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Abstract—Nature has developed methods for controlling the addition during development, but also through injuriest Bu
movements of organisms with many degrees of freedom which the available experimental data suggest that biologiogémr
differ strongly from existing approaches for balance contol isms employ a radically different strategy for controllirag
in humanoid robots: Biological organisms employ kinematic : . .
synergies that simultaneously engage many joints, and whic movement apparatus wnh many DoF, in part|cula_1r fpr balance
are apparently designed in such a way that their superpositin is  control. Numerous studies from the Lab of Bizzi at MIT
approximately linear. We show in this article that this control  [4], [5], [6] have shown that the central nervous systems
strategy can in principle also be applied to balance control of a variety of organisms employ a modular architecture
of humanoid robots. In contrast to existing approaches, tts for motor control, whereby many different movements (arm

control strategy reduces the need to carry out complex compa- ¢ IKi . . . . b tructed
tions in real time (replacing the iterated solution of quadratic movements, walking, jumping, swimming) can be constructe

optimization problems by a simple linear controller), and it as largely linear (but non-negative) combinations of aesth
does not require knowledge of a dynamic model of the robot. small repertoire of movement primitives (also referred ®© a

Therefore it can han_dle unforeseen changes in the dynamics 0 muscle Synergies’ or kinematic Synergies; we use the latter
the robot that may arise for examplt.e.from Wlnd or other external term in this article). Figure 4 in [6] shows that kinematic
forces. We demonstrate the feasibility of this novel approeh to Lo L
humanoid balance control through simulations of the humandal synergles n fr_o.gs engage Iargely dlsljomt.set.s of muscles,
robot HOAP-2 for tasks that require balance control under Which may facilitate an approximate linearization of move-
disturbances by unknown external forces. ment control through non-negative linear combinations of
these kinematic synergies. Also recent work on whole-body
movements of humans [7], [8] shows that balance control
Balance control for humanoid robots is known to be and other human body movements during standing can be
dif cult problem because of the large number of degreasnderstood as combinations of a very small set of sterecaypi
of freedom (DoF) that are involved. It has been simpli ekinematic synergies, that each affect several joints.
through the discovery that it suf ces for balance control to We explore in this article the question whether an analo-
keep the center of pressure (CoP) (or related points on theus modularization and simpli cation strategy might pide/
ground [1]) within the 2-dimensional support polygon dedhe a viable alternative to existing balance control methods in
by the convex hull of those points where the feet are supgorteumanoid robots. The rst problem that one faces here is the
by the ground. Powerful computational methods have bedasign of suitable kinematic synergies. In biological migens
developed for achieving this (see e.g. [2], [3]) by solvinthey are assumed to result from a combination of genetic
suitable optimization problems. While [2] manages to aohie encoding and developmental learning. For humanoid robots
in this way even online balance compensation (by solvirane could apply PCA to recordings of the movements of
a quadratic programming problem), these approaches eequiultiple joints of humans (this is the way in which kinematic
knowledge of the precise dynamic model of the robot, argynergies were extracted in [7], [8]) or one can use an even
therefore cannot be applied in situations where the dynansienpler strategy that we describe in section (Ill), and gqppl
model of the robot may change online, due to wind, picking the humanoid robot HOAP-2. We show in section (IV)
up loads, contact with other robots, or other external ferce how the resulting two kinematic synergies for moving the
Biological organisms face similar problems, in fact, th€oP left-right and forward-backwards can be used to design
dynamic model of their movement apparatus changes ancontrol loop with a linear controller for balance contrdl o

I. INTRODUCTION
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the HOAP-2. We show in section (V) that a simple linear

controller is able to compensate for random movements of
a surfboard on which the robot stands, even in the presence
of unforeseeable online changes in the dynamic model of the
robot and its environment. Additionally we demonstratet tha

the proposed framework can be used to follow any desired s2 R
trajectory for the CoP. .

