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Soft-Edge Assisted Network for Single Image
Super-Resolution
Faming Fang , Juncheng Li, and Tieyong Zeng

Abstract— The task of single image super-resolution (SISR) is
a highly ill-posed inverse problem since reconstructing the highfrequency details from a low-resolution image is challenging.
Most previous CNN-based super-resolution (SR) methods tend
to directly learn the mapping from the low-resolution image to
the high-resolution image through some complex convolutional
neural networks. However, the method of blindly increasing
the depth of the network is not the best choice because the
performance improvement of such methods is marginal but the
computational cost is huge. A more efficient method is to integrate
the image prior knowledge into the model to assist the image
reconstruction. Indeed, the soft-edge has been widely applied
in many computer vision tasks as the role of an important
image feature. In this paper, we propose a Soft-edge assisted
Network (SeaNet) to reconstruct the high-quality SR image with
the help of image soft-edge. The proposed SeaNet consists of
three sub-nets: a rough image reconstruction network (RIRN),
a soft-edge reconstruction network (Edge-Net), and an image
refinement network (IRN). The complete reconstruction process
consists of two stages. In Stage-I, the rough SR feature maps
and the SR soft-edge are reconstructed by the RIRN and
Edge-Net, respectively. In Stage-II, the outputs of the previous
stages are fused and then fed to the IRN for high-quality
SR image reconstruction. Extensive experiments show that our
SeaNet converges rapidly and achieves excellent performance
under the assistance of image soft-edge. The code is available
at https://gitlab.com/junchenglee/seanet-pytorch.
Index Terms— Edge assistance, soft-edge, convolutional neural
network, single image super-resolution, image restoration.

I. I NTRODUCTION

S

INGLE image super-resolution (SISR) is an extremely
hot topic in the field of computer vision, which aims
to reconstruct a super-resolution (SR) image from a single
low-resolution (LR) one (Fig. 1). It has been widely used in

Manuscript received August 6, 2018; revised December 19, 2018 and
November 11, 2019; accepted February 9, 2020. Date of publication
February 24, 2020; date of current version February 27, 2020. The work
of Faming Fang was supported by the Key Project of the National Natural
Science Foundation of China under Grant 61731009, in part by the National
Natural Science Foundation of China under Grant 61871185, and in part by
the “Chenguang Program” supported by the Shanghai Education Development
Foundation and Shanghai Municipal Education Commission under Grant
17CG25. The work of Tieyong Zeng was supported by the NSFC under
Grant 11671002, in part by the CUHK Start-Up, and in part by the CUHK
DAG under Grant 4053296, Grant 4053342, Grant RGC 14300219, and Grant
NSFC/RGC N_CUHK 415/19. The associate editor coordinating the review
of this manuscript and approving it for publication was Prof. Xiaolin Wu.
Faming Fang and Juncheng Li are with the Shanghai Key Laboratory
of Multidimensional Information Processing, East China Normal University,
Shanghai 200062, China, and also with the School of Computer Science and
Technology, East China Normal University, Shanghai 200062, China (e-mail:
fmfang@cs.ecnu.edu.cn; cvjunchengli@gmail.com).
Tieyong Zeng is with the Department of Mathematics, The Chinese University of Hong Kong, Hong Kong (e-mail: zeng@math.cuhk.edu.hk).
Digital Object Identifier 10.1109/TIP.2020.2973769

computer vision tasks such as medical image enhancement [1],
[2], video super-resolution [3], [4], and facial illusion [5], [6].
Meanwhile, the quality of reconstructed images significantly
affects the accuracy of high-level tasks, such as image classification, objective detection, and image segmentation. Although
SISR has a wide range of applications, it is still considered as
a highly ill-posed problem due to information loss.
Recently, convolutional neural networks (CNNs) have
achieved remarkable success in many computer vision tasks
and greatly promoted the development of SISR. To handle
the SISR problem, plenty of CNN-based models have been
investigated, including [7]–[17]. Among them, Dong et al. [7]
proposed the Super-Resolution Convolutional Neural Network
(SRCNN), which was the first successful model adopting CNN
to the SISR problem and achieved significant improvement.
Later, Kim et al. [10] extended the depth of the network and
addressed the VDSR with residual learning. The aforementioned models both used the preprocessed LR image as input
and amplify it to the HR dimension by a Bicubic interpolation.
However, it was argued that using the preprocessed LR image
as input will increase computational complexity and produce
visible artifacts [9]. Therefore, ESPCN [9] introduced an
efficient sub-pixel convolutional layer that can learn an array of
upscaling filters to directly upscale the final LR feature maps
into the SR image. FSRCNN [8] adopted a deconvolutional
layer at the end of the model to directly learn the mapping
between the original LR and SR images.
After that, CNN-based SR models have been blooming
and constantly refreshing the best results. For example,
Kim et al. [11] investigated a deeply-recursive convolutional
network for SISR, which introduced recursive-supervision
learning to reduce model parameters; Lai et al. [13] proposed
a Laplacian pyramid network to progressively reconstruct the
sub-band residuals of HR images; Li et al. [16] considered
a multi-scale residual network to extract rich image features
for high-quality SR images reconstruction; He et al. [18]
used the residual blocks to build an extremely wide and
deep EDSR network, which achieved state-of-the-art results.
However, there are still two potential problems in the
aforementioned SR models: (1) Since all these methods
tend to use deeper networks, the training of these networks
becomes more difficult and requires more training data, time,
and memory. (2) Most CNN-based SR models directly learn
the mapping between LR and HR images by minimizing
some loss function. However, it is rather difficult for them to
reconstruct realistic high-frequency details due to the lack of
prior knowledge of natural images.
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Fig. 1. An example SR result of our SeaNet (×4). (Lower left corner: LR
image; Left: SR image (SeaNet); Right: HR image (ground-truth).

