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Abstract: Semantic segmentation is a fundamental task in remote sensing image processing.
The large appearance variations of ground objects make this task quite challenging. Recently,
deep convolutional neural networks (DCNNs) have shown outstanding performance in this task.
A common strategy of these methods (e.g., SegNet) for performance improvement is to combine
the feature maps learned at different DCNN layers. However, such a combination is usually
implemented via feature map summation or concatenation, indicating that the features are
considered indiscriminately. In fact, features at different positions contribute differently to the
final performance. It is advantageous to automatically select adaptive features when merging
different-layer feature maps. To achieve this goal, we propose a gated convolutional neural network
to fulfill this task. Specifically, we explore the relationship between the information entropy of the
feature maps and the label-error map, and then a gate mechanism is embedded to integrate the feature
maps more effectively. The gate is implemented by the entropy maps, which are generated to assign
adaptive weights to different feature maps as their relative importance. Generally, the entropy maps,
i.e., the gates, guide the network to focus on the highly-uncertain pixels, where detailed information
from lower layers is required to improve the separability of these pixels. The selected features are
finally combined to feed into the classifier layer, which predicts the semantic label of each pixel.
The proposed method achieves competitive segmentation accuracy on the public ISPRS 2D Semantic
Labeling benchmark, which is challenging for segmentation by only using the RGB images.

Keywords: semantic segmentation; CNN; deep learning; ISPRS; remote sensing; gate

1. Introduction

With the recent advances of remote sensing technologies for Earth observation, large number of
high-resolution remote sensing images are being generated every day. However, it is overwhelming to
manually analyze such massive and complex images. Therefore, automatic understanding of the remote
sensing images has become an urgent demand [1-3]. Automatic semantic segmentation is one of the
key technologies for understanding remote images and has many important real-world applications,
such as land cover mapping, change detection, urban planning and environmental monitoring [4-6].
In this paper, we mainly focus on the task of semantic segmentation in very high-resolution images
acquired by the airborne sensors. The target of this problem is to assign an object class label to each
pixel in a given image, as shown in Figure 1a,b.
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Figure 1. The strong relationship between segmentation error label map with entropy heat map.
(a) Input image; (b) Segmentation reference map; (c) Predicted label map; (d) Error map with white
pixels indicating wrongly classified pixels; (e) Corresponding entropy heat map.

Semantic segmentation in remote sensing images is a tough task due to several challenges.
First of all, one characteristic of these images is that they often contain a lot of complex objects with
various sizes. For example, there are huge buildings and blocks, as well as tiny cars and trees. This factor
makes it challenging to simultaneously segment all the objects of various sizes. Another difficulty lies
in that resolution improvement can make redundant object details (e.g., building shadow or branches
of tree) more clear, which increases the difficulty for semantic segmentation. In addition, high-resolution
images contain many objects with high intra-class variance and low inter-class variance [7,8]. Taking the
building for example, their roofs look very similar to the roads in term of the appearance. The fact is
also true for low vegetation vs. tree. Therefore, features at different levels need to be extracted and
jointly combined to fulfill the segmentation task. For one thing, high-level and abstract features are
more suitable for the semantic segmentation of large and confused objects, while small objects benefit
from low-level and raw features. For another, the ensemble of different level features will provide
richer information for semantic segmentation.

