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Abstract: Mutated cells may constitute a source of cancer. As an effective approach to quantifying
the extent of cancer, cell image segmentation is of particular importance for understanding the
mechanism of the disease, observing the degree of cancer cell lesions, and improving the efficiency
of treatment and the useful effect of drugs. However, traditional image segmentation models are
not ideal solutions for cancer cell image segmentation due to the fact that cancer cells are highly
dense and vary in shape and size. To tackle this problem, this paper proposes a novel U-Net-based
image segmentation model, named U-Net_dc, which expands twice the original U-Net encoder and
decoder and, in addition, uses a skip connection operation between them, for better extraction of the
image features. In addition, the feature maps of the last few U-Net layers are upsampled to the same
size and then concatenated together for producing the final output, which allows the final feature
map to retain many deep-level features. Moreover, dense atrous convolution (DAC) and residual
multi-kernel pooling (RMP) modules are introduced between the encoder and decoder, which helps
the model obtain receptive fields of different sizes, better extract rich feature expression, detect objects
of different sizes, and better obtain context information. According to the results obtained from
experiments conducted on the Tsinghua University’s private dataset of endometrial cancer cells and
the publicly available Data Science Bowl 2018 (DSB2018) dataset, the proposed U-Net_dc model
outperforms all state-of-the-art models included in the performance comparison study, based on all

evaluation metrics used.

Keywords: computer vision; image segmentation; endometrial cancer cell; U-Net; DAC; RMP

1. Introduction

Image segmentation refers to the segmentation of an image into several disjoint regions
based on features such as grayscale, color, spatial texture, and geometric shape, so that these
features exhibit consistency or similarity within the same region and differences between
different regions. The aim of this operation is to segment objects from the background.
Image segmentation can be divided into semantic segmentation, instance segmentation,
and panoptic segmentation. Semantic segmentation refers to the classification of pixels
of an image into semantic categories; pixels belonging to a particular category are classi-
fied only to that category without considering other information. Instance segmentation
classifies pixels by “instances” rather than categories. Panoptic segmentation, on the other
hand, involves segmenting the entire image and separating each instance of an object in
the image, while also predicting the identity of the object. Most of the existing semantic
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segmentation models are based on convolutional neural networks (CNNs) [1], and their
network architecture is typically an encoder-decoder-based one [2], whereby the encoder is
typically a pre-trained classification network, such as Visual Geometry Group (VGG-16) [3],
Residual Network (ResNet) [4], Hierarchical Vision Transformer using Shifted Windows
(Swin Transformer) [5], ConvNeXt [6], and so on. The commonly used semantic segmenta-
tion models include Fully Convolutional Networks (FCN) [7], SegNet [8], DeepLab v1 [9],
DeepLab v2 [9], DeepLab v3 [10], DeepLab v3+ [11], Pyramid Scene Parsing Network
(PSPNet) [12], etc. These models have shown brilliant results in semantic segmentation.
U-Net [13] represents one of the most classic models in medical image segmentation, and its
improved versions, such as U-Net++ [14], U-Net++ [15], DoubleU-Net [16], and U2Net [17],
have also shown excellent results. Based on U-Net, this paper proposes a novel U-Net_dc
model for performing better endometrial cancer cell segmentation.

The main contributions of this paper can be summarized as follows:

(1) By utilizing the DoubleU-Net idea [16], the original U-Net encoding and decoding
processes is extended twice, and in addition, a skip connection operation [18] is introduced
between the encoder and decoder, for better extraction of image features.

(2) By using the feature pyramid network (FPN) idea of feature fusion [19,20], the
feature maps of the last few U-Net layers are upsampled [21] to the same size and then
concatenated together to produce the final output, which allows the final feature map to
retain many deep-level features.

(3) Dense atrous convolution (DAC) and residual multi-kernel pooling (RMP) [22]
modules are introduced to the intermediate process of encoding and decoding. The DAC
module uses many atrous convolutions [23], stacked in a cascade manner, and adopts
cavity convolution with different expansion rates, which allows it to obtain receptive fields
of different sizes and better extract rich feature expression. The RMP module connects
residuals of many pooling layers of different sizes together, so that objects of different sizes
could be detected, and context information could be better obtained.

(4) The segmentation performance of the proposed U-Net_dc model is compared with
that of state-of-the-art models (SegNet, PSPNet, U-Net, U-Net++, and DoubleU-Net), based
on two datasets.

The rest of the paper is structured as follows. Section 2 explains the background.
Section 3 presents the related work conducted in the field. Section 4 explains details of the
proposed U-Net_dc model. Section 5 describes the conducted experiments of the model
performance comparison and analyses the obtained results. Finally, Section 6 concludes
the paper.

2. Background
2.1. Convolutions

The physical significance of using convolutions in a CNN can be summarized as fol-
lows. The output of a system at a given time point is generated by the joint effect (superposi-
tion) of multiple inputs. The early CNN, called LeNet-5, proposed by LeCun et al. [24] had
one input layer, two convolutional layers, two pooling layers [25], and three fully connected
layers. Various independent and efficient models, such as AlexNet [26], GoogLeNet [27,28],
VGG-Nets [29], ResNet [4], and ResNeXt [30], have appeared through continuous improve-
ments and development.

