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Abstract: The deterioration of numerous eye diseases is highly related to the fundus retinal structures,
so the automatic retinal vessel segmentation serves as an essential stage for efficient detection of eye-
related lesions in clinical practice. Segmentation methods based on encode-decode structures exhibit
great potential in retinal vessel segmentation tasks, but have limited feature representation ability. In
addition, they don’t effectively consider the information at multiple scales when performing feature
fusion, resulting in low fusion efficiency. In this paper, a newly model, named DEF-Net, is designed
to segment retinal vessels automatically, which consists of a dual-encoder unit and a decoder unit.
Fused with recurrent network and convolution network, a dual-encoder unit is proposed, which
builds a convolutional network branch to extract detailed features and a recurrent network branch to
accumulate contextual features, and it could obtain richer features compared to the single convolution
network structure. Furthermore, to exploit the useful information at multiple scales, a multi-scale
fusion block used for facilitating feature fusion efficiency is designed. Extensive experiments have
been undertaken to demonstrate the segmentation performance of our proposed DEF-Net.

Keywords: retinal vessel segmentation; encode-decode structure; multiscale fusion

1. Introduction

Eyes are the main organ for human to receive information from the outside world,
according to the findings in [1], millions of people lose their eyesight every year due to
eye diseases [2], which undoubtedly hit the lives of patients hard. Fundus images contain
an abundance of retinal structures [3], and abnormal lesions can be found by detecting
retinal vessels in the fundus images. Early screening for eye disease has been completed by
experienced specialist through manual annotation, but it is an expensive and inefficient
task in clinical practice [4,5]. In addition, there are subjective differences in annotation
between experts, which aggravates the difficulty of segmentation. Therefore, methods for
automatic segmentation of retinal vessels have been explored.

In recent years, deep learning (DL) has been rapidly developed in the fields of image
processing, like object detection [6–8], image segmentation [9]. Due to its powerful feature
extraction capability, which further makes automatic image segmentation possible. The
emergence of fully convolutional networks(FCN) [10] introduces the concept to semantic
segmentation, and it can obtain a segmentation results of the identical scale as input images.
U-shaped network (U-Net) [11] improves the FCN and designs an encoder-decoder struc-
ture, which has achieved great success in the field of medical image segmentation, where
the encoder is used for feature extraction and the decoder is used for feature reconstruction,
and the skip connection preserves both semantic features and detail information.

Encouraged by U-Net, a number of models based on encoder-decoder structure have
emerged [12,13]. Inspired by residual connection [14], Ref. [15] was proposed for the
segmentation of fundus vessels, where residual connection not only avoided the gradient
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problem but also preserved additional features. Motivated by densely connected convolu-
tional network (DenseNet) [16], Ref. [17] was designed to remove artifacts from images.
Schlemper et al. [18] proposed a gated attention mechanism and embedded it in U-Net,
which could adaptively correct the features in the encoder and enhance the propagation of
relevant information. Alom et al. [19] designed a recurrent structure for feature extraction,
which was able to obtain more contextual information. Mou [20] embedded an integrated
attention block in the bottleneck layer, which could handle both spatial and channel infor-
mation. In [21], Keetha et al. embedded a bi-directional feature network(Bi-FPN) between
the encoder and decoder, which was a resource efficient method for lung cancer diagnosis.
All these methods have improved on the basis of U-Net, but still have problems as follows:
(1) These methods use a single path with convolution structure and capture only limited
information during feature extraction. (2) The features from the encoder are not fully
exploited at all scales during fusion, and the feature fusion approach is rather simple and
fails to fully integrate the features extracted.

Therefore, a dual-encoder fusion network for fundus vascular segmentation, called
DEF-Net, is proposed. Here, we build a dual-encoder structure to obtain richer features than
a single path with convolution structure. For this purpose, we design an encoder branch for
extracting detail information and an encoder branch for capturing contextual information,
respectively. To facilitate the fusion efficiency of features, we present a multi-scale fusion
block to fuse features from multiple scales. Extensive experiments are conducted and prove
the proposed approach with enhanced performance. Core contributions of our work could
be summed up as:

1. A residual convolution (RC) block based on convolutional structure is designed to
capture detail information and a recurrent residual convolution (RRC) block based
on recurrent structure is built to obtain rich contextual features. On the basis, a novel
dual-encoder structure by RC blocks and RRC blocks is proposed for stronger feature
extraction ability.

