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Abstract—This article presents a control architecture for therefore implement some kind of feedforward controller,
controlling the locomotion of an amphibious snake/lamprey je. a controller that "knows” which torques need to bhe
robot capable of swimming and serpentine locomotion. The . ihmically applied to obtain a given speed of locomotion.
control architecture is based on a central pattern generator . . .

(CPG) model inspired from the neural circuits controlling Interestingly, C,:PGS combine notlor}S of stgregtypy (steady
locomotion in the lamprey’s spinal cord. The CPG model is State locomotion tends to show little variability) and of

implemented as a system of coupled nonlinear oscillators on flexibility (speed, direction and types of gait can continuously
board of the robot. The CPG generates coordinated travelling pe adjusted).

waves in real time while being interactively modulated by a In this article, we use a CPG model inspired from the

human-operator. Interesting aspects of the CPG model include | t trol th . . d tine | fi
(1) that it exhibits limit cycle behavior (i.e. it produces stable amprey 1o control the swimming and serpentine locomotion

rhythmic patterns that are robust against perturbations), (2) ©Of an amphibious snake robot. Our goal is to demonstrate
that the limit cycle behavior has a closed-form solution which that the CPG implemented as a system of coupled nonlinear

provides explicit control over relevant characteristics such as gscillators is an ideal building block for doing online trajec-
frequency, amplitude and wavelength of the travelling waves, ., generation in a redundant robotic system. We therefore

and (3) that the control parameters of the CPG can be . - - . .
continuously and interactively modulated by a human operator designed a control architecture in which a CPG model is

to offer high maneuverability. We demonstrate how the CPG ~ programmed onboard of our amphibious robot and continu-
allows one to easily adjust the speed and direction of locomotion ously receives high-level commands wirelessly from a human
both in water and on ground while ensuring that continuous  gperator to modulate the speed and direction of locomotion
and smooth setpoints are sent to the robot's actuated joints. ot in water and on ground. We thus obtain a system
| INTRODUCTION thqt is ir)tergctive (i..e. with a human-_in-the—loop), gen.etrat.es
trajectories in real-time, and offers high maneuverability in
Online trajectory generation for robots with multiple de-water and on ground.
grees of freedom is still a difficult and unsolved problem.
The control of locomotion, for instance, requires multi-A Related work
dimensional coordinated rhythmic patterns that need to A variety of snake-like robots have been constructed. Most
be correctly tuned such as to satisfy multiple constraintaf them were designed for use on ground [5], [6], [7], [8],
the capacity to generate forward motion, with low energy9], a few were designed for swimming [10], [11], and even
without falling over, while adapting to possibly complexfewer for both water and ground [12], [13]. Their control
terrain (uneven ground, obstacles), and while allowing tharchitecture can roughly be divided into three categories:
modulation of speed and direction. In vertebrate animalsjne-based, model-based, and CPG-based.
an essential building block of the locomotion controller is Sine-based approaches use simple sine-based functions for
the central pattern generato(CPG) located in the spinal generating travelling waves (see for instance [7], [9]). The
cord. A CPG is a neural circuit capable of producingadvantages of such an approach are its simplicity and the
coordinated patterns of rhythmic activity in open loop, i.efact that important quantities such as frequency, amplitude
without any rhythmic inputs from sensory feedback or fromand wavelength are explicitly defined. A disadvantage is that
higher control centers [1], [2]. Interestingly, very simpleonline modifications of the parameters of the sine function
input signals are sufficient to modulate the produced pattern&.g. the amplitude or the frequency) will lead to discontinu-
In a decerebrated cat for instance, increasing the strengthaifs jumps of setpoints, which will generate jerky movements
a simple electrical stimulation to the CPG will lead to anwith risks of damaging the motors and gearboxes. This
increase of the frequency of oscillations as well as switchgwoblem can to some extent be overcome by filtering the
between different gaits from walk to trot to gallop [3]. In theparameters and/or the outputs but the approach then loses its
lamprey, speed of swimming can similarly be adjusted by theimplicity. Another disadvantage is that sine-based functions
level of an electrical stimulation, while stimulating the spinado not offer simple ways of integrating sensory feedback
cord with different strengths between left and right leads teignals.
turning behavior [4]. From a control point of view, CPGs Model-based approaches use kinematic [14], [15] or dy-
namic [16], [17], [18], [19] models of the robot to design
_A. Crespi and A.J. lispeert are with the School of Computer and Commuqontro| laws for gait generation. The control laws are some-
nication Sciences, EPFL (Ecole Polytechniquifale de Lausanne), CH . . .
1015 Lausanne, Switzerlanalessandro.crespi@epfl.ch, times based on sine-based functions as above (e.g. [14],
auke.ijspeert@epfl.ch [19]), but the model-based approaches offer a way to identify