In brief, the convolution operation performed on an image is to input two-dimensional
(2D) data of an area of certain size, obtain the inner product with filters, and then obtain
new 2D data. The same input data are processed by different filters to gain different output
data, such as color depth, contour, and so on. Generally, different filters should be used
to extract the desired information about an image, i.e., to extract different features of the
image. An illustration of a 3 x 3 convolution operation is shown in Figure 1.
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Figure 1. A 3 x 3 convolution with a step size of 1.

2.2. Upsampling

The size of an input image in a CNN constantly becomes smaller as it continues to
undergo convolution operations to extract features. However, sometimes the image should
be restored to its original size for feature fusion or final output producing. This operation of
mapping an image from a small resolution to a large resolution is called upsampling, which
is generally implemented in three ways, namely, interpolation, unpooling, and transposed
convolution. The latter two types, which are used by the U-Net_dc model proposed in this
paper, are described in the following two subsections.

2.2.1. Unpooling

Unpooling [31] is categorized into maximum unpooling and average unpooling
(Figure 2). For the former, the location of the maximum value is required to be recorded
during the maximum pooling operation. This way, during the unpooling, the entered
value is returned to the original location, based on the index, and the remaining locations
are generally filled with zeroes. For the latter, the position of the maximum value is not
required to be recorded, and the input value is directly added to the corresponding position
in general cases.

11420 0(4(0]|0
3 2 |MaxPool| 4 | 4 |Unpool| 0 | 0 0
MaxUnpool 0 0 514 0 0
0/1(3]3 ojfofofo
Represents the maximum value in the Represents the maximum value in the
2*2 matrix in the upper left corner 2*2 matrix in the bottom left corner

. Represents the maximum value in the . Represents the maximum value in the

2*2 matrix in the upper right corner 2*2 matrix in the bottom right corner
1(4)2(0 2(2(2]2
0|3|4|2|AvgPool| 2|2 |Unpooli>|2]2(2
AvgUnpool 5T T4 T 1.50.5 EEEE
0(1|3]|3 1.5[1.5[2.5]2.5
Represents the average value in the Represents the average value in the
2*2 matrix in the upper left corner 2*2 matrix in the bottom left corner
Represents the average value in the Represents the average value in the
2*2 matrix in the upper right corner 2*2 matrix in the bottom right corner

Figure 2. An illustration of the maximum unpooling and average unpooling.

2.2.2. Transposed Convolution

Generally, convolution operations only reduce or rarely change the size of the input
image. As an exception, transposed convolution [32] makes the input image smaller. To put
it simply, this operation is the opposite of convolution. More specifically, it multiplies each
element of the input tensor by all elements of the kernel tensor in turn. The multiplication
result of the elements of the same input tensor are placed in a new tensor, and the result of
each multiplication is placed in the corresponding position. When all elements of the input
tensor are calculated, the elements in the new tensor are added together according to their
position to produce the final output, as shown in Figure 3.
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Figure 3. An illustration of the transposed convolution.

2.3. Loss Functions

The function of image segmentation is to extract regions of interest from an image.
The role of the loss function in image segmentation is to make the location and recognition
more accurate. The binary cross entropy (BCE) loss and sigmoid activation function [33]
are generally used simultaneously since it is necessary to ensure that the input and output
range from 0 to 1. These functions are defined as follows:

Lgce = =L [yi x log(c(z:)) + (1 —y;) x log(1 — o(z;))]

o(z) = ﬁ,zi = wlx; @M

where y; is the ground-truth value and z; is the predicted value.
Another suitable loss function is the Dice loss [34], calculated as follows:

Lpice =1 — Dice, )

where Dice is a coefficient commonly used for calculating the similarity between two
samples (with a value range [0, 1]), as follows:

. 21XNY|
Dice X[ ]Y] 3)
where | X N Y| denotes the number of intersection elements between X and Y, and |X| and
|Y| denote the number of elements in X and Y, respectively.

In the presented study, the BCE loss and Dice loss are combined together to improve
the performance of the proposed model, whereby the BCE loss is used to measure the
accuracy of predicted results, and the Dice loss is used for measuring the similarity of
predicted results. More specifically, the BCE loss and Dice loss are weighted and summed
together to obtain the final loss function, as follows:

Lpce-Dice =M X Lpce + A2 X Lpice, )
where A1 and A, denote the weights assigned to Lpcr and Lp;,, respectively.

3. Related Work

Image segmentation is an important fundamental task among machine vision tasks.
It plays a vital role in image analysis, autonomous driving, and other fields. Image
segmentation can also be regarded as a classification task, but it is more about classifying
each pixel. Its classic networks have emerged one after another and have been divided into
many series, such as FCN, Encoder-Decoder, Multi-scale & Pyramid Network, DeepLab,
and so on. In the following subsections, the classic image segmentation models and the
U-Net models are presented.
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3.1. Classic Image Segmentation Models
3.1.1. Fully Convolutional Networks (FCNs)

In 2014, Long et al. in [7] proposed the FCN model, which represents a pioneering
work of deep learning in the field of image segmentation. As the name implies, FCN only
includes convolutional layers, with fully connected layers removed, so it can accept images
of any size. Then, it trains an end-to-end full convolutional network for pixel-by-pixel
classification. The continuous use of convolution operations to extract features in FCN leads
to increasingly lower image resolution. Thus, it is necessary to upsample the low-resolution
image in order to restore the value of the original image, thereby classifying and predicting
each pixel on the original image. In the model proposed in this paper, an upsampling
operation is first performed and then followed by a deconvolution operation to restore the
image resolution to the value of the original image.

