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Abstract— Movement generation in humans appears to be state of mind, ...), that contributes to the mental repriadiem

processed through a three-layered architecture, where eadayer
correspond to a different level of abstraction in the repregntation
of the movement. In this article, we will present an architeture
reflecting this three-layered organization and try to demorstrate
the advantages of applying such an architecture to the conti
of movements.

of the context involved in voluntary movements.

Note that as our particular interest is movement generation
here, we do not focus on the high cognitive abilities needed t
define and choose the action, i.e. in terms of the architectur
we do not focus on the development of the planner. Such

Basing ourselves on a modular approach to human movement questions are treated by other labs in the framework of the

generation, we will show that our architecture is well suitel for
the online generation and modulation of a particular behaver,
but also for switching between behaviors. This will be illugrated
respectively through a interactive drumming task and through
the switching between reaching and crawling. This latter tak

has been tested with the ODE-based simulator Webo-g;v| while

RobotCub project [REFS].

In order to develop an efficient model reflecting those prin-
ciples, we make the assumption that movements generation is
highly modular, both in terms of motor primitives (i.e. uit
of movement) [REF] and in terms of motor programs (i.e.

drumming has been implemented on the real roboiCub. behaviors) [REF], as it will be discussed more in details in

section II.

We assume the existence of two basic types of motor primi-
, tives, i.e. discrete (aperiodic and finite) and rhythmicigaic)

In the framework of the European project RobotCub [REF},qyements. Such a distinction is convenient for modeling pu
which aims at developing a infant-like robaGub, with the = 555 |ndeed, our trajectories are generated using a retwo
motor and cognlt_lve ab|I|t|es_ of a 2 years-old child, we arg; coupled dynamical systems, accordingly to the bioldgica
currently developing a functional model of the human motQfyncept of central pattern generators (see [1] for a review)
system. Our motor architecture will be integrated in a Iarggve use a system similar to the ones that we had previously
cognitive archne_c;ure that has been developed by Vem%veloped ([21,[3]) which allows the generation of diseréite.
Metta and Sandini [REF]. ~short-term) and rhythmic movements and the combination of

To build our model of the human motor system, we defingoth (j.e. oscillations around time-varying offsets). Buan
a three-layered architecture whose layers can be funCt'%&Yproach allow us to use the stability properties of dynaiic

ally defined as the planner, the manager and the genera{gstems to ensure a robust control of the movements.
Functionally, the planner (i.e the motor cortex in humans) sTaATE OF THE ART

builds the mental representation of the task. Indeed, irrord In this article, we present our current implementation of

to Zhoqse to perform a glvEn actl_on, we muzt be able Ifﬂis functional architecture (section Il) as well as theufet
predict its consequence on the environment and on Ourselygs ., ements that we are planning (section VI). The current
and an internal model of the environment and the self is thh‘ﬁplementation allows for an easy and fast online modutatio
nheetged [IREF JIEAN'\(;E?OD]' Tt?e” mar_1agher (the b_ral_n Stle'??ﬁ trajectories as well as the possibility of easily switaii
the basal ganglia and the cerebellum in humans) is invo Vﬁgtween behaviors according to sensory information; tilis w

in the selection, timing and coordination of the approgriay jjystrated through two applications, namehteractive
behaviors (motor programs). Finally, the generator (thiradp drumming (sectionlV) and the switching betweemawling,

pord) generates trajectories throqgh central pa_tternrg(me, reaching on the fours andeaching while crawling (sectionV).
i.e. networks of neurons involved in the production of rimyth Interactive drumming has been tested on the real robot while

and discrete movement primitives. ADD REFERENCES switching between behaviors has been teste using the ghysic

Sensory feedback seems to be also distributed along the gseq simulator Webot. In section 111, the infant-like robot
tor structure in the same three-layered fashion [REFEREINCEq 5 is presented.

accordingly to its degree of processing, namely (i) loc&iin

mation (cutaneous information, state of the muscles, logd, I
that is required for fast, protective movements (reflexes),

(i) contextual information (balance, position of objedtsy We present here more in details the current implementation
reaching, timing, ...), that triggers learned responseth#& of the architecture, which is depicted on 1. Note that sitce i
specific context (automatisms) and finally at the higherllevés an ongoing work, only some parts of the architecture have
(iii) semantic information (signification of the environmte been yet tested.

