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Abstract: This study introduces a software-based traffic congestion monitoring system. The transportation
system controls the traffic between cities all over the world. Traffic congestion happens not only in cities,
but also on highways and other places. The current transportation system is not satisfactory in the area
without monitoring. In order to improve the limitations of the current traffic system in obtaining
road data and expand its visual range, the system uses remote sensing data as the data source for
judging congestion. Since some remote sensing data needs to be kept confidential, this is a problem
to be solved to effectively protect the safety of remote sensing data during the deep learning training
process. Compared with the general deep learning training method, this study provides a federated
learning method to identify vehicle targets in remote sensing images to solve the problem of data
privacy in the training process of remote sensing data. The experiment takes the remote sensing
image data sets of Los Angeles Road and Washington Road as samples for training, and the training
results can achieve an accuracy of about 85%, and the estimated processing time of each image can be
as low as 0.047 s. In the final experimental results, the system can automatically identify the vehicle
targets in the remote sensing images to achieve the purpose of detecting congestion.

Keywords: federated learning; remote sensing; transportation system; traffic congestion monitoring
system; PaddlePaddle

1. Introduction

With the increasing number of vehicles, traffic congestion is inevitable. Traffic congestion consumes
time, wastes energy, and causes air pollution. According to the global Traffic Scorecard 2019 [1],
in Boston, the most congested city in America, the average commuter spends 149 h a year stuck
in traffic, costing each driver $2205. With the continuous improvement of the road traffic system,
traffic congestion occurs not only in cities, but also on some highways and township roads without
monitoring systems. In addition, the traffic situation changes rapidly, and other factors such as bad
weather, construction projects, and road traffic accidents often cause traffic congestion [2]. There are
some unexpected factors which make it difficult for the existing traffic system to find traffic problems
in time.

In order to achieve the extensive monitoring of traffic congestion, sporadic areas cannot be missed
and traffic congestion caused by emergencies can be discovered in time. We use remote sensing data as
the data source of this system. Remote sensing uses the earth satellites and some near-ground aircrafts
to realize the real-time monitoring of the state of the earth’s surface. With the continuous improvement
of remote sensing data accuracy, it is more convenient for people to analyze the real-time state of some
places on the earth surface from the remote sensing data. For example, Google maps provide us with
navigation services using remote sensing satellite data. Remote sensing data can be obtained in real
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time [3]. Aerial photography—the real-time image captured by the Unmanned Aerial Vehicle—is a
kind of real-time remote sensing data. We can also obtain real-time remote sensing data from satellites’
remote sensing.

Due to the privacy of some remote sensing data sources, how to ensure their data security during
deep learning training is a crucial issue. This system introduces a method of federated learning so that
when multiple training nodes form a training model at the same time, they cannot obtain the training
data sources of other data and the server node cannot infer its data source from the model provided by
the training node, in order to achieve the purpose of protecting remote sensing source data.

Even with remote sensing data and federated learning, designing such a real-time traffic monitoring
system is still very challenging. Technical difficulties are mainly in the following four areas.

1.  The high-resolution remote sensing data are classified—they cannot be processed using the usual
deep learning methods which may lead to data leakage, and data privacy is one of the major
concerns of this system.

2. There are many causes of road traffic congestion such as traffic accidents, traffic control, and some
emergencies, which lead to difficulties in determining current traffic situations.

3. How to select appropriate remote sensing images as training samples is another problem. Remote
sensing images need to cover road areas and make the vehicle targets clear enough.

4. Choosing a suitable neural network model based on the characteristics of targets in remote
sensing images is also a problem.

In order to resolve these challenges, we have taken a series of measures in our system; this is also
the main contribution of this study.

1. This system uses remote sensing data as a data source for congestion analysis, which solves the
problem of the inadequate coverage of the traffic monitoring system.

2. Due to the huge amount of data processing, the system uses the MobileNet convolutional neural
network to solve the problem that each picture needs to have multiple targets that need to
be detected.

3. The system proposes federated learning on the basis of deep learning to solve the data protection
problem, which is an implicit but high-risk problem. The node data model generated by federated
learning solves the problems of the inaccurate training results of single-node remote sensing data
and slow training speed.

The rest of the study is as follows. The related work and research comparison and analysis of traffic
congestion monitoring based on remote sensing data and federated learning methods are presented in
Section 2. Section 3 analyzes the necessary methods for implementing this system. Section 4 carries
out simulation experiments based on the method and conducts control experiments to determine the
optimal method. Section 5 describes related experimental results and improved methods for different
data sources, as well as congestion monitoring methods and some conclusions and suggestions for
future research. The final conclusion and future research directions of this study will be discussed
in Section 6.

2. Related Work

The studies related to the traffic congestion monitoring system based on remote sensing data and
federated learning have two main parts. These are the use of target detection and the applications
of deep learning in remote sensing data, and other methods of implementing traffic congestion
monitoring systems.