fastest gaits for a given robot by using kinematic constraints
or approximations of the equations of motion, for instance.
Model-based approaches are therefore very useful for helping
to design controllers but have two limitations. First, the
resulting controllers are not always suited for interactive
modulation by a human operator. Second, the performance of
controllers will deteriorate when models become inaccurate,

which is rapidly the case for interaction forces with ahow the CPG and the interface allows us to control the
complex environment (e.g. friction with uneven ground). jocomotion of the robot. Examples of interactive locomotion,
CPG-based approaches use dynamical systems, e.g. S¥$-locomotion that is continuously modulated by a human
tems of coupled nonlinear oscillators or recurrent neurdperator, are also shown. We conclude the article with a short
networks, for generating the travelling waves necessary fefiscussion and presentation of future work (Section V).
locomotion (see for instance [20], [21], [11], [22]). These ap-
proaches are implemented as differential equations integrated Il. AMPHIBOT II: AN AMPHIBIOUS
over time, and the goal is to produce the travelling wave as SNAKE/LAMPREY ROBOT
a limit cycle. If this is the case, the oscillatory patterns are The AmphiBot Il robot has a modular design and is
robust against transient perturbations (i.e. they asymptoticakkpnstructed out of 7 actuated elements and a head element
return to the limit cycle). Furthermore, the limit cycle can(which is externally identical to the other elements but has
usually be modulated by some parameters which offer theo motor). The external casing of each element consists of
possibility to smoothly modulate the type of gaits producedwo symmetrical parts molded using polyurethane resin. The
Finally, CPGs can readily integrate sensory feedback signatements are connected (both mechanically and electrically)
in the differential equations, and show interesting propertiassing a compliant connection piece fixed to the output
such as entrainment by the mechanical body [23]. axis, which contains 6 wires. All the output axes of the
However, one difficulty with CPG-based approaches islements are aligned, therefore producing planar locomation.
how to design the CPG to produce a particular patterfo ensure the waterproofing of the robot, custom O-rings are
Many CPG models do not have explicit parameters definingsed! The total length of the robot is 77 cm. The asymmetric
quantities such as frequency, amplitude, and wavelength (fsiction with the ground, required for the robot to correctly
instance, a van der Pol oscillator does not have explicitrawl on the ground, is obtained by fixing a couple of passive
frequency and amplitude parameters). This does not needheels to each element with strong Velcro. Currently the
to be the case. In this article, we use a CPG model based wheels are removed for swimming, except for experiments
amplitude-controlled phase oscillators. An interesting aspeitt which we do transitions between water and ground. The
of this approach is that the limit cycle of the CPG has aensity of the robot is slightly lower than 1 kg/mso that
closed form solution, with explicit frequency, amplitude andhe robot floats under the surface when in water. The battery
wavelength parameters. The approach therefore combineslaced at the bottom of the elements to have the center of
the elegance and robustness of the CPG approaches witlass below the vertical center, therefore ensuring the vertical
the simplicity of sine-based approaches. Furthermore, oatability of the robot during both swimming and crawling.
CPG model is computationally very light which makes it
well suited to be programmed on a simple microcontrolle’?" Actuated elements
on board of the robot. The implementation of the CPG Each element contains three printed circuits (a power
is inspired from lamprey models [24]. It is close to theboard, a PD motor controller and a small water detector)
CPG model presented in [22], but differs in the followingconnected with a flat cable, a DC motor with an 512-
aspects: (1) it is made of a double chain of oscillators, (ggulse integrated incremental encoder, a set of gears (which
it has differential equations controlling the amplitudes ofises two additional printed circuits as mechanical support)
each oscillator (not only the phase), (3) it has an interfacd a rechargeable Li-lon battery. The elements are thus
function that allows easy modulation of speed and directiofompletely independent from each other (both electrically
by a human operator, and (4) the CPG is used to control n@fd mechanically).

