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Combining Central Pattern Generators with the Eledromagnetism-like
Algorithm for Head Motion Stabili zation during
Quadruped Robot Locomotion

Cristina P. Santos, Miguel Oliveira, Vitor Matos, Ana Maria A.C. Rocha and Lino Costa

Abstract— Visually-guided locomotion is important for au-
tonomous robotics. However, there are several difficulties,
for instance the head shaking that results from the robot
locomotion itself that constraints dable image acquisition and
the possbility to rely on that information to act accordingly.

In this article, we propose a controller architedure that is
able to generate locomotion for a quadruped robot and to
generate head motion able to minimizethe head motion induced
by locomotion itself. The movement controllers are biologically
inspired in the mncept of Central Pattern Generators (CPGS).
CPGs are modelled based on nonlinear dynamical systems,
coupled Hopf oscillators. This approach allows to explicitly
spedfy parameters auch as amplitude, offset and frequency of
movement and to smoothly modulate the generated oscill ations
according to changes in these parameters. We take advantage
of this particularity and propose a combined approach to
generate head movement stabili zation on a quadruped robot,
using CPGs and a global optimization algorithm. The best set
of parameters that generates the head movement are computed
by the dedromagnetism-like algorithm in order to reduce the
head shaking caused by locomotion.

Experimental resultson a smulated AIBO robot demonstrate
that the proposed approach generates head movement that does
not eliminate but reduces the one induced by locomation.

I. INTRODUCTION

Roba locomotion is a dalenging task that invoves
several relevant subtasks, not yet completely solved. The
motion o quadruped, biped and snake-like robas, for in-
stance, with cameras mounted in their heads, causes head
shaking. This kind o disturbances, generated by locomotion
itself, makes it difficult to keep the visual frame stable and,
therefore, to ad acording to the visua information. Head
stabili zaionis very important for achieving avisually-guided
locomotion, a concept which has been suggested from a
considerable number of neuroscientific findings in humans
and animals [1§].

As a basic reseach to redize visualy-guided quadruped
locomotion, we dm in this article & heal stabili zation o
a quadruped roba that walks with a walking gait. In ou
reseach, we propose a motion stabili zation system of an
ers-7 AIBO quadruped roba, which performs its own head
motion ac@rdingto afeadforward controll er. Several similar
works have been proposed in literature [4], [7], [6], [5].
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But these methods consider that the roba moves acording
to a scheduled roba motion gan, which imply that space
and time aonstraints on robat motion must be known before
hand as well as roba and environment models. As such,
control is based on this <heduled plan. Other works have
succesSully achieved gazestabili zation [5], that consists on
image stabili zation duing head movements in space The
overall of the gaze stabili zation approaches can be divided
into two types of techniques. One uses edfic hardware,
like accéerometers and gyroscopeto estimate the 3D posture
of the head, and complex control algorithms to compensate
the oscill ations. The use of inertial information was aready
proposed by severa authors [5], [16], [17]. Typicdly this
kind o techniques is used in binocular roba heads, where
gazeis implemented throughthe mordination o the two eye
movements. Most of the goproachesare inspired in biologicd
systems, spedficdly in the human Vestibular-Ocular Reflex
(VOR). Inrobaswith fixed eyes, the fixation pdnt procedure
isachieved by compensatory head or body movements, based
on multisensory information o the head.

In this work, a combined approach to generate head
movement stabili zation ona quadruped robad, using Central
Pattern Generators (CPGs) and the dedromagnetism-like
algorithm is proposed. We intend to use a head cortroller,
based on Central Pattern Generators (CPGs), that generates
trajedories for tilt, pan and nod lea joints. CPGs are neural
networks locaed in the spine of vertebrates, able to generate
coordinated rhythmic movements, namely locomotion [11].
These CPGs are modelled as coupled oscill ators and solved
using numeric integration. These CPGs have been applied in
drumming [1] and pcstural control [3]. This dynamicd sys-
tems approach model for CPGs presents multi ple interesting
properties, including: low computation cost which is well-
suited for red time; robustness against small perturbations;
the smooth online moduation o tragjedories throughchanges
in the dynamicd systems parameters and phase-locking
between the diff erent oscill ators for different DOFs.

