SRmethods. Section 3 provides a problem formulation of the image SR task. Section 4
describes details of the proposed SSRT model. In Section 5, we analyze and discuss the
performance of SSRT by using five benchmark stereo image datasets. General conclusions
are presented in Section 6.

2 Related work

In this section, we provide a brief review of the existing methods for single-image and stereo
image SR.

2.1 Single image super-resolution

Traditional approaches to single-image SR include the use of techniques such as neighbor
embedding [2], sparse representation [53], and neighborhood regression [41]. More recently,
deep-learning-based SISR methods have demonstrated impressive performance due to the
strong end-to-end learning ability of the neural networks. Dong et al. [12] first introduced
the use of a convolutional neural network (CNN) for SISR. Subsequently, great efforts
have been made to improve CNN-based SISR by using more advanced network designs
and architectures, such as residual connections [24, 25, 29], dense connections [22, 59],
pixel shuffling [40], attentive networks [56], and resolution-aware networks [46]. Because
PSNR-oriented methods will produce visually unrealistic images, perceptual loss [23] and
adversarial loss [25, 33, 45, 57] have been exploited to further improve the details and visual
qualities of the reconstructed images. Very recently, some methods achieved state-of-the-art
performance by introducing various attentionmechanisms, such as channel attention [10, 58],
self-attention [10, 36], multi-grained attention [51], patch-matching [35], and Transformer
blocks [4, 6, 8, 28].
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2.2 Stereo image super-resolution

Stereo image SR aims to reconstruct the HR details from a pair of LR left and right images
captured by a binocular camera. The StereoSR [21] model uses a CNN to learn a parallax
prior by concatenating the left image with a number of right images that have different
horizontal pixel shifts. Since StereoSR can only deal with limited parallax, Wang et al. [43]
proposed a parallax-attention module to capture the dependencies between the two views by
limiting the search area of a non-localmethod [44] to the epipolar region. Based on a parallax-
attention module, Wang et al. [48] introduced a channel attention block [17] to address the
intra-view problem. Zhu et al. [61] combined epipolar cross attention with an asymmetric
non-local network [62] to transfer both horizontal and global contextual features from the
right view to the left view. Yan et al. [52] transferred the information from the disparity
domain to the image domain via a disparity alignment network. Lei et al. [26] proposed an
interaction-module-based stereo image SR network composed of several interaction units
with residual structures to learn the complementary information of the stereopair. Dai et al.
[9] simultaneously tackled SR and disparity estimation in a unified framework to improve
the performances of both tasks. Zhang et al. [60] proposed a recurrent interaction network
for stereo image SR in which a recurrent interaction module was designed to learn the inter-
view dependencies among the two-view multi-level features. Chen et al. [3] proposed a cross
parallax attention module to address stereo image pairs with irregular epipolar lines, but the
performance of the method is constrained by the size of the convolution kernel. Chu et al. [7]
simplified the parallax attentionmodule, and designed a nonlinear activation-free network for
stereo image SR based on NAFNet [5]. Lin et al. [30] proposed a Transformer to efficiently
capture reliable stereo correspondence and incorporate cross-view information. Liu et al. [31]
proposed a coarse-to-fine cascaded parallax attention module to gradually perform parallax
attention adjustments from LR to HR. A summary of existing single image and stereo image
SR methods is provided in Table 1.

In the following sections, we describe our proposed SSRT model which employs multi-
kernel Transformer blocks (MKTBs) and cross-merging blocks (CMBs) to simultaneously
model the intra-view and cross-view dependencies for stereo image SR.

3 Problem statement

Image SR aims to reconstruct a HR image from a corresponding degraded LR image. Nor-
mally, the degradation D is formulated as

ILR = D(IH R) = (IH R ∗ k) ↓s +n, (1)

where IH R is theHR imagewithout distortion; ∗ denotes the convolution operation; k denotes
the blur kernel; ↓s denotes downsampling the image to 1/s of its original size; and n denotes
noise. Generally, the degradation parameters (i.e., k, s, and n) are unknown when the images
are captured. The super-resolved HR image ISR can be expressed as

ISR = F(ILR; θ), (2)

whereF denotes an SR function to recover the LR image; and θ are the parameters associated
with F . In deep-learning-based image SR, F can be designed as a deep neural network, and
θ denotes the corresponding network parameters. To achieve correct SR output, we train the
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Table 1 A summary of existing single image and stereo image SR methods based on deep learning

Single image SR CNN GAN/Loss Attention/Transformer

Dong et al. [12] Ledig et al. [25] Zhang et al. [58]

Kim et al. [24] wang et al. [45] Dai et al. [10]