Deep convolutional neural network (DCNN) is a well-known model for feature learning. It can
automatically learn features of different levels and abstractions from raw images by multiple
hierarchically stacking convolutional and pooling layers. In the last few years, DCNN has been
extensively studied and demonstrated remarkable learning capability in many applications [9-11].
In the literature, it has also been utilized in the task of image segmentation. Typically, Long et al. [12]
adapted the typical DCNN into a fully convolutional network (FCN) for semantic segmentation.
FCN achieves pixel-wise classification and now becomes the basic framework for most of the recent
state-of-the-art approaches. However, FCN only uses the high-level feature maps (output of the upper
convolutional layer) to perform pixel-classification; the low-level feature maps (output of the lower
convolutional layer) with rich detailed information are discarded. Although the high-level feature
maps are more abstract, they lose a lot of details due to the pooling operation. As a result, FCN has
very limited capacity in dealing with small and complex objects. In order to address this issue, reusing
low-level feature maps becomes a popular solution as these maps possess rich spatial information
and fine-grained details. For example, U-Net [13] modifies and extends the FCN by introducing
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concatenation structures between the corresponding encoder and decoder layers. The concatenation
structure enables the decoder layers to reuse low-level feature maps with more details to achieve
a more precise pixel-wise classification. Compared with U-Net, SegNet [14] also records the pooling
indices in encoder and reuses them in decoder to enable precise segmentation. RefineNet [15], a recent
framework, also adopts this strategy, but uses sum operation and introduces many residual convolution
units both in the encoder and decoder path.

Basically, these successful models concatenate or sum feature maps without feature map selection.
In this study, we notice that only using subsequent convolutional layers for feature fusion might
make the network difficult to train. On the one hand, without feature map selection may introduce
redundant information into the network and result in over-segmentation when the model tends to
receive more information from lower layers. This is because low-level feature maps contain rich
detailed information (e.g., branches in trees). On the other hand, this may lose fine-grained details and
lead to under-segmentation when the network tends to receive more information from upper layers.
Therefore, it is a critical problem to automatically select adaptive features when merging low- and
high-level features.

To tackle the above problems, we propose a gated convolutional neural network for the semantic
segmentation in high-resolution images, called gated segmentation network (GSN). When combining
two feature maps, we introduce an input gate to adaptively decide whether to keep the corresponding
information. Generally speaking, our goal is to import extra low-level information at the positions
where the pixel labels are difficult to infer by only using the upper layer feature maps. Meanwhile,
we prevent low-level information from being imported into the combined features if the pixel labels
have already been determined. This is because over-segmentation may arise if we bring overmuch
details. The gate mechanism is implemented by calculating the information entropy of the feature
maps before the softmax layer (classifier). The generated entropy heat map has strong relationship
with the label-error map, as shown in Figure 1d,e. We summarize our contributions as follows:

e A gated network architecture is proposed for adaptive information propagation among feature
maps with different level. With this architecture, convolution layers propagate the selected
information into the final features. In this way, local and contextual features work with each other
for improving the segmentation accuracy.

e An entropy control layer is introduced to implement the gate. It is based on the observation
that the information entropy of the feature maps before the classifier are closely related to the
label-error map of the segmentation, as shown in Figure 1.

e A new deep learning pipeline for semantic segmentation is proposed. It effectively integrates
local details and contextual information and can be trained via an end-to-end manner.

o  The proposed method achieves state-of-the-art performance among all the published papers on
the ISPRS 2D semantic labeling benchmark. Specifically, our method achieves a mean F; score
of 88.7% on five categories (ranking 1st) and overall accuracy 90.3% (ranking 1st). It should be
noted that these results are obtained using only RGB images with a single model, without Digital
Surface Model (DSM) and model ensemble strategy.

The remainder of this paper is organized as follows: Section 2 presents the related work.
In Section 3.2, we introduce the proposed GSN architecture. Section 4 validates our approach
experimentally, followed the conclusions in Section 5.

2. Related Work

2.1. Deep Learning

In 2012, the AlexNet [16] won the ILSVRC contest, which is a key milestone in deep learning.
Since then, DCNNs have got an explosive development. VGG [17], GoogLeNet [18], ResNet [19]
have been proposed one after another. These frameworks are usually treated as feature extractor and
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play an import role in a wide range of computer vision tasks, such as object detection [20], semantic
segmentation [21] and scene understanding [22], etc.