In order to achieve the desired head movement, oppcsed
to the one induced by locomotion, it is necessary to ap-
propriately tune the CPG parameters. This can be adieved
by optimizing the CPG parameters using an optimization
method The optimization processis dore offline acording
to the head movement induced by the locomotion when no
stabili zation procedure was performed.

Some dgorithms for solving this type of problem require
substantial gradient information and am to improve the
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solution in a neighbahood d a given initial approximation.
When the problem has more than ore locd solution, the con-
vergence to the global solution may depend onthe provided
initial approximation. Thus, searching for a global optimum
is a difficult task that could be dore by using stochastic-
type dgorithms. The stochastic methods can be dassfied
in two main caegories, namely, the point-to-point seach
strategies and the popuation-based search techniques. From
the popuation-based techniques, we would like to emphasize
three particular algorithms, the dedromagnetism-like dgo-
rithm (EM) [12], the particle swarm optimizaion [13] and
genetic dgorithms (GA) [2] that despite enploying dff erent
strategies, they are eay to implement and computationally
inexpensivein terms of memory requirement. The GA iswell
suited and has already been applied to solve this optimization
problem because it can hande bath discrete end continuous
variables, norlinea objedive and constrain functionswithout
requiring gradient information [14]. Recently, EM agorithm
appeaed as a promising algorithm for handing ogimizaion
problems with simple bound. This technique is finding
popuarity within reseach community as design tods and
problem solvers becaise of their versatility and ability to
optimize in complex multimodal seach spaces applied to
nondfferentiable objedive functions [15]. In this paper, we
are interested in the gplicaion o the EM agorithm, pro-
posed in [12], to optimize the CPG parameters of amplitude,
off set and frequency of ead heal oscill ator to head motion
stabili zation duing quedruped roba locomotion.

The remainder of this paper is organized as follows. In
Sedion I, the system architedure and hov to generate
locomotionand head movement is described. The main ideas
concerning the optimization system, namely the problem
statement that eval uates the head movement, the EM mecha-
nism to optimizethe CPG parameters and some experimental
results, are described in Sedion IIl. Simulated results are
described in Sedion V. Conclusions are made in Sedion V.

Il. SYSTEM ARCHITECTURE

Our aim is to propcse a ontrol architedure that is able to
generate locomotion for a quadruped roba and to generate
head motion such as to minimizethe head movement induced
by the the locomotion itself.

The overall system architedure is depicted in Figure 1.

Model

CPGs
for X;

Head Movement (=t pan, nod) PID

¥ Locomotion
Controllers|_%i and

Head Movement

X.

CPGs !
for

Locomotion

(i=hips, knees)

Fig. 1. Overal system architedure

The proposed movement controllers are biologicdly in-
spired in the cncept of CPGs. A locomotion controller

generates hip and kreetrgjedories. A head controller spec
ifies the planned ned tilt, pan and nodjoint values. These
trajedories are used as input for the PID controll ers of these
joints.

The head controller parameters have to be tuned such
that the resultant movement is as desired. Using ou CPG
approach alows us to assgn explicit parameters for eat
of the norlinea oscill ators, independently controlling the
amplitude, off set and frequency of the movement. We goply a
stochastic optimizaion method, the EM algorithm, in order
to determine the best set of CPG control parameters that
results in, or close to the desired movement. This st of
parameters constitute the Model modue in Fig. 1.

A. Locomotion Generation

In this ®dion we present the network of CPGs used to
generate locomotion. A CPG for a given degreeof-freedom
(DOF) is modell ed as couped Hopf oscill ators, that generate
a rhythmic movement.

1) Rhythmic Movement Generation: Rhythmic move-
ments are generated by the following Hopf oscill ator

B (1 —rf) (x—O) — waz, (@)
B(li—r17)z+wx—0), @)

% =
.Zi:

where i = 4/ (X —Oi)2+2|-2, w spedfies the oscill ations
frequency (in rad s 1), pea-to-peak amplitude of the os-
cill ations are given by A; = 2 ,/[i; and relaxation to the limit
cycle is given by Wl.