Il. FORMAL DEFINITION OF KINEMATIC SYNERGIES

We regard a kinematic synergy as a xed numimrof Fig. 1. Scheme for the composition of the functidnsandf according to
degrees of freedom (joint angles) which cooperate und@ta"d (3) with the kinematic synergies.
the regime of a one dimensional input parametedt can
be represented as a nonlinear functiondepending on one

controlling parametes 2 R. De nition 2: A linearizing kinematic synergg a kinematic

synergy according to (1) such that there exists a lineatiogla
ship between its controlling parameteand the corresponding

De nition 1: A kinematic synergyK9S) is a function := (to be controlled) outpuy.

(s) which maps a parametar2 R onto am dimensional
vector of joint anglegiS = (s): y=(f ' s) = ks 4)
forsomek 2 R:
:R! R™: Q)
We restrict our attention in this article to sudihearizing
The superscript' denotes the subset af joints of the ks to which we simply refer a&kS
robot, which are controlled by th&S The total number of |5 practice we deal with dynamics, and we want to control
joints in the robot is denoted by. Further we de ne the the robot to accomplish dynamical tasks. Let us take a closer
function” look at why it is still an advantage to use kinematic synesgie
" R™IR" (2 Let g 2 R" be the positions (anglesy 2 R" be the

which embeds then-dimensional subspace spanned b velocities ande 2 R" be the accelerations of afi joints
b P Y of the robot. Then the state of the whole robot is de ned

into the n-dimensional space of all joints of the robot. This

— T.nT-gT1T 3n ;
embedding copies the positions for all joints affected by asp =[q°:0 ;¢ ]. and the.reforqa 2 R™. Note that in
and leaves the remaining joints constant. general any dynamical task will include the whole state spac

A KS is typically applied in order to control a low- The KSjust controlsm of n joints and only maps on the joint
dimensional, or even one-dimensional, varialyle In this p03|_t|c_>nsq'<3 2 R™ " By de nitions (1) anq (2) we restrict
article we use twdKS's that each control one dimension ofthe joint space ofn joints. Loosely speaking we just allow

. . de ned postures for the robot. This makes sense since most
the center of mass projected to the ground (PCoM). S|nc? . . I
the PCoM depends on the posture of the whole robot, N the possible postures are not valid due to stability issue

outputy depends on alh joint positionsg 2 R" of the robot. crossing of limbs, etc. . If one assumes thatte n - m

Generally speaking we have a nonlinear functiotepending joints which are not dominated by_ do not move at al,
on n degrees of freedom then we can neglect the embeddihgfor the subsequent

derivations. Any chang%% = s of the control parameter
f:R"! R (3) causes a corresponding change of joint positigf$
and we want theKS to control its corresponding output as = Q = Q @S: Q S
y = f(a). @t @s @t @s ~

Figure 1 shows the mapping of from the one dimensional The same holds for the accelerati%fa‘i =
s-space to then-dimensional joint space, the embedding with '
s . @ _@

the function' and the mapping of functiofi from the n- - (
dimensional space of all joints to the one dimensional autpu @1 @3
Therefore the velocitieg) and the accelerationg of the

y.
~ Since suchKS affectsm degrees of freedom that dependoints are also restricted to a subspace. Obviously thigesy
just on a one dimensional paramesemwe can impose further tacilitates the control of the system.

constraints on the function . A reasonable choice for such
a constraint is a linear relationship between the contrglli !ll. APPLICATION TO THEHUMANOID ROBOT HOAP-2

parameters and its corresponding outpyt This will reduce  Wwe now test whether kinematic synergies provide an al-
the nonlinearities inherent to any kinematic chain and yereternative to existing methods (see e.g. [2], [3]) for baknc
facilitate controlling and learning. Hence we are par@elyl control of the humanoid robot HOAP-2 [9]. This robot has
interested in the following type kS n = 25 degrees of freedom (rotational joints). It's structure

2, @ .
¢ §)+@Ss.