Lim et al. [29] Zhang et al. [57] Mei et al. [36]

Zhang et al. [59] Liu et al. [33] Wu et al. [51]

Jiang et al. [22] Johnson et al. [23] Mei et al. [35]

Shi et al. [40] Chen et al. [4]

Zhang et al. [56] Liang et al. [28]

Wang et al. [46] Conde et al. [8]

Chen et al. [6]

Stereo image SR Fixed disparity Horizontal disparity Irregular disparity

Jeon et al. [21] Wang et al. [43] Zhu et al. [61]

Wang et al. [48] Chen et al. [3]

Yan et al. [52]

Lei et al. [26]

Dai et al. [9]

Zhang et al. [60]

Chu et al. [7]

Lin et al. [30]

Liu et al. [31]

network using known IH R and ILR image pairs by minimizing the objective function

θ̂ = argmin
θ

L(ISR, IH R) + λ�(θ), (3)

whereL represents the loss function (e.g., L1 loss,MSE loss, perceptual loss [23], adversarial
loss [25], etc.) which measures the difference between the network output ISR and ground-
truth IH R ;�(θ) is a regularization termused to avoid overfitting; andλ is a tradeoff parameter.

In stereo image SR, a pair of degraded LR images are captured simultaneously from
different views according to (1). We denote the degraded left and right LR image by I lLR and
I rLR , respectively. Accordingly, the stereo image SR network N with parameters δ takes as
input a pair of LR images and generates their SR counterparts, which is formulated as

I lSR, I rSR = N (I lLR, I rLR; δ). (4)

The network is trained by using known paired stereo images, which is formulated as

δ̂ = argmin
δ

L(I lSR, I lH R) + L(I rSR, I rH R) + λ�(δ), (5)

where, I lH R and I rH R denote the left and right HR images without distortion, respectively.
Generally, different variants of gradient descent can be utilized to solve (5), such as stochastic
gradient descent with momentum [63], Adagrad [64], Adam [65], and AdamW [34].

In the next section, we describe the details ofN in terms of the overall network architecture
and the key network components. We also describe the training method used to find the
optimal network parameters δ̂ in (5).
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4 Method

4.1 Network architecture

The overall network architecture of the proposed SSRT model is illustrated in Fig. 1. The
network first maps the left and right input images into a high-dimensional feature space via a
3 × 3 convolution layer. Given the inputs I lLR, I rLR ∈ R

H×W×3, this step can be formulated
as

I l0 = Conv(I lLR),

I r0 = Conv(I rLR),
(6)

where I l0, I
r
0 ∈ R

H×W×C are the obtained shallow features. Next, multi-kernel Transformer
blocks and cross-merging blocks are cascaded alternatively to extract refined image details,
which is formulated as

Fl/r
i = MKTB(I l/ri ), i = 0, 1, ..., N − 1,

I lj+1, I
r
j+1 = CMB(Fl

j , F
r
j ), j = 0, 1, ..., N − 2,

(7)

where MKTB(·) and CMB(·, ·) represent application of the multi-kernel Transformer block
(MKTB) and the cross-merging block (CMB), respectively; Fl/r

i ∈ R
H×W×C are the intra-

view features captured by MKTB; I l/ri ∈ R
H×W×C are the refined features fused by CMB;

and N denotes the total number of MKTBs. The outputs of the last MKTBs are then fed into
upsamplingmodules consisting of convolution layers and pixel shuffle layers [40]. Finally, the
outputs of the upsampling modules are added to bicubic-interpolated LR images to generate
the reconstructed image. This process can be formulated as

I l/rSR = Upsample(Fl/r
N−1) + Bicubic(I l/rLR), (8)

where Upsample(·) and Bicubic(·) denote, respectively, application of the upsampling mod-
ule and the bicubic interpolation operation; I l/rSR ∈ R

sH×sW×3 denotes the super-resolved HR
image with an upscale factor of s. In SSRT, the two parallel branches for the two views share
the same network parameters such that the model complexity can be significantly reduced
and cross-view attention can be computed within an identical feature space. Overall, the
forward propagation process of SSRT is summarized in Algorithm 1. We provide details of
MKTB and CMB in the following subsections.

4.2 Multi-Kernel transformer block

In image restoration or single image SR, it is often important to extract intra-view features.
Existing methods use either local spatial self-attention which functions as an adaptive spatial
convolution or transposed attentionwhich functions as a point-wise convolution, but not both.
In this paper, we present an MKTB by using both neighborhood attention and transposed
attention to jointly utilize adaptive large-kernel convolution and point-wise convolution for
more effective intra-view feature extraction.

