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Abstract: Automatic building extraction from remote sensing imagery is important in many
applications. The success of convolutional neural networks (CNNs) has also led to advances in using
CNNss to extract man-made objects from high-resolution imagery. However, the large appearance
and size variations of buildings make it difficult to extract both crowded small buildings and large
buildings. High-resolution imagery must be segmented into patches for CNN models due to GPU
memory limitations, and buildings are typically only partially contained in a single patch with little
context information. To overcome the problems involved when using different levels of image features
with common CNN models, this paper proposes a novel CNN architecture called a multiple-feature
reuse network (MFRN) in which each layer is connected to all the subsequent layers of the same size,
enabling the direct use of the hierarchical features in each layer. In addition, the model includes a
smart decoder that enables precise localization with less GPU load. We tested our model on a large
real-world remote sensing dataset and obtained an overall accuracy of 94.5% and an 85% F1 score,
which outperformed the compared CNN models, including a 56-layer fully convolutional DenseNet
with 93.8% overall accuracy and an F1 score of 83.5%. The experimental results indicate that the MFRN
approach to connecting convolutional layers improves the performance of common CNN models for
extracting buildings of different sizes and can achieve high accuracy with a consumer-level GPU.

Keywords: building extraction; deep learning; CNN; FCN

1. Introduction

As remote sensing techniques have improved, increasingly high-resolution remote sensing imagery
is available. The high resolution makes small man-made objects such as buildings distinguishable [1].
Building detection is important in many applications such as detecting destroyed buildings in the
aftermath of disasters [2,3], monitoring subtle changes in urban areas [4,5] and so forth.

However, an automatic and reliable method is required to extract buildings from the ever-
increasing amounts of high-resolution imagery. The goal of this task is to classify each pixel in which
buildings appear in the imagery. However, the appearances and size of buildings vary over a wide
range in remote sensing imagery, which makes this task very challenging. For example, the rooftops
of buildings commonly appear quite different; they feature various colors, shapes and materials.
Moreover, the appearance of some buildings is highly similar to their backgrounds; for example,
some building rooftops and some roads are both made of cement. Consequently, misclassifications are
common, particularly when addressing large remote sensing datasets that feature a wide variety of
buildings and backgrounds.
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Inspired by the success of deep learning methods for semantic segmentation in computer vision
fields, the convolutional neural network (CNN) model has also been used to label remote sensing
imagery. CNNs use many convolutional layers to extract hierarchical image features such that deeper
layers capture more discriminative features [6-9]. Moreover, CNNs have been successfully applied to
semantic segmentation tasks [9]. Several different methods based on CNNs have been proposed to
extract objects from remote sensing imagery.

Two main types of methods use CNNs for pixel-level classification of remote sensing imagery.
Patch-based methods [10-12] train the CNNs to classify each pixel by evaluating a small patch
around each pixel. However, the overlapping patches result in redundant computations. In contrast,
the pixel-to-pixel method is based on a fully convolutional network (FCN). FCNs classify pixels directly,
with no redundant computation, and they have been shown to be more accurate and efficient than
patch based methods [13]. Therefore, many recent studies of object extraction from remote sensing
imagery are based on FCNs. For example, Minh et al. [10] used a patch-based method to extract roads
from aerial imagery, incorporating a large size patch to contain more context information to improve
the accuracy. In [11], a patch-based method was used to extract roads and buildings simultaneously,
and the accuracy was higher than extracting only one type of target.

Typically, FCN-based models share a common structure that includes an encoder and a decoder.
Both the encoder and decoder are composed of a stack of convolutional layers. In the encoder,
the convolutional layers are followed by pooling operations [7] to reduce the resolution of feature maps
(the output of the convolutional layers) and increase the receptive fields of the subsequent convolutional
layer’s kernels. The final outputs of the encoder are highly discriminative feature maps but with low
resolution (e.g., 32 times smaller than the input image). The decoder uses up-sampling operations to
recover a high-resolution image from the feature maps produced by the encoder. The up-sampling
operations result in a coarse segmentation map with the same resolution of the input image. To refine
the final segmentation map, skip connections are used to connect the earlier convolutional layers
in the encoder with the convolutional layers in the decoder [9]. Skip connections can refine the
segmentation map because feature maps from the earlier decoder layers carry richer spatial location
information that compensates for some of the information losses caused by the reduction in resolution.
Consequently, the convolutional layers in the decoder have access to both the highly discriminative
feature maps of the deep layers and the feature maps with the rich location information of the
earlier layers. As a more efficient way to use CNNs, FCN-based methods were used considerably in
labeling remote sensing imagery. In [13], an FCN was used to label high-resolution aerial imagery and
outperformed the patch-based method. FCN-based methods also avoided the resolution loss caused
by the pooling operation and used dilated convolutions to enlarge the receptive field [14]. They further
improved the segmentation accuracy but increased the training time from an hour to more than a day.
In [15], dilated convolutions were also used to avoid resolution loss, and a decreasing dilation factor
strategy was used to better catch local features. In [16-18], FCN-based methods were used to label
high-resolution aerial imagery, and some modifications were tested, including different methods to
merge coarse feature maps and fine feature maps, such as concatenation and summation, and different
up-sampling methods such as unpooling and transposed convolutions.