and thepCoPare likely to move within (and possibly beyond)
the support polygon when the platform tilts. We will assume
that the feet of the robot do not slip, and hence we can use the
same stability criterion as for the case of a horizontalfptat.
The robot does not fall over as long as [f€0oP stays within
the support polygon (even if the support polygon is nowdijte
In de nition (2) we de ned the output to be one dimensional
(y 2 R). Since dynamic stability points correspond to points
on the contact surface, and are therefore two dimensidnal, i
natural to de ne twaKS's  and , for corresponding output
R oo 1 dimensionx andz. The output function§, andf, correspond
to the two dimensiong andz of the PCoM. The kinematic
(@) (b) synergy x controls the movement forward/backward and
the kinematic synergy , left/right relative to the robot (see
forward Figure 2(c)).
X support polygon The number of degrees of freedom controlled by the kine-
/ border matic synergies isn = 12: three hip joints, one knee joint
® and two ankle joints for both legs (see Figure 2(b)).
Sincen > m, not all joints of the robot are controlled by the
et ]| gt )% kinematic synergies. The additioriaf n m joints could be
teft foot oot right used for other tasks (grasping, waving, tracking objedts).e
® o|||® ® Their movement will change the outpws andy, to some
extent, but will be interpreted by the kinematic synergiesa
external perturbation. We will demonstrate in one experitme
(see section V) that our approach is capable to deal with this
type of disturbances too.

L ankle 1
L ankle 2

@ touch sensors

4
backward

(©
A. Obtaining Motion Primitives with Inverse Kinematics

Fig. 2. = (a) The real HOAP-2 robot angb) its schematic structure. Red  The desired kinematic synergies are constructed via ievers
marked and labeled joint rotation axes are used fofc) Support polygo_n on . . .
the support surface for the robot, with touch sensors treuaed to estimate kinematics. They are constructed Just once for the robot and
the pseudo center of pressupgCEP). Black arrows indicate the dimension are xed during control action. With the desired linearipat
(forward/backward: rang®:5 cm) and z dimension (left/right: range14:3 property (4) one still has an in nite number of possible
cm) for movements of the center of pressure. . . . . . .
kinematic synergies. Therefore their construction caisfat
extra constraints which depend on the set of tasksKBe
should accomplish. For our balancing task we want to assure
is shown in Figure 2(b). The task is to balance dynamicallypright posture for the upper body and double support (both
the HOAP-2 against external perturbations. Therefore arabt feet have contact with the ground).
choice for the output functioh could be any dynamic Stability Based on the given kinematic model and the mass distri-
point like the center of pressure (CoP), the zero momenttpop\tion of the HOAP-2 the kinematic synergies, and
(ZMP) or the foot rotation indicator (FRI) [1], [10]. We watt  have been calculated as follows: An initial postarg; has
control the humanoid robot standing in double support phagfeen de ned which results (for the case of a horizontal suppo
In practice these stability points are estimated by pre&ssW@urface) in a PCoM at the center of the support poly§on
sensors. HOAP-2 has four such sensors per foot, locatedsgt de nition we set the origin of the coordinate system to
the corners (see Figure 2(c)). We call the dynamic stabilifie center of the support polygon and therefore the resyltin
point that one computes from the outputs of these sensors Hﬂﬁputs in the initial posture afg (qinit ) = f2(qinit ) = 0. To
pseudo center of pressui@CoP). The goal is to keep the re ect the natural limit of static stability th&S parametes is
pCoPwithin the support polygon shown in Figure 2(c). Sinc@ormalized such, that 1 and+1 correspond to the borders of
a KSpresents a static mapping we are going to use the stafie support polygors. Therefore the region of acting without
model (i.e. kinematic model and mass distribution) and thgjling will be (for the case of a horizontal support surfatiee
PCoM to obtain theKS Note at zero joint velocitieq and ranges 2 [ ]_;+]_] for both dimensionx andz, see Figure
zero joint accelerationg the PCoM coincides with theCoP.  2(c).

