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Abstract: The in-vehicle controller area network (CAN) bus is one of the essential components for
autonomous vehicles, and its safety will be one of the greatest challenges in the field of intelligent
vehicles in the future. In this paper, we propose a novel system that uses a deep neural network
(DNN) to detect anomalous CAN bus messages. We treat anomaly detection as a cross-domain
modelling problem, in which three CAN bus data packets as a group are directly imported into
the DNN architecture for parallel training with shared weights. After that, three data packets
are represented as three independent feature vectors, which corresponds to three different types
of data sequences, namely anchor, positive and negative. The proposed DNN architecture is an
embedded triplet loss network that optimizes the distance between the anchor example and the
positive example, makes it smaller than the distance between the anchor example and the negative
example, and realizes the similarity calculation of samples, which were originally used in face
detection. Compared to traditional anomaly detection methods, the proposed method to learn the
parameters with shared-weight could improve detection efficiency and detection accuracy. The whole
detection system is composed of the front-end and the back-end, which correspond to deep network
and triplet loss network, respectively, and are trainable in an end-to-end fashion. Experimental results
demonstrate that the proposed technology can make real-time responses to anomalies and attacks
to the CAN bus, and significantly improve the detection ratio. To the best of our knowledge, the
proposed method is the first used for anomaly detection in the in-vehicle CAN bus.
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1. Introduction

With the development of automotive electronic technology, lots of advanced electronic components
are installed on intelligent vehicles, which leads to more complex information shuttling on the vehicle
bus. On the other hand, intelligent vehicles are developing toward the direction of unmanned and
networked. How to guarantee the security of information flowing among many components will be
one of the focuses of intelligent vehicles in the future. The in-vehicle controller area network (CAN) bus
is a standardized serial communication protocol widely used in automobile internal control systems [1].
Because of its good reliability, real-time performance and easy wiring, it has been favored by major
automobile manufacturers. The CAN bus collects branch data flow from various core control systems
of automobiles, such as the engine, transmission system, body system and other electrical equipment,
as shown in Figure 1. All branch data are transmitted to the CAN bus in the form of broadcasting,
and any node can send messages to the network at any time. This also indicates that any node in the
vehicle CAN network may be attacked by malicious internal or external information at any time [2].
Nowadays, automobiles are equipped with a large number of electronic devices. In addition to basic
electronic control and media systems, there are intelligent, advanced driving aids, such as automatic
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start-stop, parking, Accessory system, and information entertainment systems that can be connected
with smart devices such as mobile phones. These systems will obtain data from the CAN bus network
on the vehicle. From the perspective of intelligent development, it is inevitable for automobiles to
connect to the Internet, and these electronic devices and intelligent information systems may become a
way for hackers to intrude into the automobile network system. Once hackers invade these systems
and successfully connect to the car CAN bus network, the driver may lose control of the vehicle [3]. At
the Black Hat conference in 2014, researchers released a report on the network security of more than
20 models on the market, assessing the ability of different car manufacturers to withstand malicious
attacks on different models [4]. In addition, the (Identity Document) ID in the CAN bus protocol only
represents the priority of the message, and there is no original address information in the protocol.
The receiving electronic control unit (ECU) cannot confirm whether the received data is the original
data or not; that is, the authenticity of the received message cannot be confirmed under the existing
mechanism, which easily leads to forgery and tampering of the CAN bus message by injecting false
information. What makes this worse is that the priority-based arbitration mechanism in the CAN
bus protocol makes it possible for hackers to carry out denial of service attacks on bus messages. An
attacker can replay or flood the vehicle bus by means of sniffing or listening, which could cause the
ECU to fail to send and receive messages normally. Imagine the serious consequences of an intelligent
vehicle full of passengers driving automatically when the steering control node is maliciously attacked.
For another example, a malicious attacker will set an attack in a target frame of the CAN bus, which
will cause the driver to lose control of the throttle position and thus prevent the car from moving.
Although these will not necessarily be dangerous, a money-oriented attacker will take advantage of the
loopholes in the car’s entertainment system to stop the car and display messages on the entertainment
system screen. The owner will have to pay a ransom in order to regain control of the car. Therefore,
the establishment of a real-time vehicle information security detection system is very important for
intelligent vehicles [5-7].
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Figure 1. Controller area network (CAN) bus in an intelligent vehicle. Date information from control
electronic units is collected on the CAN bus through CAN nodes.
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We introduced the importance of in-vehicle CAN security and the need to deal with safety
problems in Section 1. The rest of the paper is organized as follows: Section 2 presents the recent
research regarding in-vehicle CAN bus messages. A novel anomaly detection method is presented in
Section 3 for intelligent vehicles. In Section 4, we show and discuss the results of experiments performed
on a real vehicle. Finally, we summarize the paper based on the analysis of the experimental results.

