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Crawling Demo

Introduction

EPFL-B was is in charge of delivering a controller for the iar infant-like locomotion, i.e. crawl-
ing. Locomotion is an important feature in development bseat allows for active exploration of
the environment and thus provides autonomy. Furthermocenhotion (and in particular legged lo-
comotion) is a challenging field of research as it is still @em arduous issue in robotics. Indeed,
it involves the control of many degrees of freedom at the stime, interaction with a possibly un-
known environment (and thus modeling issues), discretéactswith the ground, closed kinematics
and dynamics chains and balance issues, among others.

In order to fullfill this task, we have developed a low-levehtroller for the generation of dis-
crete and rhythmic movements based on the concept of cqrdtedrn generators (CPGs), please
refer toDeliverable 3.4or more details. Our main focus was to implement an adaptiesed-loop
controller for crawling. Discrete movements are importaniocomotion as they allows for short-
term adjustments of the trajectories according to the sgriaformation (e.g. for visually-guided
feet placement). Moreover, as the controller allows fohldbe generation of discrete and rhythmic
movements, it can be used to generate many different bakaftiom reaching to locomotion. It has
moreover been designed to be easily integrable inG@b Cognitive Architecture developed by the
RobotCub consortiumvernon et al(2007)).

Biological Background

To address the complex problem of movement generation, sedaselves on the concept of central
pattern generators - or motor primitives - that is, spinalraknetworks that can generate complex,
patterned signals for the controls of many muscles and tratbe modulated both by simple tonic
inputs and/or by sensory feedback.

In terms of control, the concept of central pattern genesatoattractive notably because it drasti-
cally reduces the dimensionality of the problem: instead obmplex activation of a vast number of
muscles across the body, only a couple of synergies of naiseled to be controlled.

The existence of central pattern generators in the humaarsyis well accepted nowadays, even if
identification of such a spinal network has not been posgible Strong evidence is indeed provided
by studies on infantsT(helen(2000; Yang et al.(1999; Lamb and Yang2000). Stepping reflexes,
just after birth, have been observed in anencephalic isfambviding evidence that circuits respon-
sible for this behavior are located at the spinal and/or etottain stem level. In addition, studies of
disabled patients have shown that in the absence of sengoryation, gross movement control is
preserved, even if peripheral information is necessaryfecise movement organization and control
(seeJeannero1988 or Gandevia and Burk€l992). Moreover, it was shown that treadmill exer-
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cises for spinal cord injured patients improved the walkiagtern Barbeau and Rossign(1994);
Dietz et al.(1999).

A review of literature on the generation of discrete andhimit movements in vertebrates within
this framework of motor primitives, as well as the descaptof existing mathematical models, has
been conducted fdpeliverable 3.3.
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Figure 1. A schematic of the control architecture: the CPGs are maedlay both sensory feedback and high-
level inputs. The inputs consist of the target of the discnrebvement and the frequency and the amplitude for
the rhythmic movement.

To model the concept of CPGs, we based ourselves on dynasyisi@m theory. Indeed, one of
the key feature of CPGs is that they can produce complex dligiensional trajectories that can be
modulated by simple high-level and low dimensional inpiitse main idea here is that the complexity
should emerge from the dynamics of the network rather tham the command signals. Designing a
dynamical system with given, elaborate dynamics is howardrksome task, as no clear methodol-
ogy exists yet, except for instance adaptive frequencylasmis, a tool that we have developed to learn
and reproduce any periodic signal ($8ghetti et al(20099,Buchli et al.(2008,Righetti and ljspeert
(2008 ,Righetti and A.J(2006).

To simplify the design problem, we model complex dynamigsulgh the combination of simple
dynamical systems that serves as primitives of movememtslistinguish two abstract types of motor
primitives corresponding to discrete and rhythmic movetsiefhis provide us with a system that can
generate both discrete and rhythmic movements, as welleasaimbination of both, given simple
input signals (as illustrated on Fi).

