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Outline of the talk

* Central pattern generators (CPGSs) in biology
 Modeling the salamander CPG
o Adaptive frequency oscillators

o Self-tuning CPGs

 Programmable CPGs

e Online learning in modular robots
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"What is adaptive movement control?

Coordination of Modulation
multiple degrees of freedom
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T Neural control of movement

Requires good coordination (right frequencies, phases, signal
shapes,...) of multiple degrees of freedom,

despite the multiple redundancies:

 Many possible end-point trajectories

 Many possible postures for a given end-point

 Many possible muscle activations for a given posture

e Many possible motor unit activations for a given muscle
activations
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e Central pattern generators
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Central pattern generators: neural networks capable of
producing oscillatory patterns without oscillatory inputs

Simple inputs =» complex outputs

Found in many animals: invertebrates
and vertebrates (e.g. lamprey)

Locomotion: CPGs In Spina| cord S m‘:?

Relatively simple control signals from higher control centers
to the spinal cord (Shik and Orlosky 1966)

Distributed system: multiple coupled oscillators, at least
one per DOF (Cohen 1980, Griliner 1985)



I(I’ﬂ.
surmmCentral pattern generators in robotics «

CPG-like controllers can be very ﬁ
useful In robotics: —

* Reduction of the dimensionality?®
of the control problem A3

* Interesting stability properties
(limit cycle behavior) o [ W

« Modulation (online trajectory
generation) ” 5

* Integration of sensory feedback
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Outline of the talk

* Central pattern generators (CPGSs) in biology
« Modeling the salamander CPG
o Adaptive frequency oscillators

o Self-tuning CPGs

 Programmable CPGs

e Online learning in modular robots
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Work done in collaboration with

 Alessandro Crespi (EPFL)

 Jean-Marie Cabelguen (Univ. Bordeaux | and INSERM)
e Dimitri Ryczko (Univ. Bordeaux II)

e André Guignard (EPFL)

 André Badertscher (EPFL)
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1.

Why modeling/studying salamanders?

Interesting bimodal locomotion (swimming + .
walking)

Its body plan has changed little over 150 |
million years (Gao & Shubin, Nature, 2002).
Key animal to study the transition from
aquatic to terrestrial locomotion during
evolution.

Link between research on lamprey and
tetrapod locomotion.
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DAL DE LA Aquatic locomotion

(Frolich 1992, Delvolvé 1997, Ashley-Ross 2004):
Traveling wave during swimming, (anguilliform swimming)

i ant trk (0.25 SVL)

i mid trk (0.60 SVL)

i post trk (1.10 SVL)

Traveling wave during swimming,
Wavelength = approx one body length

co mid trk (0.60 SVL) M\u
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errestrial locomotion

Standing wave during trotting
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e Biomodal locomotion (cartoo n)

Swimming:

*Traveling wave in axial muscles
*\Wavelength = body length
Limb retractors are tonic

*Short cycle durations
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DR DE AR Biomodal locomotion (cartoon)

Swimming: Walking:

*Traveling wave in axial muscles ¢ Standing wave
*\Wavelength = body length  Limb retractors/protactors
Limb retractors are tonic are phasic

*Short cycle durations e Longer cycle durations
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1. Which type of neural networks can produce the observed
bimodal locomotion, in particular the traveling waves for
swimming and standing waves for walking?

2. Can a « lamprey network » be modified to control both
swimming and walking?

3. What are the mechanisms underlying gait transition? In
particular, the automatic transition with MLR stimulation?

4. Why are walking frequencies always lower than swimming
frequencies?

lispeert A.J., Crespi A., Ryczko D., Cabelguen J.-M. , Science, Vol. 315., pp. 1416-1420, 2007
lispeert A.J., Crespi A., Cabelguen J.-M., Neuroinformatics, 3:3, pp 171-195, 2005.
lispeert A.J., Biological Cybernetics, 84:5, pp 331-348, 2001.
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st Biological data on salamander CPG e

 Locomotion controled by a spinal
Central Pattern Generator (Delvolve et
al 1999)

Neck

T
é9

. The CPG is distributed along the |
spinal cord Trunk

[T ]

Hindlimb
CPG

Body
CPG

 Localized limb neural oscillatory
centers (Szekely et al 1976), with
Independent flexor and extensor
centers (Cheng et al 1998)

Tail 30

e
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 Locomotion and gait transition can be k 40
Induced by electrical stimulation of the
MLR