2. Related Work

2.1. Anomaly Detection Based on Traditional Methods

The future of intelligent cars must be toward the direction of unmanned information and network
connection. The in-vehicle information must be the combination of the multi-node convergence of
multiple sensors. However, in-vehicle information security is the barrier for the normal running of
self-driving vehicles. Therefore, the establishment of an in-vehicle information anomaly detection
system is extremely urgent. In the literature [8], a novel entropy-based attack detection method for
in-vehicle networks is presented, which utilized entropy to describe a measure for the uncertainty of a
collection of data items. The collected CAN bus messages are pre-treated, and then the information
entropy calculation and relative distance measurement are compared to the baseline sample library
established in the calibration stage to detect whether there are abnormalities. If there are abnormalities,
the alarm will sound. If not, the CAN bus network will not be threatened by attacks during this period.
A structured approach [9] is introduced to detect anomaly messages for in-vehicle networks, which
allows the recognition of attacks during the operation of the vehicle without causing false positives. A
further study [10] proposed an actual attack model using a malicious smartphone app in the connected
car environment and demonstrated it through practical experiments, and at the same time designed a
security protocol that could be applied to the car environment. Some further studies [11-13] present
a set of broadcast authentication protocols, which can utilize the simplest one-way functions that
are computationally efficient while authentication does not depend on disclosure delays as in the
case of protocols based on one-way chains and time synchronization. A new intrusion detection
algorithm is presented in [14], which is designed to identify malicious CAN messages injected by
attackers in the modern vehicle CAN bus. This algorithm can recognize the anomalies in the message
sequence of the CAN bus and has the characteristics of small memory and small computation. It is
suitable for current bus ECUs. Aiming at the popularization of external interfaces of the vehicle control
network, such as the (On-Board Diagnostic) OBD port and auxiliary media port, the technology of
vehicle-to-vehicle/vehicle-to-vehicle infrastructure will be realized in the near future. The increasing
attack area of vehicles exposes the control network to life-threatening attacks. A method [15]is proposed
to detect the abnormal flow pattern by detecting the abnormal refresh rate of some commands, so as to
meet the need of protecting the CAN bus.

2.2. Anomaly Detection Based on Deep Learning Architecture

Recently, the development of machine learning has aroused more attention in regard to its
application to anomaly detection for the security of in-vehicle information. Due to its ability to
automatically extract data features, real-time learning parameters and high prediction accuracy, the
methods of deep learning are used in a variety of anomaly detection tasks. In the literature [16], a
novel intrusion detection system is proposed, which utilizes a deep neural network (DNN) to train the
weight and extract the feature vector from original CAN data packets. When real-time data packets are
extracted, DNN provides the probability of each classification to identify normal and attack packets, so
sensors can identify any malicious attacks on vehicles. In addition, in the literature [17,18] a DNN
architecture is established, which is trained on normal data to learn the higher level features, is then
used to predict future values.
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2.3. Triplet Loss Network

