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Abstract — In this paper, we present a biomimetic, forcecomputational model has been investigated so tgrepwe
field based computational model for whole body hiag  describe a preliminary extension to the whole baching
(WBR) using the approach known as passive motioproblem of a computational model thest based on an
paradigm. The proposed computational model is bagsed artificial potential field approach (Passive MotiBaradigm:
non-linear attractor dynamics where the attraciodscape [6]) combined with terminal-attractor dynamics [t has
is obtained by combining multiple force fields iifferent  also been applied to robot reasoning [8]. The pavehe
reference systems. Simulation results for a rafigeaxhing approach comes from the generality of potentiddl fi|ased
tasks using a simplified body model composed obifty methods: the focal and postural components of WaiRle
(Ankle-Knee-Hip-Shoulder-Elbow) are presented. Weassociated to two force fields and the complextiAmiht
compare the model-generated patterns (final pastureoordinated patterns are a “side-effect” of thevxation to
velocity profile and trajectories in the distal/gimal  equilibrium of the overall internal model. In thisper, we
spaces) with the movements of a human subjectqpeirfg ~ present the basic computational model and simuatio
similar WBR tasks. results obtained by using the model for whole biaghching

tasks using a simplified body model composed obibt$

Keywords. Passive motion paradigm, whole body (Ankle-Knee-Hip-Shoulder-Elbow). We further compére
reaching, postural synergy patterns generated by proposed nonlinear dynamodkel

(i.e final posture, velocity profile and trajedas in the

distal/proximal spaces) with the movements of a &um
1. INTRODUCTION subject performing similar WBR tasks. Preliminagsuilts

suggest indeed a close correlation between thehsyot

Postural stabilization during quiet upright bipedalPatterns and experimental data measured by mearss of
standing essentially involves a single degreeeddom, i.e. Mmotion capture device. Future developments witlude
the ankle [1]. However, the simple act of reachangpbject the integration of this synergy formation mechanisith a
starting from the quiet standing posture recruitwally all ~ lower level, intermittent postural control systef] fnd a
the joints of the upper limbs, lower limbs, anchpbinding ~ learning mechanism for the optimal choice of theueil
together a large number of degrees of freedom mto admittance matrix that is at the heart of the catibn
functional unit that combines a focal task (reaghintarget model.
with the hand) and a postural task (keeping thgeption of

the center of mass within the bipedal support arEiag fact 2. PASSIVE MOTION PARADIGM
that the two tasks are part of the same functiomat is _ _ _ _ _
proved by the anticipatory postural adjustmentshat have The Passive Motion Paradigm (PMP) is a computational

been described at the kinematic and electromyographmodel that addresses the problem of coordinatidgréant
levels. A further step in this direction was theidst of degrees of freedom by means of a dynamical system
whole body reaching (WBR) movements in which theapproach, similar to the Vector Integration to To fidt
target is beyond the arm’s length and thus only théVITE model: [10]). In both cases, there is a “difface
coordinated recruitment of all the joints allowsubject to  vector” associated with an attractor dynamics thas a
carry out the task [3-5]. point attractor in the designated target. The diffiee is that
Different approaches have been attempted to qyantithe VITE model focuses on the neural signals comnmandi
the coupling among the joints, in order to identifyb- a pair of agonist-antagonist muscles, whereas thi® P
components in the global reaching synergy: a typicanodel focuses, at the same time, on the trajestanighe
example is the PCA analysis [5]. However, no gehaza extrinsic and intrinsic spaces. The model exploie t
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bidirectional mapping between the intrinsic (jo)ntand this section. A displacement and force node belundo
extrinsic (end-effector) spaces that characterizzgy each motor space can be grouped as a work (force.
kinematic chain: (1) the operator that maps incrgale displacement) unit (WU). This mechanical work ifant a
motion in the intrinsic space into the correspogdimotion  scalar invariant across the different motor spathsre are
in the extrinsic space (i.e. the Jacobian matrixthe only two kinds of connections: 1) between a forcel a
kinematic transformation) and (2) a dual operatat maps displacement node belonging to each WU that dessitie
efforts in the opposite direction (force at the -@fibctor elastic causality of the coordinated system (represi by
into joint torques). The “difference vector” of thTE  the stiffness and admittance matrices) and 2) botat
model becomes, in the PMP model, a virtual “forieddf ~ connections between two different motor spaces that
applied to the end-effector: this field is mappetbithe describes the geometric causality of the coordihatestem
corresponding field in the joint space that deteem an (represented by the Jacobian matrices). Every nodbe
elementary motion in agreement with the “admittdnole  simple computational chain of Fig. 1 (and more clexp
the kinematic chain and then, through the forwangwatic = PMP networks) can be reached from every other raode
operator, a motion of the end-effector in the esid space the choice of the elastic transformation is basadthis
until the target is reached. From this comes tbkn@ime of notion of circularity. As shown in Fig. 1, in adtdan to an
“Passive Motion” for the non-linear dynamic comgigmal  attractive force field pulling the end effector gaconnected
mechanism. In fact it is analogous to the mechanidm task relevant parts of the body) towards the gaailtiple
coordinating the motion of a wooden marionette tBans constraints (internal/external) can be concurremtiposed
of attached strings. By simply moving the tip ofeth in a task-dependent fashion into the dynamics byplsi
marionette’s hands or legs by the attached striogse the switching on/off different task relevant force @el
tip reaches the intended position, the joint anglegenerators. Computationally this implies that thet n
automatically reach the related valueBhe strings, in attractor landscape is obtained by combining mieltfprce
metaphorical terms, are the virtual force fieldaarated by fields in different reference systems.
the intended/attended goal and the other task diepén
combinations of constraints involved in the exemutdf the 3. PMPAPPLIED TO WHOLE BODY REACHING
task.
Figure 2 shows the simplified five link body model
Generalized displacement Generdlized displacement considered in this Study and figure 3 shows thewflo

