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Abstract—In order to achieve autonomy and intelligence of
autonomous underwater vehicle (AUV), dynamic target following
in the unknown environment is one of the important problems to
solve. Reinforcement learning (RL) offers the possibility of
learning a policy to solve a particular task without manual
intervention and previous experience. However, RL algorithms
are not competent for continuous space problems existing
universally in underwater environment. In this paper, the
method of an AUV using regularized extreme learning machine
(RELM) based RL is proposed for following the moving target.
The most typical and common method of RL used in applications
is Q learning, which can generate the proper policy for AUV
control. And RELM is proposed as a modification of ELM, which
can guarantee the generalization performance and work with
continuous states and actions. The simulation results have shown
that AUV successfully tracks and follows the moving target by
the proposed method.
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I. INTRODUCTION
Autonomous underwater vehicles (AUVs) play an

important role in oceanic natural resources exploration and
marine biology research [1]. The control of an AUV is still a
challenge in the complicated and unknown environments.
Reinforcement learning (RL) is a kind of Machine Learning
algorithm with great intelligence and wide applications in the
field of control and optimization [4], [5]. RL offers the
possibility of learning an optimal policy, mapping the state of
environment to an action, which can solve a particular task
without manual intervention and previous experience. The
essence of the learning process is the interaction between an
agent and the environment. The RL algorithms do not need the
datasets of input and output samples, but a reinforcement
function determined by an operator is the only required
information.

The Q learning algorithm [6], [7] is one of the typical RL
algorithms that uses state-action mapping to find an optimal
policy. However, when confronted with real-world problems, Q
learning seems to be incompetent for the tasks in large-scale or
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continuous spaces. That is, Q learning should have the ability
of generalization for AUV to solve control tasks. In order to
figure out the generalization problem, a lot of generalization
methods have been applied to Q learning. Takahashi et al.
proposed a memory based implementation for vision-guided
behavior acquisition [8] and Takeda et al. showed state-action
quantification by a set of triangular patches [9]. Also, many
proposals combined Q learning and neural networks (NN) [10]
and the advantage of using NN enabled the RL to search for
optimal policies more efficiently in several real-life
applications [11], [12].

One of the typical NNs is back propagation (BP) [13],
which combines the forward propagation of information with
back propagation of error. Besides, support vector machine
(SVM) [14] based on statistical learning also has the ability of
nonlinear mapping. However, both BP and SVM cannot
overcome the problems, such as slow training speed, trivial
human intervention. Fortunately, there exists a novel learning
algorithm that effectively solves the mentioned problems. That
is extreme learning machine (ELM) proposed by Huang et al.,
which has been proved to have good generalization
performance at a faster learning speed [15], [16]. Therefore,
regularized extreme learning machine based Q Learning
(RELMQL) is proposed in this paper. ELM has been proved to
achieve with simple structure. But, it may be stuck in the
problems of over-fitting and the empirical risk minimization.
Therefore, the modified ELM with L, ,, regularization [17] is

proposed to overcome these problems. And RELM as a
function approximator can replace the look-up table method of
the original Q learning to store the state-action mapping and
save storage space. In this paper, we focus on the behavior of
target following [18], whose goal is to generate the control
action, according to the position of the target, and make AUV
follow the target. The realization process of target following is
to minimize the relative distance and heading tangential error
between AUV and the target [19].

The rest paper is organized as follows. In section II, we
briefly describe previous work on the preliminary ELM. In
section III, we describe the proposed method regularized
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Extreme Learning Machine based Q Learning. In section IV,
we report simulation results on moving target following by our
algorithm. In section V, conclusions are summarized on our
recent research and future work.

II. THE PRELIMINARY ELM

ELM [15] is designed based on the generalized signal
hidden layer feedforward networks (SLFNs) [20], which have
been proved to achieve good generalization performance at fast
learning speed. The weights and bias between the input and
hidden nodes can be generated randomly, and then the output
weights can be calculated by solving a linear system
analytically without iteration. Thus, the preliminary ELM can
be implemented easily with few steps.

Given N distinct pairs of training samples {x,, yi}jil, where
x,=[x,,,x,] €R" is the input data  and

Vo =[Vasr s i ]T € R™ is the output target. The standard
model of ELM with L hidden neurons and activation function
g (wj ,b,, x,.) can be mathematically expressed as

L

fi(x)=2B,g(w.b.x,)=0,, i=12,-N (1)

J=1

1 T n
Where the weight vector wj=[w,.1,~--,wjn] eR

connects the j th hidden nodes and the input nodes, and bias

b, is of the j_th hidden nodes. The weight vector

B, = [ Bivs B JT € R” connects the j th hidden nodes

and the output nodes.