2.1. Application of Target Detection and Deep Learning in Remote Sensing

The realization method of this research is to realize the target detection on the remote sensing data.
In the study of Zambanini S. et al. [4], a parking space detection method based on high-resolution stereo



Information 2020, 11, 365 3 0of 23

satellite images was proposed. This method can infer the movement of cars through time intervals.
In the research of Rheinhardt Scholtz et al. [5], middle-resolution remote sensing images were used to
detect wildfires. These researches provided the possibility to realize vehicle target recognition based on
remote sensing data to monitor traffic congestion. There are many applications of deep learning and
neural networks in the field of remote sensing data. David j.lary’s team summarized the application
of machine learning in geosciences and remote sensing [6]. Charlotte Pelletier’s team researched
the robustness of random forests on remote sensing images [7]. Hugo Boulze et al. [8] proposed
an algorithm to classify features in remote sensing images using convolutional neural networks.
Daniel Laumer’s team used deep learning based on Google street-view to realize the detection of
border trees in order to achieve city beautification [9]. Jie Chen’s team used a convolutional neural
network to realize the classification of remote sensing data [10]. Haikel Alhichri’s team proposed a new
convolutional neural network to adapt to deep learning in remote sensing images [11]. Some machine
learning techniques, such as support vector machines, are used in remote sensing data classification.
These machine learning algorithms together form a new generation of remote sensing data processing
software—the Environment for Visualizing Images (ENVI) [12].

2.2. Implemented Traffic Congestion Monitoring

The current traffic congestion monitoring system mainly relies on a video monitoring system and
a Global Position System. Wang. H [13] and Zhang X. [14] proposed a traffic congestion identification
method based on a road monitoring system, similar to Chen. YZ [15] also proposed an OBD-based
traffic congestion operation monitoring and optimization technology for urban road intersections;
it can be concluded that this is one of the most commonly used methods. Shenzhen institute of
advanced technology [16] proposed a congestion recognition technology based on a GPS positioning
system which determines the congestion situation by measuring the vehicle speed through on-board
GPS positioning.

There are far more ways to monitor traffic congestion. Similarly, the research by Rijurekha Sen et al. [17]
also considered how to conduct congestion monitoring in areas where the traffic monitoring system is
underdeveloped. They proposed an acoustic-based monitoring model to detect congestion. In order to
reduce the expenses caused by half of the monitoring system and facilitate data processing, P. Chen et al. [18]
proposed a method based on social software Twitter tweets to determine the congestion status in the
vicinity through text analysis. E. del Arco et al. [19] proposed the establishment of a sensor network to
detect the vehicle speed and position information to monitor congestion. Koushik Mandal et al. [20]
have proposed a complete system for road congestion monitoring, which mainly used active RFID and
GSM technology and used probe vehicles for data acquisition and monitoring. For the congestion
monitoring of high-speed road sections, A. Ober-Sundermeier et al. [21] also proposed a method to
provide traffic information to users based on existing models.

The above road congestion monitoring technologies can be roughly divided into two directions:
one is based on advanced hardware-assisted monitoring, and the other is based on existing software
for analysis to determine congestion. However, these methods still have some shortcomings in
some aspects.

1.  The traffic congestion monitoring system implemented by hardware is mainly due to the high cost
of hardware [13,15,19,20], and it is difficult to cover the vast economically underdeveloped areas,
resulting in a limited monitoring range. Take the most commonly used road video surveillance
system [13] as an example—even if there are multiple cameras at an intersection, each camera has
a limited view and a limited visual distance. If the views of multiple cameras are spliced together,
the results are not necessarily continuous. Therefore, the deployment of video surveillance
systems in real life often fails to achieve ideal results, and there will always be blind corners.

2. For software implementation methods based on sound [17], social software [18], and the most
widely used GPS [16], the shortcomings are that the accuracy is not high, the coverage is not very
comprehensive, and the monitoring results are constrained by the software system used.
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The remote sensing data set used in this research has the characteristics of wide coverage and
easy access, and is based on the application of deep learning described in research [6,7,9-11] in remote
sensing, combined with an existing research [4,5,8] target detection algorithm. The availability of
remote sensing images has related improvements to the above-mentioned traffic monitoring methods.

1. Compared with the congestion monitoring algorithm implemented by software, the study
highlights the characteristics of the wide coverage of remote sensing data and high accuracy of
the target detection algorithm.

2. Compared with the hardware implementation method, the study only uses remote sensing
images, and the cost is much lower than that of the hardware equipment.

3. Compared with the general deep learning methods based on remote sensing images, the study
highlights the use of federated learning to solve the data security problem of remote sensing
data training.

3. Methods

3.1. Geographic Information System for Transportation

The traffic congestion monitoring system is a traffic geographic information analysis processing
system. This system uses remote sensing data as the data source, so it is closely linked with the
geographic information system (GIS). The functions of GIS in planning traffic and transportation belong
to the Geographic Information System for Transportation (GIS-T) [22]. The realization of the GIS-T
simulation and the improvement based on data security are the main realization ideas of this study.

In fact, GIS-T is presented in the form of a spatial information database which stores the traffic
information and traffic status of various places and can provide convenience for urban planning
and traffic management through the stored information. Inspired by GIS-T, our traffic congestion
management system uses remote sensing data which are one of the GIS-T data sources as the data
processing object; it firstly selects the appropriate convolutional neural network to construct the target
detection algorithm, and then uses the federated learning method for synchronous training to obtain
the prediction model. The whole process of data processing shown in Figure 1 is that the satellites
provides data to GIS-T, and then GIS-T provides original data to the traffic congestion monitoring
system. After the models are calculated by the system, they are sent to GIS-T again, and then GIS-T
provides services to customers.