In one of our subsequently discussed experiments the robofThe construction of eacKS consist of two optimization
stands on a platform. If this platform tilts, the supportygmin  steps, which we describe only for,. Similar steps lead to the
moves with the platform, but the projection of the CoM andecond kinematic synergy,. We divided arbitrarily the range
the pCoPis no longer orthogonal to the support polygon (budf the s, -parameter over the support polygon ir80 points.
orthogonal to some ideal horizontal plane). Hence the PCoMherefore each step wa‘?% 0:12 cm and correspond to



a step of s, = 0:025 From the starting posturgi,t the F (forward / backward)  [rad] F 2 (left / right)
next postureg® is calculated to get a desired outpdt which Lthiptfl
is one step @12 cm) away from the origin of the coordinate | 1, ,| ]
system in thex-direction. Lhin 3

The rst optimization step, which used all 12 joints of the L P . - 02
legs, was used to move the PCoM of the robot in #he nee- |
direction and simultaneously tried to keep the upper part of a@ke 1 ]
the body in an upright position. The coordinate system of thé ankle 2'- .

+0.3

3

.. . . r 10.0
left leg was always used as origin, all positions and rotegio R hip 1-

of the remaining body parts were calculated relatively t® th g pip2-
left leg's coordinate frame. In order to calculate the newfo . o |
positions, a Jacobian Pseudo-Inverse approach was used [11R i . - 02

1-0.1

The applied Jacobian matrix consisted of t80 n sub-
matrices, the Jacobian for the CoM-Position and the Janobi
for the rotation of the torso. Therefore, both constraintsRanke2{
moving the CoM in the desired direction and keeping the upper 1 05 00 #0541
part of the body upright were full lled by the optimization. S S,

The coordinate frame of the left foot was kept constant, but 3 Kinematic svnerdies « and . for the HOAP-2 that move the
the position of the right foot tended to change, so that it W%bm forward/backw)ellrd gnd i(eft/right Zover the range [-1,fdr the KS
likely to loose ground contact. parametersy ands,. Note that these tw&S's primarily affect disjoint sets
Therefore the second optimization step was used to move ghéints.

right foot back into its original position. For this optinaition

only the 6 joints relevant for the right foot were used andimga ¢

ankle 1-
ge -0.3

:

KN

-05 0.0 +05 +1

8
a Jacobian Pseudo-Inverse approach was applied. e e
These two steps were iterated until the output vatfievas == ==
reached. The resulting new postuf@ was then set to be the = T o

new starting point. The next postug?®was found by the =
same procedure. This approach was applied iterativelyl ur -4 -4
the outputyx reached the border of the support polygon. Th
same procedure was applied for the opposite directiongj.e. 1 05
from 0 to 1). The process leads to a look up table for the

ranges, 2 [ 1;+1]. Joint positions in between the steps, if @ (®)
needed, are calculated by linear interpolation.

Figure 3 shows the kinematic svneragies and which Fig. 4. ‘(a) TheKS x maps the control variablsx Iinearly onto thex- and
9 ynergies z zzcoordinates of the PCoM. It strongly affects tkecoordinates, but keeps

result from thi§ prpced_ure. One can clearly see that_ (an@lz x-coordinates of the PCoM approximately constah). The same holds
ogously as their biological prototypes, see Figure 4 in [6r the seconKS .

these twoKS's primarily affect disjoint set of joints, thereby

supporting linearity of superpositions. Figure 4(a) shdivs

mapping from the parametex, that controls theKS  to are the cases when the PCoM is moved into a corner of the
the coordinatesy = PCoM, andy, = PCoM, of the support polygon) the deviation from linearity is quite sial
PCoM. Note the linear relationship, and that the other autpu
dimensiony, = PCoM; is unaffected bys,. Figure 4(b)
shows the same for th€S . The kinematic synergies x and , were constructed
Since we have two kinematic synergies which are mappit@ control the output function PCoM. However the robot
to the samel2 joints, we are not able to use joint position£an estim_ate_from its pressure sensors in _the feet only the
directly for the encoding of eacKS Therefore only joint PCOP which is also affected by the dynamics of the robot.
offsets XS from the initial positiongi; are stored in the Similarly, values from simulated pressure sensors are irsed
look up table. When both kinematic synergies are appliegl, tRUr Simulations of the HOAP-2 to estimate the PCoM.
resulting target joint positions are calculated by summipg ~ Assumption The robot moves suf ciently slowly so that
the initial position and the two offsets at every single join©n€e can assume that approximately