However, FCNs with a stack of one by one connected convolution layers cannot fully make
use of all the levels of features. Features at different levels can all contribute to classifying pixels.
Nonetheless, each FCN skip connection connects only two different layers together. Considering that
high-resolution imagery must be segmented into patches for CNNs due to GPU memory limitations,
the individual patches typically include only partial buildings with only limited surrounding context.
As a result, employing multiple feature levels is particularly important when extracting buildings from
remote sensing imagery.

Another limitation is that although the feature maps of early layers carry rich spatial location
information, they are less discriminative. Thus, fusing them with the more discriminative feature
maps from the deeper layers through direct skip connections may reduce the classification accuracy.
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In this paper, we apply the recently developed fully convolutional DenseNets [19] model to
extract buildings from remote sensing imagery to achieve higher accuracy than is possible using
the common FCN approach. The fully convolutional DenseNets model is an extension of densely
connected convolutional networks (DenseNets) [20]. DenseNets introduce dense connectivity that
involves connecting each layer to all the subsequent layers. This approach reduces the information loss
through a deep network. Moreover, the dense connectivity also allows each convolutional layer to reuse
the feature maps output by the previous layers. However, the fully convolutional DenseNets model
removed many layers’ connections in the decoder because the large number of high-resolution feature
maps required too much GPU memory. This approach is counter to the idea of dense connectivity
because DenseNets are intended to employ the contributions of all the layers to achieve a result.
In addition, the skip connections transfer many less discriminative feature maps into the decoder;
removing the direct contributions of these early layers to the decoder result may further reduce
the accuracy.

We propose a novel end-to-end convolutional neural network that repeatedly reuses multiple
feature maps in both the encoder and decoder based on the idea of dense connectivity. To preserve
the full dense connectivity, we designed a new decoder that not only maintains the connections in all
layers but also reduces the computation to the point that it is executable using only a consumer-level
GPU. Our proposed MFRN network achieves high accuracy and outperforms compared common
encoder-decoder models.

Our main contributions are as follows:

1.  We use fully convolutional DenseNets to extract buildings from remote sensing imagery.
We demonstrate that dense connectivity improves the accuracy of common CNN models when
extracting buildings from remote sensing imagery.

2. We propose a full dense connectivity decoder that preserves the connections in all layers while
reducing the required computation.

3. Weapply a compression approach to regulate and aggregate information from skip connections
before entering the decoder.

4. We supply a new CNN-based model called a multiple-feature reuse network (MFRN)
for extracting buildings from remote sensing imagery that can make use of hierarchical
image features.

The remainder of the paper is organized as follows. Related works on semantic segmentation
methods in computer vision and remote sensing imagery are introduced in Section 2. In Section 3,
we describe the details of our proposed method. Section 4 presents an experiment and an analysis of
the results. The characteristics of our proposed MFRN are discussed in Section 5. Finally, Section 6
provides a conclusion.

2. Related Works

In this section, we describe previous approaches relevant to our proposed method.