__Pr ocessed 7P1‘0V.1de .
% m odels . service ;
Traffic Congestion Monitoring System GIS-T Client

Figure 1. The data processing flow between Geographic Information System for Transportation (GIS-T)
and the traffic congestion monitoring system.
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3.2. Convolutional Neural Network

The traffic congestion monitoring system based on remote sensing data essentially still requires
vehicle target recognition in remote sensing images. Obviously, we need to use the relevant processing
methods of computer vision. Therefore, it is necessary to first find a suitable neural network. The neural
network needs to be able to be used in picture classification and recognition algorithms, and has the
characteristics of being suitable for processing a large number of pictures, processing pictures with a
high speed and high precision.

A convolutional neural network (CNN) [23] is a neural network which is centered on convolution
computation and imitates human visual perception through repeated convolution and pooling and is
fully connected. In 2020, the latest study, CNN is also often used as the foundation network for complex
images recognition and constantly optimized face recognition [24]. For general large-scale image
classification, CNN is appropriate to extract the discriminant features of the images by convolutional
kernel to achieve the purpose of image recognition.

Due to the processing characteristics of CNN in computer vision, we chose this algorithm for
image target recognition in remote sensing data, because the detection target vehicle is only a small
part of the remote sensing image. Therefore, the target detection algorithm should be added in the
detection process. This requires that the selected neural network be concise and universal. In addition,
due to the large amount of data calculation, the selected neural network needs to have a fast calculation
speed. Thus, we use the MobileNet network, which is a kind of convolution neural network, as the
basis for constructing the target detection algorithm.

The MobileNet [25] convolutional neural network is optimized on standard CNN. The MobileNet
network splits the standard convolution into Depthwise and pointwise convolution. If a standard
convolutional layer requires a 3 X 3 convolutional kernel of 64 channels, the convolutional layer
of MobileNet needs only a 3 x 3 Depthwise convolutional kernel of one channel and a pointwise
convolutional kernel of 64 channels, as shown in Figure 2.

3*3 Depthwise
Conv

BN
3*3 Conv T

ReLU

BN P —

1*1 Pointwise
| Conv

ReLU |
BN

I
ReLU

Figure 2. Variation of standard convolution compared to MobileNet convolution.

Specifically, we can see the convolutional processing of a standard CNN from Figure 3. On the
other hand, we can see the Depthwise convolution from Figure 4 and Pointwise convolution from
Figure 5. The MobileNet network combines the Depthwise and Pointwise convolution to reduce the
number of arguments entered, so there is less calculated amount at per channel.
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Figure 3. Variation of standard convolution compared to MobileNet convolution.
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Figure 4. Variation of standard convolution compared to MobileNet convolution.
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Figure 5. Variation of standard convolution compared to MobileNet convolution.

As a result, the MobileNet network has less computation and model parameters. This greatly
improves the calculation speed and does not impact the result of inference. Thus, the MobileNet
network is just what system needs.

3.3. Single Shot Multibox Detector

In the traffic congestion monitoring system, it is necessary to know the number of vehicles
on the current road, so the detection of vehicle targets in remote sensing images is the basis of the
system. In order to realize the target detection function in the images, we need to use the target
detection algorithm.

Due to the wide coverage of remote sensing images and the large number of vehicle targets in the
images, it is still necessary to select an algorithm that is simple to operate and has a fast processing
speed when selecting an object detection algorithm.

The target detection algorithms are mainly divided into two types: two-stage and one-stage
methods. The main idea of the two-stage method is to generate a series of candidate boxes by a
selective search algorithm or CNN, and then classify and perform a regression on these candidate boxes.
The advantage of the two-stage method is its high accuracy. The main idea of the one-stage method is
to evenly sample at different positions of the image. In the sampling process, it uses different scales and
aspect ratios. After that, features can be extracted by CNN network and then directly classified and
regressed, like You Only Look Once (YOLO) and Single Shot Multibox Detector (SSD) [26]. According
to our needs, for a faster calculation, the one-stage method is more suitable. Next, compared with
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YOLO, the SSD uses a CNN to detect directly, rather than after the fully connected layer as YOLO does.
The structure of the SSD algorithm is more clear and concise. As a result, we chose the SSD as the
target detection algorithm in this system.

The SSD (Figure 6) is based on a feed-forward convolutional network which generates a set
of bounding boxes of fixed size. According to the previous analysis results, we use MobileNet as
its feed-forward neural network. In the process of calculation, the size of the prior box has a great
influence on the prediction results. For each prior box, the algorithm calculates two eigenvalues—the
confidence coefficient and the boundary position—and selects the optimal prior box according to these
two eigenvalues to generate the bounding box. From Figure 6, we can see that the MobileNet network
retains the convolution part, with the original pooling and fully connected layers removed. In the SSD
section, we use six feature plots of different scales to extract the features.
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Multibox Detector (SSD)

Depthwise Separable Standard Convolution
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Figure 6. The network architecture of the MobileNet Single Shot Multibox Detector (SSD).

3.4. Federated Learning

Based on the previous deep learning studies on remote sensing data, the obvious problem is that
the differences in remote sensing data and the other different data in data security are not taken into
account during the training process. The source of the remote sensing data are the satellites of different
countries, and their images sometimes involve state secrets, so it is important to ensure that the remote
sensing data is not leaked during the deep learning process.

Federated learning [27] is the main innovation introduced in this system and is also the main
contribution of the experiment. This was put forward by Google in 2016, and then Google developed a
federated learning framework called TensorFlow Federated (TFF) [28] based on Tensorflow. Its design
goal is to carry out efficient machine learning on the premise to protect information security and
personal data privacy in a multi-user big data exchange.