FCN is divided into FCN-32S, FCN-16S, and FCN-8S. For FCN-32S, the convolutional
portion of VGG16 is used as its backbone, and the last three fully connected layers of VGG16
are changed to convolutional layers. In the upsampling section, a transposed convolution
with a step size of 32 is used to upsample the feature map 32 times and restore the image
to the original size. The disadvantage of FCN-32S is that during the upsampling process,
the final feature map is sampled 32 times at a time, and many details could be lost during
the upsampling process due to the small feature map of the last layer. For FCN-16S and
FCN-8S, improvements are made to address this problem. In FC-16S, a branch is added
based on FCN-32S. The input part of this branch is the output feature map of the fourth
pooling layer in VGG16. Finally, the outputs of the two branches are added, and then a
six-fold upsampling is conducted to restore the image to the original size, as shown in
Figure 4. In FCN-8S, a branch is added based on FCN-16S. The input part of this branch
is the output feature map of the third pooling layer in VGG16. Finally, the outputs of the
three branches are added, and then an eight-fold upsampling is performed to restore the
image to its original size.

Backbone f777F6767777} }*"*F*Cif"*}
ffffffff | ! |
i 1 i Conv2d || i Conv2d ||
¢ [vee |l 1l1xt, st ! 1] 1x1, st |} | Conv2d
e P! T o1xa, st
4 70 T Rev) |0 [Reru] | L PDS
: | I I
! } i | Dropout | | i | Dropout | |
e R B S
Conv2d ConvTranspose2d,s2
1x1, sl A (Bilinear interpolation)

ConvTranspose2d,s16
(Bilinear interpolation)

3.1.2. Deep Convolutional Encoder—Decoder Architecture (SegNet)

Figure 4. The FCN-16S structural diagram.

SegNet [8] is a deep network of image semantic segmentation proposed by the Univer-
sity of Cambridge for the purposes of autonomous driving or intelligent robotics. SegNet
is a semantic segmentation network, based on FCN, obtained by modifying VGG-16. Its
idea is quite similar to FCN, except for the encoding and decoding techniques used. For
the encoder part of SegNet, the first 13 convolutional layers of VGG-16 are used, whereby
each encoder layer corresponds to a decoder layer. The final output of the decoder is fed
into a SoftMax classifier [35], which classifies each pixel independently.

Specifically, the same convolution is used in SegNet to extract features during the
encoding process so that the size of the image does not change before and after the convo-
lution. In the decoding process, the same convolution is also used, but the goal of doing
s0 is to enrich the feature information for the images upon upsampling. As a result, the
information lost during the pooling process can be obtained through learning during the
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decoding process. The biggest highlight of SegNet lies in that the upsampling operation
in the decoding process is not realized through transposed convolution but by maximum
unpooling. To put it simply, the index of the maximum value is recorded when performing
the maximum pooling operation.

When performing the maximum unpooling operation, each weight is assigned to
the corresponding position according to the index, with the other positions filled with
zeroes. This can reduce the number of parameters and computation workload relative to
the transposed convolution and eliminate the need for learning upsampling.

3.1.3. Pyramid Scene Parsing Network (PSPNet)

When it comes to the disadvantage of FCN, it does not use global scene classifica-
tion information well. Comparatively, PSPNet combines local and global information
by building a pyramid pooling module to make the final prediction more reliable. The
model performs feature fusion at four different scales, rough or fine, through a pyramid
pooling module. The roughest scale performs global average pooling of feature maps to
produce a single-grid output, while the finest scale divides the feature map into sub-regions,
resulting in multi-grid output. Different scales of outputs correspond to different sizes of
feature maps. The low-dimensional feature maps are then upsampled through bilinear
interpolation to obtain features of the same size. Finally, the different levels of features are
spliced into the final global feature of pyramid pooling, as shown in Figure 5.

330 c<onv 80
P ——

— 0
s P

320 80 convt
conv 8
max ps()=011010>< 10 D . | upsample
® 320 ® . 1
80 80 I
max pool 5x5 conv !
e W O e |
I S . I }
Pyramid pooling Module

Figure 5. The PSPNet structural diagram.

Specifically, the feature extraction network of PSPNet is a Mobilenet V2 structure [36],
in which features are extracted through multiple convolutions, pooling, and cross-layer
connections, until the feature map is finally outputted. Then, a pyramid pooling module is
used for feature fusion at four different scales, rough or fine. A 30 x 30 global pooling, a
15 x 15 maximum pooling with a step size of 15, a 10 x 10 maximum pooling with a step
size of 10, and a 5 x 5 maximum pooling with a step size of 5 for feature maps extracted
from the trunk are performed separately. Then, a bilinear interpolation upsampling on
these new feature maps is conducted at different scales to restore images to their original
size, and these feature maps are spliced with the feature maps extracted from the trunk.
Finally, one round of convolution is performed to switch the number of channels to the
desired number for outputting.