As shown in Fig. 1, the MKTB consists of an NATB and a dual-window TATB. Given a
tensor X ∈ R

H×W×C , the forward pass of MKTB is formulated as

Y = NATB(X),

Z = TATB(Y ),
(9)
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Algorithm 1 Pseudo-code of the forward propagation process of SSRT.

Input: I lL R , I rLR ∈ R
H×W×3

Output: I lSR , I rSR ∈ R
sH×sW×3 � s denotes the scaling factor

1: I l0 ← Conv(I lL R)

2: I r0 ← Conv(I rLR)

3: i ← 0
4: while i < N do � N denotes the number of MKTBs
5: Fl

i ← MKTBi (I
l
i )

6: Fr
i ← MKTBi (I

r
i )

7: if i < N − 1 then � N − 1 denotes the number of CMBs
8: I li+1, I

r
i+1 ← CMBi (F

l
i , F

r
i )

9: end if
10: i ← i + 1
11: end while
12: I lSR ← Upsample(Fl

N−1) + Bicubic(I lL R)

13: I rSR ← Upsample(Fr
N−1) + Bicubic(I rLR)

where Y , Z ∈ R
H×W×C are the output featuremaps of theNATB and the TATB, respectively.

4.2.1 Neighborhood attention transformer block

The NATB consists of an enhanced multi-head neighborhood attention (EMNA) block and a
gated depth-wise convolution feed-forward network (GDFN) [54]; LayerNorm (LN) layers
[1] and residual connections are employed for both modules to improve the training process.
The whole process is formulated as

Ŷ = EMNA(LN(X)) + X ,

Y = GDFN(LN(Ŷ )) + Ŷ .
(10)

As illustrated in Fig. 3, we first project the normalized input tensor to Q, K , V ∈ R
H×W×d

by using a point-wise convolution followed by a 3× 3 depth-wise convolution. Here, we set
d = 32, and define attention weights Ak(i, j) ∈ R

k2 with neighborhood size k × k for the
query location (i, j) as

Ak(i, j) = [Q(i, j)�K (u, v)] + B,

u ∈ [i − �k/2	 , i + �k/2	],
v ∈ [ j − �k/2	 , j + �k/2	],

(11)

where Q(i, j), K (i, j) ∈ R
d are the corresponding pixel-wise features; and B is a relative

positional bias. Then, we extract neighborhood values Vk(i, j) ∈ R
k2×d and obtain the

corresponding response O(i, j) ∈ R
d at the spatial location (i, j) as

O(i, j) = Softmax(Ak(i, j)
�/τ)Vk(i, j), (12)

where τ is a learnable temperature factor which controls the magnitude of the attention
weights before applying the Softmax operation. Finally, we concatenate the responses of the
heads and fuse cross-channel features by using a point-wise convolution to obtain the output
of EMNA, which is denoted as Ŷ .

Next, Ŷ is fed into a GDFN after being normalized by LN. As shown in Fig. 4, the normal-
ized input passes through two parallel branches, each of which contains a 1×1 convolution to
expand the number of feature channels followed by a 3×3 depth-wise convolution to encode
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Fig. 3 Network architecture of the enhanced multi-head neighborhood attention mechanism with a neighbor-
hood size of 3 × 3. Note that the figure shows the attention output for only one of the query positions; the
other query positions are processed similarly

the neighboring spatial context; one branch is activated by the GELU non-linearity [16].
Then, the outputs of the element-wise multiplication of the two branches are projected to the
original input dimension by using a 1 × 1 convolution. Overall, the GDFN is formulated as

GDFN(LN(Ŷ )) = W 0
pGating(LN(Ŷ )), (13)

where
Gating(B) = σ(W 1

d W
1
p B) 
 W 2

d W
2
p B. (14)

Here, LN denotes layer normalization; σ denotes the GELU non-linearity; 
 denotes the
element-wise multiplication; Wi

p (i = 0, 1, 2) denotes the weight of the i-th 1 × 1 point-

wise convolution layer; and W j
d ( j = 1, 2) denotes the weight of the j-th 3 × 3 depth-wise

Fig. 4 An architecture of the gated depth-wise convolution feed-forward network
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convolution layer. Finally, the output of NATB is obtained by adding Ŷ to the output of
GDFN.

4.2.2 Transposed attention transformer block

Conventional transposed attention [54] performs adaptive 1 × 1 convolution over all spatial
locations using a consistent attention kernel of shape R

C×C . In this paper, we incorporate
transposed attention with a dual-window mechanism which consists of fixed and shifted
window-partitioning strategies. In transposed attention as shown in Fig. 5, we observe that
the multi-head mechanism divides the global cross-channel receptive field into individual
heads of fewer feature channels to reduce the computational cost, and the window partition
allows a channel to attend to other channels using different attention kernels in different
image regions. Thus, the advantages of our proposed dual-window mechanism reflect not
only on the improved model capacity in adaptive feature representation, but also the ability to
avoid blocking artifacts that could be induced if we were to use a fixed window-partitioning
strategy.