M o
IR Stimulation of MLR

MLR: Mesencephalic Locomotor Region
Cabelguen et al, Journal of Neuroscience, 23 (6), 2003

Low current Larger current
stimulation: stimulation:
(slow) stepping (fast) swimming
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Latest model based on phase oscillators

« System of coupled amplitude-controlled phase oscillators
e Suitable both for biological modeling and for a robotic
Implementation

« EXxplains:
« Control of speed, direction, and type of gait
 Automatic gait transition from walking to swimming with
MLR stimulation
« Why swimming frequencies are systematically higher
than walking frequencies

From swimming to walking with a salamander robot driven by a spinal cord model,
A. J. ljspeert, A. Crespi, D. Ryczko, J.-M. Cabelguen, Science, Vol. 315. no. 5817,
pp. 1416 - 1420, 2007
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Hypotheses underlying the latest mode

 Hypothesis 1: The isolated body CPG is lamprey-like and
spontaneously produces traveling waves when activated with
a tonic drive. The limb CPG, when activated, forces the
whole CPG into the walking mode.
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Hypotheses (continued)

 Hypothesis 2: the strengths of the couplings from limb to
body oscillators are stronger than those from body to body
oscillators and from body to limb oscillators.

 Hypothesis 3: Limb oscillators can not oscillate at high
frequencies, that is, they saturate and stop oscillating at high
levels of tonic drive.

. M For the same tonic drive, limb oscillators
ave lower intrinsic frequencies than the body oscillators.

Observation



@i From a lamprey robottoa e

salamander robot
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Snake robots: related work

Risw, » .-
e an?

Polychaete-like robot Lamprey robot REEL Il
(Sfakiotakis et al.) (Ayers et al.) (Mclsaac and Ostrowski)

Helix-1 + ACM-R5 WormBot Lamprey robot
(Hirose et al.) (Conradt and (Arena et al.)
Varshavskaya)
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oo Salamander robots: related work oo

Geo, Tony Lewis

Robo-salamander, Breithaupt
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9.5cm Power board PID controller board

Crespi A. et al, Robotics and Autonomous Systems, 2004.
Crespi A. et al, ICRA2005, Ijspeert and Crespi, ICRA 2007
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From
serpentine locomotion
to
anguilliform swimming

lispeert and Crespi, ICRA 2007
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Brain stem

Reticular
centers

Hyp. 1. Lamprey-like body
CPG extended with a limb

CPG

Trunk

Tail

Forelimb
CPG
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A segmental oscillator is modeled as an amplitude-controlled
phase (Kuramoto-like) oscillator (e.g. Cohen et al 1982):

Phase: @i =27V, +Z rW; sin(@j — 0, —¢ij)
J

Amplitude: |f = Q. (E(R — r.)—l’.j
i il g v

Output: | X, =T (1+ COS(‘9i )

Setpoints: |@, =X — X\,
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T Example with two oscillators
2
D pd XY

‘9.i =2zv, + Z(rjwij sin(6; -6, _¢|j)) I osf
j

rg:a{%(&—n)—ﬁj

X; =L(1+cos(6))

The phase difference ¢=20, -6,
between two oscillators
converges to
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s OQgcelllator model: saturation function «o e

 This simple model has independent (and explicit) parameters

for the intrinsic frequency v and the amplitude of oscillators
R of each oscillatory center i

 Butreal oscillatory centers produce oscillatory bursts In
which frequency and amplitude are correlated, and
which are limited to specific frequency ranges

e = we Introduce a saturation function
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Oscillator model: saturation function e«

 The oscillators are controlled by a tonic drive d. Both the
frequency and the amplitude of the oscillations linearly
Increase with d between a lower and upper threshold:

5

Frequency .|

v [Hz] |

3
2k
1
0

0.8

Amplitude ost
R @ 04f

02F

~_ Body oscillator

| _—— Limb oscillator

Hypotheses 3 and 4.
limb oscillators are slower
and
saturate at a lower drive
than the body oscillators
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FOEALEDELAUSANG Sweep of the drive signal oo

‘ . . . . . . . . Body oscil.