ELM can approximate these N samples with zero error
means that

N
o= y|=0 @
i=1
Then, equation (1) can be modified as
L
S Bl bx)=pe =12y O
j=1

The above N equations can be written compactly as
Hp=Y “4)

Where H is called the hidden layer output matrix of the
neural network

g(wi.by,x;) g(w,.b,.x,)
H= : ©)
g(wnbl’x]v) g(wL’bL’xN) NxL
T
ﬂ=[ﬂlT""’ﬁ”Lm (6)

Y=[yf,-'-,yﬂr @)

Nxm

H can be obtained. And then the output weights g can be
generated as

B=H'Y (8)

Where H' denotes the Moore-Penrose generalized inverse
of matrix H .

III. THR REGULARIZED ELM BASED Q LEARNING

A. The Regularized ELM

In order to overcome the empirical risk minimization
principle of the preliminary ELM and prevent over-fitting in
the learning procedure, we propose a structure named
regularized extreme learning machine (RELM), which can
guarantee the sparse solutions with less computational cost.

The important prerequisite of RELM is that assuming the
errors between the output of the network and the target are not
zero. We address a problem of a minimum squared-error with
sparse solution and then define the error & as the following
equation according to (2).

N
6=2 [lo. = | ©)
i=1
It can also be expressed as
5=|Y -Hp| (10)

The general form of the regularization methods can be
modeled by

min{ S5 10 )AL} 0D

Where /() represents a loss function, {x.,y}" is a
dataset and f(x,) is the function with regard tox,. Ais the
regularization parameter, and |||| . denotes k-norm . The
equation is the general form of L, regularizer. The former

research has proven that the solutions of L, and L

regularizers do not possess the ability of sparsity. In order to
maintain approximate calculating time compared with the
preliminary ELM, the regularization methods with sparse
solutions should be taken into consideration. To our
knowledge, both L, and L, regularizers are competent to

obtain the sparse solutions. However, it is difficult to solve
NP-hard problem for L, regularizer and L, regularizer

cannot generate the sparsest solutions as L, regularizer does.
Fortunately, Xu et al. [17] proposed L,, regularizer and
proved that L, , regularization can produce sparser solutions
compared with L, regularization. Therefore, we adopt
L, , regularizer in the regularization method, and calculate the

minimum parameter fin (10) as follows.



p=argmin{[Y - Hp[;+ 2|5, .} (12)

Note that ||Y—Hﬂ||§ is the loss function and there is no

need to calculate the Moore-Penrose generalized inverse or
SVD as the preliminary ELM does.

Although the solutions of L, , regularization are proved to
be much sparser than those of L, regularization, the solving
process of L, , regularization seems to be more difficult. In
order to solve the L, regularization problem, we adopt the
1 _Is toolbox proposed by Koh [21]. Then an iterative method
is proposed to solve the L, regularization problem. The main
principle of the method is to transform L, , regularization into
a series of weighted of L, regularization, which is still solved
by the existing method.

Algorithm 1 The RELMQL algorithm

Input  The dataset{xi,QI.}IJ,\L1 , initial hidden nodes number L ,

the activation function g (+) , the parameter 4 .

Output  Select the actiona,,, corresponding to the maximum
Q value for each state.
Step 1. Execute the Q learning algorithm, from which the state-

action mapping can be derived. AUV can receive the current
state s,,, from the environment. The reward 7 can be

calculated by the reinforcement function, and the last state
s, 1s obtained from a delay unit.

Step 2. In the RELM network, randomly generate the weight
w, and bias b, between the input and hidden nodes. And take
states and actions as input and the Q values as output.

Step 3. Calculate the hidden layer output matrix H . And then
calculate the coefficients # of the L,, regularized RELM
network by (12).

Step 4. The new action q,,, can be calculated by maximizing
the Q values in the current state s, .
Step 5. Update the dataset by removing the old sample that

similar to the new one. And then update the weights of RELM
according to the new samples.

B. The Structure of RELMQL

The Q learning algorithm is a temporal difference (TD)
algorithm that uses the state-action mapping to find an optimal
policy when the environment is dynamic and unknown. Q
learning algorithm can be fulfilled as follows. In each iteration
t, AUV observes the current state s, , receives the rewardr,

and generates an actiona, . And then the environment reacts to

the action and changes to next state s,,, and receives a new

t+1

reward r

‘., - QO value can be calculated according to the

following expression.

O(s.) = (1-0)0(s,0) 4+ ymaxQs.a) | 13

A4
Where 0 < r <1is a learning rate, 0 < ¥ <11is the discount
factor.