2. A multiscale fusion (MF) block is adopted to integrate features from different scales
into a global vector by taking information from multiple scales into account and guide
the original scales to facilitate the flow of features at different scales and enhance the
fusion efficiency.

3. Experiments conducted on fundus image datasets have displayed the overall per-
formance of our method and the results obtain a superior performance compared to
other advanced methods.

2. Materials and Methods

The proposed method is given in Figure 1. The entire segmentation model can be
viewed as two parts: a dual-encoder consisting of RC blocks and RRC blocks for extract-
ing rich features, MF blocks that can facilitate multi-scale feature fusion and a decoder
composed of RC blocks. The dual-encoder part is used to extract the rich features and the
decoder part is used to reconstruct the feature representation and locate the vessels precisely.
Detailed descriptions of the dual-encoder and the decoder will be given in the subsections.
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Figure 1. The framework of the proposed DEF-Net.
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2.1. Dual-Encoder Structure

To extract enough features in the feature encoding stage, we design a two-branch
encoder structure, as shown in Figure 1, where the path consisting of RRC blocks captures
contextual information at multiple scales, while the path consisting of RC blocks captures
detailed information at various scales. The features are down-sampled following the
maxpooling operation in U-Net to retain the most distinct features extracted while speeding
up the model training. We perform the element-wise addition of features extracted by RRC
blocks and RC blocks for the same scale to retain the features extracted by both branches
simultaneously. A detailed description of the RC block and RRC block can be seen in the
next subsections.

2.1.1. RC Block

As shown in Figure 2a, the encoder in U-Net uses a stack of two consecutive convolu-
tional units, each containing a convolutional layer of kernel size 3, a batch normalization
(BN) layer that accelerates model convergence, and a linear rectification function (ReLU).
Let Ul−1 be the feature maps of (l − 1)th layer, kl be the learnable convolution kernel, and
bl be the bias of layer l. Each convolution unit can be expressed as

Convl = f (Ul−1 × Kl + bl), (1)

where the activation function can be expressed as

f = max(0, Convl). (2)

(a) 

(b) 

(c) 

Input 3×3 Conv,Relu 3×3 Conv,Relu 3×3 Conv,Relu Output

Input 3×3 Conv,Relu 3×3 Conv,Relu Output

Input 3×3 Conv,Relu 3×3 Conv,Relu 3×3 Conv,Relu Output

Convolutional UnitConvolutional Unit Recurrent convolutional UnitRecurrent convolutional Unit Element-wise AdditionElement-wise Addition

t=2 t=2 t=2

Figure 2. The illustration of RC block and RRC block in our method. (a) The encoder in U-Net;
(b) The residual convolution block; (c) The recurrent residual convolution block.

Compared with the encoder in U-Net, the RC blocks changes the number of con-
volutional units because deeper network models could acquire more features, besides
we also add residual connections, which not only can alleviate the gradient problem
during model training but also preserve more features additionally. The number of chan-
nels Cn of the encoder is set to {64, 128, 256, 512}, respectively, and we also use convolu-
tional kernels of 3× 3 size as U-Net, because small convolutional kernels help to capture
detailed information.

2.1.2. RRC Block

Similar to the RC block, inspired by [19], we stack three recurrent convolutions with
a residual structure to construct the RRC block, as shown in Figure 2. It allows to receive
abundant contextual information through feature accumulation, which forms complemen-
tary information with the detailed information obtained from the RC block. Here we use a
recurrent convolution with step size 2, the output feature maps Ol(t) can be expressed in
relation to the step size t as
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Ol(t) = (Wu)
T Iu(t) + (Wv)

T Iv(t− 1) + b, (3)

where Iu and Iv are the input images, Wu and Wv are the learnable weight, and b denotes
the bias. The final result is also output after a ReLU activation

f = max(0, Ol(t)). (4)

2.2. Decoder

The semantic features as well as detailed features are preserved in U-Net through skip
connection, as shown in Figure 3.
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Figure 3. The illustration of proposed MF block. (a) The fusion scheme in U-Net; (b) The multi-scale
fusion block.

Here, the high-level features from the encoder are upsampled to recover the size of
the feature map to match the feature map from the previous stage of the decoder so that
they can concatenate together, and this process can be described as

x(l) = xlow(l)�UP(xhigh(l + 1)), (5)

where xlow is the low-level feature maps from encoder, xhigh is the high-level feature maps
from decoder, � denotes the feature concatenation, UP denotes the upsampling operation
and x(l) is the output feature maps after concatenation. In addition, the features extracted
from different scales of the encoder are not completely independent, and the utilization of
features from multiple scales is helpful to improve the fusion efficiency [22], so we propose
a MF block that can better fuse multi-scale information.