The triplet loss is a loss function in deep learning which is used to train samples with small
differences, such as handwriting, faces, etc. The feed data packet includes positive and negative anchor
samples. The similarity calculation of samples can be achieved by optimizing the distance between
anchor samples and positive samples to be less than that between anchor samples and negative
samples. Nowadays, the triplet loss network is widely used in face recognition and object detection.
For example, the literature [19] presents the use of triplet networks to solve the problem of local image
descriptor learning. For the challenge of text-independent speaker verification against short utterances,
the literature [20] presents an end-to-end system that directly maps learning speech features to compact
fixed-length speech discrimination embedding. The system uses Euclidean distance to measure the
similarity between experiments. In order to learn feature mapping, an improved priori network with
residual blocks is proposed to optimize the triple loss function. In this paper, an advanced CAN bus
anomaly detection system is presented for intelligent vehicles, which integrates DNN technology and
a triple loss network. Firstly, the system extracts data features as a set of vectors through the deep
network, and then calculates the similarity between two real-time extracted CAN data sequences
and another calibrated data sequence from three data sequences using the triple loss to find out the
abnormal data.

3. Proposed Method

In this section, we present the Siamese structure of the proposed system, as well as describing the
DNN architecture used in this paper. In addition, we also describe the process of network training and
data feature extraction. Finally, a triplet loss network is used to calculate the similarity between two
randomly extracted data and annotated data, respectively.

3.1. The Overall Framework

Figure 2 presents the whole structure of CAN bus messages anomaly detection. We define the
annotated CAN bus messages as an anchor, which is pre-processed off-line. The negative and positive
represent two collected real-time CAN bus messages. The first three CAN bus messages make up a
batch. As time goes by, we will collect a lot of CAN data sequences, and the two sequences collected
in each adjacent time will form a batch with the annotated sequence, so that there will be a lot of
batch data sequences. In short, the aim of this paper is to find out these abnormal sequences from
lots of batches. Similar to a convolution neural network (CNN), the function of a DNN is to extract
data features. Three data sequences from the same batch are imported into three networks, which
are structurally consistent and share weights with each other. After that, we represent the extracted
three sets of data features as three independent feature vectors. Finally, referring to the similarity
calculation of a handwritten image [21,22] and face recognition [23,24], the triplet loss function is used
to calculate the similarity between random data sequences and the anchor, which aims to close the
distance between the normal data sequence and the annotated data sequence, and at the same time
push the distance between the abnormal data sequence and the annotated data sequence.
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Figure 2. The full pipeline of the in-vehicle CAN anomaly detection system. The anchor, negative
and positive represents annotated data, abnormal data and normal data, respectively. The aim of the
proposed system is to find out the positive data.

3.2. The Shared-Weight DNN Module

In recent years, DNN algorithms have been a hot topic in the field of machine learning [25-27].
Among various detection tasks, it improves the recognition rate by a significant level. A standard
CAN communication system consists of four types of data frames: data frames, remote frames, error
frames and overload frames. These frames have different lengths and play different roles in the CAN
communication system. However, among these frames, only data frames make meaningful operations
in the process of CAN communication. The syntax of a standard CAN packet is shown in Figure 3. The
whole data frame consists of different seven-bit fields: the start of the frame, arbitration field, control
field, data field, cyclic redundancy check (CRC) field, (Acknowledgement Character) ACK field and
the end of the frame. The start of the frame indicates the beginning of the data frame and the remote
frame and consists of only one “dominant” bit. The arbitration field consists of an identifier and RTR
(Radio Teletype Receiver) bits. The standard frame format is different from the extended frame format
in the arbitration field format. The control field consists of six bits, including two reserved bits (r0
and rl are the same as the CAN bus protocol extension) and four bits of data length code, and the
allowable data length value is zero to eight bytes. The data field sends buffer according to the length
code, indicating the length. The same is true for the received data. It can be zero to eight bytes; each
byte contains eight bits, the first of which is (the Most Significant Bit) MSB. The CRC code field consists
of a CRC field (15 bits) and a CRC boundary character (an implicit bit). In CRC computation, the
divided polynomials include the initial domain, arbitration domain, control domain, data domain and
the de-filling bit stream with 15 bits of zero. The ACK field is composed of two recessive bits sent by
the sender (reply gap and reply definition), and all nodes that receive the correct CRC sequence will
change the recessive bit sent into dominant bits in the reply gap of the sending node. A standard CAN
bus packet consists of several parts, each of which has different functions. Therefore, each part has its
own unique characteristics.