Fig. 1. The AmphiBot Il robot.

0n|y Serpentine Craw]ing but also SW|mm|ng The 2.83 W DC motor (Faulhaber 1724 T 003 SR) has
_ . a maximum torque of 4.2 mMih and drives a gearbox
B. Outline of the article with a reduction factor of 125. The output axis of the

In the rest of the article, we will first briefly describe gears is fixed to the connection piece, which is inserted
the mechanical and electronic hardware of Amphibot I1, oufito the next element. The motor controller is based on
amphibious snake robot (Section Il). We then present te PIC16F876A microcontroller, which runs a PID motor
CPG model and the control architecture (Section IIl). BasegPntroller developed at the Autonomqus Systems Laboratory
on systematic exploration of the travelling waves that lea@f the EPFL. The battery has a capacity of 600 mAh, and can
to the fastest locomotion on ground and in water, we define, . - o o

. £ for modulating the speed and direction of loco- During extensive swimming tests, air is insufflated |ns_|de _the robo_t by
an mter ace . g p _Oa small pump through a highly flexible PVC tube for maintaining a little
motion. In Section IV, we present results that characteriz@erpressure inside the elements and avoiding leakage.
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Fig. 2. Different components of the locomotion controller. High level speec || """ phase
and turning commands and 7', respectively, are provided by a human ~1(| .'_"_'Q'F'e 1
operator via a keyboard or a joystick connected to a PC. An interface <, ‘ ‘ ‘ ‘
the PC transforms those commands into the control parameters of the Cl 4 8 12 16 20
(v, Agp, Ar, and AR) and sends them wirelessly to the robot. The CPG Time [s]

model on board of the robot generates desired trajectgridsr each motor  Fig. 3. Effect of changing the parameters of the CPG. Top: setpoint signals,
and passes them to standard PD controllers which produce the targues Bottom: control parameters. Initial parameters dre=A =1, v=1 Hz and
@; are the actual angles generated by the actuated joints. N - A¢=1. At t=4s,v is temporarily changed to 2.0 Hz, at t=84; and
Ap are temporarily changed to 0.5 and 1.5 respectively which leads to a
negative offset of the setpoint oscillations. At t=128; A¢ is temporarily

. . et to—1.0 which leads to a reversal of the direction of the travelling wave.
power an element for approxmately two hours of continuou t t=16s, A;, and Ar are changed to 0.5 which leads to reduced amplitude

use in normal conditions. A water detector circuit is useeh the oscillations.
internally to detect any leakage (blinking LED).

B. Head element on ground. Like in the real lamprey, turning can be obtained
The head element has a PIC18F2580 microcontrollepy inducing higher amplitude oscillations on one side of
which is master on the?C bus of the robot and which the double chain (see below). Compared to previous neural
runs the CPG model. It sends out the setpoints to the motoetwork models that we developed of the lamprey CPG [25],
controllers of each element in realtime. The microcontrollef26], the model in this article is simpler (much fewer state
also communicates with a PIC16LF876A microcontrollervariables) and therefore better suited for being programmed
which controls a nRF905 radio transceiver. The radio systeff a microcontroller on board of the robot, while keeping
uses the 868 MHz ISM band: preliminar experiments showetie essential features of lamprey travelling wave generation.

that a 10 mW signal (the power transmitted by the nRF905) The total number of oscillators i8N, where N = 7 is

on this frequency can penetrate water up to at least 30 cm (tH# number of actuated joints in the robot. Actuated joints
maximum tested depth). The more common 2.4 GHz barfe numbered 1 téV from head to tail. Oscillators in the
has not been used because it corresponds to the resongfitchain of the CPG are numbered 1Aband those on the
frequency of water and is therefore too much absorbe#ight side are numbered/+1 to 2V from head to tail.