Thanks to the integrative nature of dynamical systems, aiitecture as several appealing prop-
erties in addition the simplicity of the control, such as:

e alow computational cost

smooth on line modulation of trajectories against pararaeteanges

the robustness against perturbations of the attractors

synchronization between different joints

the possibility for closed loop control
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Control Parameters

Figure 2: Upper panel. Control commands for discrete and rhythmicements, that is the target position (in
blue) and the amplitudes (in red), the frequency being notvshon the figure. Bottom Panel: The resulting
discrete and rhythmic movements (resp. in blue and in red)tl@ trajectory embedding the two dynamics
(black).

While the advantages of the three first items are obviousapipéications to crawling and drumming
described below illustrate how coupling can be used to enaucoordinated behavior across the
different degrees of freedom and that by using closed loaral the robot is able to deal with a
time-varying environment.

Note that if the architecture was originally developed favwding, it has been designed so that it
can be used for many other tasks, as for instance reachingmnaing, as it will be briefly mentioned
below. Moreover, it has been designed in order to be eas\etaruthe sense that discrete and rhythmic
movement can be generated simply by specifying the Cantgsisition of the object to reach, or the
amplitude and the frequency of a rhythmic movement, or timeldoation of both types of movements.
Please refer tdeliverable 3.4or more details or to Degallier et al. (2008).

A model of the iCub robot, as well as a yarp interface, was logesl for the physics-based
simulator Webots lichel (2004)) in order to test our controller. This model is availabletlre
webots directoryon svn. We discuss briefly the application of the system taondning as a test
of the architecture and then, more extensively, crawling.

Drumming

As a testbed for the architecturgrummingwith both contact and visual feedback has been imple-
mented on the iCub. In this application, a user can freelyndetfie score that the robot is playing
on the fly, showing the robustness of the architecture anshitsoth on line modulation properties
(cf. Deliverable 3.4 and the movies from the different dend&oreover, thanks to the feedback, the
robot adapts its trajectory to the changing environmersipldced drums for instance).

Drumming is a challenging application as it requires camtdbn between the limbs, precise tim-
ing and the robust on line modulation of the parameters,awitiaising the question of balance, as
the robot is fixed to metallic structure in our case. Drumntiag been implemented on robots several
times before, to study agent-object interactidiilamson (1999) or learning from demonstration
(lispeert et al(2002) for instance. Here we focus mainly on the adaptability andhe robustness of
the obtained behaviors, indeed trajectories are modutatete fly by both the high level commands
(i.e. through the on line definition of a score) and by visual Zauditive” feedback information. Pre-
vious versions of our implementation of drumming (withche visual feedback) have been published
before Degallier et al(2006 2009).
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Figure 3: Implementation of the drumming behavior. Five parts argrdied, namely the head, the left arm,
the right arm, the left leg and the right leg. Green arrowsotiethe couplings between the different parts. .

Implementation The set up for drumming is depicted on Fg.the robot is fixed to a metallic
structure by the hips and plays on an electronic drum set.faureimbs together with the head are
controlled. We control actively four joints for each limbdatiree for the head. The sticks are grasped
by the hands which remain fixed afterwards.

Each dof is controlled by the discrete and rhythmic pattenmegators (please refer to Deliverable
3.4 or toDegallier et al (2009). The dofs of each limb are unilaterally coupled to a clobideed,
after a Hopf bifurcation, one can observe a phase resetfitiggmscillators; the clock can be seen as

a metronome that ensures that the limbs stay in synchrdamizaith the absolute tempo despite those
phase resettings.

Figure 4: Snapshots of the iCub drumming at the conference CogSys Z0@8 Side view of the complete robot. Bottom:
Downward view of the legs hitting the pedals.

Date: 21/12/2009

Page 6
Version: No 1.0



Development of a Cognitive Humanoid Cub

On line score definition The parameters defining a score are the target pogjtéord the amplitude

m (on/off) for each dof, the phase shiff; for each limb (relatively to the leg that plays the bass drum)
and the frequency (which is the same for each joint). All those parameters @ambdified online,

at any time, through a graphical user interface (GUI). Theaxar is then responsible to send those
commands at the right timing (i.e. in accordance with thetrmy to the generator.