Frame header

1 bit 12 bits 6 bits 0~8 bytes 16 bits 2 bits 7 bits
Interframe Interframe

space — | Start of frame | Arbitration field | Control field Data field CRC field [ ACK field |End of frame[*——— space

Identifier

Data frame

Figure 3. The syntax structure of a standard CAN packet. CRC = cyclic redundancy check,
ACK = Acknowledgement Character.
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In our work, we extract CAN data features by training a DNN architecture. When a CAN bus is
invaded, its internal data structure will change, and the related features extracted through the deep
network will be inconsistent with standard CAN features. A complete CAN data packet can be seen as
a bit-stream, in which the frequency of occurrence of each bit-symbol is fixed. In our work, we define
X?, X", XP as the annotated data packet, anomaly data packet and positive packet, respectively. Then:

X = (P17, Py", ..., PN%)
XnI(Pln,Pzn,...,PNn) , NeR (1)
XP = (P1?,PoP,...,PNP)

where p, P, pf\] are the frequencies of bit-symbol “N” occurring in the anchor, negative and positive
data sequences. Furthermore, we take them as the input of the deep network. Therefore, each layer
output in the deep network can be calculated as a formula:

Y (X;;w;, bj) = w;X; + b;, w,b€R )

where w; is the weight of the i layer and b; is the bias vector of the i’ layer. The final output of the
whole network is shown as Equation (3):

Y=WX+B
W= [wl,wz,...,wn]T 3)
B =[by,by, ..., by]"

In the process of network training, we utilize the strategy of shared-weights to ensure that the
three data sequences (anchor, positive and negative) in a batch have the same training parameters,
which greatly improves the efficiency of the batch process. We know that the input from each hidden
layer node to another hidden layer node will be updated with the weight. The updating formula of
any weight parameter is:

we— w+ Aw 4)

where Aw is the modified value of the weight, which is realized by gradient descent. In order to
calculate the updating weight of each layer, we can first calculate the modified value of the weight:

JE
Aw=1n-_ ®)

where E is mean square error and 7 is the learning rate.

3.3. The Triplet Loss Network

The triple loss consists of a randomly selected sample from the training dataset, which is called
Anchor, and then a sample of the same class as the anchor and a different sample randomly selected
from Anchor. The corresponding samples are called Positive and Negative. We define Y = f(x) € R?
as the extracted data feature vector from original CAN data sequences, and then the input of the triplet
loss network can be represented as ( f (XZ” ), f (Xf) f (Xf’)) Referring to the idea of learning to rank, in
this paper we utilize triplet loss to rank the similarity score of a batch data feature vector. As shown
in Figure 4, the aim of the triplet loss is to close the distance between the anchor and positive and
extend the distance between the anchor and negative. Unlike face recognition, we utilize a triplet loss
network to find abnormal data sequences while face recognition uses it to find images belonging to the
same face.
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Figure 4. Learning machine of triplet loss network. The triplet loss minimizes the distance between
an anchor and a positive, both of which have a normal data sequence, and maximizes the distance
between the anchor and a negative of an abnormal data sequence. Where f (xf), f (xf), f (xl") are anchor
data, positive data and negative data, respectively.