This is pos;ible_ sinc_:e the joints mainly requn_sible fo_r the pCoP  PCoM : )
movement inx-direction are orthogonal to the joints mainly

responsible for the-direction (see Figure 3). Figure 5 shows We will show in section V that external forces that change
the results of an empirical evaluation of the approximaten a time scale of seconds, such as wind, can be handled
linearity of theKS's 4 and ;. Except for cases where bothby movements of the HOAP-2 which satisfy this assumption.
of the variablessy, ands, reach their extremal values (theséWith this assumption we are able to control the humanoid

IV. BALANCE CONTROL WITH KINEMATIC SYNERGIES



Error Function

[cm]
1.4
; 1.0
left :
0.6 Fig. 6. Closed control loop for one kinematic synergy . The reference
' point is set toyx = 0 since we want to have theCoR; at the center of the
support polygon. External perturbatiohis a change opCoRc not introduced
0.2 by the kinematic synergy control loop.

Fig. 5. Empirical evaluation of the approximate linearifyttoe superposition fOllOWIhg equation for the controller output:

of theKS's x and ;. For every poiniky x;yz > in the support polygon z d

we applied theKS's with valuessy, s; that were supposed to produce a U= Kp e+ K, edt+Kp a& = s, (8)
posture where the coordinates of the PCoM «rg x;y, > (based on the dt

linearity assumption 2 for eackKS and the assumption of linearity of the . . .
superposition). The Euclidean distance betwegny;y, > and the resulting ~ Figure 6 shows the closed control loop for one kinematic

ahctual position c(i)fbthe P?OM is s_,hqwnhin color codef. On%geades the synergy ( x). Note that the structure of the control loop is
e eror causeq by noninearty s he mmange lor dae S o standard feedback control loop which has the property to
the contours of the feet. suppress perturbatiorts
The formulation of the control loop is very general. The
previously described control scheme is designed to control
robot with simple linear controllers in conjunction witheth around an set poing = ¥, = 0). Of course one could use the
KS's Note that even if this assumption does not hold, one cgame control loop to move thECoPon any desired trajectory
use KS's for balance control. But then, instead of a simpléime varyingys., (t)) as we show later in an experiment. This
linear controller, a more sophisticated controller has ® ks useful for example to initiate a walking cycle. The robash
applied. to move thepCoP under the future supporting foot in order
We now show how the kinematic synergy, can be used to to be able to raise the other leg without falling.
construct a linear control loop for balancing the robot ia xh
dimension. The , is analogous. If the assumption holds, thé- Controller Design
function from the time derivativey of the KS-parameteis, To nd appropriate values for the PID-controller (8) we
to the valugpCoR; of the estimateghCoPin the x-dimension can use the rich set of tools which are offered by linear
can be suf ciently represented by a linear transfer funtid control theory. The valuekp = 15, K; = 0 andKp =
the form: 0:0001we used, were empirically found to have a reasonable
P(2) = K with K 2 R* ©6) performance. There exist of course a numb_er of possible
(z 1 improvements to get better controllers: adaptive contmol o

] ) ] ] ] robust control approaches, optimal control or differeriltr
with z being the time shift operator for discrete systems [12} 4 error approaches to nd good control parameters. Even

The denominator polynomial represents an integrator (@ p higher order controllers or different control structurézar

at z = +1) which integrates the velocitgs of the KS iy Figure 6 are possible. Here we just present a very simple

parameter to obtaisy. . and straightforward implementation with a PID controller t
By the assumption this approach has a natural limit, but gstrate the new strategies for balance control whichooee

long as the dynamical effects are small enough they can f@sible through the use of kinematic synergies.
seen as uncertainties in the linear model. Already a simple

linear controller can deal with these small uncertainties. B. Balance Control Task
get a closed control loop with feedback we de ne a feedback

arror We consider three tasks. First we investigate the capgbilit

of the approach under static conditions. Second we balduece t
e = ¥x  VYx (7) humanoid robot HOAP-2 on a randomly moving platform (i.e.