2.1. CNNs

In recent years, convolutional neural networks [21] have become the most successful methods
in computer vision and have achieved high accuracy. CNNs are composed of repeated connected
convolutional layers that extract hierarchical image features [7]. The output of each convolutional
layer is called a feature map, and each feature map forms the input of the next convolutional layer.
The convolutional layer performs convolutional operations on the input feature maps using a small
kernel (usually with a size of 3 x 3 pixels). The size of the new generated feature maps is determined
by the number of kernels. Typically, convolutional layers in CNNs are followed by a nonlinear layer
and a pooling layer [7]. The rectified linear unit [22] is usually chosen as the nonlinear activation
function applied to each value in the feature maps. The pooling layer reduces the width and length of
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the feature maps by one half. Hence, the pooling layers increase the receptive field of the subsequent
convolutional layers’ kernels, allowing them to capture larger image features. Moreover, the pooling
layers also reduce the computation required when using large images. There are also many methods
for feature extraction in remote sensing data, such as the spectral-spatial methods [23], object-based
method [24], and hierarchical clustering [25]; however, CNN-based methods have an advantage of
training models to learn features from a large dataset without the need for prior criteria. In this paper,
we focus on CNN-based methods. Before the FCN was proposed, the most common method using
CNN:s for pixel-level classification was the patch-based method, which classifies pixels by analyzing
the region around each pixel. Several works have used this approach to extract man-made objects from
remote sensing imagery [10-12]. However, this method is slow because redundancy occurs due to
overlapping patches, and there is a trade-off between localization accuracy and the use of context [26].
In this paper, we build our model based on the fully convolutional network (FCN) which is a decoder
and encoder architecture with skip connections.

2.2. Decoder and Encoder Architectures

CNNs originally trained for image classification can be transferred to dense prediction tasks
such as semantic segmentation by transforming the fully connected layers at the end of the CNN into
convolutional layers, enabling a classification network to output a heat map [9]. In this way, one can
obtain a low-resolution segmentation map. Consequently, up-sampling operations are required to
recover the resolution of the segmentation map. The encoder—decoder architecture is based on this
strategy: the encoder extracts features from the input image, and the decoder produces a segmentation
map from the feature maps output by the encoder. Typically, the encoder is a CNN structure
composed of a stack of convolutional layers, non-linear layers and pooling layers, while the decoder is
composed of convolutional layers, non-linear layers and up-sampling operations. The output of each
convolutional layer in the encoder contains the features captured by kernels with differently sized
receptive fields. The decoder enlarges the feature maps extracted by the encoder to produce a final
segmentation map that has the same resolution as the input image. Many semantic segmentation
methods have been based on this encoder—decoder architecture [9,26-28]. Similar methods have been
widely used for man-made object extraction from remote sensing imagery [13,16-18,29,30].

2.3. Skip Connections

Using a decoder, one can obtain a coarse segmentation map by simply directly enlarging the
feature map of the encoder to the original size; however, the result will be poor in detail. This occurs
because the change of the feature maps’ resolution results in a loss of location information. There are
two main approaches to avoid location information loss. One approach is to use dilated convolutions
to increase the receptive field instead of using pooling layers [14]—a strategy that has been applied
to remote sensing imagery [13,15]. However, the dilated convolutions strategy is computationally
expensive. Instead, using pooling layers to reduce feature map resolution not only increases the
receptive field of subsequent convolution kernels but also reduces the amount of computation required
when processing large images. Models based on dilated convolution must perform convolutional
operations on high-resolution feature maps through the entire network, which makes such models
difficult to train.

The second approach is to use skip connections [9]. A skip connection directly connects a
convolutional layer in the encoder and a corresponding layer in the decoder. This approach is
based on the fact that the early layers in the encoder include rich pixel location information in the
skip connections. Thus, fusing the feature maps of earlier layers with the discriminative feature
maps up-sampled at the end of the encoder step can obviously refine the segmentation map.
Therefore, the skip-connections approach is widely used in encoder-decoder models [9,26,31-33].
In the remote sensing field, many encoder-decoder models have employed skip connections to improve
accuracy [16-18,34-36].
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3. Method

3.1. Overview of the Proposed Method

We propose a new encoder—decoder architecture that connects each layer with all the subsequent
layers, allowing each layer to reuse features captured by earlier layers to perform building extraction
from remote sensing imagery.

Figure 1 shows an overview of the proposed model. Inspired by DenseNets [20], the encoder
was designed to extract features at multiple levels, while the decoder was designed to aggregate the
multiple feature levels output by the different encoder layers. Both the encoder and decoder were
built from dense blocks with dense connectivity to allow the multiple features to be reused and to
reduce information loss through the network. Specifically, we propose a novel decoder that preserves
the contributions of all layers to the final result and reduces the GPU memory demand. Moreover,
we applied skip connection filters to balance the information that comes from the skip connections and
the convolutional layers’ output.