By replacing EMNA in NATB with the dual-window multi-head transposed attention
(DMTA), we construct the TATB module. The forward propagation of TATB is formulated
as

Ẑ = DMTA(LN(Y )) + Y ,

Z = GDFN(LN(Ẑ)) + Ẑ .
(15)

The essential computational module of DMTA is the window-based transposed attention as

shown in Fig. 6. In DMTA, the input is first projected to Qi , Ki , Vi ∈ R
H×W× C

h using three
transforms respectively after being normalized by LN. Here, i denotes the i-th head. Note
that each of the projection transforms consists of a 1 × 1 convolution layer and a 3 × 3
depth-wise convolution layer, and operates independently for each head. Then, Qi , Ki , Vi
are split into HW

w2 groups of windows qgi , kgi , v
g
i ∈ R

w2× C
h , where g denotes the g-th group

window 0 window 1

Channel

Spatial

head 0

head 1

0.2
0.4

0.2
0.2

0.4
0.3

0.2
0.4

Fig. 5 An illustration of multi-head transposed attention with window-partitioning. The multi-head is used to
divide the global cross-channel receptive field into individual heads of small feature channels, and the window
partition is utilized to provide extra representation subspaces
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Fig. 6 Network architecture of the dual-window transposed attention mechanism. In DMTA, half of the heads
use a fixed-window partition and the other half use a shifted-window partition

window. The transposed attention for each window is computed as

ogi = v
g
i Softmax(kg�i qgi /τ), (16)

where τ is a learnable scaling factor that controls the magnitude of the dot product of qi and
ki . The reversed window partition is conducted for all ogi along the g-axis to achieve the i-th

head output Oi ∈ R
H×W× C

h . Finally, the output of DMTA is given by

DMTA(LN(Y )) = WConcat(O1, ..., Oh), (17)

where W denotes a 1 × 1 convolution layer used to aggregate the pixel-wise cross-channel
context from all heads. This fixed window-partitioning mechanism has the potential to intro-
duce blocking artifacts to the reconstructed images. Thus in DMTA, half of the heads use
a fixed window partition, and the other half use a shifted window partition which displaces
the windows by �w

2 	 pixels in both directions (horizontal and vertical) before the window
partitioning is performed.
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4.3 Cross-merging block

In stereo image SR, it is critical to capture the cross dependencies between the image pairs. In
existingmethods, these dependencies are either limited to the horizontal epipolar or restricted
to a fixed receptive field of the network. Hence, we propose a more flexible cross-merging
block to better capture the cross dependencies between the two views.

The network architecture of the cross-merging block is illustrated in Fig. 7. Specifically,
two transform layers (M-layer and V-layer) are first employed to map the input (Xl and
X R) to the matching and transferring spaces, respectively. Then, the output of the M-layer
is bilinearily downsampled before patch-wise attention is applied in order to reduce the
computational cost. Here, each transform consists of a 1× 1 convolution layer followed by a
3×3 depth-wise convolution layer. In the LR space, the inputs Ml , Mr ∈ R

H
2 × W

2 ×d are first
unfolded to 3×3-pixel patchesml

i j andm
r
i j , where the subscripts i, j denote that the patch is

centered at the i-th row and j-th column. Then, we search the right view for the most similar
patch to the left-view patch ml

i j , and record the position P
r→l and similarity Sr→l which are

given by

sr→l
i j = max

u,v

〈
ml

i j∥∥∥ml
i j

∥∥∥ ,
mr

uv∥∥mr
uv

∥∥
〉

, (18)
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Fig. 7 Network architecture of the cross-merging block
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and

pr→l
i j = argmax

u,v

〈
ml

i j∥∥∥ml
i j

∥∥∥ ,
mr

uv∥∥mr
uv

∥∥
〉

, (19)

where u ∈ [i − n, i + n] and v ∈ [0,W − 1] denote the coordinates of the patch center; n
denotes the search increment; sr→l

i j and pr→l
i j denote respectively the element of Sr→l and

Pr→l in the i-th row and j-th column. Note that we address the boundary overflow of u by
using a cyclic shift. Accordingly, the similar patch is transferred based on sr→l

i j and pr→l
i j via

tr→l
i j = sr→l

i j · vr
p̂r→l
i j

, (20)

where vr denotes the unfolded 6 × 6-pixel patches derived from the output of the V-layer
applied to the right view; tr→l

i j denotes the patch at the coordinate (i, j) transferred from the

right view to the left view; and p̂r→l
i j denotes the transformed position from the matching

space to the transferring space. According to the match strategy, we can dynamically tune
the parameter n during the testing stage to address stereo image pairs with different epipolar
constraints, instead of training a new network from scratch. Finally, the transferred features
are added to the original input:

Y l = Xl + T r→l , (21)

where T r→l is obtained by folding all tr→l
i j and by dividing by the number of times an overlap

occurred at the corresponding position. The output features corresponding to the right view
are calculated in a similar fashion.