Various previous works have pointed out that the application
of prior knowledge of images can effectively assist image
reconstruction. Accordingly, many image priors have been
proposed for image reconstruction, among which the total
variation (TV) prior [19], [20], sparse prior [21]–[23], and
edge prior [24], [25] are extremely popular. Inspired by these
studies, recent works [26]–[28] have attempted to introduce
TV or sparse priors into deep neural networks for SR image
reconstruction. However, the TV prior will smooth texture
details in the restored images and the sparse priors are usually
difficult to model because it requires other domain knowledge.
After that, Yang et al. [29] integrated the edge prior with
recursive networks and proposed the Edge Guided Recurrent
Residual Network for SISR. Although those methods have
introduced images priors into the deep networks, how to accurately extract image priors and how to effectively use the image
priors to assist image reconstruction are still challenging.
It is universally acknowledged that an image can be divided
into two components: low-frequency and high-frequency ones.
The low-frequency component refers to the region where the
intensity of the image is varying gently, that is, where the
large color patches are located. The high-frequency component
refers to the region where the intensity of the image changes
drastically, that is, the edge of the image. Driven by these
facts, we aim to explore a unified framework that can automatically extract and integrate the soft-edge prior for image
super-resolution. To achieve this, we build a Soft-edge assist
Network (SeaNet) for image super-resolution, which consists
of a rough image reconstruction network (RIRN), a soft-edge
reconstruction network (Edge-Net), and an image refinement
network (IRN). Specifically, the reconstruction process has
two stages. In Stage-I, we reconstruct the rough image feature
maps and the image soft-edge by the RIRN and Edge-Net,
respectively. Both sub-nets take the LR image as input and
obtain the corresponding maps in high-dimensional space. In
Stage-II, we first fuse the reconstructed image feature maps
and the image soft-edge by a bottleneck layer. Then we send
the fused feature maps to the IRN for the final SR image
reconstruction. All of these subnets constitute the complete
Soft-edge assisted Network (SeaNet). Extensive experiments
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and ablation analysis demonstrate that under the assistance
of soft-edge prior, our SeaNet can converge quickly and
reconstruct realistic SR images with high-frequency details.
The main contributions are as follows:
(i). We propose a soft-edge reconstruction network (EdgeNet), which is the first CNN model used to reconstruct the
image soft-edge directly from the LR image. The EdgeNet can work independently for the image soft-edge reconstruction, or be embedded as a subnet into any SR model
to provide image soft-edge prior for high-quality SR image
reconstruction.
(ii). We propose an efficient and accurate Soft-edge assisted
Network (SeaNet), which is a well-designed network that
introduces the Edge-Net to provide image soft-edge prior.
The rest of this paper is organized as follows. Related
works are reviewed in Section II. A detailed explanation of
the proposed SeaNet is given in Section III. The experimental
results and ablation analysis are presented in Section IV and V,
respectively. Finally, we draw a conclusion in Section VI.
II. R ELATED W ORKS
A. Single Image Super-Resolution
Image super-resolution, especially single image superresolution (SISR) has been extremely popular in the past several decades. Thorough reports can be found in [30] and [31].
In this paper, we focus on the SISR task and all comparison
methods are based on SISR.
The development of SISR can be simply divided into twostages: (1) Earlier methods used the interpolation techniques
based on the sampling theory, such as linear or Bicubic methods, which were fast and flexible. However, these methods
failed to reconstruct high-frequency texture details, thus can
not reconstruct realistic SR images. (2) Later, more powerful
methods based on the learning techniques have been developed
to establish a complex mapping between LR and HR images.
The sparsity-based SR methods [32], [33] assume that any natural image can be sparsely represented in a dictionary learned
from a database. Neighborhood embedding methods [34], [35]
upsample a LR image patch by finding similar patches in a
low dimensional manifold and combining their corresponding
HR patches for the SR image reconstruction. In addition to
the methods mentioned above, other learning-based methods
have been proposed to learn the mapping between LR and HR
images, including the convolutional neural network (CNN) [7]
and random forest [36]. Among them, CNN-based methods
have shown outstanding performance and become the current
mainstream means. Most CNN-based methods tend to use
bigger and deeper network to reconstruct SR images. However,
these models often gain marginal improvement while they fail
to reconstruct high-frequency details and result in significant
resource overhead. To solve this problem, we aim to explore
an efficient and accurate SR model that can introduce image
priors for high-frequency feature learning.
B. Edge-Assisted Image Reconstruction
In the past few decades, image reconstruction based on
image priors has grown tremendously. Among all image priors,
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Fig. 2. (a) The image soft-edge directly extracted from the HR image. (b) The image soft-edge extracted from the upsampled LR image. (c) The image
soft-edge reconstructed by the Edge-Net (ours). The SR soft-edge extracted by method (b) is blurred and carries lots of noise, while the soft-edge extracted
by method (c) is clear and sharp.