node in end effector space node in joint (intrinsic ) space . .
| diagram of the PMP based computational model foR\VB
4\1 | . . Reference COM
ol @ i@ 04 j
ol e T ' |
Virtyal ; Temporal Virtual Admittance
Stiffness F(T) Syncphr'ony E'zl in joint space BS B3
| Forcelfield 3 '{o
generator Xee oo

Rl BN

) » + > }—0\ + J—
Eorl‘zciflddls due” \ =" Force fields due to ® B2
o External Internal
Constraints T \/ T Constraints X'Mrlgni'

: ; Work Unit: ; ; B1
Generalized force node in oF s Generalized force node in [

end effector space Joint (intrinsic) space

Fig. 2. WBR kinematic model consisting of a ‘ankigee-hip-
Fig. 1. Basic computational scheme of the PMP dosimple  Shoulder-elbow’ chain, with B charecterizing thetwal admittance

kinematic chainx is the position/orientation of the end-effector, S€€n at the different joints.

expressed in the extrinsic spagg;is the corresponding targetis

the vector of joint angles in the intrinsic spadeijs the Jacobian ~ Xcem ! Xeom T ”

matrix of the kinematic transformation= f(q); Ke is a virtual Ran e:; 3 =0

stiffness that determines the shape of the attadtrce field to Mofgion

the target; “external constraints” are expressefdrag fields in the X,,,,W_. X, T

extrinsic spaceF =F(x,X,X) ; “internahstraints” are expressed + G

as force fields in the intrinsic spateT(q,¢,6) ; Ay is a virtual l B e

admittance that distributes the relaxation motmreduilibrium to K | Terminal q

the different joints,r(t) is the time-varyingiigahat implements b | Attractor 1/5

the terminal attractor dynamics. . dynamics :

Fum F L T ' f/

As shown in Fig. 1, the basic structure of the PMF a BT B, » x—» +

network is composed of a fully connected networkofes :

representing either forces or flows (displacemerits) r T,

different motor spaces (end-effector space, joipacs, Heen I” [ JBES
muscle space, tool space etc). For simplicity, just
consider the end-effector and joint spaces forusdision in

Fig. 3. PMP based computational model for WBR.
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In this context, WBR can be defined by the comhamabf

two synergies: a focal and a postural synergy.

Focal synergy:

X (the position of the end-effector) must retightargetXs

at a given time;.

Postural synergy:

X.om (the position of the COM) must remain desian

admissible range of motion.

The motor planner/controller, which expresses in

computational terms the passive motion paradigmvfwle

body reaching task, is defined by the followingpste

1) Define a virtual attractive force field to a dpmted
target (applied to the end-effector) and a repalédrce

field (applied to the hip) to keep the COM in an 2s

admissible ROM

Fe = Kee(XT _Xee) (1)
Foom = f(Xoom7Xmin’Xmax) (2)
2) Map the extrinsic force fields into intrinsicrée fields:
T.=Je Fe 3)
Tcom = JCOmT Fcom (4)

3) Relax the arm configuration in the applied fggldshere
B is the virtual admittance matrix:

T and a symmetric bell-shaped speed profile. A @mpl
choice for the TBG is a minimum jerk polynomial @tion,
but other types of TBGs are also applicable withamyt loss
of generality. Systems that have terminal attrad§gramics
violate the Lipschitz criteria of ordinary differia
equations, i.e., they have point attractors ofitdi stability
in the sense that the gradient of their Lyapunoncfion
diverges at equilibrium point: a consequence ig thay
reach equilibrium in finite time (it is a terminaftractor). In
this way, the potential function is synchronisedhwihe
TBG, so the relaxation converges in finite time figure 4
we can see the signal output of a TBG: note thiesbelped
speed profile that we can easily control.