. Convolutionallayer . Dense block D Transpose down block . Compression transition

l:‘ Softmax > Concatenation ‘:I Compressionfilter

Figure 1. An illustration of the architecture of the multiple-feature reuse network (MFRN). The MFRN
is composed of an encoder and a decoder. An RGB image patch is input to the model. The purple blocks
are convolutional layers. The white block following the final convolutional layer represents a softmax
classifier. The blue blocks are dense blocks composed of a stack of densely connected convolutional
layers. The green blocks represent a transpose-down block composed of pooling layers. The orange
blocks represent the compression filters in the skip connections. The red blocks represent compression
transitions composed of a transposed convolutional layer.

In this section, we describe the major components of our proposed model, which include: (1) dense
blocks; (2) compression transitions; and (3) skip connection filters.

3.2. Dense Block

Typically, convolutional networks are composed of repeated connected convolutional layers.
Thus, a convolutional network with L layers has L connections. Each layer contains a non-linear
transformation function Hj;, where function H; usually consists of several operations such as
convolutions, rectified linear units [22], pooling and dropout [37]. We use x; to denote the output of
the I'" layer. The traditional convolutional feed-forward networks connect the output of the layer as
input to the layer, which gives rise to the following layer transition:

x; = Hy(x;1). @
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To reduce the information loss in a deep convolutional network, DenseNets reuses information
from previous layers through the idea of dense connectivity. In a DenseNet connectivity pattern,
each layer is connected to all the subsequent layers of the same size. As a result, the I*" layer receives
the feature maps produced by all the preceding layers, xg, x1, . ..., x;_1, as input:

x1 = Hy([¥0, %1, .-, x1_1)) @)

where [xg, x1, . ..., x;_1] denotes the concatenation of all the feature maps from all the preceding layers
0,...,L —1. InDenseNets, function Hj is defined as a function that comprises batch normalization [38],
ReLU, convolution and dropout.

Dense connectivity resembles the skip connections of FCNs in that it merges different feature
maps together; however, while each FCN skip connection connects one layer in the encoder with one
layer in the decoder, dense connectivity repeatedly merges the feature maps output by all the previous
layers in the network. This approach is highly conducive to making better use of the multiple features.

In our work, we use the term “dense block” to denote a set of convolutional layers connected
using dense connectivity (see Figure 2). The first layer (red block) in a dense block produces k feature
maps, where k is referred to as the growth rate. These k feature maps are concatenated with the input
and transferred to the second layer. The second layer also outputs k feature maps, which are again
concatenated with the input and the output of the previous layer. The third layer accepts all the
previous feature maps and, again, outputs k feature maps. The final output of this dense block is
a stack of feature maps that includes the input feature maps and each layer’s output feature maps.
The layer composition details are listed in Table 1.

|| Inputfeaturemaps [ | New feature maps
[ Output feature maps [l Layer

Figure 2. A dense block with three convolutional layers. The red blocks represent a layer in a
dense block.

Table 1. Layer composition in a dense block.

Layer in the Dense Block

BatchNormalization
ReLU
3 x 3 Convolution
Dropout
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3.3. Decoder with Compression Transition

In our proposed method, the encoder has an architecture similar to that of DenseNets. However,
that does not mean that a decoder with the same structure as the encoder will work well. As mentioned
earlier, each dense block outputs both new feature maps produced by its layers and the input feature
maps produced by the previous dense block. This results in a growth in the number of features
through the network. Considering the increasing resolution of feature maps in the decoder and its
concatenations with the feature maps of early layers through skip connections, the decoder would
require enormous amounts of memory due to the convolution operation on the large number of
high-resolution feature maps.

One solution to reduce the memory demand is to remove some connections in the decoder [19].
As Figure 3 shows, this approach does not concatenate the input of a dense block with its layers” output
in the decoder. Nevertheless, this approach runs counter to the DenseNets idea of preserving the direct
contributions of all layers to the final classification.

|| Input feature maps [ | New feature maps
[ Output feature maps [l Layer

Figure 3. A dense block of the decoder in fully convolutional descent. The input of this dense block is
not concatenated with the new feature maps in the final stage.