3.2. U-Net Models
3.2.1. U-Net

Proposed in 2015, U-Net is a model aimed at solving the problem of medical image
segmentation. It has a U-shaped structure in its entirety. Convolutional layers are used
during the whole process, with fully connected layers removed, so that the size of the
input image is not constrained. The entire network is divided into two parts, encoding
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and decoding, from shallow to deep layers and from bottom to top. For encoding, two
3 x 3 convolutions, a Batch Normalization (BN) layer [37], and a Rectified Linear Unit
(ReLU) activation function [38] are used at each layer. The number of channels is increased
without changing the image size. Then, a 2 X 2 maximum pooling layer is adopted to
reduce the image size to half of the original size to continuously extract image features. For
decoding, an upsampling operation is first performed on the image through transposed
convolution to double the size of the image while reducing the number of channels by half.
Then, feature fusion is performed on these upsampling images and images produced by
the encoding process at the same level. Finally, the number of channels upon feature fusion
is reduced by half through two 3 x 3 convolutions. This process continues until the size of
the image is restored to its original value. As the final step of the network, the final number
of output channels is converted into the desired number while maintaining the same image
size viaa 1 x 1 convolution, as shown in Figure 6.
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Figure 6. The U-Net structural diagram.

The features extracted from each layer differ greatly as the network deepens. High-
level features tend to have a lower resolution but stronger semantic information, whereas
low-level features have higher resolution but perceive details better. Thus, both high-level
and low-level extracted features have their respective meanings. U-Net fuses features at
different levels by using the advantages of both low levels and high levels. Generally, the
edges of a larger feature map obtained through upsampling contain insufficient information.
It is impossible for the lost features to be retrieved through upsampling. However, U-Net
realizes the retrieval of edge features through feature splicing.

3.2.2. U-Net++

As an improved version of U-Net, U-Net++ combines the structural ideas of U-Net
and eliminates its shortcomings. U-Net++ indirectly integrates multiple features at different
levels through short connections, upsampling, and downsampling, rather than simply
splicing the same-level features of the encoder and decoder. It is precisely due to this reason
that the decoder can perceive objects of different sizes in different sensory fields, thereby
improving the segmentation performance of the model.

To be specific, U-Net++ uses a dense skip connection to establish a skip path between
the encoder and decoder to make up for the lack of semantic similarity caused by simply
splicing the encoding and decoding features at the same level in U-Net. The use of dense
blocks in this model is inspired by DenseNet [39]. The output of the previous convolutional
layer for the same dense block is integrated with the corresponding upsampling output of
the dense block at the lower layer, which makes the semantic level of the encoded feature
closer to the semantic level of the feature mapping that waits in the decoder. Moreover, a
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deep supervision strategy is adopted in U-Net++ to adjust the complexity of the model
through pruning operations, thus striking a balance between speed and performance.

3.2.3. DoubleU-Net

DoubleU-Net is a new model that connects two U-Nets together. Structurally, its
network can be roughly divided into two parts, NETWORK1 and NETWORK?2, both of
which are quite similar to U-Net, with slight differences in details. The VGG-19 module
is used in the encoding process of NETWORK]1, and the atrous spatial pyramid pooling
(ASPP) block [9] is used in the intermediate process of encoding and decoding. In the
ASPP module, atrous convolutions with different expansion rates are utilized to obtain
multiscale object information and finally fuse these features to generate the final result.
The squeeze-and-excitation (SE) block [40], which is used after the decoding process, is
designed to reduce redundant information and transfer only the most relevant information.

More specifically, both NETWORK1 and NETWORK2 maintain the splicing of same-
level encoding and decoding features in U-Net. However, the skip connection of NET-
WORK?2 connects both the information of its own encoding network and the information
of the NETWORK1 encoding network. The result of multiplying the input and output
in NETWORKTI is used as the input to NETWORK?2, so that the feature map output of
NETWORKI can be further improved by obtaining the information of the original input
image again. Finally, the outputs of the two networks are spliced to retain both the final
output characteristics and output characteristics of NETWORK1.

4. Proposed Model: U-Net_dc

Currently, segmentation networks based on the encoder-decoder structures, such as
U-Net and its improved versions, are widely used in medical image segmentation. In this
section, a novel improved U-Net-based model, named U-Net_dc, is proposed, as shown in
Figure 7.
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Figure 7. The U-Net_dc schematic diagram.

First, by reference to the idea of DoubleU-Net [16], the proposed model utilizes a
doubled U-Net size. The increase in the number of U-Net layers allows the model to learn
deeper-level features, thus performing more accurate segmentation. Then, by utilizing the
idea of FPN for fusing the feature maps of the last few layers together in producing the
final output, the segmentation performance of the model is further improved by combining
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the advantages of low-level features and high-level features fused together. Finally, DAC
and RMP modules are added between the encoder and decoder. The DAC module adopts
cavity convolution with different expansion rates, so that receptive fields of different sizes
can be obtained, and rich feature expression can be extracted better. The RMP module
connects residuals of many pooling layers of different sizes together, so that objects of
different sizes can be detected, and context information can be better obtained.

The main U-Net improvements, utilized by the proposed model, are described in the
following subsections in detail.

4.1. U-Net Doubling

Even though the proposed model utilizes the DoubleU-Net idea of doubling the size
of U-Net, it is not performed in the same way as in DoubleU-Net. Instead, the output
of NETWORK1 is directly used as an input to NETWORK?2. In addition, NETWORK1
and NETWORK?2 require new feature fusion. In order to keep the number of channels
of the two features consistent in the new feature fusion, the convolution of the last layer
in NETWORKI1 does not change the number of channels of input features. The skip
connection between U-Net’s original encoder and decoder is retained, but then, in addition,
a new skip connection between the decoding part of NETWORK1 and the encoding part of
NETWORK?2 is established. This way, when the encoding of NETWORK?2 is performed, no
feature information that had been previously lost due to continuous upsampling would
be missed, so the extracted features would become richer, and segmentation would be
more effective.

