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ABSTRACT. The aim of the present study is to investigate the locomotion control of a
robotic fish. To achieve this goal, we design a control architecture based on a novel central
pattern generator (CPG) and implement it as a system of coupled linear oscillators. This
design differs significantly from the usual CPG models in which nonlinear oscillators are
commonly used. While our CPG keeps all the basic features of its biological counter-
parts and is capable of producing coordinated patterns of rhythmic activity, thanks to the
linearity of the oscillators used, the computational costs of the CPG are greatly reduced
and all the structural parameters can be selected easily. In addition to the proposed CPG
model, the complete control architecture in our study also contains a transition layer,
which is used to transform higher level control commands into accessible inputs to the
CPG@G. Moreover, particle swarm optimization (PSO) is implemented to reduce the control
parameters. As a result, as few as two control parameters, including the frequency for
speed control and the offset of the motors for direction control, are sufficient for the whole
locomotion control implementation. Additionally, a transition layer makes the locomo-
tion control implementation simple and straightforward. Results from both simulation
and experiment demonstrate the efficiency of the proposed CPG-based locomotion control
approach.

Keywords: Robotic fish, Locomotion control, Central pattern generator (CPG), Parti-
cle swarm optimization (PSO), Linear oscillator, Transition layer

1. Introduction. Organisms have probably existed in the world for hundreds of millions
of years. Their perfect physical structures and excellent locomotion properties emerging
from the continuous long-period evolution fascinate all researchers who hope to design
better mobile robots. Recent developments in bionics, materials, computation, electronics
and fabrication technologies offer researchers an unprecedented opportunity to design
novel mobile robots based on inspiration from animals.
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Among all kinds of aquatic organisms, fish is always paid more attention to and often
imitated to design underwater robots. The swimming modes of fish can roughly be di-
vided into four categories: anguilliform mode, carangiform mode, ostraciiform mode and
labriform mode [1]. According to this classification, a variety of biomimetic underwater
robots have been constructed. Most of them are designed based on the anguilliform swim-
ming mode and the carangiform mode, such as a lamprey-like robot [2], a salamander-like
robot [3] and the well-known RoboTuna [4]. However, few underwater robots implement
the ostraciiform or the labriform modes, with the box-fish-like robot BoxyBot being an
example [5].

To replicate the outstanding locomotion skills of fish, locomotion control mechanism
plays a key role in designing a robotic fish. The main difficulty of the locomotion control
comes from how to coordinate multiple degrees of freedom of a robot and how to generate
a real-time locomotion pattern.

In the past, the control mechanisms of fish robots were commonly based on model
approaches [6, 7] and sine approaches [8, 9].

Model-based approaches use kinematic [6] or dynamic models [7] of the animal or the
robot to design mechanisms for locomotion control. In these approaches, once the kine-
matic or dynamic models turn out to be inaccurate, or in some cases even wrong, the
performance of the controllers will be unreliable. The high computational cost is another
drawback of model-based approaches.

Sine-based approaches use simple sine functions to generate traveling waves. Usually,
the propulsive wave traverses the fish-like robot body in a direction opposite to the overall
movement and at a speed greater than the overall swimming speed to propel the robot.
Compared with model-based approaches, sine-based approaches require lower computa-
tional costs and are thus convenient for online gait generation. Another advantage of
sine-based approaches is that important quantities, such as frequency and amplitude, are
explicitly defined and easily to be controlled. However, it is noteworthy that online mod-
ifications of the parameters of the sine function will result in discontinuity of the output
signals, leading to jerky locomotion.

Recently, central pattern generator (CPG) based methods are increasingly used in con-
trolling a variety of different types of robots and different modes of locomotion. As
biologically inspired approaches, CPGs are essential building blocks for the locomotion
neural circuits found in both invertebrates and vertebrates [10].

A major feature of CPGs is the capability of producing coordinated patterns of rhythmic
activity without any rhythmic inputs from sensory feedback or high-level control signals
[11, 12]. There have been a number of projects using CPGs for controlling legged robots
[13], amphibian robots [3, 14], swimming robots [5, 15], etc.

In [3, 5, 14], Ijspeert proposed a novel CPG model for locomotion control of robots,
which is a system of coupled nonlinear amplitude-controlled phase oscillators. This CPG
model is not to model a particular biological system or only replicate biological principles
at an abstract level. The main outcome of this novel model that differs from other
CPG-based models is that its limit cycle behavior has an analytical solution with explicit
frequency, amplitude and phase lag parameters, which can be used as control parameters
[14].