image edge prior is one of the most effective priors since
image edges are important image features. Extensive edgeassisted or edge-guided image processing methods [24], [25]
have verified the feasibility and necessity of the image edge
prior. However, the implementation of these methods is complex and exist certain limitations. For instance, Yang et al. [29]
introduced the image edges into the CNN model and proposed
the Edge Guided Recurrent Residual (DEGREE) Network. As
a ground breaking job, this method still has some shortcomings
resulting in sub-optimal performance, e.g. (a) DEGREE uses
Bicubic preprocessed LR images as input. This will bring
extra noise and produce visible artifacts; (b) DEGREE applies
an off-the-shelf edge detector (e.g. Sobel detector) on the
preprocessed LR image to get the image edges. This may introduce additional noise and cause blurred image edges (Fig. 2
(b)); (c) DEGREE directly adds the learned image edge feature
to the LR image to obtain the final SR image; This is essentially a residual learning and the addition method can not maximize the usage of image edge prior; (d) DEGREE is a recurrent
network. The recurrent mechanism can reduce model parameters but can not reduce the execution time. In addition, training
a recurrent network needs more training tricks. In order to
solve the aforementioned issues and make full use of image
edge prior, we aim to explore an efficient edge reconstruction
network (Fig. 2 (c)) to directly reconstruct clear image edges
from the LR image and build a two-stage framework to fully
use image edge prior for SR image reconstruction.
C. Image Soft-Edge
The points where the brightness of an image changes
drastically are usually organized into a set of curve segments

called image edges. A variety of methods have been raised
to extract image edges, including Sobel, Prewitt, Roberts,
and Canny. However, we find that these methods have some
limitations and are difficult to apply to arbitrary images. Meanwhile, these off-the-shelf edge detectors use the binarization
measurement to convert all the values of the edges to 0 and 1,
which results in the loss of a great number of image features
and the appearance of false edges. To avoid these problems,
we suggest using image soft-edge instead of image edge. The
soft-edge is acquired by eliminating the binarization strategy
in order to retain accurate image edge information. Detailed
acquisition methods will be introduced in Section III-B.
III. S OFT-E DGE A SSISTED N ETWORK
As shown in Fig. 3, our Soft-edge assisted Network
(SeaNet) includes a rough image reconstruction network
(RIRN), a soft-edge reconstruction network (Edge-Net), and
an image refinement network (IRN). Specifically, the SeaNet
can be divided into two stages. In Stage-I, we use RIRN
to extract low-frequency features from the LR image and
reconstruct rough SR feature maps. In addition, we build
an efficient Edge-Net to directly reconstruct clear and sharp
super-resolution soft-edge from the LR image. In StageII, the outputs of Stage-I are concatenated and fused by a
bottleneck layer. Then the fused image features are sent to the
IRN for the final SR image reconstruction. We define I L R and
I S R as the input and output of SeaNet, respectively. Besides,
frough and fedge represent the output of the RIRN and the EdgeNet, respectively. Therefore, the rough SR image feature maps
extraction and the image soft-edge reconstruction in Stage-I
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Fig. 3. The complete architecture of SeaNet. The model can be divided into three parts: rough image reconstruction network (RIRN), soft-edge reconstruction
network (edge-net), and image refinement network (IRN). The blue block, green box, and gray box denote the convolutional layer, upsample module, and
bottleneck layer, respectively.

can be expressed as:
frough = FR I R N (ILR ),
fedge = FEdge−Net (ILR ),

(1)
(2)

where FR I R N (·) and FEdge−Net (·) denote the RIRN and EdgeNet, respectively. The outputs frough and fedge represent the
low-frequency images features (the rough SR feature maps)
and the high-frequency image features (the image soft-edge),
respectively. They are merged through a fusion layer
ffusion = F f usion ([frough, fedge ]),

(3)

where [ ] is the concatenate operation and F f usion (·) denotes
the fusion layer. The fusion layer is essentially a bottleneck
layer, which can realize feature fusion and increase the nonlinear relationship between features. After that, the merged
image features are sent to the IRN for high-quality SR image
reconstruction in Stage-II
I S R = FI R N (ffusion ),