This Hopf oscill ator contains a bifurcaion from a stable
fixed pant at x; = O; (when L < 0) to a structurally stable,
harmonic limit cycle, for p; > 0. The fixed pant x; has an
off set given by O;.

Thus, this Hopf oscill ator exhibits limit cycle behaviour
and describes a stable rhythmic motion where parameters
A, w and O; control the desired amplitude, frequency and
offset of the resultant oscill ations.

2) Locomotion Cortroller Architedure: We have to couw-
ple the oscill ators in order to ensure phase-locked synchro-
nizaion between the hip and knee DOFs of the roba, and
generate locomotion with a desired gait.

Fig. 2 depicts the network structure used to generate
locomotion for a quadruped roba. Hopf oscill ators of the

Knee FL FR

Knee

HL HR

Fig. 2. Locomotion controller architedure depicting couding structure
among the CPGs for a walking ggit. The footfall sequence is: HL-FL-HR-
FR, with ead foot lagging a quarter of a ¢/cle from the previous.

hips are bilaterally couped, these coupings being ill ustrated
by right-left arrows, and hip Hopf oscill ators are unil aterally
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couded to the correspondng knee Hopf oscill ators. For the
hip joints, this is achieved by modifying (1) and (2) as

follows:
X[ _ B @ | |Xgy—Op| _ pe2 Xy —Op
[Z[ﬂ - [ w 5“‘] [ l211 1} Bri[l][ T l}

;R I[1] Znu }

For the kneejoints, we modify (1) and (2) as follows:
] = o s
—R(l,UJ ) { 1]01[11}

where ri[k] is the norm of vedor (x[k] — Ojy,z[K)" (k =
1,3, that is hip and kree joints) and i, j = Fore Left (FL),
Fore Right (FR), Hind Left (HL) and Hind Right (HR)
limbs. The linea terms are rotated orto ead other by the
rotation matrices R(Gij[[ll]]) and R(L,Ui”;]]), where 617 is the
relative phase anongthei[1]'s andj[[l]’s hip oscill ators and
represents bldlredlonal couﬂlngs between these oscill ators
such that 6' —6 1 and l[lljé is the required relative phase
amongthe|[%] sancgj[l] sosm]llators (seeFig. 2). We ssaure
that closed-loop interoscill ator coudings have phase biases
that sum to a multiple of 2 .

Each hip oscillator lags a quarter of a ¢ycle from the
previous. The relative phases between hips and krees, w”l
were dl set to 180

Due to the properties of these couded Hopf oscill ators, the
generated trajedories are dways snocth and thus potentially
useful for trgjedory generation in a roba.

This network structure constitutes the locomotion con-
troller that generates desired trgjedories, x;, obtained by
integrating the CPGs dynamicd systems. These ae sent
online for the PID controllers of ead hip and kreejoints
and result in the adual trgjedories X;.

3) Generating a walking gdt: A gait event sequence is
spedfied using the duty fadors andthe relative phases, where
the first event, and the start of the stride, is chosen as the
event when the fore left leg (referenceleg) is =t down. We
have set a nonsinguar, regular and symmetric gait with a
FL-HR-FR-HL gait even sequence {¢rL, Pur, Yrr, YHL,
Orr, OHL, WeL, YHR}), a duty fador of 0.73 and a velocity
of 19mms~! (measured in the Z diredion, seeFig. 3).

We have implemented in webots [8] this locomotion
controller (simulation results and the experiment description
is detailed explained in sedion).

+

+

B. Head Movement Generation

Heal movement is generated similarly to locomotion, but
a CPG for a given DOF is modelled as an Hopf oscill ator,
not couded to any other oscill ator. Each CPG, therefore,
generates a rhythmic movement acwrding to

I | Al B e A

where i =tilt,pan,nod

The aontrol padlicy is the x; variable, obtained by integrat-
ing the CPGs dynamicd systems, and representstilt, pan and
nod joint angles in our experiments. These ae sent online
for the correspondng PID controllers.

Note that the final movement for ead of these joints is a
rhythmic motion which amplitude of movement is gedfied
by i, offset by O; and its frequency by w.