The embedding is represented by f(x) € R% it embeds a data sequence into a d-dimensional
Euclidean space. Furthermore, we constrain this embedding to live on the d-dimensional
hypersphere [14], i.e., ||[f(x)|l, = 1. The function of triplet loss is to ensure that a data sequence
X? (anchor) of a special CAN bus data sequence is more similar to Xf (positive) and dissimilarity to X'’
(negative). Then the formula becomes:

1(32) = A+ < () = £, ©
v(A(), £(7) S(x)) e T )

where « is a margin that is enforced between the positive and negative pair. I' is the set of triplets in
the training data sequences. Then we minimize the loss by utilizing the formula:

L= i[llf(x?) = FEIE = 1) = (<) + ®)

+

The purpose of the loss function is to make the reduction of loss in the training iteration as small
as possible. In other words, it should be as close as possible to positive as the anchor, and as far as
possible between the anchor and negative. Based on the above, we analyze the value of the margin
next. The smaller the margin value, the easier it is for loss to approach zero. Therefore, both the anchor
and the positive need not be pulled too close, and the anchor and the negative need not be pulled too
far, so that loss can quickly approach zero. As a result of such training, it cannot distinguish similar
data well.

When the margin is larger, it is necessary for the network parameters to narrow the distance
between the positive and the anchor and pull the distance between the negative and the anchor. If the
margin value is set too high, it is likely that the value of loss will be large, which makes it difficult to
approach zero. Therefore, it is critical to set a reasonable margin value, which is an important indicator
of similarity.

In fact, to generate all possible triples will result in many easily satisfied triples, which will not
affect the operation of training, and lead to a slower convergence rate. The key of the triplet loss network
is to choose hard triplets, which are positive, and can therefore help improve the model. However,
the online generation and use of large mini-batches in the order of a few thousand exemplars only
compute the argmax IIf (xf) —f (x?)llz and argmax];7 IIf (xf) —f (xf)llz within a mini-batch. In addition,
to have a meaningful representation of anchors, it is necessary to ensure that a minimum number of
exemplars of any one identifier appear in each mini-batch. In our experiment, we sampled the training
data so that in each mini-batch, about 45 CAN bus sequences are selected for each identity. In addition,
randomly sampled negative data sequences are added to each mini-batch.
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4. Experimental Results

In this section, we introduce the establishment of the experiment and describe the experimental
results. In order to demonstrate the superiority of our method, we compare our method with the other
two methods in terms of performance. In addition, we also evaluate the time consumption of the
three methods.

4.1. Datasets

In this section, we simulate the scene of in-vehicle network communicating. The CAN bus data
packets are created by CANoe. The used dataset is composed of three parts: the training set, validating
set and test set. The number of the generated packets is about 200,000. Of this total number, 150,000
of them are normal CAN bus data and the rest of them are abnormal data. In order to avoid the
over-fitting problem found in [8], 70% of normal packets are used to train and 30% of normal packets
are used to validate. All data features have a special bit position in the data field. The proposed
network architecture can regard mode information and value information as semantics, in which the
mode information and the value information represent a special message corresponding to an ECU
and the value of the mode, respectively. For example, the special command message from mode
information can control the wheels, and the command message from value information can control
wheel angle or the speed, as shown in Figure 5. The modal information is constant in a short time, and
the value information may change with the change of noise. In our work, the valuable information is
only used in the training stage, and the mode information is used in the detection stage. In the CAN
syntax, the data field contains 64-bit positions (eight bytes), and the probability distribution of each
kind of bit-symbol forms a special feature vector.

70

60

50

40

30

20

Mode(0-20) and Value(40-60)

10

0 500 1000 1500
The number of a special bit-symbol

Figure 5. The number of a special bit-symbol in the data field of 8 bytes.
4.2. Performance Evaluation

At the same time, to demonstrate the better performance of proposed method, we compare the
proposed method with two other methods: DNN + support vector machine (SVM) and DNN + Softmax.
The former uses a deep network to train the original data, and then classifies it by embedding SVM as
the back-end. The basic principle of SVM is to find the best separating hyperplane in feature space to
maximize the interval between positive and negative samples in a training set. SVM is a supervised
learning algorithm to solve binary classification problems. After introducing the kernel method, SVM
can also be used to solve non-linear problems. The latter also uses a deep network to train the original
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data, and then classifies the data by embedding the Softmax function as the back-end. Softmax is a
very common and important function in deep learning, especially in the field of classification. It maps
some inputs to real numbers between zero and one, and guarantees the normalization sum to one, so
the sum of probability of classification is just one. The anomaly detection stage is completed at the
back-end. In this stage, the similarity between any two sets of CAN bus sequences and the calibrated
sequence is compared to determine which group of sequences is normal and which group of sequences
is invaded. In our experiment, all comparative experiments are performed under the same hardware
and software conditions. To evaluate the performance of the proposed method, the front-end of the
three methods proposed in this paper all adopt the same deep network structure; that is, they all have
the same number of layers and neurons. In addition, the training parameters are shared with each
other. Among the three methods, the learning rate of the network training stage is 0.001.