2.2. Semantic Segmentation in Remote Sensing

Semantic segmentation is a significant branch in computer vision. There are a considerable number
of works focusing on the remote sensing imagery. Full reviews can be found in [23-25]. Generally,
these methods can be roughly classified into the pixel-to-pixel and image-to-image segmentation.
The pixel-to-pixel method determines a pixel’s label based on an image patch enclosing the
target pixel. Then other pixels are classified using a sliding window approach [26,27]. With the
development of deep learning on remote sensing images, image-to-image segmentation becomes
the mainstream. Sherrah and Jamie [8] proposed a deep FCN with no down-sampling to infer
a full-resolution label map. Their method employs the strategy of the dilated convolution in
DeepLab [21], which uses dilated kernel to enlarge the size of convolution output at the expense
of storage cost. Marmanis et al. [28] embedded boundary detection to the SegNet encoder-decoder
architecture. The boundary detection significantly improves semantic segmentation performance
with extra model complexity. Kampffmeyer et al. [29] focused on small object segmentation through
measuring the uncertainty for DCNNs. This approach achieves high overall accuracy as well as good
accuracy for small objects. For all the above methods, further improvements can be achieved by using
Conditional Random Fields (CRF) [30,31] or additional data (e.g., Digital Surface Model).

2.3. Gate in Neural Networks

Long short-term memory (LSTM) [32] is a famous framework in the natural language and speech
processing. Its success largely owes to the design of gate to control the message propagation. Recently,
Dauphin et al. [33] introduced the gated convolutional networks to substitute LSTM for language
modeling. A convolution layer followed by a sigmoid layer is treated as a gate unit. Similar to [33],
GBD-Net [34] also uses convolution layers with the sigmoid non-linearity as gate unit. GBD-Net is
designed for object detection. The gate units are used for passing information among features from
different Rols (region of interest). Through analysis of related literature, embedding gate in neural
networks is a simple, yet effective way for both feature learning and feature fusion.

3. Method

This section starts with an important observation of DCNNS5 for semantic segmentation, which
motivates us to design the gated segmentation network (GSN). Then we introduce the GSN architecture
in detail, which largely improves the performance of semantic segmentation in remote sensing images.

3.1. Important Observation

When applying DCNN s for the semantic segmentation, the softmax (cross entropy) is usually
used as the classifier for the given feature maps. The output of the softmax represents a probability
distribution of each pixel over K different categories. With the estimated probabilities of pixel x,
we can calculate the corresponding entropy H(x) with

o

H(x) = E[~1log,(pi(x))] = — )_ pi(x)log,(pi(x)), 1)

i=1

where E[-] denotes expectation over all the K categories, and p;(x) is the probability of pixel x belonging
to category i.

We observe that the entropy heat map has strong relationship with the label-error map. As shown
in Figure 1d,e, there is a strong possibility that the pixels of high entropy are wrong classified. Generally,
entropy is a measure of the unpredictability of states [35]. When the entropy of pixel x is maximized,
p(x) approximates an uniform probability distribution, indicating that the network is unable to classify
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this pixel by using only existing information. At these positions, extra information is needed to help
the network to classify the pixels. On the contrary, when the network has a high confidence in the pixel
label, the entropy will become lower. According to this consideration, when we combine low-level
feature maps with high-level ones, the entropy heat map can be treated as a weight map of the low-level

feature maps.