A A L ——— Limb oscil.
0.2 - 0.6Hz
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The couplings are defined as follows:

Traveling wave ¢, :i?, W :IO\F

N

Antiphase ¢ij =7, Wy = loﬂ. -_

In phase ¢; =0, w; =30

d

Hyp. 2: strong limb to body couplings
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High drive
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Swimming
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DAL DE LA Aquatic locomotion

(Frolich 1992, Delvolvé 1997, Ashley-Ross 2004):
Traveling wave during swimming, (anguilliform swimming)

i ant trk (0.25 SVL)

i mid trk (0.60 SVL)

i post trk (1.10 SVL)

Traveling wave during swimming,
Wavelength = approx one body length

co mid trk (0.60 SVL) M\u
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Swimming kinematics
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Walking i

Low drive

AP (BIRGH
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Terrestrial locomotion

Standing wave during trotting
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Walking kinematics

—e— Robot
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From walking to swimming
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Kinematic and EMG studies |

The frequencies of swimming are systematically
higher than those of stepping in freely behaving animals

20 -
SWIMMIMNG
- . 15_ I:E:E1ms .
Swimming: —Z | Stepping:
1.6-3.0 Hz % 10 4 STEPPING 0.6-1.2 Hz
|
)
. | LufILAMA bl
0 200 pO0 BOO N0 4040 1600 1800

Cycle duration (ms)
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New experiment: R
measuring frequencies of limb and body CPGs

Fictive rhythms

|50 pv

50 pV

|2o mY,

10s

Fig. S6. Example of rhythmic motor activities induced in 3 isolated portions of salamander spinal
cord by bath co-application of N-methyl-D-aspartate (20 pM) and D-serine (10 pM). Efferent
activities (right panel) were recorded from a forelimb muscle nerve (iFn), the 10™ ventral root
(iVR10), and from a hindlimb muscle nerve (ilIn) on the same side of the spinal cord. The dashed
lines in the drawing of the preparation (left panel) indicate the levels of the spinal cord transections.



Limb oscillators are slower!

FEDERALE DE LAUSANNE ROBOTICS GROUP (RIRG)

spinal cord
I Forelimb
0.133 £ 0.002 Hz @ Axial
I Hindlimb
o #2 | n 0.111 £ 0.003 Hz
S —
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.'C;’ #3 | b 0.080  0.001 Hz
-g n.d
= #4 H 0.119 + 0.005 Hz
n.d
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% of axial oscillator frequency

Before transection
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B Limb oscillators are slower!

spinal cord spinal segments
‘—4* I Forelimb
0.133 % 0.002 Hz | L I 0.276 £0.012 Hz I Axial
. I Hindlimb
wn #2 | H 0.111 £ 0.003 Hz | H 0.141 £ 0.004 Hz
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T
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= #4 H 0.119 £ 0.005 Hz H 0.224 + 0.005 Hz
| *
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#5 H 0.098 £ 0.002 Hz H 0.181 £ 0.003 Hz
r T T T T 1 r T * T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
% of axial oscillator frequency % of prelesional axial oscillator frequency

Before transection After transection
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CPG model

Individuals

Limb oscillators are slower!

coupled oscillators

I ! 0.4 Hz
——
0 50 100 150 200 250
% of axial oscillator frequency
spinal cord
0.133 £ 0.002 Hz
#2 | H 0.111 £ 0.003 Hz
#3 | H 0.080 & 0.001 Hz
n.d
#4 H 0.119 + 0.005 Hz
n.d
#5 H 0.098 £ 0.002 Hz
0 50 100 150 200 250

% of axial oscillator frequency

Before transection

uncoupled oscillators

| ! 0.7 Hz

0 50 100 150 200 250

% of coupled oscillator frequency

spinal segments

[ [ H 0.276 £ 0.012Hz

H 0.141 £ 0.004 Hz

H 0.172£0.002 Hz

[ *
-n.d
H 0.224 +0.005 Hz

|
-n.d

H 0.181 £ 0,003 Hz
r T * T T T 1
0 50 100 150 200 250

% of prelesional axial oscillator frequency

After transection
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Limb oscillators are slower!
coupled oscillators uncoupled oscillators
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T
c n.d -n.d
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r T T T T 1 r T * T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
% of axial oscillator frequency % of prelesional axial oscillator frequency

Hypothesis 4 is confirmed
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‘Real salamander: from walking to swimming
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"Real salamander: from swimming to walking
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Asymmetric drive:
Oscillators remain
synchronized and
only amplitudes
change

Time [s]
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Control of direction
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() - e
st The body limb coordination

optimizes speed

i .
BIOLOGICALLY IMNSFIRED
ROBOTICS GROUM (BIRGH

-_-"h-

———

T
[
n
i
1|
f




I(I’fl. ()

I:f_()LI_ [()L‘( FE IH\[Q_JI: BIOLOGICALLY IMSFIRED
s ERCTIES OB BIEG

Conclusion

The new CPG model provides an explanation for:

« The automatic transition from walking to swimming by simple
electrical stimulation,

« The rapid increase of frequency at the gait transition

« The lack of overlap between walking and swimming
frequencies

 the control of speed and direction by the modulation of a
simple tonic drive.