Based on the novel model described above, in the present study, we set out to design
a much simpler CPG model for locomotion control of robots. The key point in our
CPG model is to use linear oscillators instead of nonlinear ones. Although only simple
oscillators are adopted, we show that the performance of our CPG model is similar to
that of Ijspeert’s. Moreover, the structural parameters in our model can be selected more
reasonably and easily according to the request of the dynamic performance of the CPG.
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A complete control architecture, mainly composed of the proposed CPG model and a
transition layer, is built up. The transition layer is used to transform higher level control
commands into the specific control inputs to the CPG for producing suitable coordinated
patterns of rhythmic activity. Furthermore, in order to reduce the control parameters,
a particle swarm optimization (PSO) based method is used to find an optimal point in
the parameter space, where a maximum speed can be achieved. As a result, the speed
control is implemented by simply modulating the frequency of the joints. A large number
of numerical simulations and physical experiments are performed to test our CPG model
and locomotion control method. The performance is reliable and the application is easy
and simple.

The rest of the paper is structured as follows: in Section 2, we describe the robotic
fish and the experimental platform, which is used to verify our theoretic results; a loco-
motion control architecture, which is based on our CPG model and a transition layer,
is presented in Section 3; the PSO method, which is used to design the transition layer
of the locomotion control method, is described in Section 4; the experimental results are
shown in Section 5; finally, Section 6 concludes the paper.

2. Robotic Fish and Experimental Platform. Our CPG-based locomotion method
is verified by a fish-like robot. Both the robot and the experimental platform are developed
by ourselves [16, 17, 18].
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FIGURE 1. Mechanical configuration of a biomimetic robotic fish, (a) pro-
totype of the fish (top view), (b) internal structure of the fish (side view)

2.1. Robotic fish. As shown in Figure 1, the robotic fish consists of three parts: a
streamlined head, a flexible body and a caudal fin. The rigid head, made of fiberglass,
accommodates an onboard control unit, a duplex wireless serial port communication mod-
ule and a set of rechargeable batteries. The battery pack is placed at the bottom of the
head to lower the center of gravity so that the static vertical stability of the robot can be
achieved (Figure 1(b)). A pair of pectoral fins is fixed on both sides of the head to ensure
the roll stability of the robot during swimming. This pair of fins is immovable, so the
locomotion of the robot is limited to a horizontal plane. The flexible part of the robot is
composed of three joints which are concatenated by aluminium exoskeletons. Each joint
is connected to a R/C servomotor, which is used to change the deflection angle of this
joint. The rubber caudal fin, fixed on the third joint, is like a crescent. The special shape
enhances the swimming performance of the robotic fish. To be waterproof, a tailor-made
waterproof rubber tube covers the robot from head to tail. The total length of the robotic
fish is 40e¢m. In order to make the robot swimming just below the water surface, we inject
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proper amount of air so that the density of the robot is just a little smaller than that of
the water.

2.2. Experimental platform. The experimental platform is used to estimate real-time
pose information of the fish-like robot (the position, the direction and the speed in this
paper). Figure 2(a) depicts the hardware system which consists of an upper computer,
an overhead camera, a communication module and a robot subsystem.

) ) ) P -
A ! L . ' :
| Compfter : 4 | | [ Real-time Information Control commands and

N |
display parameters setting
K 3

!Image capturing e | — e — L — — e —— e — T
~ _ subsystem

| Image processing | | Transmitter |

: | \\ wireless :

! P! " [
|

‘ Image capturing ‘ ’ |

- Communication
\_ module

) L
Communication' Robot subsystem \ ......

Robot module

subsystem

FIGURE 2. Experimental platform, (a) hardware system, (b) architecture
of software platform

Images of the pool are captured by the overhead camera per 40ms and then sent to the
upper computer, where images are processed effectively to achieve the pose information of
the robots. Through the wireless communication module, the upper computer sends con-
trol commands to robot and receives feedback information from the robot. The schematic
diagram of the software system architecture is shown in Figure 2(b). It consists of four
modules: GUI (Graphics User Interface) module, robot module, image capturing and
processing module and communication module. Through the GUI, one can input control
commands and locomotion parameters. Then, these signals are sent to the robot by the
communication module in real time. In the image capturing and processing module, the
pose information of the robot is calculated and displayed in the GUI window in real time.