The differential equations for locomotion and head move-
ment are solved using Euler integrationwith afixed time step
of 1ms. Thex; trgjectories represent anguar positionsand are
diredly sent to the PID controllers of the joint servomotors.

Il. OPTIMIZATION SYSTEM

In this ®dion, we eplain howv the head CPGs are
optimized in order to reduce the canera (head) movement
induced by locomotion itself. We will optimize the distance
between the generated head movement for a set of head CPG
control parameters and the one induced by locomotion.

In order to implement the head motion it is necessary
one or several optimal combinations of amplitude, off set and
frequency of ead heal oscill ator. This is possble becaise
we ca easily moduate amplitude, offset and frequency of
the generated trgjedories ac@rding to changes in the A,
O; and w CPG parameters and these ae represented in an
explicit way by our CPG. Therefore, we have to tune the
head CPG parameters. amplitude A;, offset O; and common
frequency w. In order to optimize the combinations of the
different head CPG control parameters the EM algorithm is
used.

The multitude of parameter combinationsislarge, anditis
difficult to derive an acairate model for the tested quadruped
roba and for the environment. Besides, such a model based
approach would also require some post-adaptation o results
(because of badlash, friction, etc).

In this dudy, the seach of parameters aiitable for the
implementation o the required head motion was caried
out based on the data from a simulated quadruped robat.
The (X,Y,Z) heal coordinates, in a world coordinate system
(Fig. 3), are recorded when a simulated roba walks during
30sand no read stabili zationis performed. We ae interested
in the oppasite of this movement aroundthe (X,Y,Z) coordi-
nates. This data was mathematicdly treaed such as to keep
only the oscill ations in the movement and remove the drift
that the robat has in the X coordinate and also the forward
movement in the Z coordinate. From now on, this data is
referred to as (X,Y, Z)opserved-

In the simulation, we have set a ¢ycletime of 30ms, that is,
the time neaded to perform sensory aqquisitions, cdculate the
planned trajedories (integrating the differential equations)
and send this data to the servomotors. The (X,Y,Z)observed
data is sampled with a sample time of 30ms, meaning we
have atotal of 1000samples. A simulated time of 30s corre-
spondsto 10strides of locomotion. Thistime is arbitrary and
could have been chasen differently but seems well suited to
find a model representative of the head movement induced
by the locomotion controll er.
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Fig. 3. World coordinate system.

The basic idea is to combine the CPG model for heal
movement generation with the optimizaion algorithm. Fig. 4
ill ustrates a schematics of the overall optimization system.

( X,Y,Zi)bserved

Aot 3D 1005 Do
EM Ay ® i Oy
Algorithm

Ao ,,,0,

tilt tilt tilt

( X,Y,.Z )calculated

Forward |
Kinematics «—24

CPG’s i

Head movement generation

Fig. 4. Schematics of the optimizaion system.

Three head CPGs (3) generate during 3G rhythmic mo-
tions for the tilt, pan and nodjoints. By applying forward
kinematics, we cdculate the resultant set of 1000 samples
of (X,Y,Z)cdculaed hea coordinates in the world coordinate
system.

A. Problem Definition

The sum of the distances between eat sample of the
observed and cdculated heal coordinates is used as fitness
function in order to evaluate the resulting head movement.
Thus, the fitness of the ith pant is given by

= S ) () (2-3) @

where j is an heal pasition sample (becaise the points are
generated and aayuired in a discrete manner); n is the total
number of samples originated during the evaluation time;
(X",Y',Z") represent the cdculated head coordinates with the
CPG parameters and (X, Y, Z) represent the offline observed

head coordinates. Only head pasition errors are computed in
the fitnessfunction, becaise we only control three DOFs and
as auch canna control head orientation.

In the optimizaion processead pant is evaluated acord-
ing to its fitnessfunction value. Since we have apopuation
of paints the one with the smallest distance is denoted as
the best point. Then, in the EM agorithm, ead pant is
direded for a better position, inside of the dlowed limits.
The search ranges of the head CPG control parameters were
set beforehandas shownin Table | for the purpose of efficient
leaning and acording to the limits of the tilt, pan and
nod DOFs. Seach for optimal parameters is caried ou by
performing the overall optimizaion system over a preset
number of iterations.