To reduce the memory demand without breaking the dense connectivity, we use a transposed
convolution layer [9] as a compression transition after each dense block in the decoder. The compression
transition receives all the feature maps produced by the previous dense block and halves the number
of feature maps. For this purpose, we allow a transposed convolutional layer following each dense
block in the decoder to generate g x m output feature maps, where m is the number of feature maps
produced by the dense block, and 0 < g < 1 is the compression factor. When g = 1, the number of
feature maps remains unchanged. This approach is illustrated in Figure 4. The red block received
N feature maps and output N/2 new feature maps. We set g = 0.5 as the compression factor in our
experiments. Every step in the decoder consists of a dense block followed by a 2 x 2 transposed
convolution with a stride of 2 x 2 and a concatenation with the corresponding feature maps from
the encoder. The main idea is that we allow the transposed convolution to reduce the number of
feature maps while increasing the resolution of feature maps at each step to avoid a large number of
high-resolution feature maps in the late stage of the decoder path.
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! M feature maps

' Compression filter of skip

connection
Input M/2 feature maps
Output N/2 feature maps N feature maps

Concatenation Compression transition

Figure 4. An illustration of our proposed compression filter in skip connections and the compression
transition in the decoder. The orange block represents the compression filter in the skip connection,
and the red block refers to the compression transition in the decoder.

3.4. Skip Connection Filter

Although compressing the transposed convolutional layer is effective in reducing the number of
feature maps, another problem exists. The authors of [31,32] noted that the high-resolution feature
maps with rich spatial location information in the early layers are less discriminative; consequently,
directly passing them to the decoder through skip connections may add ambiguity to the final result.
Thus, since we use a compression transition following each dense block in the decoder, the subsequent
dense block receives a concatenation, including all the less discriminative feature maps from the
skip connection and a compressed number of high discriminative feature maps generated by the
previous block. To prevent the “where” location information from weakening the “what” classification
information, we propose a skip connection filter, which is an additional convolutional layer with
3 x 3 convolution kernels that compress the feature maps from the skip connections. This additional
convolutional layer receives all the feature maps from a dense block in the encoder and outputs
new feature maps with half the number of the input. As a result, both feature maps from the skip
connections and the previous dense block are compressed before passing to the next dense block in
the decoder. In addition, this skip connection filter further aggregates the feature maps from different
layers of the corresponding dense block in the encoder. The skip connection filter is illustrated in
Figure 4. The skip compression filter compresses the M feature maps coming from the encoder through
the skip connection by one half, and the newly generated M/2 feature maps are passed to the decoder.
In our experiment, all connection filters and compression transitions share the same compression
factor. Moreover, we conducted experiments to compare the performance of our models using different
compression factors.

3.5. Implementation Details

The MFRN used in our experiment has 11 dense blocks that include 56 convolutional layers in the
encoder and decoder. The structure of the proposed method is detailed in Figure 5. Before entering the
first dense block, a convolutional layer with 48 3 x 3 kernels is applied to generate the initial feature
maps. For all convolutional layers with 3 x 3 kernels, the outputs are zero-padded by one pixel to
maintain a consistent feature map size for concatenations with other feature maps. In the encoder,
we use a transpose-down block that includes a convolutional layer and a 2 x 2 average pooling layer.
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Conversely, in the decoder, we use a transpose-up block that includes a 2 x 2 transposed convolutional
layer. At the end of the network, a convolutional layer with a softmax classifier [39] is used to output
the final prediction. The number of feature maps generated by each convolutional layer in the dense
block is set as 12. It can be found that the number of feature maps is compressed by skip connection
filters and compression transitions repeatedly in the decoder.

Softmax
3 X 3 Convolutional
Input3 Output48 1 X 1 Convolutional
Input 187 Output2

Skip connectionfilter
7| Input72 Output36

Concatenation 163

Skip connectionfilter

R B Concatenation207

Skip connection filter

Input 168 Output 84 Concatenation246

Skip connection filter

R B Concatenation276

Skip connectionfilter

" [HaRtE2ce Qutputi=2 Concatenation288

Figure 5. Structural details of an MFRN with 56 convolutional layers. The number of input feature

TR

>
>

maps and output feature maps is listed in each block.
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3.6. Post Processing

CNNs can typically address only a small patch of the input image at any given time (e.g., 224 x 224
due to GPU memory limitations). To obtain a segmentation map that has the same size as the original
high-resolution remote sensing imagery, the segmented patches must be combined. However, simply
cropping patches from the imagery one after the other for building extraction and combining them
will result in obvious stitching traces. These traces occur because the margins of the patches cropped
from the remote sensing imagery usually include limited context information. Moreover, the padding
operations add noise to the feature maps. These factors could result in misclassifications at patch
margins. To solve this problem, we cropped patches from the imagery using a sliding cutting approach
and use only the internal region of each segmented patch for the final combination. The margin
of each patch with the potential for misclassification is covered by overlapping the sliding cutting
operation. In our experiments, we used an overlap of 80 pixels. This approach is displayed in Figure 6.
Each time a patch is segmented by the model, we keep only the interior yellow region, and the margin
is abandoned. The overlapping part of two patches in the purple rectangle covers the margin in orange
that we do not want, and the yellow region of two patches can then be combined coherently.