(4)

where FI R N (·) denotes the IRN and I S R is the final SR image.
Different from previous works which learn the mapping
between LR and HR images directly, we propose an edgeassisted loss function. The edge-assisted loss function consists
of a content
 loss and an edge
 loss. Therefore, given a training
i
dataset I Li R , I Hi R , I Edge

N

i=1

, we need to solve

N

1 


F(I Li R ) − I Hi R 
θ N
1
i=1




i
+λ E(I Li R ) − I Edge
 ,

θ̂ = arg min

1

(5)

where λ is a hyperparameter, θ denotes the parameter set of
our SeaNet, F(·) and E(·) denote the SeaNet and Edge-Net,
respectively. It is worth noting that the Edge-Net is served as a

subnet of the SeaNet and trained jointly with the whole model
in an end-to-end manner.
A. Rough Image Reconstruction Network (RIRN)
In Stage-I, we use RIRN for rough SR image feature maps
reconstruction. As we know, with the powerful representation
capabilities of CNN, the image low-frequency features can be
easily detected. Therefore, a shallow CNN model is sufficient
for this task. Similar to previous works, we first use a 3 × 3
convolutional layer to transform the image from the RGB
channel to a higher dimension. Then, five convolutional layers
are applied to extract low-frequency image features from the
LR image, each layer can be expressed as
fm = max(0, Wm ∗ fm−1 + bm ),

(6)

where fm−1 is the output of the previous layer and is also
considered as the input of the current layer. fm , Wm , and
bm are the output, weight, and bias of the current layer,
respectively. Meanwhile, we set layer’s ID m = 1, 2, · · · , 5.
Finally, the extracted low-frequency features are upscaled into
HR dimension via an upsample module
frough = FU P (f5 ),

(7)

where FU P (·) denotes the upsample module which consists of
two convolutional layers and a sub-pixel layer [9]. The output
frough represents the reconstructed rough SR image features.
It contains three feature maps, essentially a representation of
low-frequency features in the SR space.
B. Soft-Edge Reconstruction Network (Edge-Net)
Image edge prior is one of the most widely used and
easily collected prior knowledge. As shown in Fig.5, directly
upsampling the image soft-edge extracted from the LR image
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into HR space or extracting the image soft-edge from the
upsampled LR image will cause blurred edges and introduce
additional noise. To settle this issue, we designed a softedge reconstruction network (Edge-Net) to reconstruct superresolution image soft-edge from the LR image directly.
In Section II-C, we introduce the difference between the
image soft-edge and image edge. The image soft-edge can
retain more accurate image edge information, thus we use
the following curvature formula to obtain the corresponding
soft-edge I Edge from I H R since it can accurately describe the
change in the gradient domain
I Edge = div(u x , u y ),
where u i = √

i I H R

1+|I H R |2

,i

(8)

∈ {x, y}, x and y represent

horizontal and vertical directions, respectively. Meanwhile,
 and div(·) denote the gradient and divergence operations,
respectively. Although there are other soft-edge detection
methods that can be used to construct the label of the training
dataset, extensive experiments show that the image soft-edge
detected by our proposed curvature formula is good enough
in this work.
For Edge-Net, we use a modified version of multi-scale
residual network (MSRN) [16] as its structure. MSRN is an
efficient network that can detect the image features at different
scales adaptively. This characteristic is beneficial for image
soft-edge extraction. However, we find that the original MSRN
is too complicated. In order to adapt MSRN to the soft-edge
reconstruction task, we make the following modifications: (1).
reducing M, the number of multi-scale residual blocks. (2).
learning the mapping between I L R and I Edge instead of the
mapping between I L R and I H R .
The Edge-Net can be used as part of any SR model to provide image soft-edge, or works independently to reconstruct
super-resolution image soft-edge from the LR image directly.
Its ultimate goal is to learn a reconstruction function that can
reconstruct a SR soft-edge from the corresponding LR input.
Thus, we define the edge loss as


Ledge =  E(I L R ) − I Edge 1 ,
(9)
where E(·) denotes the Edge-Net, E(I L R ) represents the
reconstructed soft-edge, and I Edge is the soft-edge detected
from the corresponding HR image. It is worth noting that,
the reconstructed image soft-edge has the same dimension as
the HR image since we also introduce an upsampling module
in the Edge-Net.
C. Image Refinement Network (IRN)
In Stage-I, we use the RIRN and Edge-Net to reconstruct
the rough SR image features and image soft-edge, respectively. The reconstructed rough SR image features contain
plenty of low-frequency features and the reconstructed softedge contains rich high-frequency details. However, these two
subnets are independent and the outputs of these modules
cannot interact with each other. A common and simple method
is to add the outputs of these two parts directly to get the final
SR image. Although this method is feasible, we find that its
result is sub-optimal. In order to take full advantage of image