4.2. Multiscale Fusion

In the field of image segmentation, the fusion of features at different scales is an
essential and important step to improve segmentation performance. As a neural network
deepens, the features extracted from each of its layers vary greatly. High-level features
tend to have lower resolution and give a perception of details but exhibit stronger semantic
information. By contrast, low-level features have higher resolution and give a better
perception of details but exhibit poorer semantic information. Therefore, fusing features
at different levels can combine advantages of both sides and improve the segmentation
performance of a model utilizing it. The existing feature fusion methods are generally
divided into early fusion and late fusion, whereby the former can be divided into “add” and
“concat” types. “Add” refers to a parallel strategy that combines two feature vectors into a
complex vector, while “concat” means splicing two features together, with the final output
feature dimension being the sum of the two feature dimensions. Late fusion follows an idea
similar to FPN, which allows for trade-offs between speed and accuracy and enables more
robust semantic information. The FPN schematic diagram is shown in Figure 8, where
G (i=2, 3, 4, 5) represent different convolutional groups, with Cs obtained afteral x 1
convolution. For P; (j =5, 4, 3), Pj1 is obtained through the fusion of upsampling feature
and Cj features, with the final feature map generated after a 3 x 3 convolution.

In the case of the fusion of features at different levels in a CNN, the main problem
encountered relates to the difference in feature expression at different levels. Simple
connection and superimposition operations have limited impact on segmentation accuracy,
so we attempt to combine the FPN multi-branch prediction structure to improve the U-Net
model and lower this difference, thus fully utilizing the characteristics of each layer and
improving the model’s segmentation performance.

4.3. Additional DAC and RMP Modules
4.3.1. Atrous Convolutions

Compared with ordinary convolutions, atrous convolution has a parameter of expan-
sion rate that represents the size of the expansion in addition to the size of the convolutional
kernel. So, in fact, ordinary convolutions are actually atrous convolutions with an expan-
sion rate of 1. Atrous convolutions are mainly used to obtain receptive fields at different
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sizes while maintaining constant parameter values. Figure 9 illustrates different types of
ordinary and atrous convolutions.

@—» Conv 1x1 —»
o —> | Conv 1x1
@—> Conv 1x1
@_> Conv 1x1

s
o —> | Conv 3x3
o > | Conv 3x3
—|
—> Conv 3x3

Figure 8. The FPN schematic diagram.

The positions of the
elements in the
convolution kernel

O The area of
receptive field.

(@) (b) (©

Figure 9. An illustration of (a) ordinary convolution, with an expansion rate of 1 and receptive field
of the convolutional kernel of 9 (3 x 3); (b) atrous convolution, with an expansion rate of 2 and
receptive field of the convolutional kernel of 49 (7 x 7); and (c) atrous convolution, with an expansion
rate of 4 and receptive field of the convolutional kernel of 225 (15 x 15).

4.3.2. Dense Atrous Convolution (DAC)

With reference to the idea of Inception-ResNet-V2 [41], DAC is composed of several
atrous convolutions stacked in a cascade way, as shown in Figure 10.

512
| Conv 3x3 .
rate=1
512
512 || Conv 3x3 Conv 1x1 T 512
- rate=1 — J

rate=3
512 ¥
| |Conv3x3|__ |Conv3x3 Conv 1x1|_ ]

rate=1 rate=3 rate=1
512
Conv 3x3 Conv 3x3 Conv 3x3 Conv 1x1
| rate=l | | rate=3 | | rate=s | | rate=l [ | [*

Figure 10. The DAC module structure.

DAC contains four branches. The first branch only experiences a single 3 x 3 convolu-
tion with an expansion rate of 1. The second branch first undergoes a 3 x 3 convolution
with an expansion rate of 3 to extract features with a larger receptive field, followed by
a 1 x 1 convolution for ReLU activation. The third branch first undergoes two 3 x 3
convolutions with expansion rates of 1 and 3, respectively, for extracting features with
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different sizes of receptive fields, followed by a 1 x 1 convolution. The fourth branch goes
through three 3 x 3 convolutions with expansion rates of 1, 3, and 5, respectively, followed
by al x 1 convolution. Finally, the feature maps extracted from these four branches are
combined with the initial input image for producing the final output.

4.3.3. Residual Multi-Kernel Pooling (RMP)

RMP is a residual multi-kernel pooling module in which multiple effective visual
fields are used to detect objects of different sizes, as shown in Figure 11. More specifically,
RMP involves pooling operations on input images of 2 x 2,3 x 3,5 x 5, and 6 x 6
sizes, respectively, meaning that four receptive fields of varying sizes are used to obtain
global context information. Then, in order to lower the weight dimension and the cost
of computation, a1 x 1 convolution is used after each pooled branch. Subsequently, the
output results of the four branches are upsampled to restore the size of the input image.
Finally, the original features, together with these four features, are concatenated, to produce
the final output.