3.2. Gated Segmentation Network

Based on the above observation, we propose a gated convolutional neural network for the
semantic segmentation in high-resolution images. An overview of the GSN architecture is shown
in Figure 2. Our architecture can be divided into two parts: encoder and decoder. In the encoder
part, ResNet-101 is applied for feature extraction. In this process, we can get low-level feature maps
containing detailed information from lower layers, as well as high-level feature maps containing
high-level contextual information from upper layers. In the decoder part, we first use the high-level
feature maps for semantic segmentation and get the entropy heat map. Then the generated entropy
heat map is treated as the input weight (pixel-to-pixel) of the low-level feature maps when merged
with high-level feature maps. A larger entropy value indicates higher uncertainty about the label
of the pixel. Consequently, a higher adoption of the low-level feature maps is necessary. We repeat
this operation until all the available low-level feature maps are combined. Additionally, residual
convolution module is introduced as the basic processing unit before and after the merging process for
better training the network. Finally, the combined feature maps containing both high- and low-level
information are fed into the softmax layer to obtain the segmentation result. The details are described

in the subsequent subsections.
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Figure 2. The overview of our gated segmentation network. In the encoder part, we use ResNet-101
as the feature extractor. Then the Entropy Control Module (ECM) are proposed for feature fusion in
decoder. In addition, we design the Residual Convolution Module (RCM) as a basic processing unit.
The details of RCM and ECM are shown in the dashed boxes.
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3.2.1. Entropy Control Module

The bottom-right corner of Figure 2 shows the structure of the proposed entropy control
module (ECM). It takes the feature maps f*“/P* (already up-sampled) and f°“*" as input. The output
is represented by F/f#sion
respectively. This feature fusion process is implemented by a gate function, which can be summarized
as follows:

, which combines contextual information and details from f*PP¢" and flower

pfusion _ (H[fupper ® wl*l] Gflower) @fupper, )

where ®, © and @ stands for the convolution operator, the element-wise product operator, and the
element-wise sum operator respectively, and wy,; represents the 1 * 1 convolutional kernel. As there
are K categories in our work setting, the output of the 1 * 1 convolutional layer will contain K channels,
and each channel records the probabilities of pixels belonging to one of the K categories. In Equation (2),
H[-] stands for the entropy calculator, which yields the entropy heat map by Equation (1).

Based on Equation (2), one can see that the designed gate is a binary function, which takes the
entropy heat map and the low-level feature map f*“*’ as its inputs. Functionally, it is actually a feature
selector on f°“"  which is guided by the entropy heat map that is originated from the high-level
feature map f“PP*’. Beyond simply fusing the f/°“*’, in this way we build up a mechanism to select the
features with their importance for classification. In practice, an entropy control layer is introduced to
implement the gate. This layer is only used for calculating the entropy, thus it does not participate in
the process of back-propagation.

For clarity, we take Figure le as an example to explain our design. Actually, the entropy heat
map generated by H|[] offers very helpful information for classifying those pixels that are hard to
be classified. As can be witnessed in Figure le, most of the high-entropy pixels appear on the object
boundaries. Thus, with the gate operation, the information from lower layer will be passed and highly
weighted into the final F/#°" (see Equation (2)). In contrast, the entropy inside the objects is usually
low. Sequentially, the information from lower layer at these positions (e.g., the chimney in the roof in
Figure le) will be blocked. As a result, over-segmentation can be avoided.

3.2.2. Residual Convolution Module

Inspired by ResNet, residual convolution module (RCM) is introduced as the basic processing unit
to ease the training of the network. As shown in the bottom-left corner of Figure 2, there is an identity
mapping between the input and output of the module. In the forward propagation, input message can
be delivered without loss, and network only needs to learn the residual mapping. In the backward
propagation, gradient can be directly propagated from top to bottom, which can settle the problem
of gradient vanishing. Compared with the residual blocks in ResNet, the RCM has two differences.
First, we removed the 1 * 1 convolutional layer. Compute reduction layers have been added at the begin
of encoder. Numbers of feature channels are small in the decoder and compute reduction becomes
unnecessary. Second, batch normalization layer [36] is removed. Given that the model size is large,
we are limited to use small batch size to stay within the GPU memory capacity.