Visual Feedback. To get the target position corresponding to the differentl, we use a vision
tracker based on ARToolKit and the inverse kinematics mnod(ih developed by U.Pattacini from
IIT. The target angles for the dofs are constantly updatedraing to the visual informaiton.
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Figure 5: Drumming trajectories5(a) Up: Generator. Trajectories generated by the generator for one arm olataiita
iCub when drumming. Plain lines are desired trajectorigsdotted lines are the actual trajectori@ottom: Manager.
Corresponding parameters sent by the manager to the genehet amplitude (plain line), the frequency(dash-dog)iand
the target position in radians (dotted liné)b) Feedback. Typical trajectories obtained with the feedback enabledeh
the robot is tricked, i.e. it is playing without touching adsums, but a user hits the drum at1.3, 2.2 and 2.8 (vertical
dash-dot lines) to stop the arm..

Figure 6: Snapshots of the robot drumming with feedback. The robqgttadis movement to the moving drum.

Auditive Feedback. In order to couple the movements of the robot to the envirarifan acoustic
feedback was added. Each time a drum is hit, a message isostreé manager which identifies
the corresponding limb and sends a command to the genecastop the movement in the current
position (see Fig). Mathematically, an attractor with a high gain is actihte stop the movement in
its current position (in Edl) while the dynamics is slowed down (in Eg), i.e. we have the following
equations

@ = a(m; —rd)(zi —yi) —wsi + oax(k5 — x3); 1)

. almi —rd))si + w(@i — yi)
5= 1+ Oéy(f(i — Xi)2 (2)
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wherez; is the current desired position of joihtvhen the feedback is received.

Conclusion. Thanks to this application, we were able to test the suitgluf the architecture for

¢ the coordinated control of the whole body (19 degrees ofifseewere controlled at the same
time);

¢ the on line modulation of the parameters (instead of plagingedefined score, a user could
change on the fly the behavior of the robot);

¢ the integration of contact information; and

¢ the integration of visual feedback.

Crawling

As it was mentioned before, the principal contribution @fweling during development is that it allows
for the active exploration of the environment. Thus, we defim target final target scenario for
crawling that can be described as follows:

Therobot is seated in a room containing target objects and obstacles. Being attracted
by a target object, the robot goes on all fours, start crawling towards the object while
avoiding the obstacles. When close enough from the object, the robot stops, reach for it
and then gits.

This complex behavior involves three different simplerdegbrs, namely:
e crawling;
e going on all fours / sitting; and
e simple reaching.

and high-level planning for steering the robot between trstarles.

Implementation.  For this application, both arms and legs are controlled dsasehe head and
the torso. For each arm and leg, we actively control 4 dofat #ine the shoulders pitch, roll and
yaw and the elbows for the arms and the hips pitch, roll and giagivthe knee for the legs; the three
degrees of freedom of the head and torso are also contraNecthus actively control 22 dofs. The
remaining dofs are set in particular position at the begigrof the task and remain fixed at that
position afterwards.

During crawling, the trajectories of the hip and shouldéclpioints are rhythmical (with fixed
offset), while these of the other controlled joints are pudiscrete. When the robot has to stop or
reach, the oscillations are switched off and all the producaectories are discrete.

Crawling in infants. Our goal was to develop a controller that reproduces the kegnkatic fea-
tures of crawling in infants (rather than the exact trajgeR). Indeed the mass distribution and the
compliance of the robot being different to ones of an infare,have chosen not to focus on kinematic
details as they may be consequences of these features.

In order to do so, a preliminary, extensive study of the kiagos of crawling infants was per-
formed in collaboration with the University of Uppsalai¢hetti et al.(20090). The key results were
that
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Figure 7: Implementation of the crawling behavior. Six parts are oalgd, namely the head, the torso, the
left arm, the right arm, the left leg and the right leg. Greemowas denote the couplings between the different
parts.

(a) Real baby (b) Simulated iCub (c) iCub robot

Figure 8: Crawling was first studied is in real infants, then a model established and tested in simulation to
be later integrated on the real robot.

e Crawling infants use a walking trot gait (duty facter50%) and the hands swing first, which
is theoretically the most stable gait ;

e Swing duration is almost constant for every speed and lotiomgpeed is linearly correlated
to stance duration, as observed in other mammals.

It is noteworthy that the crawling gait share common prapsmvith gaits observed in other quadruped
mammals albeit the great difference in limb geometry, wieietphasizes similarities in neural control
during locomotion among mammals.