5
7 Dz 1x1 Conv %T upsample

1
5
S12 Dz 1x1 Conv %I upsample }7’» 516
1

5
5x%5 pooling 7@27 1x1 Conv %?7 upsample bf

1

fsﬁf‘ 1x1 Conv H 7‘ upsample

Figure 11. The RMP module structure.

5. Experiments and Results

A series of experiments were conducted to compare the performance of the proposed
U-Net_dc model with that of state-of-the-art models, namely, SegNet, PSPNet, U-Net,
U-Net++, and DoubleU-Net. A five-fold cross validation was performed to eliminate the
chance of experimental results arising from a single splitting of a dataset.

5.1. Datasets

The experiments were conducted on the private endometrial cancer cell dataset and
the publicly available DSB2018 dataset, with the image size unified to 256 x 256 pixels.

The private endometrial cancer cell dataset was supplied by the Tsinghua University.
Each image in this dataset contains both normal and cancer cells, which are different
in shape, relatively dark in color, and clustered together. Due to the small number of
medical images collected so far in this dataset, we used data enhancement methods such
as horizontal flip, random directional rotation, and contrast enhancement to expand it
to 650 pieces. In addition, we manually labeled the cancer cells in each image to create a
label map, as shown in Figure 12 (the red ovals represent the area where the cancer cells
are located).

The DSB2018 dataset is supplied by the Data Science Bowl segmentation challenge
2018 (DSB challenge 2018) [42]. The dataset includes 670 nuclei images from different
modalities: brightfield vs. fluorescence. In the experiment, we unified the image size to
256 x 256 pixels, as shown in Figure 13.
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Figure 13. Sample images of the DSB2018 dataset.

For conducting the experiments, we split the datasets into training, validation, and
test sets, as shown in Table 1.

Table 1. Dataset splitting.

Endometrial Cancer DSB2018

Cell Dataset Dataset
Training set 390 images 402 images
Validation set 130 images 134 images
Test set 130 images 134 images

5.2. Evaluation Metrics

The intersection-over-union (loU), Dice coefficient, precision, and accuracy were used
as evaluation metrics in the experiments conducted for performance comparison of models.

IoU is widely used for image segmentation as an evaluation metric of how well a
model can separate objects from the background in images. It is calculated as follows:

TP

U= — =
U= TP T EN T FP

®)
where TP (true positives) represents the number of correctly identified pixels as being part
of an object (i.e., a cancer cell, in our case), FN (false negatives) represents the number of
incorrectly identified pixels as being not part of an object, and FP (false positives) represents
the number of incorrectly identified pixels as being part of an object.

The Dice coefficient is used to calculate the similarity between two samples, as follows:

. 2xTP
Dice = Tp T FN) + (TP + FP) ©)
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In addition to these two metrics, precision and accuracy were also used, calculated
as follows:

TP
Precision = —— 7
recision TP+ EP )
TP+ TN
A =
Y = TP L TN+ FP + FN ®)

where TN (true negative) represents the number of correctly identified pixels as being not
part of an object.

5.3. Results
5.3.1. On Endometrial Cancer Cell Dataset

The results obtained on the endometrial cancer cell dataset, shown in Tables 2—-6 and
Figure 14, clearly demonstrated the superiority of the proposed U-Net_dc model over
all state-of-the-art models considered, based on all evaluation metrics. More specifically,
on each metric, the second-best-performing model was outperformed by 0.032 points
according to IoU (the first runner-up here was DoubleU-Net), 0.020 points based on the
Dice coefficient (the first runner-up here was DoubleU-Net), 0.013 points according to
precision (the first runner-up here was U-Net), and 0.006 points based on accuracy (the first
runners-up here were U-Net, U-Net++, and DoubleU-Net).

Table 2. IoU comparison results on endometrial cancer cell dataset.

Model First Second Third Fourth Fifth Final
Fold Fold Fold Fold Fold Result
SegNet 0.798 0.806 0.790 0.797 0.795 0.797
PSPNet 0.770 0.787 0.760 0.779 0.776 0.774
U-Net 0.801 0.817 0.798 0.829 0.827 0.814
U-Net++ 0.804 0.823 0.799 0.813 0.812 0.810
DoubleU-Net 0.811 0.827 0.807 0.825 0.825 0.819
U-Net_dc 0.847 0.859 0.840 0.851 0.859 0.851

Table 3. Dice coefficient comparison results on endometrial cancer cell dataset.

Model First Second Third Fourth Fifth Final
Fold Fold Fold Fold Fold Result
SegNet 0.879 0.890 0.879 0.886 0.884 0.884
PSPNet 0.870 0.888 0.859 0.874 0.872 0.873
U-Net 0.886 0.897 0.884 0.906 0.904 0.895
U-Net++ 0.895 0.909 0.885 0.896 0.904 0.898
DoubleU-Net 0.893 0.904 0.890 0.903 0.906 0.899
U-Net_dc 0.914 0.931 0.908 0.919 0.925 0.919

Table 4. Precision comparison results on endometrial cancer cell dataset.

Model First Second Third Fourth Fifth Final
Fold Fold Fold Fold Fold Result

SegNet 0.873 0.895 0.872 0.893 0.879 0.882

PSPNet 0.874 0.871 0.860 0.871 0.887 0.873

U-Net 0.915 0.909 0.884 0.907 0.906 0.904

U-Net++ 0.890 0.914 0.879 0.895 0.896 0.895

DoubleU-Net 0.903 0.911 0.886 0.904 0.902 0.901

U-Net_dc 0.912 0.922 0.905 0.921 0.925 0.917




Information 2023, 14, 366 14 of 19

Table 5. Accuracy comparison results on endometrial cancer cell dataset.