surfboard) with additional external forces (winds). Thinck
with yx being the desired output value ang being the demonstrate the capability to follow a gene@dP trajectory
corresponding valupCoR; that is computed from the pressureand to deal with movements of joints not under the regime of
sensors. The goal is to prevent the robot from falling ovethe KS's.
Therefore thepCoPR; should stay close to the center of thea detailed dynamical model of the HOAP-2 robot based on
support polygorS. Since we have de ned the center 8fat data from the vendor Fujitsu has been implemented in the
the origin, see Figure 2(c), the desired valugpsis= 0 (and robot simulation software Webots [13] and has been used for
¥, = 0 for the z-dimension). our simulations. The basic simulation time step has been set

Now we can formulate a standard PID-controller with théo 1 ms. The time step for the control has been seBtms.



x-direction z-direction
forward | backward left right 10 10
without control | +10:6 8:6 14:3 +14:3 w1 w2 w1 w2
with control +20:1 22:3 26:4 +26:4 5 5
improvement 89:6% 159:3% 84:6% 84:6% > = -/\/
S S
TABLE | e 0 e 0 \/
THE FIRST TWO ROWS SHOW THE TILT ANGLEOF THE PLATFORM ON E s
WHICH THE HOAP-2WAS STANDING) AT WHICH THE ROBOT LOOSES ITS 5 5
BALANCE, BOTH WITHOUT A CONTROLLER WHICH CHANGES THE
POSTURE OF THE ROBOT IN ORDER TO COMPENSATE FOR THE TILTED 105 5 10 s 2% 10, I 15 20
PLATFORM, AND WITH THE LINEAR CONTROLLER BASED ON KINEMATIC time [sec] time [sec]
SYNERGIES THAT IS DESCRIBED IN SECTIONV. THE CONTROLLER . .
(a) tilt angle « (b) tilt angle

ENABLES THE ROBOT TO TOLERATE ABOUT TWICE THE TILT ANGLE

10 .
- - = UNcontrolled J
The surfboard can rotate about tkeaxis with angle '
and also about the-axis with the angle ,. Trajectories for Nk
x and , are generated independently for each dimensio
These were found by following procedure: We just generatt

[cm]
o

t
. . . . - - - UNcontrolled
a random trajectory of jumps with random amplitude an wi w2 4o L=contoled w2
random durations. In order to get a smooth trajectory w ° ® imekeg 0% 0 ® imemeg 0%
applied additionally a discrete smoothing FIR- Iter withree (c) x-coordinate of theyCoP (d) z-coordinate of theyCoP

poles at0:997. Typical resulting trajectories are presented in
Figures 7(a) and 7(b).

Since we have two kinematic synergies 4( and ;) 10 - R 10 L R
we have two control loops. They react independently froi ¢
each other on their corresponding output dimensioand z

respectively. Both linear controllers calculate, depagdon E o 5 E
their errorsex ande,, the velocitiessy ands; of their KS ] A
parameters. These are integratedtands,, which result via TV ———" % ONconolied
the look up table into joint angle offsets. They are summe _100 — - : - _100 — — -
up as described in section (111-A) to get the actual jointy&r time [sec] time [sec]
positions. Local PD-controllers at the servos transformnth (e) error signalex (f) error signal fore;
the desired angles into torques.
1 1
V. RESULTS 0.5 w1 w2 05 w1 w2

In a rst test of the capability of the linear controller base | o
on KS's (that was described in the preceding section) w= =
tited the platform on which the HOAP-2 was standing, an °° 'O'SJ\/\K\/
determined at which tilt angle the robot falls over. Thisirti -1 Kl
was carried out very slowly in this rst test, and separatiely | s
the two tilt axes that move the CoP in tlkeandz direction. 0 o 0 imeeeqg 2

Table | shows that our control strategy allows the robot to (g activations, of KS « (h) activations, of KS
tolerate about twice the tilt angle without loosing its bala