The essence of federated learning is the ability to conduct collaborative training without sharing
private data. Federated learning does not aggregate the data needed for model training to centralize
compute, but distributes the computation of machine learning to the database of the participating
parties for distributed computation. In order to coordinate the nodes of each distributed computation,
the model needs to be passed, but the model alone cannot pushed back the source data. No original
data is transmitted throughout the whole model training process, thus protecting the privacy of the
data owners.

Thus, the advantages of federated learning are significant. Firstly, federated learning isolates
the data so that the data will not be disclosed to the outside world, so as to meet the user’s privacy
protection and data security needs. Secondly, federated learning can ensure that the quality of the
model is lossless. The federated model synthesizes all the fragmented independent models, so the
federated model is better than the fragmented independent model. Third, the participants have equal
status while cooperating. Finally, federated learning allows the participants to maintain independent
training and speculation while passing the model parameters.
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From the above discussion, it can be concluded that remote sensing data is particularly suitable
for processing by federated learning. It can be seen from the related work that most remote sensing
data can cover large areas, but it is protected. Privacy data may be leaked when commercial companies
are involved in the remote sensing data that need to be used to make traffic congestion systems.
Thus, in order to protect remote sensing data sources, we need to enable commercial companies to
predict traffic congestion without the need for raw data.

Traffic congestion monitoring systems need to be jointly implemented by a number of satellites
and traffic management departments around the world. In federated learning, we make a traffic
management department the server node to analyze and forward the model, and we make each satellite
a node to participate in the training, in which the satellite data is confidential. The satellites train the
remote sensing data into a model and send it to the traffic management department, which forwards
the models of each satellite to each other and integrates them for prediction. Because the data sets of
each satellite overlap a lot, the system adopts horizontal federated learning. This allows the traffic
management department to predict traffic congestion without access to the raw data, and thus does
not lead to remote-sensing data leaks. Traffic management department can combine the satellites’ data
to make the predictions more accurate.

However, in this case access to satellite data is limited. We had to install a calculator on the
satellite to train the model, which was hard to do. However, we can use the receiver of remote sensing
data as the node of training data, and we need to guarantee the confidentiality of the data on these
nodes in the first place. Due to the addition of new nodes, when these training nodes transmit data to
server nodes the model is easily intercepted, resulting in data model leakage.

Therefore, we optimized the federated learning framework and added an asymmetric encryption
algorithm in the data transmission process. The server node distributes its public key to the data
training nodes before receiving the data. The data training nodes encrypt the model that needs to
be transmitted with the public key of the server node. The data training nodes then transmit the
encrypted model to the server node. This ensures that only the server node can use its private key to
decrypt the models sent from the various data training nodes; it then combines the data of each data
training node and sends to them with the same encryption principle to update their existing models.

Through the secret algorithm, we can send satellite data to specific training nodes for processing
and ensure that the data transmission between nodes is safe. Improved federated learning makes
data processing easier, reduces the burden on satellites, increases the processing speed in practice,
and ensures data transmission security. Improvements have made the system easier to use between
satellites and traffic management.

The entire improved federated learning processing is shown in Figure 7. As shown in the figure,
satellites transmit data to their corresponding data training nodes respectively, and these nodes do
not transmit private data to each other. The training nodes train their respective models and encrypt
them to the service nodes with the public key. The service node is responsible for updating the models,
sending back to the training nodes, and forming the final federated learning model. However, in our
single-machine simulation experiment, we did not add encryption algorithm to the experiment because
there was no data leakage during data transmission.
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Figure 7. The federated learning processing.

3.5. Long Short-Term Memory Neural Network

Due to the limitation of data acquisition, for the realization of the traffic congestion monitoring
system, our data source selects remote sensing images. However, the analysis of a single picture often
fails to grasp the real-time traffic flow. With the development of remote sensing technology, remote
sensing data is no longer limited to image presentation. In many scenarios, dynamic, video-based
remote sensing data is applied to actual data analysis. In order to grasp the dynamic traffic flow and
judge the real-time road status, we can use the dynamic remote sensing data as the data source for
processing. This is also the main research direction of this research in the future.

The model of the SSD algorithm based on a convolutional neural network is discrete. There is no
necessary relation between the output features—that is, the output features of each frame correspond
to the corresponding output model. In order to connect the model of each frame and make the model
of the previous frame influence the model of the following frame in the target detection based on a
video stream, we can introduce the recurrent neural network based on CNN.

Recurrent Neural Network (RNN) [29] is the existing network structure to carry out cyclic
calculation. The general neural network is only related to the input value, while the input value of each
loop of RNN includes the result of the last loop and the data to be processed. In this way, the results of
each cycle will have an impact on the results of the next cycle, rather than being isolated from each
calculation. According to the structure of the cyclic neural network shown in Figure 8, we can see that
it is very suitable for the target detection algorithm based on the video stream.
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Figure 8. The structure of the Recurrent Neural Network (RNN).

However, as the length of the video stream grows, the previous video frames have less and less
impact on the final result. For example, in the structure of Figure 8, after the input of the huge video
frames, the impact of Input 1—the earliest input video frame—on the final Output n cannot be shown.

To solve this problem, we can use a Long Short-Term Memory (LSTM) [30] neural network, which
is a special RNN. LSTM mainly improves the loop body in the circular neural network. The LSTM
loop body can be divided into three stages.