Model First Second Third Fourth Fifth Final
Fold Fold Fold Fold Fold Result
SegNet 0.961 0.971 0.971 0.968 0.973 0.969
PSPNet 0.961 0.967 0.966 0.965 0.971 0.966
U-Net 0.969 0.973 0.972 0.974 0.978 0.973
U-Net++ 0.967 0.974 0.973 0.971 0.978 0.973
DoubleU-Net 0.965 0.974 0.974 0.973 0.978 0.973
U-Net_dc 0.974 0.981 0.979 0.979 0.984 0.979

Table 6. Overall comparison results on endometrial cancer cell dataset.

Model IoU Dice Precision Accuracy
SegNet 0.797 0.884 0.882 0.969
PSPNet 0.774 0.873 0.873 0.966
U-Net 0.814 0.895 0.904 0.973
U-Net++ 0.810 0.898 0.895 0.973
DoubleU-Net 0.819 0.899 0.901 0.973
U-Net_dc 0.851 0.919 0.917 0.979

Overall comparison results on endometrial cancer cell dataset
0.979
0.919 0.917

1
0.9 0.851
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Figure 14. Graphical presentation of the overall comparison results on endometrial cancer cell dataset.

5.3.2. On DSB2018 Dataset

The results obtained on the DSB2018 dataset, shown in Tables 7-11 and Figure 15,
clearly demonstrated that the proposed U-Net_dc model outperformed all state-of-the-art
models considered, based on all evaluation metrics, on this dataset too. More specifically, on
each metric, the second-best performing model was outperformed by 0.021 points according
to IoU (the first runners-up here were U-Net and U-Net++), 0.016 points based on the
Dice coefficient (the first runners-up here were U-Net++ and DoubleU-Net), 0.008 points
according to precision (the first runner-up here was U-Net++), and 0.002 points based on
accuracy (the first runners-up here were U-Net, U-Net++, and DoubleU-Net).

Table 7. IoU comparison results on DSB2018 dataset.

Model First Second Third Fourth Fifth Final
Fold Fold Fold Fold Fold Result

SegNet 0.821 0.822 0.826 0.812 0.816 0.819

PSPNet 0.758 0.745 0.721 0.738 0.742 0.741

U-Net 0.842 0.845 0.850 0.836 0.842 0.843

U-Net++ 0.839 0.846 0.858 0.834 0.840 0.843

DoubleU-Net 0.839 0.844 0.854 0.833 0.842 0.842

U-Net_dc 0.865 0.867 0.872 0.854 0.862 0.864
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Table 8. Dice coefficient comparison results on DSB2018 dataset.

Model First Second Third Fourth Fifth Final
ode Fold Fold Fold Fold Fold Result
SegNet 0.902 0.902 0.904 0.894 0.898 0.900
PSPNet 0.862 0.853 0.835 0.846 0.849 0.849
U-Net 0.913 0.915 0.917 0.905 0.913 0.913
U-Net++ 0.911 0.916 0.923 0.907 0.912 0.914
DoubleU-Net 0.912 0.915 0.921 0.907 0.913 0.914
U-Net_dc 0.934 0.935 0.937 0.922 0.921 0.930
Table 9. Precision comparison results on DSB2018 dataset.
Model First Second Third Fourth Fifth Final
ode Fold Fold Fold Fold Fold Result
SegNet 0.908 0.920 0.906 0.895 0.908 0.907
PSPNet 0.854 0.861 0.838 0.829 0.842 0.845
U-Net 0.908 0.918 0.910 0.902 0.919 0.911
U-Net++ 0.922 0.910 0.917 0.902 0.925 0.915
DoubleU-Net 0.917 0.916 0.912 0.897 0.917 0.912
U-Net_dc 0.923 0.928 0.923 0.920 0.919 0.923
Table 10. Accuracy comparison results on DSB2018 dataset.
Model First Second Third Fourth Fifth Final
ode Fold Fold Fold Fold Fold Result
SegNet 0.972 0.971 0.974 0.971 0.971 0.972
PSPNet 0.960 0.956 0.957 0.957 0.957 0.957
U-Net 0.975 0.975 0.978 0.975 0.976 0.976
U-Net++ 0.975 0.975 0.979 0.975 0.976 0.976
DoubleU-Net 0.975 0.975 0.978 0.974 0.976 0.976
U-Net_dc 0.978 0.977 0.980 0.977 0.978 0.978
Table 11. Overall comparison results on DSB2018 dataset.
Model IoU Dice Precision Accuracy
SegNet 0.819 0.900 0.907 0.972
PSPNet 0.741 0.849 0.845 0.957
U-Net 0.843 0.913 0.911 0.976
U-Net++ 0.843 0.914 0.915 0.976
DoubleU-Net 0.842 0.914 0.912 0.976
U-Net_dc 0.864 0.930 0.923 0.978
Overall comparison results on DSB2018 dataset 0.978
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Figure 15. Graphical presentation of the overall comparison results on DSB2018 dataset.
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5.4. Discussion on Strengths and Weaknesses of Compared Models

The main advantage of the SegNet model is that it utilizes unpooling operation for
upsampling, which allows one to reduce the number of model parameters and increase
the speed of model training. However, the decoding process of SegNet only conducts
upsampling and convolution operations without combining the feature information ex-
tracted during the coding process. Thus, the low-level features of images are ignored, and
the SegNet performance in medical image segmentation is not particularly good because
low-level features are also very important for medical images.