— compared with a robot which does not change its postureFiiQ- 7. Result from the test with a moving support platformauftboard”) and
unexpected external forces ("windly 1 andW 2. The balance of the HOAP-

an adaptive manner- ‘2 is controlled by two linear controllers, based on two kirzgin synergies.
We next considered the case where the platform on whighithout balance control (red dashed line () and (d) shows trajectory

the robot stands is tilted dynamically in random direction@ PCOP without active balance control) theCoP would leave the support
olygon at time poinfl6 s (in response to the win@/ 2), and the robot would

accqrding to the St(_)Ch&\StiC process described in the pi“@ecfall over. With balance control the stability of the robotrigintained in spite
section — as one might have for example on a surfboard — (S#enexpected external forces.

Figure 7(a), 7(b)), and the previously described contrslle

based on kinematic synergies for tke and z-direction are

simultaneously active. In addition random external forcahe dynamic model of the robot inapplicable. Figure (7) show
(which might for example arise from wind or contact withthe results when an external fortél1l of 0O; O; 5 N
other objects) were applied to tl@oM (at the torso) of the (a force from the right side) is applied at the torso of the
robot at various points in time. These external forces changpbot during the interval5s; 10s], and another external force
the dynamic model of the robot in an online manner, and/2 of 5; O0; 5 N (a force from the right and the
therefore make control strategies that require knowlede loack) is applied during the intervfil5s; 20s] (these two time



- . to counteract it. Figures 9(b) (green line) and 9(c) (blue)i
‘?" O\ show that the robot is able to follow the desired trajectorie
‘ R T TN despite the arm movement. The control loops react properly
: with sinusoidal movements of thKSparameter to follow
- o the desired trajectory and with an offsets to counteract the
S ——— e — disturbance (see 9(d)). The second row of Figure 10 shows a
(a) at 3 second (b) at 7 second series of screenshots. Note at the nal position (last stshet

on the right) the robot leans to the right in order to get the

) : f_ﬂ pCoPin the center of the support polygon.
W - Vo
-~ -
5 5
— E 25 . -
.. .. . BN § E
2 -0 = o)
[ o o
(c) at 12 second (d) at 16 second £ ,5 8 VoA s
x left foot right foot 28 = gg:‘&iﬁed
-5 - - - UNcontrolled
Fig. 8. Snapshots of the posture of the (simulated) HOAP2tahe points S dimenon fem] 5 505 10 15 2 25
during the balancing experiment of Fig. 8. (b) the wind W 1 is blowing time [s]
from the right side of the robot, and the robot is leaning asathe wind (a) Desired trajectory in 2D (b) CoR trajectory real vs. desired

in order to move itspCoP back into the middle of the support polygon. In
(d) another windW 2 is assumed to come diagonally from the right side and 25
the back, and the robot also responds properly to this ondlmenge in its
dynamic model.