3. Locomotion Control. The complete locomotion control architecture is shown in
Figure 3(a). The transition layer, implemented at an upper computer, transforms simple
control commands to specific CPG control parameters, and sends them wirelessly to the
robot. The CPG-based model which is implemented at the robot can generate the control
signals to adjust deflection angles of the joints.

3.1. CPG model. Our CPG model is a system of N coupled linear oscillators, where
N is the number of the body joints and N > 2. In other words, there is a one-to-one
correspondence between oscillators of the CPG-based model and joints of the robotic fish.
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FIGURE 3. (a) Diagram of the locomotion control architecture, (b) struc-
ture of the CPG-based model used in the robotic fish

The sth oscillator is implemented as follows:

Pi(t) = oulou(Ry — ri(t)) — 274(1)] (1)

Bi(t) = BilBi(Xi — xi(t)) — 24:(t)] (2)

Gilt) = 7w i (650) = 6:(t) = 0ig) — 2 (6ilt) — 2701 )| 3)
j=Lj#i

0i(t) = xi(t) + ri(t) cos(ei(t)) (4)

where the state variables r;(¢), z;(¢) and ¢;(¢) represent, respectively, the amplitude, the
offset and the phase of the ith oscillator at time ¢. The variable 6;(¢) is the output of
oscillator 4, i.e., the desired deflection angle of the corresponding joint 7 at time ¢. The
parameters v;, R; and X; are the desired frequency, amplitude and offset of the oscillator
i respectively. And the parameter ;; is the desired phase bias between oscillators ¢ and 7,
which satisfies the following conditions: i) ¢; = 0; ii) ¢;; = —;; and iii) pix + Yi; = @ij-
Moreover, «;, f3; and p;; are structural parameters that affect the transient dynamics.
To simplify the model, we let o; = «, 5; = B, i = 0 (i.e., all oscillators have no self-
couplings); p;; = p for i # j. The values of o, # and p are positive and need to be
designed later. In this paper, we use the same desired frequency v; = v for all oscillators
(i.e., joints). Finally, the CPG model (1)-(4) can be written as follows:

’I“Z = —a2(ri - Rz) - 20[7“1 (5)
i = =B (v — Xi) — 24 (6)
N
$i=—p> Y (di—b;— i) —2AN - 1)u (¢z - 27TU> (7)
J=1j#i
0; = x; + r; cos(¢;). (8)

To change the locomotion behavior of the robotic fish, the input signals (i.e., the desired
frequency, amplitude and offset) are usually in the form of step signals. Thus, we focus
on the performance of the step response of the proposed CPG-model in Subsections 3.2
and 3.3.

3.2. Stability analysis. Equations (5) and (6) are critically damped second order linear
systems. Consider the general form of such a system:

i) + 2900 + (1) = u(t) )
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where y(t) and wu(t) represent, respectively, the output and the input. The positive
scalar w is the damping coefficient of the system. Step response of the system changes
monotonously with the exponential law, i.e., the output y(¢) asymptotically and mono-
tonically converges to the input u(t). Therefore, the amplitude r; and the offset z; of the
oscillator converge, respectively, to the desired amplitude R; and offset X; asymptotically
and monotonically.

In Equation (7), the phase ¢; is not only determined by oscillator i itself but also
correlated with other oscillators. We say all oscillators achieve consensus if, for all ¢;(0)
and ¢;(0) and all i, j = 1,..., N, ¢;(t) — ¢;(t) — ;i and ¢(t) — 27w, as t — co. We
can prove that the subsystem (7) achieves consensus asymptotically for any x> 0. In
other words, the phase bias between ¢; and ¢; converges to the desired phase bias ¢;;
asymptotically. We omit the proof due to lack of space [18]. Equation (8) is designed to
generate the rhythmic output signal 6;, which is completely determined by the amplitude
r;, the offset x; and the phase ¢;. Since all the amplitude r;, the offset x; and the
phase ¢; can asymptotically and monotonically converge to their desired values from any
initial conditions, the output #; of oscillator ¢ is modulated smoothly. Based on the
above regulations, oscillator ¢ converges to the following limit cycle from arbitrary initial
conditions asymptotically.

gfo(t) :Xi+RiCOS(27T’Ut+¢0+(,01Z'), 1= 1,,N (10)
where ¢ is a constant depending on the initial conditions of the system.