TABLE |
SEARCH RANGES OF CPG PARAMETERS

Parameter Range Unit
Avilt [0,75 ©
Whilt [1,12] (reds*l)
Oxit [—75+ Ain 0 %] ©
Apan [0,(88+88)] ©
Gpan 1,12 (rads 1)
Opn_|[[-88+ 588 5] O
Anod [0,(45+ 15)] O
GWhod (1,12 (rads™1)
Ons |[[15+ 445~ 5] 0

The combinations of amplitude, offset and frequency of
ead tilt, pan and nod axcill ators, that are necessary to
generate the desired head movement, form ead pant of the
popuation. Each coordinate of the paoint consists in 9 CPG
free parameters that span our vedor X' for the optimization,
as follows

([ X% [ [ x [ 5[ % [ % [% [ x|
[ At | @it | Otit | Apan | @han | Opan | Anod | @hod | Onod |

B. Eledromagretism Algorithm

The EM agorithm starts with a popdation o randamly
generated pants from the feasible region. Anaogows to
eledromagnetism, ead pant is a charged particle that is
released to the space The charge of ead pant is related
to the fitness function value and determines the magnitude
of attradion o the point over the popuation. The better the
fitnessfunction value, the higher the magnitude of attradion.
The darges are used to find a diredion for ea padnt to
move in subsequent iterations. The regions that have higher
attradion will signal other points to move towards them.
In addition, a repulsion mecdhanism is also introduced to
explore new regions for even better solutions. Thus, the
EM agorithm comprises 3 procedures: Initialize that will
run orly once in the start of the EM algorithm, CalcF and
Move these latter running sequentially every iteration. A
more detailed explanation o the EM algorithm foll ows.

Initialize is a procedure that aims to randomly generate a
popuation o points, X, from the feasible region, where eat
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coordinate of a point is assumed to be uniformly distributed
between the rrespondng upger and lower bound. Note
that in order to guaranteethe feasibility of the initial points
andall points generated duringthe search arepair mechanism
was implemented. Thus, an infeasible solution is repaired
exploringthe relations among veriables expressed by the box
constraints.

Then to compute the fitness function value for al the
points in the popuation, they will be the inpu of the head
movement generation process (see Fig. 4) and by applying
forward kinematics the resultant (X,Y,Z)c4culaed hea coor-
dinates are computed. With them the fitness function value
for al the points is cdculated and the best point, which is
the point with the best fithess function value, is identified.

For the CalcF procedure, the Coulomb's law of the
eledromagnetism theory is used. Thus, the force eerted ona
point via other pointsis inversely propartional to the square
of the distance between the points and dredly propartional
to the product of their charges. Then, we compute the charges
of the paints acwrding to their fithess function values. The
charge of ead pant determines the power of attradion o
repulsionfor that point. In thisway the points that have better
fitnessfunction values possesshigher charges. Thetotal force
vedor exerted onead pant is then cdculated by adding the
individual comporent forces between any pair of points.

The Move procedure uses the total force vedor to move
the paint in the diredion o the force by a randam step
length. The best point is not moved and is caried ou
to the subsequent iterations. To maintain feasibility, the
force eerted on eat pant is normalized and scded by
the dlowed range of movement towards the lower or the
upper bound for eat coordinate. To ensure feasibility in
this movement algorithm we define the projedion o eadh
coordinate of the paint to the feasible region, acording to
the range presented in Table I.

After the EM agorithm, ead pant shoud be evaluated
in terms of fitness function value, so they shoud goto the
head movement generation process Then this algorithm is
repeded.

C. Experimental Results

The optimizaion system was implemented in Matlab
(Version 65) runningin an AMD Athlom XP 2400+ 2.00Gz
(512 MB of RAM) PC. The system of equations was
integrated using the Euler methodwith 1ms fixed integration
steps (similarly to the ssimulated robatic experiments). The
evaluation time for head movement generation is 30s.