features and achieve soft-edge guidance, an image refinement
network (IRN) is built for the final SR image reconstruction.
In detail, we apply a fusion layer to fuse the low and highfrequency features, and then send the fused feature maps to
the IRN to reconstruct SR images.
The IRN is a well designed image refinement network which
contains two convolutional layers and N residual blocks. The
residual blocks [18] are widely used in a variety of computer
vision tasks, and the principle of the residual learning can be
explained as follows:
Remark 1: Consider H (x) as an underlying mapping to be
fitted by some stacked convolutional layers, x denotes the input
of this block. If multiple nonlinear layers can asymptotically
approximate complicated functions, we can also hypothesize
that they can asymptotically approximate the residual functions, i.e., H (x)−x. Thus, rather than expecting stacked layers
to approximate H (x), we let these layers to approximate a
residual function F(x) = H (x)−x. Then the original function
can be defined as H (x) = F(x) + x.
Our residual block contains two convolutional layers and
one ReLU function, the ReLU function is only applied in
the first layer. Different from the original residual block,
we remove all batch normalization layers to reduce memory
n of each residual block can be
usage. Therefore, the output frb
defined as
n−1
n−1
n
frb
= (W2 ∗ R(W1 ∗ frb
+ b1 ) + b2 ) + frb
,

(10)

where W1 and W2 denote the weights of the first and
the second convolutional layer, respectively. b1 and b2 are the
n−1
corresponding biases, R denotes the ReLU function, and frb
is the output of the previous blocks which is also considered
as the input of current block.
In addition, except for using the residual block for local
residual learning, we also apply a long skip connection for
global residual learning. The long skip connection can solve
the problem of gradient disappearance while increasing the
flow of information and improving the model performance.
The global residual learning can be defined as
N
fout = frb
+ finput ,

(11)

N represent the input of the first residual
where finput and frb
block and the output of the last residual block, respectively.
During training, we use the L 1 loss as the content loss to
minimize the difference between the SR and HR images

Lcont ent = I S R − I H R 1 .

(12)

In summary, under the assistance of the image soft-edge,
SeaNet can efficiently reconstruct high-quality SR images
with sharp edges and rich texture details. Then RIRN, EdgeNet, and IRN form the complete Soft-edge assisted Network
(SeaNet). The content loss L S R and edge loss L Edge form the
complete edge-assisted loss Lt ot al ,
Lt ot al = Lcont ent + λLedge ,

(13)

where λ is a hyper-parameter used to control the composition
of the edge loss. The special emphasis here is that although
SeaNet consists of three subnets, it can also achieve end-to-end
training.
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TABLE I
Q UANTITATIVE C OMPARISONS OF THE S TATE - OF - THE -A RT SR M ETHODS . A LL OF T HESE M ETHODS ARE T RADITIONAL M ATHEMATICAL M OD ELS OR M ODELS T HAT I NTRODUCE I MAGE P RIORS INTO CNN FOR SR I MAGE R ECONSTRUCTION . N OTICE T HAT, DEGREE-MV U SES THE
M ULTI -V IEW T ESTING S TRATEGY TO I MPROVE P ERFORMANCE . B EST R ESULTS ARE H IGHLIGHTED

Overall speaking, we have designed a model called SeaNet
according to the fact that an image consists of low and highfrequency features. Specifically, SeaNet is a well-designed
model that contains three subnets on the basis of specific
learning purposes. In addition, these subnets are well-defined
and work synergistically, which greatly improves the interpretability of the proposed network.
IV. E XPERIMENTS
A. Datasets
The DIV2K [42] is a new high-quality dataset for image
restoration, which contains 800 training images, 100 validation images, and 100 test images. Following previous
works [16], [17], we train all of our models and compared
models on DIV2K (1-800) dataset. For testing, we choose
Set5 [37], Set14 [38], BSDS100 [39], Urban100 [40], and
Manga109 [41] as our test datasets. All of them are the most
widely used test benchmark datasets, which contain a variety
of scenarios that can fully validate the model performance.
B. Implementation Details
1) Model Setting: In this work, we design three different
versions of SeaNet. The baseline SeaNet contains 3 multiscale residual blocks (MSRB) in the Edge-Net and 20 residual
blocks (RB) in the IRN, denoted as SeaNet (Baseline). The
final SeaNet contains 5 MSRBs in the Edge-Net and 40 RBs
in the IRN, denoted as SeaNet. We also introduce the selfensemble strategy to further improve our SeaNet and denote
the self-ensembled version as SeaNet+. The kernel size of all
convolutional layers is set to 3×3 except for the feature fusion
layer, whose kernel size is 1 × 1. Meanwhile, the input and
output channel of each MSRB and RB are set to 64.