3.2.3. Model Optimization

In the field of neural networks, model optimization is driven by a loss function (also known as
objective function). Once the loss function is defined, we can train the network by back-propagation
errors [37] in conjunction with gradient descent. To train the proposed architecture, softmax loss
function, i.e., cross entropy loss, is adopted. We have a main loss at the end of network and
four auxiliary losses in four ECMs. For clarity, we only consider the main loss in the following
analysis. Specifically, the softmax function is defined as:

B P K
YoM Y Yy =k} logpi(x)), 3)

b=1p=1k=1

1
Hyx0) =575
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where 6 represents the parameters of the proposed GSN, B and P are the mini-batch size and number
of pixels in each image respectively, 1{-} is the indicator function, which takes 1 when 1{true} and 0
otherwise, xh is the p-th pixel in the b-th batch and yb is the corresponding label, and the probability
of pixel xb belonging to the k-th class is denoted by pk(xh) which can be calculated by:

exp(W £(6,x))
Yy exp(WI£(6C, %))

where W, € R is the j-th filter of the last 1 % 1 conv layer, d is the feature dimension, 6 are the rest
parameters except the 1 * 1 conv layer, and (6, x) € RY denotes the learned deep features.

To train the GSN in an end-to-end manner, the stochastic gradient descent (SGD) is adopted
for the optimization. Thus, the derivatives of the loss to different convolutional layers need to be
calculated with chain rule. Taking the 1 * 1 conv layer as an example, the partial derivative of the loss
with respect to Wy is acquired by

pr(x) = 4)

oL 1 & &
aTvk__iPZZ D (H{y) =k} — pe(x])). @)

We can get the partial derivative of loss with respect to the parameters in other layers by chain
rule. In Algorithm 1, we summarize the learning steps with SGD.

Algorithm 1 The training algorithm for the proposed GSN.

Input: Training data x, maximum iteration T.
Initialize the parameters 6 in convolutional layers, learning rate a, learning rate policy ploy.
Set the initialized iteration ¢ < 0.

Output: The leanred parameter 0.

1: whilet < T do

2t t+1

3. Call network forward to compute the output and loss L.
4 Call network backward to compute the gradients 2k 5

5. Update the parameters 0 by 67! = ¢' —af . 9L.

6:  Updates the a1 according to learning rate policy.

7. end while

3.3. Implementation Details

We fine-tune the model weights of ResNet-101 pre-trained on Imagenet [38] to our GSN model.
Five kinds of feature maps with different sizes (acquired from the outputs of branches in
[“res5c”, “res4b22”, “res3b3”, “res2c”, “convl”]) are prepared to be merged in the decoder part.
The spatial sizes of these feature maps are [W /32 x W /32, W/16 x W/16, W/8 x W /8, W/4 x W /4,
W/2 x W /2] respectively, with input image I"V*". Dropout is applied after these feature maps
with ratio 0.5 to avoid overfitting [39]. Moreover, we further add a convolutional (conv) layer
after the dropout layer mainly to reduce the channels. The channels of the five branches are set
to [256, 128, 128, 64, 64] respectively. Intuitively, similar conv layers should be applied before the
up-sampled layers (2x up), since the channels are different between these branches.

The proposed GSN is implemented with Caffe [40] on GPU (TITAN X). Our loss function is the
sum of softmax loss, which comes from the final classification and four ECMs. Initial learning rate is
0.0004. We employ the “ploy” learning rate policy. Momentum and weight decay are set to 0.9 and
0.0005 respectively. The bath size is set to 1. The maximum iteration is 30 k. The total training time is
about 24 h, and the average testing time of one image (600 x 600) is about 100 ms.
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4. Experiments

4.1. Dataset

We evaluate the proposed method on the ISPRS 2D semantic labeling contest [41], which is
an open benchmark dataset. The dataset contains 33 very high-resolution true orthophoto (TOP) tiles
extracted from a large TOP mosaic as shown in Figure 3. Each tile contains around 2500 x 2000 pixels
with a resolution of 9 cm. The dataset has been manually classified into six most common land cover
classes, as shown in Figure 1. The clutter class includes water bodies and other objects that look very
different from other objects (e.g., containers, tennis courts, swimming pools). As previously done in
other methods, the class of clutter is not included in the experiments, as the pixels of the clutter class
only account for 0.88% of the total image pixels. ISPRS only provides 16 labeled images for training,
while the remaining 17 tiles are unreleased and used for the evaluation of submitted results by the
benchmark organizers. Following other methods, 4 tiles (image numbers 5, 7, 23, 30) are removed
from the training set as a validation set. Experimental results are reported on the validation set if
not specified.