In our implementation, the optimization system ends when
the number of iterations exceels 2000iterations. In this gudy
the number of pointsin the popuation was st to 20. When
stochastic methods are used to solve problems, the impad of
the randam number seeds has to be taken into consideration
and eadt optimization process $ioud beruna cetain number
of times. In this experience we set it to 10

Table Il contains the Best, Mean and standard deviation
(SD) vaues of the solutions found (in terms of fitness
function and time) over the 10 runs. We can seethat the SD

TABLE Il
PERFORMANCE OF EM ALGORITHM IN THE OPTIMIZATION SY STEM

Best Mean SD Best Mean SD
fitness | fitness fitness time time time
(mm) (mm) (mm) (hous) | (hous) | (hous)
4261 | 532553 | 8706349 | 6.1047 | 6.5089 | 0.4120

value, in terms of fitnessfunction, is alarge value. It denotes
that fitnessvalues obtained in ead run are not similar. It can
be seen by Fig. 5 that shows the evolution o the best (solid
line) and mean (dashed line) fitness function value over the
2000iterations. The best point has afitnessvalue of 4261that
was adieved at iteration 1150 The best run took 6h18nin
(CPU time) and ead iteration took in average 11.16 seaondk.

Fitness
N

500 1000 1500
Iterations

0.4261

Fig. 5. Best (solid) and mean (dashed) fitness evolution.

Table Il shows the tuned CPG parameters representing
the best point found over 2000iterations, in the 10 runs.

TABLE Il
BEST POINT CPG PARAMETERS

Parameter|| Vaue Unit
Avitt 0.0001 | (9
Yiilt -6x10% (9
Wit 6.707 |(rads1)
Apan 7.77 ©
Yoan 0072 | (©
Woan 212 |(rads 1)
Anod 0.0001 | (9
Ynod -118 )
Whod 1 (rads )

A better understanding o the evolution o the fitness
function can be seen in Fig. 6 where the distance between
observed and cdculated values of the head movement at
the beginning and at the end o the optimization system is
displayed. We can observe that this distance, in ead sample
time for time ranging between t =5 and 15, is analer at
the end o the process In average, we can aso conclude that
after 2000iterations of the optimization system, a reduction
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time (s)

Fig. 6. Distance between olserved and cdculated values of the head
movement at the beginning (dotted line) and at the end (solid line) of the
optimization system, for time ranging from 5 to 15 se@mnds.

of 22,17% of the head movement is verified.

Fig. 7 depicts the time courses of the (X,Y,Z) cdculated
(solid line) head movement acwrding to the head CPG
control parameters of the best solution found The observed
(dotted line) head movement is also illustrated. Table 1V
gives the maximal movement variation in the (X,Y,Z) co-
ordinates for the cdculated and olserved movements. We
conclude that the generated movements are quite similar in
the X coordinate. The cdculated movement is quite diff erent
intheY and Z coordinate. This results from the fad that only
the pan joint controls movement in the X coordinate, while
both the tilt and nodjoints control the Y and Z coordinates.

X(mm)

Y(mm)

Fig. 7. (X,Y,Z) cdculated (solid line) and olserved (dotted line) head
movement, during 305, acaording to the head CPG control parameters from
best point on the final of optimizaion system.

Fig. 8 depicts 3D cdculated (solid line) and olserved
(dotted line) head movement for the best point.

We have dso made ancther experiment, where we have
changed the size of the popuationto 50 pants, maintaining
the number of 2000 iterations to terminate the process

TABLE IV
MAXIMAL MOVEMENT VARIATIONIN (X,Y,Z)

Max AX|Max AY|Max AZ
(mm) | (mm) | (mm)
Calculated Movement|| 1147 0 0.2
Observed Movement || 1342 59 113

Fig. 8. 3D cdculated (solid line) and olserved (dotted line) heal
movement acording to the CPG parameters of the 115¢h iteration best
point. START (FINAL) and start (final) indicae where the observed and
cdculated movement started (ended), respedively.

Running the optimization system we obtained a best fitness
function value of 3991 at iteration 1760

IV. SIMULATION RESULTS

Our aim was to buld a system able to eliminate or reduce
the head motion o arobat that walks in the environment. For
that, we set a dynamicd controll er generating trgjedories for
the head joints such that the final head movement is oppdasite
to the one induced by locomation.