The maximal bandwidth is approximately 50 kbps, largely The CPG is implemented as the following system2of
enough to send control commands and parameters from teeupled oscillators:

PC to the online trajectory generator.

ll. LOCOMOTION CONTROL 6; = 2mvi+ Y wijsin (ﬂj —0; _¢ij>
The general architecture of the locomotion control scheme . o ’ . 1)
is shown in Fig. 2. The control scheme is implemented partly i = G (f(Ri —7i) = Ti)
on a PC which takes the speed and direction commands | ; = Ti(1+cos(9i))

from a human operator, transforms them into CPG control
parameters, and send them wirelessly to the robot, and partlywhere the state variablés andr; represent, respectively,
on the robot which has a CPG model on board for onlinthe phase and the amplitude of theoscillator, the parame-
trajectory generation and PD controllers for transforming thtersv; and R; determine the intrinsic frequency and ampli-
desired trajectories into torques applied to the actuated jointside, andz; is a positive constant. The coupling between the
oscillators is defined by the weighis; and the phase biases
A. Central pattern generator model ¢:;. The variablez; is the rhythmic and positive output signal
Our CPG model is based on a system of amplitudesxtracted out of oscillatof. The first differential equation
controlled phase oscillators. The structure of the CPG idetermines the time evolution of the ph#&selt can be shown
inspired from the lamprey and forms a double chain ofhat two (or more) coupled oscillators will synchronize (i.e.
oscillators with nearest neighbor coupling (Fig. 2). Theoscillate at the same frequency and with a constant phase lag)
chain is designed to generate a travelling wave, from thiéthe coupling weightsv;; are sufficiently large compared to
head to the tail of the robot. This wave is used to achievihe differences of intrinsic frequencies (see Appendix). The
anguilliform swimming in water and serpentine locomotiorphase lag between the oscillators will then depend grw;;



and v;. The second differential equation is a second orddor speed and one for direction, instead of the four control

linear differential equation that ensures that the amplityde parameters for the CPG.

smoothly converges t®; in a critically dampened fashion.  Turning can be induced by modulating;-Ag, i.e. by
The setpointsy;, i.e. the desired angles for the N actuateddding offsets to the setpoint oscillations. The robot will then

joints, are obtained by taking the difference between signatsake undulations around a bent posture and turn towards

from the left and right oscillators. A standard PD motorthe side with higher amplitude. We can therefore introduce

controller is then used to computethe voltage (i.e. torque) the turning command’ which determines the difference

applied to the motor: between left and right amplitudes normalized by the total
0; = @i—ani amplitude, namelyl’ = ﬁz;ﬁg. -
(2) The control of speed is more difficult because the speed

o= Koot Rae I tion depends jointly on the f th
B L . . of locomotion depends jointly on the frequeney the
whelreei = Sﬁéfﬁpi IS theltrackllng error betvxéegn tEe desired, 1 hlitudeA=A, +A 5, and the phase lag.¢ of the travelling
anglesy; and the actual angles; measured by the motor wave, as well as on the type of environment (e.g. the type
incremental encoders, anfd, and K, are the proportional of friction with the ground, the slope, etc. ..). In [27],

and derivative gains. . e carried out a systematic exploration of how the speed
To reflect the symmetries of the robot, we set sever%Y

ters to th | The f X f locomotion depends on these three parameters for two
parameters 1o the same values. The Irequency paramelgfg. ot environments, a flat wooden floor and a small pool
are equal for all oscillators, i.e;; = v. We also chose all

litud i ide of the CPG 1o b ith water. The parameters have been kept into a reasonable
?%mp 'Z efoprirhaemIforssidoen(on%SI e]\?]) ar?dR j ?Orequ inge: the amplitudel=A+Ar betweenl0° and60° (with
A A LR f10°), the f 2 H 1.0 H
the right side { = [N +1, ..., 2N]). The phase biases; are a step of10%), the frequency between 0 zand 1.0 Hz