1.5F

0.5F

q = BeeTee + Bcom Tcom (5) t/T
4) Integrate to update the “body model” 0 0 025 05 o7 1
q=|qdt 6 Fig. 4. Output signal for control the time: theé-varying gain
J © |9(t) , the time-base generatbft)  sthmedé(t) .
5) Extract frorTT the body model the current positions 4 IMPLEMENTATION AND SIMULATION
Xeeand X, RESULTS
Xee = Jee 0 (7) _
« =] g The PMP based computational model for WBR was
Xcom com q (8)

A way to explicitly control the time, withouting a clock,
is to insert in the non-linear dynamics of the PMBdel a
suitable time-varying gaif (t)  that grows mimmically as
X approaches the equilibrium state and divergesan
infinite value in that state. The technique waggioally
proposed by Zak [11] for speeding up the accesoitent

implemented with respect to a simplified geometrica
structure of the body with 5 joint§Ankle-Knee-Hip-
Shoulder-Elboy. The timing of the relaxation process is
controlled using a neural time base generator asvishin
figure 4. A range of reaching tasks mainly using thlip
Strategy” or “knee freezing” and the “Ankle Stigy& or
“normal reaching” were simulated using the compaoiet

addressable memories and then was applied to agrusib Model- In an extended study, the solutions obtaingidg

problems in neural networks. Our purpose, howeigenot
merely to speed up the operation time of the plabuoé to

allow a control of the reaching time as well as #peed

profile in order to fit the human reaching patterfikis can
be implemented by substituting the relaxation eiquags)
with the following one:

6= (1)(Bee Tee * Beom Toom) ©)

A form of the time-varying gain that implements the

terminal attractor dynamics is the following one:
Ety=6rt/r)° -15t/7)* +10(t/7)?

=4 4o

-9

where é(t) is a time-base generator (TBG): aasdahction
that smoothly evolves from O to 1 with a prescrildedation

the computational model were compared with movemeht
human subjects performing similar tasks measuredaby
motion capture device (MOCAP).

Figure 5 shows the behaviour of the model and lofirman
subject in the knee freezing mode: Panel 5A ilatss the
trajectories of the whole body and we note thay dre very
similar considering the fact that with one subjeet don't
want to overfit the data; Panel 5B shows the elmiubf the
joint angles and we note that the mean error betvike
subject and the model is about 5 degrees and foe oints
is even less; Panel 5C shows that the speed pisfiiell-
shaped in both cases; Panel 5D shows the influehtiee
stiffness value of the end-effector on the modelegated
trajectory of the end-effector. As regards the fzstel, we
observe that with value of stiffness for the erféetor
larger than 1000N/m, the generated trajectory namiery
well the human behaviour.
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Fig. 5. Comparison of solution obtained using tMPPbased computational model for whole body reaghivith data of
movements of human subjects obtained using a motgpture device.

Figure 6 shows that the model can replicate a tyadé for a variety of reaching tasks. The power of theraach
reaching tasks performed by a human. We have fded comes from the generality of potential field basaethods:
type of tasks: knee freezing with a near by (p&#9land a the focal and postural components of WBR can be
far away target (panel 6B) and normal reaching itear associated to two force fields and the complex,tifuiht

by (panel 6C) or far away target (panel 6D). Willghh coordinated patterns are a “side-effect” of theuxation to
values of the stiffness of the end-effector the yonl equilibrium of the overall internal model. Further, the
parameters to learn are the elements of the admwdta timing of the relaxatiortan be controlled using a non-linear
matrix. With some simple search techniques in tive f dynamical timing mechanism that provides terminal
dimensional space of the admittance matrix we davefy  attractor properties to the computational maaed endows
well the human movement as shown in figure 6. Wallf ~ the generated trajectories with human-like smoatkrend
note that the values of this matrix have to be tp@siand  precise control of the reaching timBreliminary results
it's not important the absolute values of each éidimce but suggest close correlation between the solutionsimdxd

the relative values of one with respect to the isthe

5. CONCLUSIONS

using the computational model and the movements of
human subjects performing similar tasks (measuresligh
motion capture device). Future developments widliude
the integration of this synergy formation mechanistith

The action of ‘reaching’ is fundamental for anydiof goal lower level, intermittent postural control [9] aadlearning
directed interaction between the body and the wanldhis  mechanism for the optimal choice of the virtual #@thnce

paper we presented a biomimetic,

force field basethatrix that is at the heart of the coordination elod

computational model for whole body reaching andsented
simulation results obtained using the computationatel
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Fig. 6. Comparison of final postures obtained ushegPMP based computational model for whole bedghing, with data of
movements of human subjects obtained using a mo#pture device.
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