(a) (b)

Figure 6. (a) The figure shows two patches (green dotted line and red dotted line) that overlap.
The internal yellow regions are coherent. The overlap of the two patches is covered in the purple
rectangle. (b) The figure shows how the orange margin with the potential for misclassification is
covered by the overlap of the two patches. The overlapped part of each patch in the purple rectangle
contains the margin in orange. Since we keep only the yellow region of each segmented patch, the
orange margin is abandoned.

4. Experiment

4.1. Datasets

We evaluated our method on the Massachusetts Building Dataset created by Mnih [12].
The Massachusetts Building Dataset is a large remote sensing dataset composed of 1 m spatial
resolution RGB aerial imagery at a resolution of 1500 x 1500 pixels. The dataset contains 151 images
totally and was randomly split into a training set of 137 images, a test set of 10 images and a validation
set of 4 images. We cropped the images into 320 x 320 patches and added images rotated by 90 degrees
for data augmentation. In total, the training set includes 12,020 patches. We followed [20] and divided
the pixel values by 255 so that they are in the [0,1] range. We used the test set for evaluation.

4.2. Training

In these experiments, we implemented all the models using the Keras framework [40].
We initialized our models using glorot_uniform [41] and trained them using Adam [42] with the
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initial learning rate of 0.001 chosen in [42]. Adam is a simple and computationally efficient adaptive
method that computes individual adaptive learning rates for different parameters from estimates of
first and second moments of the gradient. With the advantages of Adam, we could train all the models
in our experiments efficiently without tuning the parameters, including the learning rate, the amount
of momentum, and the type and amount of weight decay. All models were trained on the same dataset
with the same augmentation. We trained all models for 50 epochs using a mini-batch size of 4 to make
full use of the GPU memory. The dropout rate for all dropout layers was set to 0.2, which was chosen
in [20]; the number of the growth rate was set to 12 following [19]; and the compression factor for skip
connection filters and compression transition was set to 0.5. We also conducted experiments using
different compression factors to analyze the compression factor’s influence on the result. The GPU
used to train all the models was a GTX 1080 Ti.

4.3. Metrics

As the metrics to assess our method’s ability to classify buildings, we used overall accuracy, which
is the percentage of correctly classified pixels, and the Fl1-score (F1). The Fl-score is defined as follows:
2 x Precision X Recall TP +TN P

Fl = = ecision T Recall L6980 = 5 mpr in r 1N’ R = 5 1N

®)

where TP denotes true positive values, TN denotes true negative values, FP denotes false positive
values, and FN denotes false negative values.

4.4. Results and Analysis

We implemented FCN-8s models following [9], a U-Net with 32, 64, 128, 256 and 512 channels
in each stage following [26], and a 56-layer fully convolutional DenseNet following [19]. For our
MEFRN, the compression factor was set to 0.5. Considering that the compression in the decoder and
skip connections is the most important modification we made, we kept the parameters chosen by the
fully convolutional DenseNets as much as possible and compared the performance of our method
using different compression factors. Hence, we conducted experiments using a compression factor of
0.4 and 0.3 to make comparisons. Next, we trained an MFRN with 56 layers and an MFRN with no
skip connection filters (to do this, we had to remove 2 layers in the 2nd and 10th dense blocks due to
GPU memory limitations). We also trained a “short version” MFRN with only 47 layers to evaluate
our method’s performances with different network depths. Some segmented patches are shown in
Figure 7. In Table 2, we report the results of the trained models, the number of parameters and the time
cost for training each 4-image patch, and Figure 8§ illustrates the final images with buildings labeled by
the MFRN.
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Image Ground truth FCN-8s U-Net FC-DenseNet56 MERN

Figure 7. Segmented patches from FCN-8s, U-Net, fully convolutional DenseNets and MFRN.
The white color in the segmented patches represents pixels belonging to buildings.
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Table 2. Comparison results of different models.