, . . . (with a st f0.2H d the ph diff betw
equal tor between left and right oscillators (i.e. these WI||gV\g5/;Saizf5/N (Vii)tl”?r;. ste?n %fgéz/]lv)eremb@ elween

oscillate in anti-phase). The phase biases between neighbo he outcome of that study is that, in the explored para-

oscillators are set tch¢ f_or the desc_ending connections ano#neter space, the speed of locomotion always monotonically
to -A¢ for_ the ascending connections. The parameler increases with the frequency when the two other parameters
will determine the phase lag between modules, see belogll,e kept fixed at any value. The amplitude and phase lag
V\I/Ie US‘?”thUij :Tﬁ foPrDaII cofpnlectig/ns arédz;—{ - 10? ford show a more complex, non-monotonic, influence on the
a osc:lafors. r? | co$ icien I” ant d ar%dlunef thspeed. For a given frequency, for instance, the dependence
manually for each elemen (e.g. elements in mi € ot &y speed on the amplitude and phase parameters is a smooth
chain require larger gains than those at the extremities f‘f"lﬂnction with a single optimum. The location of the optimum

good trajectory tracking). varies with the frequency. For instance, on ground with
With these settings, the CPG asymptotically converges t19: 0.2H > the maxi?num zpeed (0.15 m/s:) is ok?tained with
a limit cycle that is defined by the following closed form :

solution for the;!" actuated joint (a skeleton of the proof isA:3OO and A¢=0.5/N, while atv = 1.0l the maximum
) . . ) J ( P speed (0.40 m/s) is obtained with=30° and A¢=1.0/N. In
given in Appendix):

order words, with our robot it is better to make C-shaped
0 (t) = Ap—Ar+(AL+AR)-cos(2mv-t+iAp+¢o) (3) undulations A¢p=0.5/N) at low frequencies and S-shaped

whered, depends on the initial conditions of the systemtndulations 8o=1.0/N) at higher frequencies. The same is

This means that the system always stabilizes into a trafue for swimming. See [27] for all the data and more detailed

elling wave which depends on the four control parameter%nalySiS' .

v, Ad, A, and Ap. Indeed the frequency, phase lag, ampli- We therefore choose the frequency as a _smgle command
tude and offset are directly determined byA¢, Ap+Ag, parameter fordsieeAd, and design tvvfo funct!c[)Asﬁqb] -
and Ay - Ag, respectively. These parameters can be modifieéf_"o“"d(y ) and [4, A¢] = f “’at.e"(y) or setting the am-
online by a human operator from a control PC using th8 ftude and phase lag for a given frequency. These plece-
wireless connection. The CPG will rapidly adapt to amyvise linear functions are simple linear interpolations between

parameter change and converge to the modified travellifge opserved optima. The fuqct|ons thus ensure.that the
wave after a short transient period. An example of how th avelling wave produced at a given frequency remains close

CPG reacts to parameter changes can be observed in g the fastest locomotion at that frequency. When the robot

3: when the parameters are changed, the oscillator smootf§2<€S @ transition from ground to water or vice-versa, the

converges to the new limit cycle, without any discontinuitieg1 man operator makes a manual swnch from one function
in the outputs. to the othef Note that, since these functions depend on the

The differential equations are integrated by the microcorgvironment, we will in the ;uture use online olptlmlkzatlon
troller of the head (see section I1-B) using the Euler method? 'dentify good parameters for a given (possibly unknown)
with a time step of 10 ms and using fixed point arithmeticsEnVironment instead of systematic search (see Section V).

B. Interface for the control parameters 2Note that by design the robot is only capable of planar locomotion and
. . therefore does not require control of vertical motion.
To S|mpI|fy the control of the robot by a human operator, 3This switch will soon be done automatically using an external water

it is useful to reduce the number of commands to two, ongensor.



Fig. 4. The robot crawling all = +30°, N - A¢ = 1.0 andv = 1.0 Hz. The time step between the snapshots is 0.12 s. See also the accompanying
video.

(g

Fig. 5. The robot swimming atl = £50°, N - A¢ = 1.0 andv = 0.8 Hz. The time step between the snapshots is 0.16 s. See also the accompanying

video.