I. INTRODUCTION

. PRESENTATION OF THE ARCHITECTURE
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PLANNER . describe an Hopf oscillator whose solutian is a periodic
\ « signal of amplitude,/m; and frequencyw; with an offset
MANAGER e given by g; (see Fig.??) . A Hopf bifurcation occurs when

m; < 0 leading to a system with a globally attractive fixed
point at @;,0). The term)_ k;;z; controls the couplings with
Fig. 1. Schematic of the functional organization of the #eciure. the other jointsj; the k;;'s denote the gain of the coupling
between jointsi and j. The expression used fay; allows
for an independent control of the speed of the ascending and
descending phases of the periodic signal (see [5] for more
details). Finally the termu; is a control term generated by
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A. Generator

The generator, which is responsible for the generationef tfe€dback information. o
trajectories, is built on the concept of central patternegators ~ Qualitatively, by simply modifying on the fly the parameters

(PGs), that we take in the sense of a network of generatcgr'sandmiv the system can thus switch betweep purely discrete
responsible for the generation of units of movements calldevementsit; < 0,g; = g(t)), purely rhythmic movements
motor primitives (REF). (m; > 0,g; =cst), and combinations of bothn§ > 0, g; =

The trajectories corresponding to the different behavdoes 9(¢)) (see [2] fore more details). More elaborate movements

generated through a unique set of differential equatiohg;hw can be ach|evgd by s_endmg tlme—vqry|ng parameter to the
. . S¥ tem and by integrating feedback signals to the generator
is designed to produce complex movements modeled as pé I:I'ODO' add figure

odic movements around time-varying offset. More precisely ) 9

e . . Feedback.

it is built on the hypothesis that complex movements can

be generated through the superimposition and sequencingzof\ianager

simpler motor primitives generated by rhythmic and diseret
pattern generatots The discrete primitive is injected in theWhiCh is defined asd set of muscle commands which are

rhythmic primitive as an offset, although other gombmaﬂp structured before a movement begins and which can be sent to
of them could be considered such as a sequencing or a simple

addition of their outout MREmuscle with the correct timing so that the entire sequenceis
put. carried out in the absence of peripheral feedback" by Marden

The discrete PG is modeled by the following system ¢f; 5. ([6]). This concept is a nice way of explaining the

The manager is built upon the concept of motor program,

equations rapidity with which we react to stimuli and the stereotypy
present in human movements. Moreover, the notion of gen-
h; = d(u — h;) (1) eralized motor program (GMP), that is motor programs with
gi = hiv; (2) open para_meters, allows the ge_neratlon of movements atlapte
_p2 to the environment (see [7] for instance).
v = u4T (yi —gi) — b v;. 3) Functionally speaking, the manager is mainly responsible o

sending the right parameters (in joint space) to the geoerat
at the right timing. We define a (generalized) motor program

The system is critically damped so that the outpuof Eqs 2
and 3 converges asymptotically and monotically to a ggpal (MP) as a sequence O.f par?‘meters_s?‘”‘ to the generator to
produce the desired trajectories, that is in our Gisg m(t),

with a speed of convergence controlied by whereas the #(t), the couplings between the oscillators, the initiation of

speedv; converges tf) zero. .The first equation ensures a beﬁﬁ appropriate feedback and a time interval that defines the
shaped velocity profile and is reset to zero at the end of each

. . rapidity with which the sequence of movements is performed.
movement. The output of such a system is depicted ong. Some of the parameters are fixed, as the coupling between the

ADD FIGURES _ N limbs for crawling for instance, others are open and need to
Concerning the rhythmic PG, it is modeled by a system wite defined relatively to the environment (the desired arigles
reaching for instance). An inverse kinematics is also néede

to transform task space goals into target joint angles.
INote that Schaal et al. ([4]) have shown that rhythmic movesare not P 9 get) 9

a particular case of discrete movements by using fmri teghes; some brain Every time a MP is launched by t.he ma_-nagerv _the first
areas involved in discrete task are not active during rhighmovements.  command sent correspond to a predefined initial positioe. Th
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(a) Feedback activation zone (b) Oscillator phase spaces

Fig. 3. Phase space of an oscillator with its activation zZonehe feedback
(light gray for switch and dark gray for stop controls) and tlorrespondence
with the = variable of the oscillator is shown on the left figure. Riglfufie
shows the schematic phase plot of the oscillator for theewdfit types of
feedback.