2) Training Setting: In this work, we first apply the Equation (8) on 800 training images to obtain their corresponding
image soft-edge. Then, we generate LR images by applying
Bicubic interpolation to HR images. Finally, we use the RGB
image as input and augment the training data with random
horizontal flips and vertical. Following previous works [16],
[17], we randomly extract 16 LR patches with the size of
48 × 48 as input for SeaNet (32 × 32 for SeaNet (Baseline))
and 1,000 iterations of back-propagation constitute an epoch.
We implement our SeaNet with the PyTorch framework and
update it with Adam optimizer. The learning rate is initialized
as 10−4 and halved every 200 epochs. Meanwhile, we set
λ = 0.1 based on a lot of experience. Besides, to further
verify the performance of the Edge-Net, we also train the
independent Edge-Net for SR soft-edge reconstruction and
all of them use 3 MSRBs in this work. All the models are
implemented with the PyTorch framework and trained on
NVIDIA Titan Xp GPU.
C. Comparisons With the State-of-the-Art Methods
As shown in TABLEs I-III, we compare our SeaNet
with more than 14 SR methods to fully verify the model
effectiveness, including Bicubic, A+ [32], SelfExSR [40],
CSCN-MV [27], DEGREE-MV [29], SRCNN [7], ESPCN [9],
FSRCNN [8], VDSR [10], DRCN [11], LapSRN [13],
DRRN [12], MSRN [16], and EDSR [17]. These methods
include traditional mathematical models and CNN-based models. The CNN-based methods are further divided into methods
with and without image priors. Among them, EDSR [17] wins
the first place in NTIRE 2017 Super-Resolution Challenge [43]
and achieves the state-of-the-art results. All of the SR results
are evaluated with PSNR and SSIM on the Y channel of the
transformed YCbCr space.
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TABLE II
Q UANTITATIVE C OMPARISONS OF THE S TATE - OF - THE -A RT SR M ETHODS . A LL OF T HESE M ETHODS ARE BASED ON CNN W ITHOUT I MAGE P RIORS .
B EST R ESULTS ARE H IGHLIGHTED AND S ECOND B EST R ESULTS ARE U NDERLINED

1) Objective Evaluation: TABLE I shows the quantitative comparison between the SeaNet and other SR methods.
All the report methods are traditional mathematical-based
models or the models introducing image priors into CNN.
Obviously, our SeaNet achieves the best results among these
methods. It is worth noting that, the DEGREE-MV [29] also
introduces image edge prior into CNN model and uses the
multi-view testing strategy to improve the model performance
while the results of DEGREE are still unsatisfactory. The main
reasons may lie in the following: (i) DEGREE uses Bicubic
interpolated LR image as input; (ii) DEGREE applies an offthe-shelf edge detector for edge detection; (iii) the network
structure of DEGREE is sub-optimal. In order to solve these
shortcomings, we propose the SeaNet. Extensive experiments
demonstrate that the performance of our SeaNet is better than
the DEGREE.
In TABLE II, we show the performance comparison
between the SeaNet and some classical CNN-based SR models. All of these CNN-based models use a well-designed
network to learn the mapping function between LR and HR
images directly and all of them achieve the best results at the
time. However, they ignore the importance of image priors
for image reconstruction. Therefore, the reconstructed SR

images often lack texture details. Different from these models,
we design an Edge-Net for image soft-edge reconstruction and
embed the Edge-Net as part of the SeaNet to provide image
soft-edge prior. With the assistance of the image soft-edge
prior, the SeaNet achieves the best results in all test datasets.
Recently, a series of large SR models have been proposed,
including but not limited to MSRN [16] and EDSR [17].
Among them, the EDSR is one of the most famous large-scale
SR model and MSRN is the prototype network of our EdgeNet. In TABLE III, we show the comparison of MSRN, EDSR,
EDSR+, SeaNet (baseline), SeaNet and SeaNet+. Obviously,
the performance of SeaNet(+) and EDSR(+) are close. It
is worth noting that the parameter quantity of EDSR are
40121k, 42481k and 45430k in x2, x3, and x4, respectively.
While the parameter quantities of SeaNet are only 7102k,
7471k and 7397k in x2, x3, and x4 respectively, which is
about one-sixth (1/6) of that of EDSR. Besides, compared
with MSRN, SeaNet has achieved better results on different
upsampling factors. Considering the parameter quantities of
our SeaNet are more than that of MSRN, we show the
comparison between SeaNet (Baseline) and MSRN to further
verify the performance. SeaNet (baseline) only has 3 MSRBs
and 20 RBs, its parameter quantity is about two-thirds (2/3)
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TABLE III
Q UANTITATIVE C OMPARISONS OF MSRN, EDSR, EDSR+, S EA N ET ( BASELINE ), S EA N ET ( FINAL ), AND S EA N ET + (F INAL )