Evolution: addition of oscillatory centers with different
Intrinsic frequencies and saturation frequencies to a
lamprey CPG

In addition, the CPG model offers an interesting way to do online
locomotion control for robots with multiple d.o.f.s.
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Outline of the talk

* Central pattern generators (CPGSs) in biology
 Modeling the salamander CPG
 Adaptive frequency oscillators

e Self-tuning CPGs

« Programmable CPGs

* Online learning in modular robots



~ Central pattern generators for robotics
 Problem: not yet a clear methodology for designing
CPGs
 Most approaches use either hand-coding or off-line
optimization algorithms

e Alternatives that we are currently testing:

1) A system based on adaptive frequency oscillators
for learning rhythmic trajectories as limit cycles

2) Online optimization (later)
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~ Adaptive frequency oscillators

« Designed jointly by Jonas Buchli and Ludovic Righetti
 Example: an adaptive frequency Hopf oscillator receiving a

periodic input F(t).

i = ~v(p— (2% +y*))x —wy + eF (1)
= "*}f(u - (ﬂff2 + yg))“y + wa

Teaching signal

&
|

|
N
py
--+.

Tuning of the intrinsic frequency

Righetti, Buchli and ljspeert, Physica D, 2006,
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Adaptive Hopf oscillators
Po= ylp— @+ yP)r —wy + eF(t)
g = e — @+ y)y +we

T’

999 999.5 1000 :
0 500 1000
Time Time

Righetti, Buchli and ljspeert, Physica D, 2006
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wowee  Adaptive Hopf oscillators #5505
Input signal Error Input signal Error
1 @ N ®)
0 0 0
-1 _1 -0.05

(@ 0 05 1 o 200 400 600 w (b)) 0 05 1 04 200 400 600 800

1 C'OD; (C)’ 1
0 oj\fw» 0
(c) not to scale 0 200 400 800  {(e)10 15 20 0 200 400 600 800
1 0.1
0.05}
0 0
_1 ~0.05|
(d)o 5 10 -0

0 200 400 600 800

Righetti, Buchli and ljspeert, Physica D, 2006
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Adaptive frequency oscillators

Self-tuning CPGs Programmable CPGs
Unsupervised learning Supervised learning
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* l|dea: use the adaptive frequency oscillators to tune
themselves to resonant frequencies of a compliant
robot

Work done in collaboration with Fumiya lida and Rolf Pfeifer at
the University of Zurich (also part of RobotCub)

Buchli et al, IROS 2006
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Joint angle sensor

—'\

Buchli et al, IROS 2006
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accelerometer

Buchli et al, IROS 2006
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Movie

Movie slowed down

Buchli et al, IROS 2006
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Frequency parameter Inertial sensor
ot
3 ]
.
-1t
0 460_ 0 460

time [s] time [s]

Buchli et al, IROS 2006
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* Results: adjusting to a change of weight

a)
.l
28+ readapted to wo

— adapted to wq
3
remove weight
23 l _
l
600

100 time |s]

Buchli et al, IROS 2006
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Programmable CPGs

Pteach (f)

———

Qﬂea-rn ed (tj
Q2T2 Z g a -

Righetti et al, AMAM2005, ICRA 2006
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r; = ~y(p— r'_"-z);.tr.; — w;y; + eF(t) +7msin(f; — &;)
yi = ylp—r; )Ua T Wiy
. U3
Wy : —I.‘-J'_L “L :'L
I
a; = nr;F(t)
r,.-';.i = SIn (ig[p — 91' — t’r.-",l.f.)
“&o
with
\ - Ui
0; = sgn(x;)cos [ —Z
) -
} (T) — -J'I_':'_*I } H-\:I (.;-,}lmu'nml“j
N
{.;;‘?1:;'{11'11&:11 ( H — Z e Ly
=10