In order to solve the problems caused by the RNN network, LSTM adjusts the input, storage,
and output parts of the recurrent neural network. Its structure is shown in Figure 9. The change is
mainly reflected in the control of the useless information in the forget gate; the memory gate chooses to
store the information that has a great influence on the result, and the output gate filters the invalid
model. This leaves the information with the greatest impact on the final result efficiently.

Forget

Y

Neural network Neural network

Input gate

O Filtered model

Convolutional Neural
Network

O Trained model

Figure 9. The structure of the Long Short-Term Memory (LSTM) neural network.

Since LSTM is a cyclic neural network, we only need to nest the existing basic CNN in the loop body
of LSTM to realize target detection by LSTM. LSTM has been proven to be used in combination with
the GPS detection of vehicle tracks for road congestion detection over a long time [31]. Thus, we can
use the particularity of LSTM in video stream processing. We need to change the data source from
the original remote sensing images to the remote sensing video streams recorded by real-time remote
sensing satellites or unmanned aerial vehicles. By carrying out target detection on the remote sensing
video stream, we can obtain real-time road condition information, such as the running speed of
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the vehicle targets, the changing information of the number of vehicles at the intersection, and the
vehicles’ trajectory.

4. System Implementation

4.1. Remote Sensing Data

Remote sensing data have the characteristics of a wide coverage, large visible range, and clear
features, and are suitable as a data source for road congestion monitoring—that is, vehicle identification.

Many countries have launched military and commercial satellites. Military satellite data is not
publicly available. Since certain objects on the ground involve national privacy, some of our commercial
satellite data is often hidden. This has a significant impact on some model analyses involving private
data. This leads us to the reason for federated learning.

In this system, it is better to use Google Earth [32] to select the remote sensing data. Google
Earth is a virtual Earth software developed by the Google company which arranges satellite photos,
aerial photography, and a Geographic Information System on a three-dimensional model of the earth.
The data for Google Earth comes mainly from the Maxar company [33], and the satellite images are
mainly taken by the Landsat and Copernicus satellites. We can obtain remote sensing images of Los
Angeles by entering the official website of Google Earth—https://earth.google.com/—and positioning
it on Los Angeles, USA.

Since the detection targets are the vehicles, we need to zoom in on a city which has enough
targets, magnify the remote sensing image to an intersection, and make sure that the vehicles in the
image are clear. In this process, it is more beneficial to select an area with better light and less trees
as the data source. Then, we intercept the current image and save it as JPEG. An example is shown
in Figure 10. We used this data acquisition method to collect the remote sensing data of some urban
roads in Washington, D.C., and Los Angeles and integrated the remote sensing images of each city into
a data set composed of 3200 images as the training data set for the following experiments. We used the
same method to intercept remote sensing images in different areas of Los Angeles and Washington to
form a validation set of 300 pictures and a test set of 100 pictures.

Figure 10. Remote sensing image of an intersection in Washington, America.

In this system, labellmg-master is used as the labeling software to mark the object to be identified
by the label—namely, the cars. In order to adapt to the Single Shot Multibox Detector neural network,
the software should stay in the state of PascalVOC. We mark the car target with a box and the
corresponding folders will generate corresponding XML information files after completion. Each file
contains information such as the coordinate value of the annotated targets.
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4.2. PaddlePaddle Framework

In this system, we use PaddlePaddle [34] as our deep learning framework. PaddlePaddle is a deep
learning framework developed by Baidu and based on Python. PaddlePaddle is more encapsulated,
faster for large amounts of data, and provides a way to run on GPU, allowing us to process large
amounts of remote sensing data faster. Therefore, we chose PaddlePaddle version 1.6.0 with Python
version 3.7. The operating environment is the Tesla V100 GPU with a 16GB video memory.

4.3. Federated Learning Simulation Training Process

In the system design, we regard each satellite as a node for deep learning and the traffic
management departments as the server node. Thus, we use remote sensing data to complete the
federated learning simulation process in only one computer.

Firstly, we need to define the MobileNet convolutional neural network and the SSD algorithm,
as well as some image processing functions, and prepare a list of data in the corresponding format.
The image preprocessing functions are to enhance the original images to make the sample images more
accurate in the analysis. The MobileNet convolutional neural network uses the convolutional kernel
to extract the features of the image samples. The SSD algorithm analyzes the extracted features and
generates the corresponding candidate boxes. By calculating the precision value of the candidate box,
the most appropriate one is selected as the bounding box and the model is saved.

PaddlePaddle provides a very convenient model reading function. However, it should be noted
that each data training node in the single-machine federated learning simulation experiment needs to
read its own data. The data reading function create_py_reader_by_data provided by the framework
can only be executed once per run. This is because the queue data structure is used when the data
is read, but when the function is called a second time, the queue will be created repeatedly and the
memory will be exceeded. We overwrote this function so that the queue created on the first call to
create reads normally and is cleared after use. Instead of creating the queue the second time the
function is called, the queue that was already created the first time is used. Again, we need to empty
it after use. This way, we avoid creating the queue repeatedly. However, in the traffic congestion
monitoring system, each satellite data processing node carries out its own data reading operation and
does not run in the same process, so this problem will not occur.

In the most important training stage, we simulate the process of transferring data from the satellite
node to the traffic management department as the process of saving the training model in the server
node. We simulate the process of integrating the satellite node model of the traffic management
department into the process of training node, using the model in the server node as the pre-training
model and continuously updating the model. Thus, we first make N training nodes and assign raw
data to each training node. Then, a server node stores the merged model. In the process of training,
each training node will first check whether the server node has a model which can be used as a
pre-training model. If not, the node will use its own data to train the model and save it in the server
node folder. If there is an existing model, the node will use it as a pre-training model and use its own
data to train and update the model. In this way, we achieve the essence of federated learning, and the
server node gets a comprehensive training model without touching any node source data.