of MSRN. Obviously, SeaNet (Baseline) achieves competitive
results with fewer parameters. In addition, compared with
MSRN, SeaNet achieves better results on large scale (x3, x4).
This further demonstrates the importance of image edge prior
on large scale SR problem.
2) Subjective Evaluation: In Fig. 4, we show the visual
comparisons on ×2, ×3, and ×4, respectively. We can clearly
see that most SR methods cannot recover clean and right image
edges. However, with the image soft-edge assistance, our
SeaNet can reconstruct high-quality SR images with sharper
and more accurate image edges. All the reconstructed SR
images can be downloaded from http://t.cn/EUnPgu6.
V. A NALYSIS AND D ISCUSSION
A. Effectiveness of the Edge-Net
According to our knowledge, the Edge-Net is the first
CNN model used to directly reconstruct the image soft-edge
from the LR image. The Edge-Net can be used independently or embedded as a part of SR models to provide image soft-edge prior. In this part, we provide a
series of ablation analysis to illustrate the effectiveness of
the Edge-Net.
(1). We train an Edge-Net alone to observe its ability to reconstruct image soft-edge from the LR image. In
Fig. 5, we show the visual comparisons of three different
soft-edge reconstruction methods, including ‘Bicubic+Eq.(8)’,
‘Eq.(8)+Bicubic’, and our Edge-Net. The ‘Bicubic+Eq.(8)’
represents that we adopt Eq.(8) to extract soft-edge from
the preprocessed LR which is upsampled to HR space using
Bicubic. ‘Eq. (8)+Bicubic’ means that we adopt Bicubic to
upsample the soft-edge which is extracted from the original LR
using Eq.(8). The ‘Edge-Net’ represents using our proposed
Edge-Net to directly reconstruct the SR soft-edge from LR

image and the ‘Ground Truth’ denotes using Eq. (8) to directly
detect the soft-edge from the HR image. One can see that the
edge extracted by ‘Bicubic+Eq.(8)’ and ‘Eq.(8)+Bicubic’ have
been severely damaged and contain a lot of noise while our
Edge-Net can reconstruct clean and accurate soft-edge with
more texture details.
(2). In this work, we embed the Edge-Net as part of
the SeaNet to provide image soft-edge for SR image reconstruction. To further verify the effectiveness of Edge-Net,
we build a new model named SRN, which removes the
Edge-Net from the SeaNet. Considering the difference in the
amount of parameters between these two models, we use
the SeaNet (Baseline) as the benchmark model because it
contains only a few parameters in Edge-Net. TABLE IV
and Fig.6 present the performance comparison of SRN and
SeaNet (Baseline). According to the experimental results,
we can find that SRN is inferior to the SeaNet (Baseline)
both qualitatively and quantitatively. Especially, as shown
in Fig.6, with the help of the Edge-Net, our SeaNet (Baseline) can build high-quality SR images with sharp image
edges.
(3). We proposed an Edge-Net to learn the mapping between
LR images and the soft-edge of HR images, thus our Edge-Net
can directly reconstruct the SR soft-edge from the LR image.
In TABLE V, we show the PSNR comparison of model effect
under the guidance of different soft-edge provide by ‘Bicubic+Eq.(8)’, ‘Eq.(8)+Bicubic’, and the Edge-Net. Obviously,
when the Edge-Net is embedded as a part of the SeaNet to
provide the image soft-edge prior, the model achieves the best
results.
Therefore, the aforementioned experiments fully demonstrate the effectiveness of the Edge-Net. Meanwhile, experiments show that high-quality image soft-edge is useful for
image reconstruction.
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Fig. 4.

Visual comparison for x2, x3, and x4 SR images. Our SeaNet can reconstruct more realistic SR images with sharper edges.

B. Effectiveness of the Image Soft-Edge Prior
Most CNN-based SR models tend to use deep and wide
models to directly learn the mapping between LR and HR
images. However, blindly increasing the depth of the network
is not the best choice because each model has its performance
bottleneck. Furthermore, increasing the depth of the network
will increase model parameters, execution time, and memory.
Therefore, we aim to explore a SR framework guided by image
priors. To achieve this, we suggest using the image soft-edge
to assist SR images reconstruction.

To evaluate the effectiveness of the proposed image softedge assistance, a classical SR model, ESPCN [9], is adopted
as our benchmark model. The ESPCN is a shallow model
that contains only 5 convolutional layers. We here build a
new model termed ‘ESPCN+ISE’ that using ESPCN as the
backbone and introducing the image soft-edge as additional
prior knowledge. For a fair comparison, we retrain the ESPCN
model because we need to make slight adjustments to the
network structure when adding the image soft-edge. The
detailed experimental design is as follows: (a) We pre-trained
a simplified version of Edge-Net, which has 3 MSRBs and
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Fig. 5. Visual comparison of different soft-edge extraction methods. The ‘Bicubic+Eq. (8)’ represents that we adopt Eq. (8) to extract soft-edge from the
preprocessed LR which is upsampled to HR space using Bicubic. ‘Eq. (8)+Bicubic’ means that we adopt Bicubic to upsample the soft-edge which is extracted
from the original LR using Eq. (8). The ‘Edge-Net’ represents using our proposed Edge-Net to directly reconstruct the SR soft-edge from LR image and the
‘Ground Truth’ denotes using Eq. (8) to directly detect the soft-edge from the HR image. Obviously, our SeaNet can reconstruct clear and accurate soft-edge.