Metric Parameters Time for Each Batch Overall Accuracy F1
FCN8 134.27 million 851 ms 93.27% 81.38%
U-Net 7.7 million 790 ms 93.63% 81.93%
FC-DenseNet56 3.49 million 775 ms 93.84% 83.54%
MFRN with compression factor 0.3 1.57 million 752 ms 93.88% 82.38%
MERN with compression factor 0.4 2.07 million 746 ms 94.36% 84.45%
MFRN with compression factor 0.5 2.81 million 792 ms 94.51% 85.01%
MFRN with no filters 2.70 million 780 ms 94.20% 83.29%
Short MFRN with compression factor 0.5 1.87 million 785 ms 93.68% 82.06%

Image Ground Truth Buildings labeled by MFRN

Figure 8. An illustration of a 3 x 3 image, the corresponding building labels and the final processed
image with buildings labeled by the MFRN.

4.4.1. Comparison between MFRN and Other Models

The MFRN outperformed the common one-by-one connected CNN model structure FCN8 and
U-Net by 3.63% and 3.08% in the F1 score, respectively. Meanwhile, our 56-layer MFRN with a
compression factor of 0.5 exceeded the FC-DenseNet56 by 1.47% in the F1 score. In addition, our MFRN
has a much smaller model size (parameter number) than the compared methods. Figure 7 shows
that U-Net achieves a better performance than FCN-8s when extracting crowded small buildings,
but its performance is less complete at extracting large buildings. FC-DenseNet56 has a more
balanced performance in extracting both crowded small buildings and large buildings, but obvious
misclassifications exist. Our MFRN produced a more refined and complete extraction and achieved
a higher score for both crowded small buildings and large buildings. This finding suggests that the
dense connectivity can significantly improve the performance of an FCN-based method. Models can
achieve a better performance when extracting both small and crowded buildings and large buildings
due to the reuse of multiple features in dense connectivity. Moreover, the experiments show that our
method can make good use of dense connectivity while compressing the model size significantly.

4.4.2. Comparison between MFRNs with Different Parameters and Structures

The experiment of MFRNs with different compression factors shows that there is a trend that
MEFRN achieves a higher performance with the compression factors. We attribute this performance
primarily to the growth in model capacity. We further analyzed it using SPSS V.17 (SPSS Inc., Chicago,
IL, USA). The compression factor and the models” performance on the test sets in the F1-score were
analyzed by one-way ANOVA and least-significant difference tests. A probability level of p < 0.05 was
set as the threshold of statistical significance. The analyses are shown in Tables 3-5.
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Table 3. Descriptive statistics.

95% Confidence Interval for Mean

N Mean Std. Deviation Std. Error Lower Bound Upper Bound

0.3 10 0.821610 0.0093475 0.0029560 0.814923 0.828297
0.4 10 0.838430 0.0110515 0.0034948 0.830524 0.846336
0.5 10 0.842170 0.0138517 0.0043803 0.832261 0.852079
Total 30 0.834070 0.0143972 0.0026286 0.828694 0.839446

Table 4. ANOVA.

Sum of Squares df  Mean Square F sig
Between 0.002 2 0.001 8964  0.001
Groups
Within Groups 0.004 27 0.000
Total 0.006 29
Table 5. Multiple comparisons.
1) ) 95% Confidence Interval
Compression Compression  \fean Difference . Lower Upper
Factor Factor (1)) Std. Error Sig. Bound Bound
03 0.4 —0.0168200 * 0.0051729 0.003  —0.027434  —0.006206
’ 0.5 —0.0205600 * 0.0051729 0.000 —0.031174  —0.009946
04 0.3 0.0168200 * 0.0051729 0.003 0.006206 0.027434
’ 0.5 —0.0037400 0.0051729 0.476  —0.014354 0.006874
05 0.3 0.0205600 * 0.0051729 0.000 0.009946 0.031174
’ 0.4 0.0037400 0.0051729 0.476  —0.006874 0.014354

* The mean difference is significant at the 0.05 level.

The compression factor significantly influenced the performance of MFRN (one-way ANOVA,
p < 0.05). The group with compression factors of 0.4 and 0.5 showed a significant increase in the result
compared with the group with the compression factor of 0.3. In addition, there was no significant
increase in the result of the group with the compression factor of 0.5 compared to group with the
compression factor of 0.4. This suggests that the compression transition and skip connection filters
can help to make use of dense connectivity in building FCN models while controlling the model
size to make full use of the GPU memory. When we compress the number of feature maps too
much, the model capacity will be too small to achieve a high performance. However, increasing the
compression factor from 0.4 to 0.5 did not obtain a significant increase in performance while increasing
the model capacity and GPU memory demand. Therefore, we did not further increase the compression
factor to conduct experiments.