Figure 11 shows the variation diagram of the training process of this experiment. Because the
traffic congestion monitoring needs to accurately detect the vehicle target in the remote sensing images,
the precision value is an important criterion to evaluate the experimental performance. Therefore,
we used the mAP value of training to evaluate the experimental performance in the comparison
experiments. Our experiment adopted the Washington remote sensing data set and the Los Angeles
remote sensing data set mentioned in the related work. We set up corresponding training nodes for the
two data sets and input the corresponding data into the neural network for training. We made the
two training nodes exchange models every 500 iterations. As can be seen from the figure, the data
mAP value of the node that is trained first first increases, and the precision of the other node that
is trained later then increases. After a period of training, the accuracy changes as a whole show a
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state of upper limit stability and lower limit cyclic fluctuation. This is due to the low accuracy of
the first group of data trained after each model exchange, but it has no effect on the prediction of
the final model. We set the size of each iterations to 32 images and configured the gradient descent
optimizer with an initial learning rate of 0.001. The experiment is carried out for 4000 iterations to get
the final federated model. Through the experimental results, we found that after 3000 iterations—that
is, when the model of each node is trained to achieve a stable accuracy of about 90%—there is a good
experimental effect. According to the experimental results, we can get a high accuracy detection
method for vehicle target acquisition.

Federated learning
(Every 500 iterations swap models)

train_mAP(%)

train loss

1000 1500 2000 2500 3000 3500 4000

iteration

train_mAP train_loss

Figure 11. mAP and loss variation of the Los Angeles and Washington training data set.

In order to find the best experimental effect and train the best model in the shortest time,
we conducted several groups of control experiments.

The size of each training set affects the overall training speed and the time to reach the required
accuracy. In order to find a more suitable training set size to speed up the training speed, we conducted
the following control experiments. We started with a single data set like the Los Angeles data set.
We carried out a group of control experiments and set the size of each training set to 32 and 64,
respectively, to compare the situation of the two experimental training models.

As shown in Figure 12, this is the experimental case where each iteration size is 32. The value
of train_loss dropped to about 3% rapidly. The value of train_mAP grows to 89% and flattens out,
requiring 2000 iterations.

Los Angeles
(iteration_size:32learning rate:0.001)

100 25
~ 80
3
g o 2
g _|
g 40 z
« \ =
=] 20 L’\-’v*«.«-’vr’wwv,‘m -
. J\W,JA_/‘P )
0 500 1000 1500 2000
iteration
train_mAP train_loss

Figure 12. mAP and loss variation of the Los Angeles training data set when the size of each training
set is 32.
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As shown in Figure 13, this is the experimental case where each iteration size is 64. Since each
iteration is twice the size of the previous iterations, if we train the same iterations, we need to have
000 iterations attempts. The value of train_loss dropped to about 3% rapidly as the same. When the
number of iterations reached 1000, the value of train_mAP increased to 80%, but it still did not tend to
be smooth, and the precision value gradually tended to be smooth when the iterations reached 1200.
It can be seen from the experimental results that when the size of each iteration is 32 for the same
training quantity, the value of train_mAP tends to reach a higher value faster. Thus, we set the size of
each iteration to 32 for the following experiment.

Los Angeles
(iteration_size:64 learning_rate:0.001)

100 25
S 80 20
<
2 60 15 3
£ a0 10 F

20 s 5

. W .
0 200 400 600 800 1000 1200
iteration
—t(rain_mAP train_loss

Figure 13. mAP and loss variation of the Los Angeles training data set when the size of each training
set is 64.

The whole process of neural network processing is rather complex; we define the corresponding
optimizer. The purpose of this set of control experiments is to test how much the learning rate of
the optimizer can be set to have a suitable training speed when the required accuracy is achieved.
In the process of data processing, the optimizer can select the most suitable learning rate according to
the current training stage to improve the model accuracy. In the early stage of training, we chose a
high learning rate in order to improve the training speed. With the increasing of the training amount,
the improvement rate of the model accuracy was gradually slowed down, so we gradually reduced the
learning rate to keep the model accuracy rising and stabilize the model.

We conducted a controlled experiment on the training optimizer. In the experiment in Figure 13,
we used an optimizer that uses the RMSProp [35] method to realize the adaptive learning rate.
The default learning rate of RMSProp is 0.001. We used a group of control experiments, as shown in
Figure 14, to change the learning rate to 0.01 and observed the variation trend of accuracy. We found
that with the same number of iterations, although the central value of precision tended to be flat,
the fluctuation range was relatively large, which was not suitable for continuous training.
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Los Angeles
(iteration_size:32 learning_rate:0.01)
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Figure 14. mAP and loss variation of the Los Angeles training data set when the rate of learning is 0.01.

After completing the above controlled trial, we followed the training results in Figure 12 for
federated learning. In the process of simulating federated learning, it is very important to hand over
the training process model to other nodes to continue training. This determines whether the training
models of different data sets can be merged, and also determines the training speed and final accuracy.
If the model exchange is too frequent, the model of a single data set is difficult to form. If the number
of exchanges is too small, it is difficult for the more mature models to merge, so when to exchange
models is crucial.