the input and output channels of each MSRB are set to 16.
(b) In ‘ESPCN+ISE’ we introduce a fusion layer at the end
of the model to fuse the feature maps reconstructed by the
ESPCN and the image soft-edge provided by the Edge-Net.
(c) During training, the parameters of the Edge-Net are fixed.
This means that the Edge-Net is only used to provide the
soft-edge without participating in model training. Therefore,
compared to ESPCN (20k parameters), the ‘ESPCN+ISE’
only increase a fusion layer (18 parameters). The PSNR
results of ESPCN and ‘ESPCN+ISE’ are presented in the
TABLE VI. Obviously, with the image soft-edge assistance,
the performance of ‘ESPCN+ISE’ has been greatly improved
compared to ESPCN.

Therefore, we can draw a conclusion that the soft-edge prior
provided by the Edge-Net is effective and the introduction of
additional information can greatly improve the performance
of the existing SR models. The soft-edge prior can be flexibly
introduced into any SR model to assist high-quality SR image
reconstruction. All these experiments fully demonstrate the
validity of the soft-edge prior.
C. Study of λ
The λ is a hyper-parameter used to control the composition
of the edge loss. According to our experience, SeaNet is robust
to the choice of λ and the best performance is provided by
setting 0 < λ < 1. In Fig. 7, we show the impact of different
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TABLE IV

TABLE V

Q UANTITATIVE C OMPARISONS OF SRN AND S EA N ET (BASELINE )

PSNR C OMPARISON OF M ODEL E FFECT U NDER THE G UIDANCE OF
D IFFERENT I MAGE S OFT-E DGE P ROVIDED BY ‘B ICUBIC +E Q .(8)’,
‘E Q .(8)+B ICUBIC ’, AND THE E DGE -N ET, R ESPECTIVELY

TABLE VI
Q UANTITATIVE C OMPARISONS OF ESPCN [9] AND ‘ESPCN+ISE’

Fig. 7.
Fig. 6. Visual comparison of SRN and SeaNet (baseline) for x2, x3, and
x4 SR images. SRN is a simplified model obtained by removing the Edge-Net
from the SeaNet (baseline).

λ on the model performance. The result shows that the model
achieves best results when λ = 0.1. Therefore, we set λ = 0.1
in our final model.
D. Study of Model Size
In Fig. 8, we show the comparison of model performance
and parameters between SeaNet and other SR models. The
blue dots represent classical SR models with fewer parameters,
the green dot represents EDSR [17], and the red dots represent
our 3 different versions of SeaNet: SeaNet (Baseline) (M=3,

Study on λ. When λ = 0.1, the model achieves best results.

N=20), SeaNet (M=5, N=40), and SeaNet+ (M=5, N=40). It is
clear seen that the parameter quantity of SeaNet is only 1/7 of
EDSR, but their performances are rather close. Meanwhile,
SeaNet (Baseline) achieves the same performance as MSRN
with fewer parameters. All of these studies show that SeaNet is
an efficient and accurate SR model that strikes a good balance
between model complexity and performance.
E. Limitations and Future Works
The proposed SeaNet performs well in SISR. However,
it also has some limitations: (1) During training, we use
Equation (8) to extract soft-edge from HR images as labels.
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Fig. 8. Study of model size on the test dataset Set14 (x3). SeaNet strikes a
good balance between model size and performance.

Equation (8) is a curvature formula, which is an efficient
method but maybe not the best. (2) At the beginning of StateII, we use a fusion layer to fuse the reconstructed image features and soft-edge provided by Stage-I. Extensive experiments
have shown that it is an effective method. However, we believe
that there exists some better way to integrate image features
which can make the soft-edge play a bigger effect. We will
discuss those in future works. Moreover, our Edge-Net can
be used in many applications, such as image denoising and
deblurring. We also leave it as our future work.
VI. C ONCLUSION
In this paper, we proposed a new edge-guided image restoration framework and developed an efficient and accurate Softedge assisted Network (SeaNet) for image super-resolution.
The SeaNet consists of three sub-nets: a rough image reconstruction network (RIRN), a soft-edge reconstruction network
(Edge-Net), and an image refinement network (IRN). In StateI, we use the RIRN and Edge-Net for the rough SR image
features and image soft-edge reconstruction, respectively. In
State-II, we first fuse the reconstructed image feature maps and
soft-edge by a bottleneck layer and then send the fused feature
maps to the IRN for the final SR image reconstruction. Among
them, the Edge-Net is the first CNN model that can directly
reconstruct super-resolution soft-edge from the LR image.
Furthermore, the Edge-Net is a flexible model that can work
independently for image soft-edge reconstruction or embedded as a part of any SR model to provide soft-edge prior.
Extensive benchmark evaluations well demonstrated that with
the assistance of image soft-edge prior, our SeaNet achieves
competitive results with fewer parameters.
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