The total computational complexity of proposed patch-wise attention isO( H2 · W
2 · (2n +

1) · W
2 · 9C + H

2 · W
2 · (2n + 1) · W

2 ) = O(
9(2n+1)

8 HW 2C + 2n+1
8 HW 2), and the vertical

receptive field size of CMB is 4n + 1. In comparison, in normal pixel-wise attention, the
4n + 1 vertical search region results in an O(2(4n + 1)HW 2C) computational cost, which
is about four times that of our proposed method.

4.4 Loss function

The L1 loss thatmeasures the pixel-wise absolute difference between the restored and ground-
truth images has beenwidely used in various image restoration tasks, andwas demonstrated to
provide better convergence and performance than L2 loss [29]. Thus, we trained our network
by minimizing the L1 loss function, which is given by

L =
∥∥∥I lSR − I lH R

∥∥∥
1
+ ∥∥I rSR − I rH R

∥∥
1 , (22)

where I l/rSR denotes the reconstructed left/right HR view, and I l/rH R denotes the corresponding
ground-truth image.

5 Experiment

In this section, we first describe the datasets and metrics, and then provide details of our
model implementation. Next, we conduct quantitative and qualitative evaluations to compare
our model with other state-of-the-art methods. Finally, we perform ablation studies to verify
the utilities of the key network components.
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Fig. 8 A stereo image pair from the ETH3D dataset. Note that the red circles mark examples of objects that
are not located on the same horizontal line in the two views

5.1 Datasets andmetrics

Following [7, 48], our training dataset consists of 800 stereo image pairs from the training
set of the Flickr1024 dataset [47] and 60 downsampled1 (by a factor of 2 in each direction)
image pairs from the Middlebury dataset [38]. To evaluate the performance of our approach,
five public benchmark datasets were used for testing, which include 5 image pairs from
Middlebury [38], 20 image pairs fromKITTI 2012 [14], 20 image pairs fromKITTI 2015 [37],
112 image pairs from the test set of Flickr1024 [47], and 10 image pairs from ETH3D [39]
with irregular epipolar constraints (as shown in Fig. 8). Note that the pristine images from
ETH3D were downsampled by a factor of 6 in each direction to generate the target HR
images. To obtain the LR training/testing images, we downsampled the HR images by using
the corresponding scale factors. During training, the LR images were cropped to 48 × 96
pixels with a stride of 20 pixels. In total, we generated 273,495 and 41,236 image pairs for
training the 2× and 4× SRmodels, respectively. The SR performancewas evaluated based on
Peak Signal-to-Noise Ratio (PSNR) and Structural Similarity (SSIM) [49]. PSNR measures
the average pixel-wise difference between two images, and the SSIM index operates based on
similarity measurements of three elements: luminance, contrast, and structure. Following [7,
9, 48], both criteria were calculated on the left image with 64 pixels on the left boundary
being cropped (denoted in Table 2 by Le f t) and on image pairs without cropping (denoted
in Table 2 by (Le f t + Right)/2).

5.2 Implementation details

In our implementation, we set the following hyper-parameters: C = 64, d = 32, k = 9, h =
4, and w = 16. The number of multi-kernel Transformer blocks and cross-merging blocks
was set to 12 and 11, respectively. We set n = 4 when testing on ETH3D, and 0 for training
and testing on other datasets which contain only horizontal offsets. Horizontal/vertical flip,
random channel shuffle, and mixup [55] were used as data augmentation strategies to further
improve the network generalization, and the batch size was set to 32. Our model was trained
with the AdamW optimizer [34] using β1 = 0.9 and β2 = 0.9 for 2 × 105 iterations. The
initial learning rate was set to 2×10−3 and the weight decay was set to 10−4. We used cosine
annealing [20] to gradually decrease the learning rate until 10−6. Furthermore, following [7],
we used skip-init [11] and stochastic depth [19] with a factor of 0.1 to stabilize the training
process as well as to avoid overfitting.