2.2.1. Feature Reconstruction

In Figure 3b, the feeds to MF block are the feature maps of multiple scales from encoder
unit. First, the feature map size is resized to the same scale by resizing operation, then
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the convolution is employed to reduce the number of channel numbers and the adjusted
feature maps are concatenated together. The whole process can be presented as

Fcat = Resize(xn)� Resize(xn−1), · · · ,�Resize(x1), (6)

where Resize is applied to change the size of feature maps. X = {x1, ..., xn−1, xn} represents
the feature maps from n stage of the encoder, � denotes the feature concatenation, and Fcat
is the feature maps after concatenation.

To efficiently utilize the feature maps containing information from various scales, the
global pooling in used to abstract Fcat into a feature vector Zc

Zc = GAP(Conv(Fcat)), (7)

where Conv denotes 1× 1 convolution to reduce dimension, and GAP serves to construct
global descriptors.

To embed the global vector Zc into the feature maps of each scale, we use element-wise
multiplication to reconstruct the feature maps of various scales, and finally the recon-
structed feature maps are fused by element-wise addition. This approach considers the
differences between scales of encoder, abstracts the features at different scales by construct-
ing a global descriptor, and reconstructs the feature response at each stage to enrich the
feature representation, which is beneficial to increasing the fusion efficiency of encoder
and decoder.

2.2.2. Feature Fusion

Similar to U-Net, DEF-Net upsamples the decoder features and fuses them with
the corresponding encoder features during feature fusion. Specifically, the feature maps
reconstructed by MF are concatenated with previous low-level features and sent to the next
stage of decoder for feature processing as

x̂(l) = x̂low(l)�UP(xhigh(l + 1)), (8)

where x̂low(l) are the feature maps reconstructed by MF blocks and x̂(l) represents the
fusion of MF blocks and decoder feature maps. After the last decoder stage, convolution
and softmax activation functions are applied with the segmented prediction results output.

3. Experimental Preparation

To ensure the reliability of the experiments, in this section the relevant preparation of
the experiments will be introduced. The data sets and evaluation metrics used, the necessary
preprocessing procedures, and the experimental details will be covered in the subsections.

3.1. Experimental Materials and Evaluation Metrics

Experiments for testing DEF-Net performance have been conducted on retinal image
datasets, including DRIVE [23], CHASE_DB1 [24], and STARE [25].

The DRIVE dataset contains 40 fundus retinal images, of which 7 are pathological
images and the others are clean images. The resolution of each image is 584× 565, of which
the first 20 images are trained with the first annotation as the ground truth.

The CHASE_DB1 dataset contains 14 pairs of fundus images collected from 14 school
children, with a resolution of 584× 565, of which 20 were used for training while rest were
used for testing. We use the annotation result of the first expert as the ground truth.

The STARE dataset contains 20 fundus images, and each of them has a resolution of
700× 605 and half of them is used for training. There are 10 pathological images in this
dataset. We also use the first expert’s annotation as the label to train the network.

To assess model performance, the following evaluation metrics are used:



Electronics 2022, 11, 3810 6 of 12



F1 =
2TP

2TP + FP + FN
,

Acc =
TP + TN

TP + FP + TN + FN
,

Se =
TP

TP + FN
,

Sp =
TN

TN + FP
.

(9)

where TP represents the correctly classified vessel pixels, TN stands for correctly clas-
sified background pixels, FP represents the incorrectly classified vessel pixels, and FN
represents the incorrectly classified background pixels. In addition, area under Receiver
Operating Characteristic curves (AUC) is also used to evaluate the overall performance
of segmentation.

3.2. Experimental Preprocessing

Appropriate preprocessing operations can effectively enhance model performance. To
improve the issue of low contrast caused by light in fundus images, we use the approach
based on traditional image processing to enhance the contrast of fundus images.

As shown in Figure 4, an original fundus image is shown in (a), and the fundus
image is first grayed by converting colorful images to grayscale images as (b). To variation
the intensity range of the pixels, normalization is applied as in (c). (d) is the image after
the finite adaptive histogram equalization (CLAHE) process, which shows a significant
improvement in the contrast of the image, and (e) is the result obtained after gamma
adjustment which compensates the imbalance caused by the fundus light. After the image
enhancement referred to above, the contrast of fundus images has dramatically improved,
and the enhancement of thin blood vessels in particular will bring notable benefit to
experimental accuracy.