0.1 02

Kilometers

Figure 3. Overview of the ISPRS 2D Vaihingen Labeling dataset. There are 33 tiles. Numbers in the
figure refer to the individual tile flag.

Dataset augmentation: The 16 training tiles are first rotated 90 and 180 degrees. Then, we sample
600 x 600 patches from original images with stride (300 pixels) to avoid the insufficiency of GPU
memory. Moreover, we also randomly process the input images at the training stage with the following
one or combined operations: mirror, rotated between —10 and 10 degrees, resize by a factor between
0.5 and 1.5, and Gaussian blur.

Evaluation: According to the benchmark rules, F; score and overall accuracy are used to assess
the quantitative performance. F; score is calculated by:

o precision X recall

F=2 —
! precision + recall

(6)

where

precision = tp:—%' recall = tp:-%' ()



Remote Sens. 2017, 9, 446 9 of 15

where tp, fp and fn are true positive, false positive and false negative respectively. These values
can be calculated by pixel-based confusion matrices per tile, or an accumulated confusion matrix.
Overall accuracy is the normalization of the trace from the confusion matrix.

4.2. Model Analysis

For the sake of convenient comparison, we use the result of GSN without entropy control module
(ECM) as our baseline, which uses the sum operation to merge the feature maps. As shown in Table 1,
the model with ECM outperforms the baseline by a significant margin. This proves that the ECM
can effectively control information propagation and integrate features of different level effectively.
One can also see that the auxiliary loss in ECM is helpful for model optimization (GSN vs. GSN_noL).
The auxiliary loss forces the network to learn accurate contextual feature before merging lower feature
maps with high-spatial. Moreover, we notice from the confusion matrix that the low_veg and car are
more likely to be classified into tree and imp_suf respectively. This motivates us to slightly increase
the weights of low_veg to 1.1 and car to 1.2 in the loss function without accurate selection (GSN vs.
GSN_w). Finally, we have reported the result with sliding window overlap and multi-scale input, i.e.,
GSN_w_mc. Averaging predictions on the overlap regions reduce the risk of error classification, since
the borders of one patch is difficult to predict due to the lack of context.

Table 1. The F; scores of 5 categories on the validation set. GSN_noL represents that the auxiliary loss
in ECM does not participate in the back propagation of the network. GSN_w is the version that assigns
different weights to different classes in the loss function. GSN_w_mc represents we test GSN with
sliding window overlap and multi-scale input.

Method Imp Surf Building Low_veg Tree Car  Overall Accuracy Mean F; Score

baseline 87.6% 93.2% 73.3% 86.9%  54.1% 86.1% 79.0%
GSN 89.2% 94.5% 74.9% 87.5%  79.8% 87.9% 85.2%
GSN_noL 89.1% 94.3% 74.7% 87.4% 78.7% 87.8% 84.8%
GSN_w 89.5% 94.4% 75.9% 87.8%  80.9% 88.3% 85.7%
GSN_w_mc 90.2% 94.8% 76.9% 88.3% 82.3% 88.9% 86.5%

4.3. Comparisons with Related Methods

To show the effectiveness of the proposed method, we have performed comparisons against
a number of state-of-the-art semantic segmentation methods, as listed in Table 2. Deeplab-v2 [21]
and RefineNet [15] are the versions with ResNet-101 as their encoder. In particular, we re-implement
the RefineNet with Caffe, since the released code is built on MatConvNet [42]. We can see that
GSN significantly outperforms other methods on both overall accuracy and mean F; score. Notably,
our approach outperforms the RefineNet, within which the feature map merging is implemented by
the sum operation. The comparison indicates that the promising performance of GSN can be ascribed
to the ECM, which selects low-level information in feature fusion.