Figure 6 shows the performance changes of the three methods mentioned in this paper as the
number of hidden layers increases. It can be seen that with the increase in the number of layers, the
recognition accuracy of the three methods is improved, but when the number of layers increases to a
certain level, the improvement gradually tapered off. In terms of performance, under the same number
of hidden layers, the method that uses the triplet loss function as the back-end is the best, followed
by the method using SVM as the back-end. The worst performance was from the method that used
Softmax as the back-end.
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] . _
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5 ] / )" |
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e 1 ></
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—>X— DNN + Softmax
20 T T T T T T J T T T T T ¥
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Figure 6. Performance changes with the increase of neural network layers. DNN = deep neural
network; SVM = support vector machine.

In order to compare the performance of the three methods more intuitively, Figure 7 shows a box
chart that provides a statistical graph of data distribution, in which the three different color boxes
represent the performance of the three methods. It can also be seen that the performance rankings
of the three methods are DNN + Triplet, DNN + SVM and DNN + Softmax. Specifically speaking,
breaking through the limitation of hidden layer number, the lower limit and upper limit of detection
accuracy using DNN + Triplet architecture are higher than the other two architectures. In addition,
from the median detection accuracy of the three methods, the architecture of DNN + Triplet is also
significantly higher than the other two architectures.



Appl. Sci. 2019, 9, 3174 10 of 12

T T T

100 B DNN + Triplet
22 DNN + SVM
B DNN + Softmax

©
o
1

o]
o
1

D
o
1

Accuracy (%)
~
o
1

[
o
1

~
o
L
!

1 I 1
DNN + Triplet DNN + SVM DNN + Softmax

Figure 7. Statistical graph of data distribution.

We also show the time cost to perform the detection task, which depends on the different number
of hidden layers as shown in Figure 8. It can be seen that the time cost increases with the increasing
number of hidden layers, and the whole detection phase is about 2-19 s, in which the training phase
takes up almost the entire phase of time consumption. Training time represents the measurement
time, which is required to train the DNN structure in the training phase. The time cost of feature
extraction represents the process consumption of transforming data features into feature vectors. The
time cost of detection represents the process consumption of similarity calculation in terms of the
triplet loss network.

25
= Training (s)
20 B Feature extraction (s)
Detection (ms) E
% 15 g
8 , -£
£ g =
= 10 =f =g
== == ==
: B
=E =N =R EX
_E =£ - EN EX
0 = = =] =8 EE
2 4 8 12 14 16
No. of layers

Figure 8. Time complexity in a different number of layers.

5. Conclusions

We propose a novel approach with the fusion of a deep neural network and a triplet loss network
for CAN bus message anomaly detection, as well as evaluate the performance by comparing the
proposed method with two other similar methods. The proposed method first utilizes DNN to
train CAN bus sequences and extract feature vectors that correspond to special CAN bus sequences.
Most importantly, the weight parameters in this stage of training are shared. Then, three random
data sequences from the CAN bus database are imported into the triplet loss network for similarity
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calculations. The normal CAN message is more similar to the labeled data, otherwise it is considered
to be an abnormal message. Experimental results demonstrate that the performance of the proposed
method is excellent. In addition, we show the performance of our proposed method under different
hidden layers. The results show that the performance of the proposed method is greatly improved with
the increase of the number of hidden layers. However, when we compare the time consumption under
different hidden layers, we can see that the time consumption increases with the increase of layers.
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