Figure 4. The sample of preprocessing stage. (a)Fundus image; (b) Grayed output result; (c) normal-
ized output result; (d) Output results after CLAHE; (e) Output result after Gamma adjust.

3.3. Experimental Details

The retinal vessel segmentation task is a binary classification task, and to better
distinguish vascular pixels from non-vascular pixels, the binary cross-entropy is employed.
Supposing there are N pixels in total, the distance of the predicted result P from the ground
truth G is assessed as

Lce(P, G) = − 1
N

N

∑
i=0

(Pi log Gi + (1− Pi) log(1− Gi)). (10)

The network is built with PyTorch and trained on an NVIDIA GeForce RTX 3080 Ti
GPU. The models are trained with 50 epochs and 0.001 initial learning rate, the batch size is
set to 64.

The dataset used in this paper has a rather small scale. To better train the model
and avoid overfitting at the same time, we uses the operation of cropping patches, in
which the images are randomly cropped into 64× 64 blocks with a stride of 16 during the
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training phase. In the test phase, the corresponding segmentation patches are generated by
sequentially cropping patches, and we combine these segmentation patches into a complete
segmentation result in order, as shown in Figure 1.

4. Results and Analysis

To fully validate the performance of the proposed DEF-Net, extensive experimental re-
sults are described in this section. Detailed results and analysis of the ablation experiments
as well as the comparison experiments will be provided in the subsections.

4.1. Ablation Experiment

The ablation experiments have been conducted on three datasets, and the results are
shown in Tables 1–3 and Figure 5. To facilitate the subsequent analysis, we first introduce
the configuration of the ablation models. RC-Net represents a U-shaped structure composed
of RC blocks and using the MF block, while RRC-Net represents a U-shaped structure
composed of RRC blocks and using the MF block. DE-Net represents the structure where
the RC blocks and RRC blocks are used to form a dual-encoder at the same time and
the decoder are RC blocks, and DEF-Net represents the introduction of MF blocks on the
basis of DE-Net. The ablation results of the dual-encoder and MF block are described in
the subsections.

Table 1. Ablation experiment on DRIVE dataset.

Case RC RCC MF AUC F1 Acc Se Sp

U-Net X 0.9574 0.7750 0.9518 0.7138 0.9787
RC-Net X X 0.9630 0.7801 0.9483 0.7205 0.9815
RRC-Net X X 0.9498 0.7123 0.9118 0.8581 0.9196
DE-Net X X 0.9669 0.7577 0.9361 0.7835 0.9583
DEF-Net X X X 0.9789 0.8236 0.9556 0.8138 0.9763

Table 2. Ablation experiment on CHASE_DB1 dataset.

Case RC RCC MF AUC F1 Acc Se Sp

U-Net X 0.9772 0.7972 0.9591 0.7675 0.9814
RC-Net X X 0.9795 0.8001 0.9629 0.7688 0.9837
RRC-Net X X 0.9714 0.7332 0.9166 0.7926 0.9620
DE-Net X X 0.9747 0.7882 0.9592 0.7848 0.9779
DEF-Net X X X 0.9857 0.8076 0.9626 0.8053 0.9835

Table 3. Ablation experiment on STARE dataset.

Case RC RCC MF AUC F1 Acc Se Sp

U-Net X 0.9671 0.7346 0.9491 0.6865 0.9791
RC-Net X X 0.9694 0.7421 0.9483 0.6910 0.9855
RRC-Net X X 0.9638 0.7478 0.9481 0.7216 0.9792
DE-Net X X 0.9833 0.8100 0.9609 0.7559 0.9863
DEF-Net X X X 0.9838 0.8186 0.9607 0.7958 0.9815
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Figure 5. Visual examples of ablation experiments. (a) Fundus image; (b) Segmentation result of
RC-Net; (c) Segmentation result of RRC-Net; (d) Segmentation result of DE-Net; (e) Segmentation
result of DEF-Net; (f) Ground truth of the fundus image; (g) Heatmap of RC-Net; (h) Heatmap of
RRC-Net; (i) Heatmap of DE-Net; (j) Heatmap of DEF-Net.