The performance differences between the MFRN and the MFRN without compression filters in
the skip connections showed that the skip connection filters help improve the model’s accuracy. When
we implemented an MFRN without the compression filters, the GPU memory demand increased,
and we had to remove two layers in the 2nd and 10th dense blocks, which suggests that adding
the compression filter to the skip connections also effectively reduces the number of computations
required. In addition, our MFRN showed a possible performance improvement as the depth increased.
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5. Discussion

5.1. Model Size

As stated above, the DenseNets architecture is more compact than that of most other CNNs
due to its feature reuse [20]. Consequently, MFRN and FC-DenseNet56 (which are both based on
dense connectivity) have many fewer parameters than do the compared FCN-8s and U-Net models.
For example, our proposed 56-layer MFRN has 2.8 million trainable parameters while the FCN-8s has
134 million trainable parameters. This is because most existing methods based on encoder-decoder
structures such as FCN-8 and U-Net generally use a growing number of kernels in the convolutional
layers to extract increasingly high-level features (e.g., 256, 512). In contrast, dense connectivity uses a
small number called the growth rate (e.g., 12 or 16), and each layer outputs the same number of feature
maps. This strategy enables a narrow and parameter-efficient model. To reduce the GPU memory
demand without removing the connections between some layers, we apply compression in the transfer
layer to control the number of feature maps, which further improves network compactness.

5.2. Reuse of Multiple Features

In common encoder—decoder structures, a merge of the feature maps from different layers occurs
only between a layer in the decoder and the corresponding layer in the encoder through a skip
connection. The MFRN has basic encoder/decoder sections that resemble U-Net but are characterized
by dense connectivity between the different layers. Therefore, the multiple image features captured
by each layer are reused by each subsequent layer. Compared with the two-layers fusion approach
commonly used in encoder—decoder structures, MFRN strongly encourages the use of multiple image
features captured by the different layers.

We found that, when the skip connections transferred large numbers of feature maps from the
encoder (more than the number of discriminative feature maps generated by the dense block in the
decoder), the classification accuracy is influenced. The compression mechanisms in both the skip
connections and the decoder in our model help to balance the information from the skip connections
with the information from the dense blocks in the decoder. Moreover, our approach also reduces the
GPU memory requirements in the decoder.

5.3. Overlapped Sliding Cutting

We applied an overlapped sliding cutting approach to avoid the potential for misclassifications in
patch margins. Using this approach, the margins of the segmented patches are covered by the overlap
between patches. We found that this strategy effectively reduces the stitching traces. It is worth noting
that the size of the overlap between patches also influences the accuracy slightly. In our experiments,
we found that an overlap of 80 pixels produces a better result. However, this number may not be the
best choice for other datasets due to differences in the appearances of the extraction targets. When
applying this approach to a new dataset, further exploration of the optimal overlap size is necessary.

6. Conclusions

In this paper, we demonstrate how dense connectivity can improve the accuracy of common encoder—
decoder architectures when extracting buildings from remote sensing imagery. These improvements
occur because each convolutional layer in a dense block has direct access to multiple levels of image
features captured by previous layers. Moreover, this is a more parameter-efficient approach.

We designed a new decoder with compression layers to preserve the contributions of all layers
to the final result while reducing the GPU memory requirements. We also introduced compression
layers to regulate and aggregate the spatial location information from the skip connections to preserve
the classification information in the decoder. Finally, we proposed a new encoder-decoder structure
(MFRN) to extract buildings from remote sensing imagery.
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In our experiments, our method achieved a higher accuracy on a large real-world remote sensing
dataset than did the compared common encoder-decoder structure and fully convolutional DenseNets.
It is worth noting that our experiment used only a single consumer-level GPU to train a 56-layer
network. It is possible that a deeper MFRN with additional hyperparameter exploration could improve
the performance. Nevertheless, our method achieved a high-accuracy result without pre-trained
weights (94.5% overall accuracy). Further improvement may be achieved with a more appropriate
initialization or by using pre-trained weights.

The training labels of the dataset in our experiment stem from common GIS data, which means
there are many other training samples created by humans available to train CNN-based methods
for building extraction tasks. With a larger number of training samples and further exploration
of network depth and hyperparameters, we believe MFRN can facilitate many remote sensing
imagery applications.
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