Fig. 2. Snapshots of the iCub drumming at CogSys 2008 in Kdrés

negative value at an appropriate time for each limb. Then the
IK algorithm is used to get the target positigrwhich is sent

parameters are then sent at regular time interval to thergend® the generator. . .

tor. At the end of the sequence, a command corresponding to &€aching while craming (i > 0, § = g(t)). When a mark

final target position is sent. This makes the switching betwelS réachable and when the arm is in an appropriate state (i.e.

task easier, as it will briefly be illustrated with crawlingca IS in the swing phase), the desired positignis sent to the

reaching. generator by the manager; the actual position of the system i
A MP can be elicited either by the planner (voluntarfhen compared to the desired position so to reach the correct

movements) or by the contextual sensory information (aaton0sition through a modification of the offseti is kept to a
tisms). We will illustrate this by two examples, drummingian Positive value so that the resulting movement is rhythmitwi

reaching while crawling. a time varying offset.
Feedback. Feedback integration. A phase dependent sensory feed-
back is also included in the rhythmic PG to make the crawling
C. Planner locomotion more robust and adaptive to the environment, as

The planner is for now a simple GUI that allows the usewxe did previously in [8]. Information from the touch sensors
to specify the task the robot has to perform. However, highkrcated on the hands and knees of the robot is used to modulate
cortical abilities can be implemented to defined the tasketo the onset of the swing and stance phases, as mammals do
performed. The input that should be given to the manager([9]). The transition from stance to swing phases is delayed
the target goal (or the target trajectory) in cartesian spac as long as the other limbs cannot support the body weight

Feedback. and is triggered sooner when the limb leaves unexpectedly th
ground. Analogous policies are used for the swing to stance

Il PRESENTATION OFiCub transition. More precisely, the termy of Eq 5 is defined as

IV. APPLICATION TO DRUMMING

| —sign(y;) F fast transitions
A. Results u; =< —wx; — > kijy; stop transition @)
V. APPLICATION TO CRAWLING AND REACHING 0 otherwise

We define three tasksieaching, cramling and reaching \here F 00 in our case) controls the speed of the transition.
while crawling. Each of this task is triggered by color marks offrig. 3 shows the activation of the feedback depending on the

the ground, i.e. a red mark on the ground launafeeshing, a phase of the limb and the resulting modification of the phase
blue markreaching while crawling and no marlkcrawling. No  gpace of the oscillator.

visual processing is considered here; the position and odlo

the mark are directly provided to the robot. The robot crawfy Results

in an environment where it has to switch between those threeCrawling and reaching have been tested in simulation using

behaviors according to marks arbitrarily placed on the gdou the ODE-based software Webbté. We performed simulation
We define here the motor programs corresponding to thé the three different behavior with and without feedback.

different tasks; each behavior is simply triggered throtlgh First we note that the feedback makes the crawling more

specification of the amplitudes; and the offsetsj by the stable and adaptive to the environment (i.e. the robot can

manager. crawl on inclined slopes and uneven terrain), for details on
Crawling (m > 0, = 0). Analysis of crawling infants the improvement of crawling by feedback refer to [8]. Segond

have shown that most infants crawl on hands and knees, usihgnks to our modular approach, the integration of the wdifie

a walking trot gait. The couplings are thus set so to obtainbeehaviors and the feedback is successful (see Fig. 4 for

trot gait andg is set to a fixed value (0 here) so to obtain anapshots of the three different behaviors).

purely rhythmic movement. On Fig. 5, the trajectories of the left shoulder correspongdi
Reaching (m < 0,7 # 0). Once a mark is close enoughto the snapshots of Fig. 4 are shown together with the param-

to be reachablecrawling is turned off by settingm to a eters sent by the manager. Both trajectories with and withou
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Fig. 4. Snapshots of the three behaviors with feedback. Ujipe: Only
crawling; middle line: Crawling while reaching; bottom éniCub crawls, [6]

stops and then reaches the mark.

[7]
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. empl
feedback are presented. It can be seen that with feedback[#he.. Righetti and A.J. ljspeert. Pattern generators wighsory feedback for

trajectories are constantly modulated accordingly to teall
sensory information showing fast adaptive behaviors. afigc (9]
at the beginning of the crawling, the amplitude of the trajec
is modulated to account for the initial posture of the robot
which does not correspond to the usual crawling posture.
Concerning behaviors, we notice that simple parameters
change allows to generate trajectories complex enough to
fulfill the task. Thanks to the robustness of dynamical syste
the trajectories resume to simple crawling after reachimg t
mark in both tasks. The generated trajectories are smooth
despite the discontinuous nature of the parameters defining
the GMP.
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(a) Reaching without crawling (b) Reaching while crawling

Fig. 5. Results of the simulation for both reaching whilewdiag and
reaching when crawling is stopped and resumed after. Theriexpnts were
done with and without feedback integration. The upper gsagitow the left
shoulder joint (plain line with feedback, dashed line wiitjpthe lower graphs
show the corresponding parametens plain line with feedback, dashed line
without. g dash-dot line with feedback, dotted line without). Refethe text
for discussion of the results.

VI. DISCUSSION

FUTURE IMPROVEMENTS:

- dealing with constraints in the manager - task space cbntro
integration - adding feedback

VIl. CONCLUSION
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