Table 2. Comparisons between our proposed GSN with mainstream models.

Method Imp Surf Building Low_veg  Tree Car  Overall Accuracy Mean F; Score
FCN-8s [12] 87.1% 91.8% 75.2% 86.1% 63.8% 85.9% 80.8%
SegNet [14] 82.7% 89.1% 66.3% 83.9% 55.7% 82.1% 75.5%

Deeplab-v2 [21] 88.5% 93.5% 73.9% 86.9% 84.7% 86.9% 83.5%
RefineNet [15] 88.1% 93.3% 74.0% 87.1% 65.1% 86.7% 81.5%

GSN 89.2% 94.5% 74.9% 87.5% 79.8% 87.9% 85.2%
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4.4. Model Visualization

To understand GSN better, we have also carried out feature map visualization to examine how
entropy gate affects the final performance. Four entropy control modules are embedded in GSN to
merge the five kinds of feature maps with different resolutions. In this section, we visualize the entropy
heat map, error map and prediction in each ECM.

At each iteration , the prediction will be more fine-grained by merging larger resolution feature
maps (ECM 1 — ECM 4). An illustration is provided in Figure 4. In ECM 1, we only get a coarse label
map, since only the smallest resolution maps are available. Successively merging features from lower
layers, we can refine the coarse label map. This is consistent with the analysis of upper-layer feature
maps containing more contextual information, and lower-layer feature maps containing more details.

ground truth

errar ma entropy redictim.‘ error ma entropy dicti ‘ error ma entropy dicti
r / r r
P heatmap P \ / P heatmap prediction P heatmap Preciction
| > - 7 O —
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Figure 4. Model visualization. We show the error maps, entropy heat maps, and predictions at
different iterations in the training procedure. Four rows at each iteration block correspond to four
ECMs, which are used to merge five kinds of feature maps with different resolutions.
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In addition, we also visualize the three kinds of maps at different iterations while training the
model. At the beginning, the entropy heat maps of four ECMs are almost the same, i.e., red images.
It shows that the value of entropy is very high at the beginning, and thus all the gates are at the
fully opened state. At this moment, the network has not learned the discriminative features and
needs additional information to determine the pixels’ labels. As the training proceeds, GSN learns
more discriminative features and starts to close the gates at some positions, as shown in 600 or 1 k
iterations. Towards the end of the training, we acquire a more satisfying prediction. As can be seen in
Figure 4, the positions of high entropy values (similar to error map) almost appear on the boundaries,
whose width is very thin. All the above observations once again demonstrate the effectiveness of the
proposed ECM.

4.5. ISPRS Benchmark Testing Results

We submitted the results on the unlabelled test images to ISPRS organizers for evaluation.
As shown in Table 3, GSN ranks 1st both in mean F; score and overall accuracy, compared with
all the other published works. Visual performance among related methods is shown in Figure 5.
It should be noted that we only use the RGB source images. Neither the additional DSM images offered
by ISPRS nor the CRF for post-processing is used in the proposed method, both of which can further
improve the performance as described in these compared methods. This is based on the following
two considerations. First, we want to sufficiently mine the information contained in RGB images, which
will eliminate the need to acquire DSM data. Second, the operation of CRF is time-consuming. Therefore,
we manage to build a fast and simple architecture for sematic segmentation in high-resolution remote
sensing images. In addition, according to the evaluation of ISPRS, the boundaries of objects in testing
labeled images are eroded by a circular disc of 3 pixel radius. Those eroded areas are ignored during
evaluation in order to reduce the impact of uncertain border definitions. Thus the performance on
testing set is slightly better than that on validation set.