With this interface, the speed and direction of locomotion 0.4/ [— Crawling
of the snake robot can now easily be adjusted in real-time by || Swimming
a human operator by setting the frequencgnd the turning
commandT'. 03

[

IV. EXPERIMENTAL RESULTS

Speed (m/s)
o
N

ot
T

A. Typical swimming and serpentine gaits T
0.1 1

Figures 4 and 5 show snapshots of the robot doing o
serpentine locomotion on ground and anguilliform swimming
in water. In both cases, the undulation of body deformations % 02 04 06 o08 1
travelling from head to tail propels the robot forward because v (H2)

of the asymmetrical interaction forces with the environment, ) ) ) ) )
If|g. 6. Control of speed during serpentine crawling (continuous line) and

n'_amely IOW_ d_rag/frlctlon in the I_OngltUd_mal _dlrectlon, andswimming (dotted line). Each data point is the average of 4 speed measures,
high drag/friction in the perpendicular direction. and the error bars correspond to the standard deviation.

B. Control of speed during serpentine locomotion

We systematically tested the speed of serpentine Iocomg-' Control of direction during serpentine locomotion

tion using different values of our command paramater To evaluate the turning ability of the robot on ground, we

Figure 6 shows the resulting values. The speed is evaluatesed video tracking of a green LED mounted on the head of

by measuring the time needed by the robot to travel a givéhe robot. When a non zero turning commdfids sent to

distance (1m), and repeating the measure four times. the robot, it will on average progress on a circle. Figure 7
Results show that the speed increases monotonically wisows the trace that the head element makes. A circle is fitted

v. The highest speed at 1.0Hz is approximately 0.4m/¢Q the outer bounds of the trace to provide an estimation of

which corresponds to 0.55 bodylength/s. Higher speeds c#i turning ability: the shorter the radiug the sharper the

be reached at higher frequencies, but tracking errors in tiiérning. Figure 8 shows how the inverse of the radius varies

PD controllers become significative above 1.0Hz due twith theT command. Interestingly, the relation betwegiR

motor torque limits. As explained in Section 1II-B, becausénd 7" is almost linear. The sharpest turning is obtained at

of the function f,,,unq, the types of undulations are quite 7=1, where the radius of the curvature is 25cm. Turning is

different between low frequencies where the undulatioriéerefore quite sharp for a 72cm long robot.

make C-shapesN¢=0.5/N) and high frequencies where the . o

undulations make S-shaped¢=1.0/N). Note that while D- Control of speed during swimming

the speed measures have been made at fixedlues, v Similarly to locomotion on ground, we tested how the

can be continuously and interactively adjusted to producgpeed of swimming depends on the comman&peed was

locomotion with smooth accelerations and decelerations. measured by taking the time necessary to travel a given



F. Remotely operated robot

One of the main motivations behind our CPG-based
control architecture is to allow high maneuverability and
interactive locomotion control with a human-in-the-loop.
We therefore tested the robot on ground, in water, and
with transitions between the two by continuously remote
controlling the robot via the commandsandT'. As shown in
the accompanying video, the robot is capable of continuously
accelerating, decelerating, and changing directions. Because
of the simple speed and direction commands, the operation of
the robot is intuitive and accessible to any operator without
prior training.

Fig. 7. Tracking of the robot while turning on ground. The dotted line is
the trace left by the head element. The radius of the circle fitting the outer

bounds is used to measure the curvature. V. CONCLUSIONS AND FUTURE WORK

at We presented an amphibious snake robot capable of swim-

ming and crawling controlled by a central pattern generator

3.5 (CPG) model. The CPG model is designed to produce

at travelling waves as limit cycle behavior, and to allow simple
modulation of the frequency, amplitude, and phase lag of

o 25t . . h .

e the travelling undulations. Based on systematic exploration
z 9 of the speed of locomotion on ground and in water, we
S 4 designed interface functions to allow a human operator to
o continuously adjust the speed and direction of locomotion
while ensuring that the produced travelling waves lead to

0.5 the fastest locomotion for a given frequency in the two tested
environments. This work therefore demonstrates that a CPG

0
0010203040506070809 1 model is a useful building block for solving the problem of

T trajectory generation in redundant system and for allowing
Fig. 8. Control of direction during serpentine locomotion. The horizontahigh maneuverability.