1 In this paper, the bicubic method provided in MATLAB was used to downsample the images.
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All experiments were conducted on a remote server with an Intel Xeon Silver 4214 CPU
and an NVIDIA GeForce RTX 3090 GPU. The operating system was Debian GNU/Linux
11, and the CUDA and CuDNN versions were 11.3 and 8302, respectively. Our model was
implemented by using PyTorch 1.12.0. A single GPUwas used for training, which took about
six days to finish.

5.3 Comparisons with other methods

We compared SSRT with several state-of-the-art SISR and stereo image SR methods. The
five SISR methods were bicubic interpolation, EDSR [29], RDN [59], RCAN [58], and
SwinIR [28]. The seven stereo image SR methods were StereoSR [21], PASSRnet [43],
iPASSR [48], IMSSRnet [26], SSRDE-FNet [9], C2FNet [31], and NAFSSR-S [7].

1)Quantitative Results.The quantitative comparison results tested on the five datasetswith
respect to PSNR and SSIM are presented in Table 2. Note that the results of IMSSRnet [26]
and C2FNet [31] were directly obtained from the original papers. Larger values indicate
better image quality. Also included in Table 2 are the network parameter numbers for each
SR model. As can be observed, our approach achieves either the best or highly competitive
performance as compared with other SR methods by using a comparable number of network
parameters. Specifically, for the 2× SR task, SSRT performs the best on all datasets. The
average PSNR values achieved by SSRT surpass NAFSSR-S by 0.14 dB, 0.06 dB, 0.57 dB,
and 0.36 dB on KITTI 2012, KITTI 2015, Middlebury, and Flickr1024, respectively. On
ETH3D images with irregular epipolar constraints, SSRT surpass NAFSSR-S by 0.80 dB in
terms of PSNR, which demonstrates the great effectiveness of the proposed cross-merging
block in coping with vertical pixel offsets. For the 4× SR task, SSRT also demonstrates the
best/competitive performance. The average PSNR values achieved by SSRT on Middlebury,
Flickr1024, and ETH3D surpass NAFSSR-S by 0.15 dB, 0.07 dB, and 0.37 dB, respectively.

2) Computational Complexity. To investigate the computational complexity of SSRT and
other SR methods, stereo image pairs of 256×256-pixel size were used for testing on the 4×
SR task. The experimentwas conducted on the same remote server as described in Section 5.2.
The number of parameters, inference time (averaged over 20 stereo images), and the number
of floating point operations (FLOPs) for each method are provided in Table 3. Observe that
SSRT maintains an acceptable computational complexity as compared with other methods.

3) Qualitative Results. In this section, we provide visual comparisons of differ-
ent SR methods applied on sample images or image pairs from the testing datasets.
Figures 9, 10, 11, and 12 show the 4× SR results of different SR algorithms tested on a
sample image or image pairs from the five datasets, among which ETH3D contains irregular
pixel offsets and the other four contain horizontal disparity only. The corresponding PSNR
and SSIM values are presented at the bottom of each image. As can be observed, the images
produced by our method generally display sharper textures and are visually closer to the
ground-truth as compared to other SR methods.

4) Real-World Super-Resolution. To investigate the performance of SSRT on real-world
images, the test set of Holopix50k [18] which consists of 2,468 stereo images was used for
testing. Figure 13 shows the 4× SR results of different SRmethods on a real stereo image pair
of size 360×640 pixels. Observe that SSRT produces visually better HR images with sharper
edges and clearer textures than other SR methods. Note that SSRDE-FNet [9] requires a
relatively larger amount of GPU memory (more than 24 GB) to operate, indicating that it is
almost impossible to apply the method on most consumer-level GPUs.
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Fig. 9 Visual comparisons of 4× SR results achieved by SSRT and other SR methods on the ETH3D dataset

Fig. 10 Visual comparisons of 4× SR results achieved by SSRT and other SR methods on the Flickr1024
dataset

123



Multimedia Tools and Applications

Fig. 11 Visual comparisons of 4× SR results achieved by SSRT and other SR methods on the Middlebury
dataset

5.4 Ablation study

We also performed an ablation study to analyze the contributions of the different modules
and hyper-parameter settings towards the overall SR performance. Specifically, we used 24
GDFN [54] blocks as the baseline and set the upscale factor to 4. It is important to note that due
to the limited computational resources, for Tables 4, 6, and 8, we trained the ablation-study
models for 2×105 iterations using a batch size of 8 and a constant learning rate of 2×10−4.
Thus, the results in the three tables are a bit different from those in Table 2. For Table 5,
we trained the models by using the same parameter settings as in Section 5.2. Here, we
report the average PSNR values computed on a similarly distributed dataset (i.e., Flickr1024