4.1.1. Effect of the Dual-Encoder

From Table 1, we can see that when only RC blocks are used to construct the encoder,
the performance of RC-Net is not desirable, especially Se is only 0.7205, which indicates
that the model has a low segmentation accuracy for vascular pixels. When only RRC blocks
are used to construct the encoder, the value of Se reaches 0.8581 due to the accumulation of
features, but the value of Sp is only 0.9196, which indicates that the features accumulated
by RRC blocks are beneficial to the segmentation of vascular pixels, but not useful for the
segmentation of background pixels. Comparing the results of RC-Net, RRC-Net and DEF-
Net, it can be seen that the effectiveness of using both RC blocks and RRC blocks to form a
dual-branch encoder shows better robustness than that of a single-path encoder. Specifically,
DEF-Net achieves optimal values on both AUC and F1, which are comprehensive evaluation
metrics. The results on the other two datasets also showed that the dual-encoder structure
achieves a balance in most metrics, allowing the segmentation performance on vessel pixels.

The visualization results of ablation experiments are given in Figure 5. As can be seen
from the heat map, the features extracted by RC-Net through standard convolution are
different from those accumulated by RRC-Net, RC-Net contains more detailed information
while RRC-Net contains more contextual information. When using the dual encoder, it is
enabled not only to use the information extracted from both paths simultaneously, but also
to rectify the incorrectly segmented pixels to an extent.

4.1.2. Effect of the MF Block

The ablation results for MF block can be obtained by comparing DENet with DEF-Net.
Combining the three datasets, DEF-Net performs obviously better than DENet in both
AUC and F1, which indicates that the addition of MF blocks can significantly enhance the
segmentation precision of the model. This is because the MF blocks effectively exploit the
potential expression of information from multiple scales. In addition, DEF-Net achieved the
best Acc on the DRIVE dataset and the best Se on other two datasets, it further indicates the
setting of dual-encoder and MF block could achieve the best performance. The visualization
results in Figure 5 also illustrate that after adding MF blocks, the reconstructed features can
better facilitate the fusion of the encoder and decoder features, especially the segmentation
effect for thin vessels has been significantly improved.
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4.2. Comparisons with Advanced Methods

To comprehensively assess the model’s robustness, we conduct a comparison of DEF-
Net against other competing methods, quantitative and qualitative results are described in
Sections 4.2.1 and 4.2.2, respectively.

4.2.1. Quantitative Result

In Table 4, DEF-Net achieves the best values in F1 and Se, which indicates that our
proposed method shows advantages in segmenting vascular pixels. AAUNet [26] achieves
the best AUC, and it uses an enhanced convolution to replace the standard convolution, but
the detail information is lost during this process, thus resulting in a lower Se. IterNet [27]
uses multiple sub-UNet to build the model, resulting in feature redundancy, and its Se is
only 0.7791.

In Table 5, DEF-Net achieves the best values for most of the metrics in the CHASE_DB1
dataset, with AUC of 0.9857, F1 of 0.8076, and Se of 0.8053, which fully demonstrates
the robustness of the proposed method. Compared with R2UNet [19], which only uses
recurrent structure, our proposed DEF-Net has a 3.83% improvement on Se, which indicates
that the dual-encoder has a more powerful feature extraction capability. The method in [28]
uses a joint pixel-level as well as a segmentation-level loss to train the model, which is
not effective in improving the model segmentation performance like Se. The best results
are achieved by NFN+ [29] on Acc and Sp, which utilizes a cascade structure to model the
vessels implicitly, but our proposed approach still achieves superior results to that method.

In Table 6, on the STARE dataset, SD-UNet [30] achieves the best AUC and Acc results,
but the method is less sensitive to vascular pixels, achieving only 0.7548 of Se. Ref. [31]
proposed a dual-decoder structure to deal with thick and thin vessels separately. Compared
to this method, we enhance the feature extraction at the encoding stage and achieved better
segmentation performance, obtaining the best F1 and Se. Sine-Net [32] uses a cascaded
U-Net structure, and the method reduces the size of the U-Net to decrease the computation,
which sacrifices the model’s segmentation accuracy for blood vessels leading to a lower
Se. In general, DEF-Net achieves the best results on F1 and Se for all three datasets, which
strongly demonstrates the improvement and effectiveness of the proposed method in
segmenting vascular pixels. In addition, our method can balance each metric better and
has better robustness.

Table 4. Comparison results with advanced methods on DRIVE dataset.