3.3. Structure parameters selection. During the following discussion, we use N = 3
considering our three-joint robotic fish (Figure 3(b)). To make the locomotion perfor-
mance of the robotic fish closer to those of real fish, suitable structure parameters of the
CPG model must be designed.

After a large amount of numerical simulations, we observe that with the same «, the
performances of the transient period are quite different when different values of v are
used. And the parameters § and p have the similar results. Therefore, we assume that
the values of the three parameters will change with the frequency v to achieve better
performance of the transient period. We re-analyze the transient performance of the unit
step response of the general system (9). Unfortunately, we omit details for lack of space
[18]. By simulation comparison and theoretical analysis, the parameters «, 8 and u are
selected according to the following equations:

a = 11.68v (11)
B = 11.68v (12)
p = 5.84v. (13)

Based on the above parameters selection, only four kinds of parameters (v, ¢;;, R;
and X;) need to be set when applied to the CPG model described by Equations (5)-(8),
(11)-(13) to generate the desired traveling wave for swimming.

3.4. Transition layer. For convenience of controlling the locomotion of a robotic fish,
we proposed a transition layer, composed of a direction controller and a speed controller,
to reduce the complexity of the control commands.

3.4.1. Direction controller. The locomotion direction is influenced mainly by the three
offset X; (i = 1,2,3). Here, we use the offset to present the difference between left and
right amplitudes of each oscillator. Thus, we use a simple direction controller described
by X; =X (i = 1,2) and X3 = 0 which make X (rad) be the only command for direction
control. The equation X3 = 0 is used to make the last joint of the robot have no offset
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with the second joint to ensure enough power for propelling the robot. The command
X > 0 means turning right and X < 0 means turning left.

3.4.2. Speed controller. The locomotion speed (only discuss swimming forwards in this
section) is influenced jointly by the frequency v, the amplitude R;, the phase bias ¢;;
and even the dynamic environment. Combined activities of all these factors make the
design of the speed controller difficult. We do a lot of experiments with the robotic fish to
identify how the speed changes when these parameters change. The observation is that the
speed of locomotion monotonically increases with the frequency when all the parameters
satisfied the physical limitation of servomotors. However, the amplitude R; and phase
bias ¢;; are shown a complex non-monotone influence on the speed of locomotion.

We therefore choose the frequency v as the only command for speed control, and design
a piecewise linear function [R;, v;j] = fspeed(v) as the speed controller.

The frequency is limited in [0.5Hz,3.0Hz| with the step size of 0.25Hz. For each
frequency, the PSO method is used to optimize the other five parameters (R;, Ry, R,
¢12 and 13) to obtain the maximum speed (see more details in Section 4).

The piecewise linear function, speed controller, is the linear interpolations between
these optima acquired by PSO method. Based on this speed controller, all the specific
control inputs of the CPG model (v, R;, ¢;;) can be obtained by a single control command
v. And the speed controller ensures that the outputs of the proposed CPG model remain
close to the fastest gait for each frequency.

With this transition layer, the direction and the speed of the robotic fish can be simply
controlled and modified by modulating the offset X (resp. the frequency v) for direction
(resp. for speed).

4. Parameter Optimization via PSO. Particle swarm optimization inspired by social
behavior of bird flocking or fish schooling is a kind of stochastic optimization technique
[19]. It was originally proposed in 1995 [20]. Similar to the Genetic Algorithm (GA),
the PSO method searches for optimal solutions through iterations of a population of
individuals, which are called a swarm of particles in PSO. However, the crossover and
mutation operation are replaced with moving inside the solution space decided by the so-
called velocity of each particle. Many published researches were made on the use of PSO
method for developing gaits with better locomotion performance of quadruped robots
[21, 22], biped robots [23, 24], modular robots [25], etc.

The PSO method has proved to be faster computed and easier implemented compared
with many other optimization algorithms such as GA [26], and be effective in solving
many global optimization problems [25, 27, 28, 29].

To improve convergence performance of PSO methods, inertia weight is introduced into
PSO [30]. Furthermore, the inertia weight is dynamically adjusted in the PSO evolution
process in order to balance global searching ability and convergence rate. This revised
PSO with changing inertia weight is usually called Adaptive PSO (APSO).

In this paper, we used the APSO method to optimize the speed of the robotic fish.