Fig. 12 Visual comparisons of 4× SR results achieved by SSRT and other SR methods on the KITTI2012
(top) and KITTI2015 (bottom) dataset
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Fig. 13 Visual comparisons of 4× SR results achieved by SSRT and other SR methods on the real-world
stereo images of Holopix50k dataset

Table 4 Average PSNR values
tested on the Flickr1024
validation set and the ETH3D
dataset by using different
transposed attention blocks,
window sizes (ws), and head
numbers

Method ws # heads # Param Flickr1024 ETH3D

Baseline − − 1.18M 23.29 30.49

Global − 1 1.63M 23.34 30.65

transposed − 2 1.63M 23.33 30.67

attention [54] − 4 1.63M 23.34 30.67

Fixed-window 8 1 1.63M 23.41 30.66

transposed 8 2 1.63M 23.40 30.68

Attention 8 4 1.63M 23.41 30.69

8 2 1.63M 23.43 30.72

Dual-window 8 4 1.63M 23.43 30.73

transposed 4 4 1.63M 23.38 30.62

attention 16 4 1.63M 23.45 30.81

24 4 1.63M 23.44 30.83

48 4 1.63M 23.42 30.81

Table 5 Average PSNR values of
SSRT tested on the Flickr1024
and ETH3D datasets by using
different transformer blocks

MKTB # Param Flickr1024 ETH3D

NATB + NATB 1.71M 23.84 31.21

TATB + TATB 1.70M 23.85 31.17

NATB + TATB 1.70M 23.88 31.27

123



Multimedia Tools and Applications

Fig. 14 The average attention distance computed between a query channel and all the key channels within
one head in the 0-th and 23-rd TATBs for different windows

validation set) and a dissimilarly distributed dataset (i.e., ETH3D dataset) to quantify the SR
performance.

1) Transposed Attention Methods and Head Number. As mentioned previously, the pro-
posed DMTA is an essential element in providing multiple adaptive kernels to improve the
model performance. For demonstration, we first incorporated within the baseline model a
single-head spatially global transposed attention block [54], and then replaced it with a
fixed-window transposed attention block. The result is shown in Table 4. We observe that the
global transposed attention [54] obtains a 0.05 dB improvement in terms of PSNR as com-
pared with the baseline, and the fixed-window transposed attention further achieves a 0.07 dB
improvement as compared with the global transposed attention. This indicates that the abil-
ity to fit similarly distributed data can be improved without introducing additional network
parameters and computational cost. Figure 14 shows the average attention distance between
a query channel and all the key channels within one head in the TATB for different windows,
where the horizontal axis represents the different windows and the vertical axis represents
the corresponding attention distance. Note that the average attention distance is computed as
the weighted sum of all of the key indices where the weight is the cosine similarity between
the key and the query. Observe that different windows attempt to attend to different chan-
nels by using different attention weights. Since traditional transposed attention [54] restrains
the representation space into a single global window, resulting in a sub-optimal solution is
obtained resulting in performance degradation. Next, we increased the head number and used
the dual-window mechanism. We can see from Table 4 that the multi-head contributes less
to the performance of the global and fixed-window transposed attention. However, for the
dual-window approach, the multi-head can not only save computation, but it also further
improves the model robustness.

Table 6 Average PSNR values of SSRT tested on the Flickr1024 and ETH3D datasets by using different
numbers of CMB

# CMB (n = 0) 0 1 2 3 5 11

# Param 1.63M 1.63M 1.64M 1.65M 1.66M 1.70M

Flickr1024 23.45 23.56 23.59 23.59 23.60 23.62

ETH3D 30.81 30.79 30.83 30.82 30.81 30.84
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Table 7 Average PSNR values of
SSRT tested on the Flickr1024
and ETH3D datasets by using
different numbers of MKTBs

# MKTB/CMB 4/3 6/5 8/7 10/9 12/11

# Param 0.76M 1.00M 1.23M 1.47M 1.70M

Flickr1024 23.47 23.56 23.60 23.62 23.63

ETH3D 30.66 30.73 30.85 30.84 30.90

2) Window Size of Transposed Attention.We tested different window sizes to explore the
potential ofDMTA; the results are shown inTable 4.As can be observed, either a large or small
window size will decrease the performance, which is likely attributable to the fact that a large
window size will reduce the number of adaptive attention kernels, and a small window size
has insufficient query information resulting in an unsatisfactory attention matching. Thus, in
this work, we set the window size to 16 to achieve the maximum model performance.