Method Year AUC F1 Acc Se Sp

R2UNet [19] 2018 0.9784 0.8171 0.9556 0.7792 0.9813
Joint Loss [28] 2018 0.9752 - 0.9542 0.7653 0.9818
LadderNet [33] 2019 0.9793 0.8202 0.9561 0.7856 0.9810
R-sGAN [34] 2019 - 0.7882 - 0.7901 0.9795
AAUNet [26] 2020 0.9847 - 0.9558 0.7941 0.9798
IterNet [27] 2020 0.9813 0.8218 0.9574 0.7791 0.9831
SATNet [35] 2021 0.9822 0.8174 0.9684 0.8117 0.9870
Lightweight [36] 2021 0.9806 - 0.9568 0.7921 0.9810
Bridege-Net [37] 2022 0.9834 0.8203 0.9565 0.7853 0.9818
DEF-Net 2022 0.9789 0.8236 0.9556 0.8138 0.9763

4.2.2. Qualitative Result

We visualize the results of DEF-Net with other approaches in Figure 6. By comparing
the area of the green box in the figure, we can see that although R2UNet [19] can accumulate
more contextual information through the recurrent structure, it lacks the ability to capture
detailed features, while our DEF-Net not only captures contextual information but also
retains more detailed features. Attention U-Net [18] obtains more accurate segmentation
results than U-Net [11] due to the gated attention mechanism embedded in U-Net, but
neither of them consider information at multiple scales when fusing features, the proposed
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DEF-Net promotes the propagation of effective information at multiple scales, so it has
better continuity for segmentation of vessels and achieved the closest segmentation results
to ground truth segmentation results. Overall, the structure of the dual-encoder combined
with MF block achieves the best segmentation performance.

Table 5. Comparison results with advanced methods on CHASE_DB1 dataset.

Method Year AUC F1 Acc Se Sp

R2UNet [19] 2018 0.9815 0.7928 0.9634 0.7756 0.9820
Joint Loss [28] 2018 0.9781 - 0.9610 0.7633 0.9809
LadderNet [33] 2019 0.9839 0.8031 0.9656 0.7978 0.9818
Cascade [38] 2019 - - 0.9603 0.7730 0.9792
Three stage [39] 2019 0.9776 - 0.9607 0.7641 0.9806
IterNet [27] 2020 0.9851 0.8073 0.9655 0.7970 0.9823
NFN+ [29] 2020 0.9832 - 0.9688 0.7933 0.9855
Sine-Net [32] 2021 0.9828 - 0.9676 0.7856 0.9845
Lightweight [36] 2021 0.9810 - 0.9635 0.7818 0.9819
DEF-Net 2022 0.9857 0.8076 0.9626 0.8053 0.9835

Table 6. Comparison results with advanced methods on STARE dataset.

Method Year AUC F1 Acc Se Sp

Joint Loss [28] 2018 0.9801 - 0.9612 0.7581 0.9846
Hierarchical [40] 2018 0.8810 - 0.9570 0.7910 0.9700
SD-UNet [30] 2019 0.9850 - 0.9725 0.7548 0.9899
DUNet [41] 2019 0.9832 0.8143 0.9641 0.7595 0.9878
IterNet [27] 2020 0.9881 0.8146 0.9701 0.7715 0.9886
AAUNet [26] 2020 0.9824 - 0.9640 0.7598 0.9878
Hybird [31] 2021 - 0.8155 0.9626 0.7946 0.9821
Sine-Net [32] 2021 0.9807 - 0.9711 0.6776 0.9946
WA-Net [42] 2022 0.9665 0.8176 0.9865 0.7767 0.9877
DEF-Net 2022 0.9838 0.8186 0.9607 0.7958 0.9815

Figure 6. Visual examples of qualitative results. (a) Fundus images; (b) Ground truth of fundus
images; (c) Results of R2U-Net; (d) Results of U-Net; (e) Results of Attention-UNet; (f) Results of
proposed DEF-Net.

5. Conclusions

In this paper, we propose a novel retinal vessel segmentation method, called DEF-Net,
which can segment the fundus vessels efficiently. First, this paper proposes a dual-encoder
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structure, which can simultaneously utilize convolution and recurrent convolution to
extract detail features and contextual features. Second, the features at different encoder
stage are fused by a multi-scale fusion block, which enhance the propagation of effective
information from encoder, and promote the fusion efficiency with the decoder features,
which improve the overall segmentation performance. We conduct relevant experiments
on DRIVE, CHASE_DB1, and STARE, analyze the effectiveness of each component of the
model by combining visualization results and evaluation metrics. The superiority of the
proposed method is also demonstrated by comparison with other advanced models.
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