Righetti et al, AMAM2005, ICRA 2006
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o B

teach

Example of learning

NSNS

Picacr, = 0.8sin(15t) + cos(30t) — 1.4sin(45t) — 0.5 cos(60t)
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Correct
frequencies

Correct
amplitudes
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ST Example of learning
Teacher S|gr;ral \\ l
OW\W
2
ol 41 | _
4 |
g
E O\/\/\/\/—\/\/\/_\
g -4 / _
1200 / 1200.5 1201
Time [s]

Learned signal
Picach = 0.8sin(15t) + cos(30t) — 1.4 sin(45t) — 0.5 cos(60t)

Righetti et al, AMAM2005, ICRA 2006
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Interesting properties

% mm
T 0 X
0 2 4
Time [s] Stability against perturbations
e, 4 | | |
o -4f |
0 > 4 6
Time [s] Frequency Modulation
o 4 | | |
S -af '
0 > 4 6
Time [s]

Amplitude Modulation
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“ 7 Application to locomotion control

Three oscillators per dof

Right Leg Left Leg

LLEG_JOINT[2] -5~ %H% ) 35— RLEG_JOINT[2]
LLEG_JOINT[3] -5 74" 2@ @2 ) 357~ RLEG_JOINT3]

LLEG_JOINT[4] ~—{T5% 2@ @2 _ 57—~ RLEG_JOINT4]
LLEG_JOINT[S] ~— %" g@ @2 ) 23]~ RLEG_JOINT[5]

LLEG_JOINTI6] :% C/\XE _ 5T~ RLEG_JOINT[f]

Righetti et al, [CRA 2006
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Simple feedback terms

Preventing leaning too much forward or backward:
¥: forward leaning angle (from gyroscope)
¥, reference angle

S/=7(ﬂ—r2)y+wx
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Righetti et al, [CRA 2006



I(I’ﬂ.

I:C()LI: POLYTECF H\ IQ_JI:

- - ()
Interesting properties

% mm
T 0 X
0 2 4
Time [s] Stability against perturbations
e, 4 | | |
o -4f |
0 > 4 6
Time [s] Frequency Modulation
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Amplitude Modulation
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“"Adaptive frequency oscillators: summary

Interesting properties:

Frequency adaptation with any initial frequency (not
mere synchronization)

Works with arbitrary input waveforms

Works for several nonlinear oscillators

Convergence proven for the adaptive frequency
Hopf oscillators

No external optimization algorithm (learning is part of
the dynamical system)

Can implement a kind of dynamic Fourier transform
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Outline of the talk

* Central pattern generators (CPGSs) in biology
 Modeling the salamander CPG
o Adaptive frequency oscillators

o Self-tuning CPGs

 Programmable CPGs

 Online learning in modular robots
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Work done in collaboration with

« Alexander Sproewitz
» Rico Moeckel, Daniel Marbarch, Michel Yerli
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U Modular robotics: characteristics

 Robots made of multiple units
« Possiblity of self reconfiguration
o Versatility, robustness against lesions
 Two types of locomotion:
o «flow-like», locomotion through
continuous reconfiguration
e «actuated joints», locomotion
through the actuation of joints

C
4 TJ
N .
b
s

4

CONRO TELECUBE POLYBOT



~ Modular robotics: challenges
o Efficient locomotion despite unknown configurations

« Configurations that change over time
* Distributed control

« Traditional model-based control is not well suited
e Interesting domain for adaptive locomotion

o Sofar few approaches use online learning, I.e.
learning while moving without requiring a simulator
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Our approach

+- &8 - 4

YAMOR units CPGs Online
optimization
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ECOLE POLYTECHNIQUE BIOLOGICALLY IMNSFIRED

- Yamor: key characteristics

e One-DOF

e Autonomous: each unit
has its own battery and
microprocessor (micro
controller and FPGA)

e Wireless bluetooth
communication

 Connections: strong velcro
or screws and bolts
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Yamor: content

Battery Fixation elements

Lever
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0 3 4 6

;( )): Wheel Caterpillar

Tetrapod Quadruped
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 Scatternet protocol,
 Transparent communication between modules
* Oscillators coupled 1n the CPG network communicate states

Rico Moeckel

6600
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Amplitude controlled phase oscillator (Kuramoto-like):

Phase ¢ @, +Z( W, I, sin(¢; — & —gpij))
Amplitude |If =& (Zi(Ri — ri)—r'ij

Offset X, =&, (%(Xi ~ Xi)_xij

Output G, = X +rcos(¢)

An isolated oscillator converges to the following limit cycle:

0" (1) = X; + R cos(at + ¢; + Cst)
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~To be optlmlzed for each oscillator:
L /The amplitude R
e UW&E‘&#A“ Kﬂk IA\UHA\U/A\UH[\HUJ \U%AI

t

A AAAAAAAAAAAA
CE T v R, e relative phase

I B lag Ag (the coupling
parameters ® and @)

= 4 (or more) parameters per module
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Genetic algorithm

Particle Swarm opt.