Thus, we conducted a set of controlled experiments to determine how the training nodes were
exchanged during federated learning. The experiment in Figure 12 is to train the data set of Los Angeles.
After the training accuracy becomes smooth, we used its training model as the basic training model for
the training node corresponding to the Washington data set. After this experiment, a federated model
of two city data sets can be obtained. Compared to our main experiment, this control experiment
also changed the training subjects every 2000 iterations, which is shown in Figure 15. According to
the accuracy change, we can see that it also gradually leveled off after 3000 iterations and reached
about 90%. However, in 4000 iterations each data node was trained only once, so its adaptability to the
new model could not be verified. Therefore, its cost must be greater than that of the experiment of
exchanging models every 500 iterations, so we did not adopt this method.

Federated learning
(Every 2000 iterations swap models)
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0 0
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train_mAP train_loss

Figure 15. mAP and loss variation of the Los Angeles and Washington training data sets when
exchanging models every 2000 iterations.

Then, we carried out a control experiment as shown in Figure 16. We made each training node
exchange model every 100 iterations. We found that the accuracy leveled off and went through more
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than 3000 iterations at around 90%, so the cost of this control experiment was greater than that of the
main experiment.

Federated learning
(Every 100 iterations swap models)
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~ 80 20
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s w
% 60 15 3
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0 500 1000 1500 2000 2500 3000 3500 4000
iteration
train_mAP train_loss

Figure 16. mAP and loss variation of the Los Angeles and Washington training data sets when
exchanging models every 100 iterations.

Thus, we moved to federated learning by training nodes with iterations every 500 times, so we
needed to transfer the model once. In order to show the difference between the federal learning and
the general deep learning methods for the data model formation process, we used the general method
for the model training. In the general deep learning training comparison experiment, the data of the
two data sets were directly mixed and directly trained. From Figure 17, without federated learning the
accuracy flattens out to about 88% and requires at least 3000 iterations. Therefore, the use of federated
learning can achieve a better training effect in a similar time, with higher training accuracy, and also
protect the privacy of the data and the data security.

Los Angeles and Washington

100 25

90
= 80 20
< 70 )
g e 15 %
= 50 =
2 4 10 g
= 30 -

20 5

10 LWV |

0 0

0 500 1000 1500 2000 2500 3000
iteration
train_mAP train_loss

Figure 17. mAP and loss variation of the Los Angeles and Washington training data sets with general
deep learning.

Since the data sources of the simulation experiment are remote sensing images, we do not use
the LSTM recurrent neural network for further processing. Since there is no data leakage problem
in the process of data transmission in the simulation experiment, there is no need to encrypt the
transmission mode.
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4.4. Prediction

In the traffic congestion monitoring system, the traffic management department is required to
make real-time traffic congestion prediction. In the simulation system, we simulate this process as
prediction through the model saved by the training node just now. Firstly, the image that needs to be
predicted is pre-processed, and then the vehicle targets in it are detected to judge the traffic congestion
according to the current number of vehicles.

5. Experimental Result

5.1. Experimental Result

In order to verify the correctness of the above experimental process, we designed a verification
experiment to use the model to predict the pictures in the test set. The prediction results are as follows.
The algorithm marks the vehicle targets through the red detection frame, and the number of vehicle
targets can be observed to achieve the purpose of detect congestion.

Our trained target classifier is a model of vehicle detection. The detection standard is the
recognition accuracy of vehicles. The definition of recognition accuracy is the number of objects
correctly identified as vehicles in the current remote sensing image divided by all the vehicles in the
current remote sensing image. We used a counter to count the marked detection frame. In the program,
every time a detection frame is drawn, the counter is increased by one. The total number of detection
frames is the number of vehicle targets detected in the image.

The simulated server node is predicted with the trained model. We tested the pictures in the
test set and randomly selected two of them as the prediction effect to display. Because the remote
sensing images displayed in Google Earth come from different satellites, the satellites have different
heights, different angles, and different magnification of shooting features. Thus, for different regions of
remote sensing images, there are different shooting effects and resolutions. We chose one clearer image
shown in Figure 18 and a more blurred image shown in Figure 19. The two images are obtained in the
same way as described above. The detection results of images with different definitions show that the
experimental training model is suitable for remote sensing images of various resolutions, and that the
image resolution does not affect the formation of the experimental model.

Figure 18. The detection result of a clear remote sensing image of Los Angeles.
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Figure 19. The detection result of a fuzzy remote sensing image in Washington.

The detection results are shown in Figures 18 and 19, and the vehicle target recognition degree
reaches 86.9% in Figure 18 and 83.8% in Figure 19. Through the detection of vehicle targets, we can
judge the current road congestion so as to form a traffic congestion monitoring system.

In order to further verify the general effect of the simulation experiments, we selected two images
of Los Angeles as the results for display, as shown in Figure 20.

Remote sensing images of different regions may be taken by different satellites at different times,
and the weather may be different when the images are taken; this will affect the brightness and clarity
of remote sensing pictures. The image quality of each satellite is different, so the final prediction
results are greatly affected by the spectral characteristics and color ratios of the remote sensing images
themselves. Furthermore, different vehicle targets may be different colors, which will also affect the
final judgment.

Lt . —

(a) Los Angeles sample 1. (b) Los Angeles sample 2.

Figure 20. Two detection sample results of Los Angeles.