3) Different Transformer Block Combinations. Since the transposed attention can be
viewed as an adaptive point-wise convolution, the spatial receptive field of the network
can be limited if only the TATB is used in the MKTB. Thus, to investigate the effectiveness
of different attention mechanisms, we designed four different combinations for the MKTB:
(1) NATB + NATB, (2) TATB + TATB, and (3) NATB + TATB. The results are presented in
Table 5. As can be observed, either an excessive increase of the spatial receptive field (NATB
+ NATB) or a small receptive field (TATB + TATB) will lead to sub-optimal performance.
Thus, a combination of a NATB followed by a TATB was adopted in the MKTB.

4) Number of Cross-Merging Blocks.We tested SSRTby using different numbers of CMBs
to investigate its impact on the overall performance; the results are shown in Table 6. We
can observe from Table 6 that the performance on Flickr1024 improves when the number of
CMBs increases because images in the dataset contain only horizontal parallax. However,
for ETH3D images which contain irregular epipolar constraints, the performance does not
change significantly because the search increment n is set to 0. This fact indicates that taking
into account only the horizontal epipolar constraint can be insufficient when processing real
stereo images.

5) Number of Multi-kernel Transformer Blocks.We also tested SSRT with different num-
bers of MKTBs, in which case the number of CMBs was always one less than the number
of MKTBs according to the original model design. The testing results are shown in Table 7,
from which we can observe that the SR performance is improved when the model depth
increases. However, we also observe that deeper models do not always guarantee signifi-
cantly enhanced performance. Thus, by balancing the performance and complexity of the
network, 12 MKTBs were finally adopted in our model.

Table 8 Average PSNR values of SSRT tested on the Flickr1024 and ETH3D datasets by using different
search increments and cross attention methods

Search increment n 0 1 2 4 6 8

Flickr1024 Pixel-wise 23.45 23.45 23.45 23.45 23.45 23.45

Patch-wise 23.59 23.60 23.60 23.59 23.59 23.59

ETH3D Pixel-wise 30.80 30.80 30.80 30.80 30.80 30.80

Patch-wise 30.82 30.88 30.89 30.90 30.91 30.91

Note that in this test only three CMBs were considered

123



Multimedia Tools and Applications

6) Different Cross Attention Methods. As mentioned previously, the cross merging block
with patch-wise attention plays an important role in capturing the cross dependencies between
the two views. To explore the effectiveness of different cross attention methods, we replaced
the patch-wise attentionwith pixel-wise attentionwhich aggregates all spatial positions of the
query region via a weighted sum, and gradually increased the search increment n from 0 to 8.
Here, only three CMBs were used, and the results are shown in Table 8. As can be observed,
the CMB with patch-wise cross attention can effectively capture the vertical parallax as

Fig. 15 Visualization of the input feature maps and the corresponding transferred features obtained by using
(a) patch-wise cross attention, and (b) pixel-wise cross attention. Note that all transferred features are derived
from the 0-th feature map of the first CMB in Fig. 1
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n increases while maintaining the ability to take into account a large horizontal disparity.
However, for the CMB with pixel-wise cross attention, the performance is inferior to that
of the CMB with patch-wise attention, and the performance does not change significantly
when n varies. This finding is due to the fact that when patch-wise attention is used, the
cross dependencies between the two views can be more effectively captured, with increasing
performance as n increases (as shown in Fig. 15a). However, for pixel-wise attention, the
transferred features often display noise, and they tend to be smooth for large n values (as
shown in Fig. 15b). This might suggest that for cross-view attention, it is unnecessary to
aggregate all pixels in the query region, as too many irrelevant points are considered.

6 Conclusion

In this paper, we proposed a multi-kernel Transformer with inductive bias called SSRT for
stereo image SR. Specifically, we incorporated a dual-window mechanism within the con-
ventional transposed attention module, and we designed a multi-kernel Transformer block by
combining a neighborhood attention Transformer block with a transposed attention Trans-
former block to balance the receptive field size and the model computational complexity for
intra-view feature extraction. The proposed cross-merging block adopts the patch-wise atten-
tion mechanism to take into account both vertical and horizontal parallax while maintaining
a reasonable computational complexity. Compared with the pixel-wise attention widely used
in existing works, the employed patch-wise attention can more accurately capture the cross
dependencies between the two views. Experimental results tested on five benchmark datasets
demonstrate the superiority of SSRT as compared with other state-of-the-art stereo image
SR methods.

Despite the effectiveness of the proposed SSRTmodel, there are still some limitations. For
example, due to the large amount of GPU memory required during training, we adopted the
checkpoint strategy provided in PyTorch to save GPU memory. However, this strategy will
also recalculate the gradient during the backward propagation which inevitably increases the
training time. Thus, future work could focus on developing more efficient intra/cross-view
feature extraction mechanisms, as well as developing improved model pruning strategies to
save memory. Future work might also focus on designing a unified model that is able to
super-resolve LR images at different scale factors.
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