and vertical axes are respectively the turning comm&nand the inverse . . . .
of the radius 1/R. P Y 9 We are currently extending this work by doing online

optimization of the interface functions. The bad news of this
work and the study presented in [27], is that, for a given

distance. Since accelerations are slower in water than §FAuency, the speed of locomotion varies significantly with
ground, we waited enough time (approx 5 seconds) befol8€ chosen amplitude and phase lag of the undulation. In
the beginning of the measurement such as to be close Q€M words, itis important to identify the optimal parameters
steady-state swimming. Figure 6 shows the results of t§2ding to fastest locomotion, since moving away from them
measurements. Speed increases monotonically witp to leads to significantly slower locomotion. Furthermore, the
»=0.9Hz where it saturates. Maximum speed of 0.23m/QPtimal parameters vary from one frequency to the other,
i.e. 0.32 bodylengths/s, are attained. Compared to serpentfad from one medium to the other (e.g. it changes when
locomotion, the speeds are lower and the measurements sHA"® IS @ slope or when the friction properties of the ground
a larger variability. The larger variability is related to the fachhange)'_ The good news is that the function relatln_g speed to
that water in motion makes experiments less reproducibFQe amplitude and phase lag is smooth and has a single global

because of the complex dynamics of waves bouncing agaiftimum (in the parameter space that we studied). It would
the small swimming pool windows. therefore be quite simple to find the optimum of that function

using standard optimization algorithms (e.g. Simplex or

Powell's method). We are therefore exploring how the robot
E. Control of direction during swimming could continuously track the optimal undulation for a given

environment and frequency. This can be done in real-time

Turning in water is induced like on ground by modulatingwithout human supervision and without needing to stop the

the turning command T. The robot can turn on a circle that igperation of the robot, since the CPG will keep running while
less than 40cm of diameter (our testing pool is 80cm widejhe parameter space is explored.
See the accompanying video. We have not yet tested how theAcknowledgment$his work was supported by the Swiss
curvature varies with differenit’ values because we do notNational Science Foundation. We acknowledge the support
yet have access to a sufficiently large swimming pool witfrom Francesco Mondada and the Autonomous Systems
overhead camera. Such tests will be done in the near fututeaboratory (ASL) at EPFL, for their PD motor controller.



VI. APPENDIX

The limit cycle of the CPG is determined by the time
evolution of the amplitude and phase variables. We here shoyg]
the particular case of two oscillators coupled bi-directionally:

(8]

91 = 2’/TV1 —+ w SiIl(02 — 01 — Aqb) [10]
o= a(§(By—r1) —71) @)
O = 27mve 4+ wsin(fy — 02 + Ag)
o = a({(R2—ra) —12) [11]
It is easy to demonstrate that the state variablesand
ro asymptotically converge t&; and R, respectively, from [12]

any initial condition. Since we are interested in determining
whether these two oscillators will synchronize (i.e., evolvef-13
with a constant phase difference), and, if yes, with which
phase difference, it is useful to introduce the phase difference
1=62-01. The time evolution of the phase difference ig 14
determined by

= f() =0y — 01 = 21(vo — 11) — 2wsin(y — A¢) (5)

If the oscillators synchronize, they will do so at the fixed
points i, (i.e., points wheref (1,) = 0)): (16]

[15]

(6)

In our case we have/;=i1,=r, and this equation has
a single solutiony.o=A¢. This solution is asymptotically [1€]
stable becaus@f(v..)/01y < 0. The outputs of the oscil-
lators therefore asymptotically converge to oscillations that
are phase-locked with a phase differencefaf: 25°(t) = [19]
R1(1 + cos(2mvt + ¢g)) and z5°(t) = Rzl + cos(2mvt +
A¢ + ¢g)) where ¢ is a constant that depends on initial[20]
conditions. Since the complete CPG is made of multiple bi-
directionally coupled oscillators and that all parametgss
are consistent (i.e. the sums of the parameggysare equal [21]
to a multiple of 2r on any closed path between oscillators),
the same reasoning can be recursively applied to demonstrate
convergence of the complete CPG. [22]

Voo = arcsin(W) + A¢ [17]
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