Therefore, in order to eliminate the influence of remote sensing image color on the final prediction
results, we convert the images that are needed for training into gray-scale images for processing.
Through the same training process, we can get more accurate results than before. This system is to
judge the degree of congestion by calculating the number of vehicles on the road at a certain time,
so the gray-scale of remote sensing image does not affect the final result. We can see the predicted
results in Figure 21, and the accuracy is about 90 percent. However, we find that there are cases in the
prediction results that are not vehicle targets but that are marked as targets.
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Figure 21. The detection result of Los Angeles.

According to the above conclusions, due to the monotonous color, the prediction algorithm may
mistake an object which is similar to the vehicle model for the vehicle model. Because in the original
images, some of the colors are different, the gray-scale images colors are not the same. Thus, we need
to adjust the color difference and contrast of the gray-scale images. It can be seen from the latest
prediction results shown in Figure 22 that, due to the reduction in color difference, the phenomenon of
error recognition is eliminated; we find the maximum point of accuracy for prediction by increasing
the number of training times so as to obtain the optimal result, which has a more than 90 percent
accuracy. It is concluded that the training accuracy can be significantly improved if the images are
processed with gray-scale and the images’ brightness and color difference are increased.

LR

st

Figure 22. The detection result of Los Angeles.

According to the detection results shown above, although the position of the detection frame
deviates slightly from the position of the actual vehicle target, the detection frame basically does not
mark non-existent vehicle targets. For the accuracy of the detection frame marking, the long-term
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federated learning of massive data through multiple nodes can gradually improve. The prediction
model will also be gradually improved with the federated learning progresses and has a wider
recognition ability to recognize more car types and more remote sensing image states.

We can infer the degree of congestion from the detection of vehicle targets. We can use an
integrated approach [36] of the evaluation of traffic congestion degree proposed by Nannan Hao et al.
to determine whether there is traffic congestion or not. We can also detect the same vehicle target
through two remote sensing images with short intervals to calculate its driving speed during this
period to judge the congestion. With the development of remote sensing technology and the addition
of the LSTM neural network, calculating the speed of an automobile target will be more easily realized.
According to the traffic operation grade division table which is shown in Table 1 from the indices
system of urban road traffic congestion evaluation [37] and the calculated vehicle driving speed, we
can judge the current congestion situation.

Table 1. Section traffic operation grade division table.

. Mild Moderate Severe

Level Clear Basically Clear Congestion Congestion Congestion
Fast road V > 65 50 <V <65 35<V <50 20<V <35 V<20
Arterial road V > 40 30<V <40 20<V <30 15<V <20 V<15
Minor arterial road V>35 25 <V <35 15<V<25 10<V<i15 V<10

Note: V represents the average speed of a section. The unit is km/h.

5.2. Discussion

The main research direction of this experiment is how to train remote sensing data on the premise
of ensuring data privacy. In this experiment, the convolutional neural network MobileNet and the
detection box algorithm SSD are combined for target detection, and the federated learning method is
used to solve the data privacy problem. The addition of federated learning not only protects the safety
of experimental data, but also improves the performance of the experiment, so that the experiment
can achieve a higher accuracy with fewer iterations than training using normal methods. In order to
better realize real-time traffic congestion monitoring based on remote sensing data, we propose to
introduce the LSTM neural network and combine it with existing experiments. Vehicle detection based
on remote sensing video streams is obtained to better judge the current road condition.

This system is committed to realizing the target detection function based on remote sensing data
under the premise of data security. According to this principle, the system can be extended to many
other application directions of remote sensing data. In military geology, the system can be used to
detect military targets without divulging military secrets. In addition, the system can analyze remote
sensing data in the country’s classified areas. The realization of this system solves the problem that the
security of remote sensing data cannot be guaranteed effectively. In other aspects, we can also use the
system to capture illegal parking and other phenomena to improve the appearance of the city and
urban environment.

For the current progress of the study, traffic congestion monitoring based on general remote
sensing images can be achieved and the application of federated learning in the training process has
been highlighted, but there are still many areas for improvement. First, the simulation experiment is
limited to static remote sensing images, and its improvement can be used to form target detection based
on video streams through the LSTM network mentioned in the article. Secondly, due to the limitation of
data acquisition authority, the experiment only selects general remote sensing images, and the results of
the research can be realized in more precise remote sensing images such as multi-dimensional remote
sensing images and hyperspectral remote sensing images. Thirdly, the method of judging the traffic
congestion in the later period can be combined with the existing research to form a complete system of
monitoring system for congestion evaluation. Finally, with the development of neural networks, more
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neural networks with better results and faster speeds have appeared one after another, which is more
suitable for model training in the simulation experiment.

6. Conclusions

The traffic congestion monitoring system takes remote sensing data as the processing object
and federated learning as the processing method to realize congestion monitoring on the premise of
ensuring the privacy of remote sensing data. From the point of view of data security, the system uses
the data training method of federated learning. In order to realize target detection on remote sensing
data, we use the MobileNet convolutional neural network and the SSD target detection algorithm.
Finally, the problem of data privacy when using remote sensing data for target detection is solved.

With the addition of federated learning, the system’s experiments on remote sensing image data
sets in Los Angeles and Washington road achieved an accuracy of about 85 percent. The estimated
time to process each image can be as low as 0.047 s.

The scope of future work includes updating the neural network model used and gradually
implementing congestion detection based on remote sensing video streams, followed by using higher
precision and more comprehensive remote sensing images as data sources to improve the recognition
effect, and finally forming a complete congestion evaluation system.
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