Stochastic = Simulated annealing

Optimization

Heuristic

N

Fitness function: distance covered

Powell’s method
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Yvan Bourquin
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Caterpillar

25
20}
L J
215}
2+ r——l_
£
=
SA
— PS05
5 PSO50
— RS
0

0 2000 4000 BO00 8000 10000 12000
MNumber of evaluations

Approx. 100 hours: t00 slow!

Yvan Bourquin
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Powell’'s method

« Multidimensional optimization method which does
not require gradient computation
« Fast enough to be used online

e l|dea:
e use Brent’s method for unidimensional
optimization
o (Carefully choose direction sets for
multidimensional optimization

 Numerical Recipes in C, W.H. Press, S.A.
Teukolsky
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FEDERALE DE LAUSANNE

Brent’'s method

Combination of

Successive bracketing anc

RIOLOGICALLY INSFIRED
ROBOTICS GROUPM (RIRG

parabolic interpolation

fﬁ)

parabola through @ @ @
parabola through @ @ @
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Method for choosing directions for one-dimensional opt.

4
=
3 =
A
xS

(0.33, 0.13

0 ~0.03,0.01)
(-0.03,-025) (0.33,-0.21)
-] = | |
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FEDERAL? DE IAUSANE Experlmental SetUp

5y
Video camera
%>
- LED tracking
Centralized
802.3 optimization
Distributed CPG
Robot control Optimization /
N2
ValoR transceiver ) / (ce-i:-
YaMoR robot




Example of results

FEDERALE DE LAUSANNE

Simple test with two open parameters: amplitude and phase lag

y d \
T ¥/ : | PERE S Tl V\\
b B - L b,
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o o -9 - b
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Before 20 minutes After
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Example of results o

« Convergence to the same gait
e Same solution as found by a systematic
search (in much less time)

L o.02 g,
EDE'JI' A, A \
L o018 g Lkwa | fﬁ\v /) ool o oo ﬁ\l{\e-a oo ot
L Joots %u Lf
L do.014 g
B o012 ¥ 2 ) I A
- 1\6 R [ LA
BTesamT ta |
0.008 i
0.006 g '
0.004 z n: W e 2 kel h*M\/\/\ﬂ a"\M ANV
N Tl 1Y O A Vi
|  oosl 1L VAT \ r
LN [ ] V| ] /
0.314 0.942 157 2198 2826 5 10 15 20
Phase lag ¢ [rad] . i
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~ Optimization can run in parallel with CPG

Modifications of parameters without
stopping/resetting the robot
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Example of results
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Six open parameters £ %

Before 40 minutes After



Example of results
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e Convergence to interesting gaits
e Larger variety of gaits

6.28
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— B '!l s, = "‘II
5.5 £ Ik ‘Esr \Iu'lr\M‘iy/ ] &
PSRl |
T 4.71 g 2 ?
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v 236 -
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Time = 0.0, starting from random Iinitialization
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Resulting gait after 30 minutes
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CPG models are well suited for modular robots:
* Distributed implementation
« Natural synchronization properties
 Robust against time delays and lost

nackets

 Production of smooth trajectories, despite
abrupt parameter changes

o Allows one to run an optimization algorithm
in parallel to locomotion control
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o Adapting to lesions and/or body
reconfigurations

o Control of speed and direction

« Distributed (local) learning algorithm
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CPGs are sophisticated control
circuits that can produce and
modulate complex locomotion
patterns

Modulation of speed, direction, and type
of gait
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CPG-like controllers offer an interesting solution
for the control of robot locomaotion:

CPGs are useful for reducing the
dimensionality of the control problem

Interesting properties:

Smooth online trajectory generation,
Possibility to integrate sensory feedback
Possibility to modulate locomotion
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