The APSO iteration equation is given as follows:

k+1

vl = wo e [Pl — 2]+ eary; B — o] (14)

where w is the inertia weight (see [21] for details).

In this paper, we use a swarm of 10 particles. The state of particle ¢ is a vector
(Ri1, Ri2, Ris, pi12, pi13) in a five-dimensional space, where R;;, R;; and R;3 present, re-
spectively, the amplitude of each joint of robotic fish, ;15 is the phase bias between joint
1 and joint 2, and ¢;13 between joint 1 and joint 3.
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The spectrum of particle is determined by the physical limitation of servomotors. We
use ¢; = 1.8 and c; = 2 to expedite the search process. The inertia weight w is described
as the following equation.

0.9
w:O.Q—MXn, n=12...

where n presents the iteration, and M is the maximum number of iterations (using M = 12
in this case). In this way, both global search in a broaden area at the beginning and
intensive search in a currently effective area at the end can be realized.

The speed of the robotic fish is considered to be the fitness. However, the exact objective
function cannot be given because the complexity dynamics result in having no accurate
simulator for the robotic fish. Thus, we perform the APSO method on real robot within
the experimental platform described above. To be more accurate, each result is the
average of 5 speed measurements.

Using this APSO method described above, optimization experiments with the real robot
are performed for frequencies from 0.5H z to 3.0H z with a step of 0.25H z. For instance, at
the fixed frequency v = 2.5H z, the other five controller parameters of the proposed CPG
model (R, Ry, R3, 12 and ¢3) have been optimized using the APSO method. Figure
4(a) shows the iteration process. The average fitness of all particles is converging quite
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FIGURE 4. (a) Results of the optimization for swimming at v = 2.5Hz.
(b) Optimization results of speed for the frequencies between 0.5Hz and
3.0Hz (with a step of 0.25Hz). Each data point is the average of 5 speed
measures.

fast from iteration 1 to 4. Then, the average fitness rises slowly but firmly until around
iteration 10. The curve rises up to the maximum fitness (i.e., the forwards speed of the
robotic fish) of 38.2¢m/s (0.955 body lengths/s) at iteration 10. The parameter values
for the best fitness are Ry = 0.42rad, Ry = 0.31rad, Rz = 0.40rad, @15 = —0.70rad and
p13 = —L.41rad. Thus, we get a high-speed gait of the robot in a short time by using the
above-mentioned APSO method.

Similarly, a series of optimization processes are taken to obtain the maximum speed and
the corresponding parameters for each chosen frequency. The results of the optimization
are shown in Figure 4(b). The maximum speed monotonically increases with the frequency
v up to 2.5H z. However, the speed begins to decrease when the frequency v still increases
after 2.5H z. The reason is that the amplitude of the servomotors is physical limited when
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the frequency is too high. Thus, the maximum value of the swimming speed is 38.2¢m/s
(0.955 body lengths/s) when v = 2.5H z. As a result, the speed controller of the transition
layer can be obtained using the proposed method in Subsection 3.4.2.

5. Simulations and Experiments. For verifying the performance of the proposed
CPG-based locomotion control method in Section 3, some simulations and experiments
are completed in this section.

5.1. Comparing with Ijspeert’s model. We first simulate our CPG model and Ijspeer-
t’s model [5] when the phase biases are modified. We can see that both of two models
converge to the new limit cycle smoothly and quickly (Figure 5). The results show that
the performance of our CPG model within linear differential equations is similar to that
of Ijspeert’s model [5] where nonlinear differential equations are used.

(a)Our CPG model

Time [s]
(b) ljspeert CPG model

Time [s]

FIGURE 5. Comparing with Ijspeert’s CPG model. (a) Output of our CPG
model with the parameters v = 1.0Hz, R; = 0.5rad, X; = 0; (b) Output
of the Ijspeert’s model with the parameters of which are as follows: w; =
2rrad/s, R; = 0.5rad, X; = 0, a, = a; = 20rad/s (i = 1,2,3) and w;; =
5/s(i # j). The phase biases (¢12,¢13) change from (—0.7, —1.6)rad to
(1.2,0.7)rad at t = 3s (for our model) and at ¢ = 2.92s (for Ijspeert’s
model). The difference of time points is to make the mutation produced in
the same position of the waveforms for convenience of comparison.