PSPNet uses a pyramid pooling module to aggregate the feature information of differ-
ent regions, which makes the extracted feature information more abundant. However, this
model only uses the last layer to do multi-scale fusion. Moreover, PSPNet integrates an ade-
quate number of deep features but lacks sufficient shallow features, resulting in suboptimal
detail segmentation. This is not conducive to the segmentation of medical images. The
low-resolution information of medical images can be used for the identification of target
objects, while the high-resolution information can be used for accurate segmentation.

U-Net combines low-resolution information and high-resolution information, while
U-Net++ also integrates features of different levels through superposition, making the
differences between the feature maps in fusion smaller. Therefore, U-Net and U-Net++ are
very suitable for medical image segmentation, but their disadvantage relates to the fact that
U-Net itself has a simple structure, and its network is not deep, which makes it difficult for
these two models to extract deeper features of images.

DoubleU-Net is a concatenation of two U-Net networks. This increases the depth of
the model, which allows it to extract deeper features of images. However, the final output
of the model is just a concatenation of the outputs of two U-Net networks, and the deeper
features extracted by the last few layers of the network are not well used.

The U-Net_dc model, proposed in this paper, expands twice the original U-Net model
and carries out feature fusion in the last few layers of the network, which allows it to
better extract and retain the deep information of images. In addition, U-Net_dc connects
two U-Net networks by leaps and bounds and uses a multi-scale fusion method in the
intermediate process of encoding and decoding, so as to enrich the extracted feature
information. These U-Net improvements allow the proposed model to achieve better
segmentation performance than the other models used in the presented comparison.

Recently, an adaptive squeeze-and-shrink image denoising [43] has been proposed.
The authors applied this method in the preprocessing of cerebral microbleed (CMB) data to
reduce the quality loss of input images and improve the performance of CMB detection.
However, it is important to note that the proposed U-Net_dc model primarily improves
image segmentation performance by leveraging deep feature information rather than
relying solely on image preprocessing. This makes U-Net_dc more versatile and applicable
to a wider range of scenarios. Unlike the aforementioned method that requires noise
reduction processing for all medical image data, U-Net_dc effectively processes deep
feature information, enabling more accurate detection of target objects.

The biggest challenge in segmenting endometrial cancer cells relates to the fact that
the degree of cancer cell aggregation varies. Some cancer cells aggregate in large quantities,
while others only aggregate in small quantities, resulting in different shapes and sizes
of cancer cells after aggregation. Moreover, normal cells are scattered all around the
cancer cells, and there may be an overlap with normal cells in the aggregated cancer cells.
Second, cancer cells may undergo mutations, and the shape and size of mutated cancer cells
may undergo significant changes. Therefore, although the proposed U-Net_dc model has
certain advantages compared with the other five models, as demonstrated in the presented
performance comparison, its segmentation results are not ideal. This can be attributed
to the U-Net_dc’s relative weakness in handling shallow detail features extracted at the
initial stages. To be specific, the U-Net_dc model transfers the shallow features backward
successively through skip connections until they reach the last few layers, which carry
out feature fusion to produce the final output. However, the entire process of feature
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transmission is relatively complicated, and the transmitted feature information may be
inevitably lost. As a result, the final feature map may not contain shallow detailed feature
information, or it may not contain correct shallow feature information. Therefore, in some
cases, the proposed U-Net_dc model may not be able to achieve very accurate segmentation
of cancer cells.

6. Conclusions

This paper has proposed a novel U-Net_dc model for performing better endometrial
cancer cell image segmentation, based on the U-Net model with the following improvements:

e  The original U-Net encoder and decoder were extended twice, as in [16], with an
additional skip connection operation introduced between them, for better extraction
of image features.

e  Based on [19,20], the feature maps of the last few U-Net layers were upsampled to the
same size and then concatenated together to produce the final output, which allowed
the final feature map to retain many deep-level features.

e  Dense atrous convolution (DAC) and residual multi-kernel pooling (RMP) [22] mod-
ules were introduced into the intermediate process of encoding and decoding, which
allowed the model to obtain receptive fields of different sizes and better extract rich
feature expression, on one side, and detect objects of different sizes and better obtain
context information, on the other side.

The superiority of the proposed U-Net_dc model over five state-of-the-art models
(SegNet, PSPNet, U-Net, U-Net++, and DoubleU-Net) in performing endometrial cancer
cell image segmentation has been demonstrated by the presented results, obtained from
experiments conducted on two datasets. More specifically, based on results obtained on the
private endometrial cancer cell dataset, compared with the second-best-performing model,
U-Net_dc managed to achieve an increase of 0.032 points for IoU, 0.020 points for Dice,
0.013 points for precision, and 0.006 points for accuracy. On the public DSB2018 dataset,
the corresponding increases, achieved by the proposed U-Net_dc model in comparison
with the first runner-up, were by 0.021 points for IoU, 0.016 points for Dice, 0.008 points for
precision, and 0.002 points for accuracy.
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