Date: 21/12/2009 Page 9
Version: No 1.0



Development of a Cognitive Humanoid Cub

Mathematical Model. To obtain a trot gait, the hip pitch and shoulder pitch jomfteach arms and
legs are coupled together using the following formulation:

For generating goal directed movement towards a targeeghgle use the following set of equa-
tions:

hi = d(p—h) 3)
g = hiv 4)
. —b?

v = P4T (yz - gi) —bv; (5)

here and in the following denotes a particular dof. The system is critically dampetthabthe output
y; of Egs4 and5 converges asymptotically and monotically to a ggalith a speed of convergence
controlled byb, whereas the speeg converges to zerg andd are chosen so to ensure a bell-shaped
velocity profile; h; converges t@ and is reset to zero at the end of each movement.

Cyclic movements are produced through the following setoidions:

& = a (mZ — 7“22) Ti— Wiz (6)
o= a(m;—r17)z+ww 7
(8)

wherer; = ,/x? + zf. Whenm; > 0, EQgs.6 and 7 describe an Hopf oscillator whose solution
is a sine of amplitudg/m; and frequency;. A Hopf bifurcation occurs whem,; < 0 leading to a
system with a globally attractive fixed point at (0,0).

Both discrete and rhythmic dynamics are combined by embgditiie discrete outpuj; as an
offset of the rhythmic output;, that is

i o= a(mi—r})(x—yi) —wiz 9)
4 o= a(mi—r})z+w(xi—yi) (10)
(11)

wherer; = /(x; — yi)? + 22. We call such system (that is E§s> and Eqsd-10) a motor primitive.
The trot gait is obtained by coupling the motor primitivegether in the following way

T, = a (ml- — Tf) (i — yi) —wizi (12)
Z = a (ml- — T’ZQ) zi +wi (T —yi) + Z k%z]' (13)

with the kfjs as defined in Tabh.

left arm | right arm | left leg | right leg
left arm 0 -1 -1 1
right arm -1 0 1 -1
left leg -1 1 0 -1
right leg 1 -1 -1 0

Table 1: Parameters?,'s needed in E4.3to obtain a trot gait.

We have seen that the duration of the stance is usually Iahgerthe duration of the stance in
infant crawling. Moreover, the speed of locomotion is coltéd through the duration of the stance

Date: 21/12/2009
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Figure 9: In the trot gait, diagonal pairs of arm and legs move forwarti@ same time.

only, the swing duration being relatively constant. To ogjuce these features, we thus express the
frequencyw; as a function of two variables,.;ng andwsiance:

Wswing Wstance
L 14
i e=fzi 41 efz 41 (14)

wheref is a parameter controlling the duration of the switch betwtbe two phases.

1.5 1.5

1 m>0 i

0.5 \ 0.5¢
Of
-0.5 \ -0.5¢

-1 m<0 -1t
13 1 2 3 4 5 % 0.5 1 15 2 25 3
(a) Bifurcation (b) Swing/stance

Figure 10: Rhythmic system. (a) The oscillations can be turned on ahthadugh the parameten control-
ling the amplitude. (b) Moreover, thanks to E4. the duration of the stance and the swing can be specified
independently.

During crawling, the joints other that the hips/shouldéclpiare controlled in the following way.
The shoulder roll, the elbow and the hip roll are fixed during stance and move proportionally to
the speed of the shoulder pitch joint during swing, i.e.

gi = Wizj (15)

where j= shoulder pitch if i = shoulder roll or elbow and j= lgjich if i = hip roll, where thew; are
chosen so to ensure that the knees and the hands are lifteghedoring the swing to avoid collision
with the ground. In other circumstances, the joints remaithe initial position "on all fours” that
was described above.

There are two control parameters: the duration of the stéhaécontrols the duty factor) and the
amplitude of the oscillations of the hip pitch (that congrtthe step length), both of which influence
the speed of locomotion. Note that the specification of tipepitch amplitude impose those of the
shoulder pitch for coherence reason (indeed the distanaraxb by the knees and the hands should
be the same for the robot to go straight); the shoulder piteplitude is deduced using the forward
kinematics moduléKin developed by U. Pattacini-
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Figure 11: Phase space of an oscillator with its activation zone forf¢leelback (light gray for switch and dark gray for
stop controls) and the correspondence withathariable of the oscillator is shown on the left figure. Riglgufie shows
the schematic phase plot of the oscillator for the diffetgpes of feedback.