In this =dion, we describe the experiment dore in a
simulated ers-7 AIBO roba using Webots [8]. Webats is a
software for the physic simulation o robas based on ODE,
an open source physics engine for smulating 3D rigid body
dynamics. The model of the AIBO is as close to the red
roba as the simulation enable us to be. Thus, we simulate
the exad number of DOFs, massdistributions and the visual
system.

The as-7 AIBO dogroba is a 18 DOFs quadruped roba
made by Sony. The locomotion controll er generates the joint
angles of the hip and kreejoints in the sagittal plane, that
is 8 DOFs of the roba, 2 DOFs in ead leg. Only walk gait
is generated and tested.

The heal controller generates the joint angles of the 3
DOFs: tilt, pan and nod The other DOFs are not used for
the moment, and remain fixed to an appropriately chosen
value during the experiments.

The AIBO has a canera built i nto its head.
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At ead sensoria cycle (30ms), sensory information is
aquired. The dynamics of the CPGs are numericdly inte-
grated using the Euler method with a fixed time step of 1ms
thus gedfying servo pasitions. Parameters were dhosen in
order to resped feasibility of the experiment and are given
in Table V and VI.

TABLE V
PARAMETER VALUES FOR GENERATING LOCOMOTION

B |wCadsH) | i [ 5500
Front Limbs 0.1 2.044 6.25 0.8
Hind Limbs || 0.025 | 2.044 25 |08
TABLE VI

PARAMETER VALUES FOR GENERATING HEAD MOTION

B w (rads™?) Hi PTG
tilt || 1.25x 10° 419 25%x 1079 0.8
pan 0.041 2.09 1513 0.8
nod || 1.25x 10° 419 25x10°° 0.8

Becaise we ae working in a smulated environment, we
are &le to buld a GPSinto the AIBO camera, that enable
us to verify how the heal effedively moves in an externa
coordinate system. Two simulations are performed: the robat
walks during 30 with and withou the feedforward solution
and its GPS coordinates are recorded. Results are compared
for these two simulations. Fig. 9 shows the GPS coordinates
for the experiments with (solid line) and withou the feedfor-
ward solution (dotted line). The overall experiment can be
seen in the atached video.
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Fig. 9. (X,Y,Z) coordinates of the GPSpositioned in the AIBO heal when
the roba walks during 3Gs. Solid and ddted lines indicae the experiment
in which the feedforward solution is and is not implemented, respedively.

We exped that the proposed feadforward solution mini-
mizes the variation o the GPScoordinates, meaning that the
head remains nea the same position duing the experiment.

We observe that the X coordinates of the marker position
oscill ate less Note that there is ome drift in the X coor-
dinates, meaning the roba dightly deviates towards its sde
whilewalking. The observed pe&ksin theY coordinaterefled
the final stage of the swing phase and the begin of the stance
phases of the fore legs, correspondng to an accentuated
movement of the roba center of mass This problem will
be aldressed in current work, by improving the locomotion
controller and take into acourt balance ontrol [3].

V. CONCLUSIONS AND FUTURE WORKS

In this article, we have addressed head stabili zation o a
quadruped roba that walks with a walking ggit. A locomo-
tion controll er based on dyramicd systems, CPGs, generates
quadruped locomotion. The required head motion rneeded to
eliminate or reducethe head shakinginduced by locomation,
is generated by CPGs built-in in the tilt, pan and nod
joints. These CPG parameters are tuned by an optimizaion
system. This optimization system combines CPGs and the
EM agorithm. As a result, set of parameters obtained by
the EM alows to reduce the head movement induced by the
locomotion.

Currently, we ae using aher optimizaion methods, like
the particle swarm optimizaion, and testing aher fitness
functions. We will extend this optimization work to address
other locomotion related problems, such as. the generation
and switch among dfferent gaits acording to the sensorial
information and the oontrol of locomotion dredion. We
further plan to extend ou current work to onine leaning
of the head movement similarly to [9].
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