Then, the key to improving the generalization performance
is to design a function approximator. Therefore, we combine
RELM with Q learning, and the RELM network can realize the
mapping from a state-action pair to the Q value. In the concrete
implementation process, the states and actions are taken as
input and Q values are taken as output. And after training the
RELM network, O value can be estimated when given the state
and action.

T m
i1 LZ"“’S[WI] ER and

actiona, € R . Then the input of the RELM is a state-action

Given a sequence of states s, =[s,,,s,

: _ T _ T m+1
pair, represented by x, =(s,,a,) =[s,,85,*,8,,.a,] € R"".

And the output of ELM is the Q value O(s,,a,), which has

been obtained by the Q learning. The concrete process of
RELMQL can be described as Algorithm 1.

Note that in the step 4, before the new action is selected, a
e-greedy policy is applied to the target following process.

The &-greedy policy selects random actions with & probability
and greedy actions with (1—&) probability. And the structure
of RELMQL algorithm is presented in Fig. 1.

Q) learning

= Action
: a

Reward
I

£+

State
5

Reinforcement =
function

Environment

Fig. 1. Structure of RELMQL.

IV. SIMULATION RESULTS

An exhaustive set of simulation experiments were
implemented in order to demonstrate the performance of
RELMQL method.

A. Experimental setup

All the simulations for the algorithms were carried out in
Matlab R2010b environment running in an Intel (R) Core (TM)
15-3470 3.20GHz CPU. In the experiments, the parameters
were designed as the TABLE 1 shows. Among the parameters
design, we focused on the setting of the reinforcement function,
which related the state spaces to a reward value. As Fig. 2
described, we replaced the piecewise function (left) by



Gaussian function (right). For Gaussian function, when the
states lie in the midpoint of ‘b’ and ‘c’, the reward reaches the " e
maximum, and then the value gradually decreases between ‘a’ : e o
and ‘b’ or between ‘c’ and °‘d’. However, for piecewise
function, the reward value stays constant in every interval of
state. Therefore, Gaussian function can precisely reflect the
real situation of the environment, from which the AUV can
observe the states, and generate an action by our method.

target
TABLE L PARAMETERS SETTING Yy
2 1 I i 1 1 I T T
algorithms Parameter Symbol Value 2 d 2 4 B B n 12 1 18
Learning rate o 0.1 (a)
Discount factor Y 0.9
14 T T T T T
Q learning Exploration . 03
probability ’
Density t 0.5
Activation ci s
functi 4 sig
ELM unction
Hidden nodes n 1000
(1] TR ﬂ .......... target U
: : — AV
2 i i i 1 T
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Fig. 2. Reinforcement functions comparison.

Target

Fig. 3. A conceptual graph of target following.

In order to implement the task of target following using

AUV, three stages can be adopted. First, the position can be
detected and calculated from the camera and side-scan sonar. (d)
Second, th? desired trajectory and the surge and yaw Velo?ities Fig. 4. Experimental results of the proposed method for target
are determined based on the target position. Last, a nonlinear following. (a), (b) and (c) show two-dimensional representation for
dynamic controller can be generated by our algorithm. Two following the moving target, and (d) shows three-dimensional
RELMQL algorithms were used for two different states, the representation.



relative distance d and the relative rotation angle i between

the AUV and target, respectively. More detailed information
has been presented in Fig. 3, where u is the surge velocity, v is
the sway velocity, and r is the yaw angular velocity.
[x,,,] donates the position of the center of mass of the AUV.

B. Simulation results

Some of the simulation results have been presented in Fig.
4. At the beginning, there is no valid information for the Q
function, so our algorithm behaves exploration actions. As
more and more information about states and actions obtained
by the algorithm, exploitation actions are more and more
adopted by greedy actions strategy. In Fig. 4 (a) (b) and (c), it
can be seen how the AUV followed the moving target at a
different starting point in the two-dimension space. The target
was moving toward to a rough direction at a random speed.
The moving trajectory of AUV was close to a straight line in
Fig. 4(a) and (b), and it was nearly circle in Fig. 4 (c), as the
target does. Actually, when forming the figures, it can be
clearly observed that the target moved a step, and then AUV
interacted with it by generating an action. And Fig. 4 (d) was
the three-dimension representation of the target following task,
which showed the target could be followed at a certain
distance.

V. CONCLUSIONS

This paper has presented the use of regularized ELM-
based reinforcement learning for learning a reactive AUV
behavior (target following). It is an important contribution to
demonstrate the feasibility of RL methods in a real-world task,
especially in the complex and unknown environment using
AUV. Also, it can achieve autonomy and intelligence of AUV
more easily than the popular control methods. As future work,
the learning algorithm will be improved to work in more
challenging tasks and tested in real scenarios instead of
simulations.
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