5.2. Frequency variation. We then simulate the proposed CPG model when the fre-
quency changes (Figure 6). In this experiment, we take R; = 0.5rad, X; =0 (i = 1,2, 3)
and (¢12,¢13) = (—0.7,—1.6)rad. It is shown that when the frequency v changes, the
corresponding output still keep continuous and smoothly (Figure 6).

5.3. Locomotion behaviors variation. Based on the designed transition layer, loco-
motion behaviors of the robotic fish are divided into two basic categories. Swimming
forwards, we set v € [0.5, 3]Hz and X = 0 so that the CPG model can generate traveling
wave from head to tail to make the robot swim forwards. Turning, we set v € [0.5, 3|Hz
and X # 0 so that the robot turns. When X > 0 the robot turns right, and when X < 0
it turns left.

Based on the above basic categories, we compose four typical locomotion behaviors to
verify the performance of the CPG model: swimming forwards slowly, swimming forwards
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FIGURE 7. Sequence of different locomotion behaviors. The figure shows
output signals of our CPG model while the locomotion model are changing.
See text for details.

fast, turning right sharply and turning left gently (Figure 7). In the sequence shown in
Figure 7, the CPG makes transitions in the order that swimming forwards fast (0 < ¢ <
4s), swimming forwards slowly (4 < ¢ < 8s), turning left gently (8 < ¢ < 12s) and turning
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right sharply (12 < t < 16s). We generate different locomotion behaviors by changing the
control commands v and X, then the specific control inputs of the CPG model (v, R;,
X; and g;;) are obtained by the designed transition layer. Although these parameters are
changed abruptly, the output signals of all oscillators are still continuous and smooth.

FIGURE 8. (From left to right, from top to bottom.) (a) The robotic fish
is swimming forwards with the control commands v = 1Hz and X = 0.
The time step between the snapshots is 0.125s. (b) The robotic fish is
turning left at the control command for direction: X = —0.5rad. The
control command for speed is set to v = 1.0H z. The time step between the
snapshots is 0.5s.

(a) (b)

The swimming forwards gait of the robotic fish is shown in Figure 8(a) with the control
commands v = 1.0H z for speed and X = 0 for direction.

When the control command X is not zero, the fish robot will swim on a circle. The
experiment results are shown in Figure 9(a). It is easy to see that the radius R of turning
circle monotonically increases when the command X changes from 0 to 1rad. The smaller
radius (R) results in the sharper turning. In Figure 9(a), it is shown that the sharpest
turning is R = 13.34cm (0.334 body lengths/s) when |X| = 1rad. Figure 8(b) shows

02 0.4 0.6 0.8 1 110
X [rad] P [cm]

(a) (b)

FI1GURE 9. (a) Control of direction. Each data point is the average of 5
direction measures. (b) Trajectory of the robot with the control commands
X = —0.5rad for direction and v = 1.0H z for speed. The position of the
robot is obtained by the experimental platform per 0.4s.
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the turning gait of the robotic fish with the control commands v = 1.0H z for speed and

X = —0.5rad for direction. And the swimming trajectory of the robot is shown in Figure
9(b).

6. Conclusion. In this paper, a novel CPG-based locomotion control method has been
proposed and used for a robotic fish. The proposed CPG model, which is a system of
coupled linear oscillators, has some unique advantages. First, linear differential oscillators
have been used instead of nonlinear ones to make the CPG model easy to be implemented.
Second, the adaptive structural parameters have ensured satisfying dynamic performance.
And explicitly presented parameters in the CPG model have brought clarity in applica-
tions. The experimental results have shown that our CPG model is well implemented
in locomotion control of a three-joint robotic fish. We believe that our model could be
applied to all biomimetic multi-joint underwater robots with link structures.

We are currently extending our work in the following directions. First, the stability
performance of the locomotion has been ignored in this paper because we choose the lo-
comotion speed as the only optimization goal. We are testing some optimization methods
to optimize the parameters for better stability and transient performance. Second, the
optimization has depended on the experimental platform because the robotic fish has no
sensor. Some pose sensors are being integrated into the robot body. Then, the locomotion
controller may be implemented on board, and on-line optimization can be easily applied.
Third, the proposed CPG model is open-loop. Some posture information is being added
as coupling terms to obtain a CPG with feedback. Additionally, based on the designed
transition layer, higher-level intelligent control methods such as neural network based
control or fuzzy control may be easily realized for the robotic fish. We are also interested
in controlling a formation of robotic fish, and some preliminary work can be found in [31].
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