In addition, a phase dependent sensory feedback is inclidate rhythmic PG to make
the crawling locomotion more robust and adaptive to the renment, as we did previously in
Righetti and ljspeer(2008. Information from the touch sensors located on the handskaees
of the robot is used to modulate the onset of the swing andcetgases, as mammals do
Frigon and Rossigng[2006. The transition from stance to swing phases is delayedrag ds the
other limbs cannot support the body weight and is triggememher when the limb leaves unexpect-
edly the ground. Analogous policies are used for the swingiaace transition. More precisely, the
termu; of Eq7 is defined as

—sign(y;)F fast transitions
uj = —wx; — » kiy; stop transition (16)
0 otherwise

where F & 200 in our case) controls the speed of the transition. Eigshows the activation of the
feedback depending on the phase of the limb and the resulitouification of the phase space of the
oscillator.

=

(a) Transition from sitting to crawling

Figure 12: Snapshots of the transition from sitting to crawling.

Transitions between crawling and sitting. These transitions were implemented as purely discrete
tasks, more precisely as sequences of target positionsgfavitole body. These sequences are inspired
from the observation of theses transition in infants, asitated on Fid.2. It is unfortunately not
possible to implement these behaviors on the real robotaltestrictive joint limits.

Reaching . When the robot is close enough to the target object, it stmpkreaches for it. The
Cartesian position of the object is transformed into joimdlas through the inverse kinematics module
IKin developed by U. Pattacini from IIT.
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Figure 13: Snapshot of the robot reaching a mark on the ground.

Steering A high level planner based on force fields has been develapidgtrate how the crawl-
ing controller can be used in a simple navigation task. Aas@ntation map of the different positions
of the obstacles and targets, acquired through a visioni-ahjitct tracking module based on AR-
ToolKit, is turned into a surface where obstacles and target represented by respectively positive
and negative peaks. The trajectory is then given by the gmadif the surface.

@
o
@
[
L
(a) Representative Map (b) Potential Fields

Figure 14: A map representing the obstacle and targets is created dayamsformed in to a surface through
force fields (b).

(a) World from top (b) Steering
Figure 15: Snapshots of the robot avoiding two obstacles.

The robot torso roll joint as well as the relative amplitudéshe right and left limbs are used
to control the direction of locomotion of the robot. This ilamentations show how easy it is to
potentially combine our low-level architecture with hitgvel representation of movements, and thus
further integration with the iCub cognitive architecture.

Implementation on the iCub Crawling in open loop was successfully implemented on ttet,o
although some low-level control issues appeared aftersy&sues that are still under debugging. Yet,
all these behaviors have been tested on the robot in theaim(ithout contact with the ground).

Date: 21/12/2009 Page 13
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(c) Reaching

Figure 16: Current implementation on the real robot. (a) Crawling irmpoop (b) Turning on the left (c)
Reaching for a mark

Conclusion

We propose here a promising approach to locomotion (and t@ment in general) based on the bio-
logically inspired concept of CPGs, that are spinal neugivorks that can generate complex outputs
given simple, non-patterned inputs. Thanks to these lowHmotor primitives, the architecture that
was developed allows for a extremely simple high-level adrdf the tasks, in the sense that the only
parameters that need to be provided to the CPGs are the ddladstasks (rather than full trajectories
for instance). Indeed, to control crawling, only the spetldoomotion (and possibly the amplitudes
of the arms) or the angle of rotation for turning need to besigied to the CPG. The CPG will then
produce and modulate the corresponding gait in real timenplyi specifying the Cartesian position
of an interesting object results in a reaching movement,jmitite displacement of the robot towards
this object when it is too far. Such implementation makesagtyeto use for generating discrete or
rhythmic movements for anyone focusing more on high-lelahping.

In addition, our approach to locomotion emphasizes adaptiv the sense that instead of us-
ing a purely predictive model, we extensively use feedbaéirination to modulate the behavior of
the robot according to its time-evolving environment (asifistance tilted terrain during crawling,
moving targets during reaching or moving drums while drunmgi
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