Table 3. Quantitative comparisons between our method and other related methods (already published)
on ISPRS test set.

Method Imp Surf Building Low_veg  Tree Car  Overall Accuracy Mean F; Score

UPB [43] 87.5% 89.3% 77.3% 85.8%  77.1% 85.1% 83.4%
ETH_C [44] 87.2% 92.0% 77.5% 87.1% 54.5% 85.9% 79.7%
UOA [45] 89.8% 92.1% 80.4% 88.2%  82.0% 87.6% 86.5%
ADL_3 [26] 89.5% 93.2% 82.3% 88.2%  63.3% 88.0% 83.3%
RIT_2 [46] 90.0% 92.6% 81.4% 88.4% 61.1% 88.0% 82.7%
DST_2 [8] 90.5% 93.7% 83.4% 89.2%  72.6% 89.1% 85.9%
ONE_7 [47] 91.0% 94.5% 84.4% 89.9%  77.8% 89.8% 87.5%
DLR_9 [28] 92.4% 95.2% 83.9% 89.9% 81.2% 90.3% 88.5%
GSN 92.2% 95.1% 83.7% 89.9%  82.4% 90.3% 88.7%

4.6. Failed Attempts

Before creating entropy control module, many failed attempts have been made to find an effective
way for feature fusion. Motivated by [33,34], we once tried to create the gate by using convolutional
layer followed by sigmoid non-linearity, which make the information propagation rate in the range of
(0, 1). Three modules have been designed based on this idea. As shown in Figure 6, we have attempted
to add the gate in the output of the lower or upper layer. In the third module, gate on the output of
lower layer is created by the combination of lower and upper layers output. However, as shown in
Table 4, these modules are less effective than we expected. It is because they can not learn the right open
(or closed) state due to the lack of supervised information. One may consider adding auxiliary losses
in these modules to guide learning. However it is not feasible. Sigmoid is just an activation layer that
has nothing to do with the label-error map. There is no supervised information to guide the network
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training. Thus we cannot get the right gate states. In contrast, entropy has a strong relationship with
the label-error map, which is the supervised information for controlling the gate states. This is the
reason why ECM can effectively select features and improve the segmentation performance.

(a) image (b) UPB (c) UOA (d)RIT_2 (e) DST_2 (f) GSN

(a) image (b) UPB (c) UOA (d)RIT_2 (e) DST_2 (f) GSN

Figure 5. Visual comparisons between GSN and other related methods on ISPRS test set. Images come
from the website of ISPRS 2D Semantic Labeling Contest.
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Figure 6. Three failure modules. (a) Placing gate on the output of lower layer; (b) Placing gate both
on the output of lower layer and upper layers; (c) Gate on the output of lower layer is created by the
combination of lower and upper layers output.

Table 4. Performance of the failure models.

Model_.1 Model_ 2 Model 3 GSN

overall accuracy 83.4% 60.0% 82.2% 86.1%
mean F; score 75.3% 57.3% 74.8% 79.0%

5. Conclusions

In this paper, a gated convolutional neural network was proposed for the semantic segmentation
in high-resolution aerial images. We introduced entropy control module (ECM) to guide the message
passing between feature maps with different resolutions. The ECM can effectively help for integrating
contextual information from the upper layers and details from the lower layers. Extensive experiments
on the ISPRS dataset demonstrate that the proposed method achieve clear promising gains compared
with the state-of-the art methods. Our approach has the potential to perform better. Actually, the pixels
in a certain region are interrelated. However, we calculate the entropy map (gate) pixel-to-pixel,
which ignores the relationships between surrounding pixels. In the future work, we will try to
incorporate gaussian smoothing into the entropy map to further improve the performance. In addition,
we will also try to apply GSN to other fine-grained semantic segmentation tasks.
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