1

- - desired S|
—controlled N
= = = UNcontrolled| 05 —>z

intervals we shaded in gray). Note the onsets of the winds ar
abrupt and represent a highly dynamical perturbation to the °——5
system. The trajectory of thpCoP is shown in Figure 7(c),
7(d) for the case of random movements of the platform in(c) CoR: trajectory real vs. desired  (d) KS-parametersx ands;
combination with external forces, both for the case with thlf‘l'g. 9. Results of the trajectory following tasla) presents the desired gure
described controller, and without. Without controller fledot  eight trajectory from bird view. The gray shaded areas dehie contact areas
lost balance after 16s (see black star in Figures 7(0)’ ,7(é) the fget with the groun(b) ar)d (c) present thepCoPt_rajectories splitted
. . . . . up into its two corresponding dimensiorsandz respectively. Our approach
whereas with controller the balance is maintained. This w able to follow the desired trajectory (gray;dash-ddttethe red dashed
typical for the random movements of the platform and extierniaes depict the trajectory of theCoPif no control action is appliedd) The
forces that we have speci ed in the preceding text. Note thgystem reacts properly with an offset in tH&parameters to cope with the
these external movements and forces were interpreted by ﬁféurbances introduced by manipulating the weight.
controller as external perturbatiodscompare Figure 6), and
were automatically counteracted. Resulting error signdlsh
were fed back in the control loop for both dimensiongand
z can be seen in Figures 7(e) and Figure 7(f) respectively. We demonstrated that biologically inspired kinematic syne
In a third task we demonstrate that the setup as descrilgids give rise to interesting new control methods for hunidno
can be used to follow any desired trajectory (i.e. time vagyi robots. We showed in experiments that our proposed setup
¥« (t)) in contrast to the preceding experiments where thig able to balance the humanoid robot HOAP-2 even under
robot has been controlled around a set poipt € y, = 0). unknown external disturbances. The general strategy is to
The robots stands now on at ground. It should follow amodularize and approximately linearize the control taskao
desired trajectory of the shape of a gure "eight” (Figureobot with many degrees of freedom, so that simple conti®lle
9(a)). The desired trajectory (gray;dash-dotted) splittp in can be applied to the resulting virtual low-dimensional and
its corresponding dimensionsandz can be seen in Figuresapproximately linear control problem. Linear control theo
9(b) and 9(c) respectively. Additionally the robot mangels provides a large set of tools for improving the performance.
a heavy weightZ0% of the robot's weight) with his left arm. One can also target the remaining nonlinearity and apply
The trajectory of the extended left arm over the simulatiomonlinear control techniques [14].
time of is shown in the rst row of Figure 10. Note the arm The use of kinematic synergies of the type that we have
joints are not under the regime of tK&'s but their movement discussed in this article may have an additional benet for
change thg@CoP. This can be clearly seen in an offset of thé¢he control of humanoid robots, that needs to be explored
red dashed line in Figures 9(b) and 9(c) (when no contriml subsequent research: They make it feasible to apply pow-
action is applied). For the control loop this is a disturt@mnerful methods from machine learning such as reinforcement
d as any other external force and our proposed setup is aldarning [15] to robot control, which typically require awe
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Fig. 10. Screenshots of the simulation for the trajectojofaing task: The corresponding times are from left to righ(start), 12:5 ,15, 17:5, and 25
sec (end). In the rst row no control action is applied. The plaanm trajectory of manipulating a heavy weigl&0@o of the robot's mass) is visible. The
second row presents a series of screenshots when contrctivie.aNote at the nal position the robot leans to the rightcope with the heavy weight in his
extended left arm. This results in@CoP at the center of the support polygon.

dimensional action space in order to escape these of [9] HOAP2 Design Specicatian ~ [Online]. Available:
dimensionality http://jp.fujitsu.com/group/automation/downloadsgmvices/humanoid-
. . . . robot/hoap2/spec.pdf
Another mtergstlng_ new research d|reCt|0_r1 SUgg_eS'_[ed ] A. Goswami, “Postural stability of biped robots and tfumt rotation
the results of this article is the design of suitable kinémat indicator (FRI) point,"The International Journal of Robotics Research
synergies for a variety of movement tasks of humanoid robo@l] vol. 18, no. 6, pp. 523-533, 1999.

. . . . L. Sciavicco and B. SicilianoModelling and Control of Robot Manip-
Besides the simple and straightforward design method tkeat ulators 2nd ed. Springer, 12”99. 9 P

have applied in this article, one can apply PCA to motioi12] A.V. Oppenheim and A. S. Willsky$ignal and SystemsPrentice-Hall
capture data of humans. In addition an interesting new rebea[lg] Inc., Englewood Cliffs, 1992.

. L . . Lo O. Michel, “Webots: Professional mobile robot simidat” Journal of
direction is the design of mathematical optimization melho Advanced Robotics Systenvsl. 1, pp. 39-42, 2004.uiat

for the construction of kinematic synergies with particula14] J.-J. E. Slotine and W. Lispplied Nonlinear Control1st ed. Prentice
properties. Hall, 1991. . _ _
[15] R. S. Sutton and A. G. Bart®&®einforcement Learning - An Introduction

1st ed. The MIT Press, 1998.
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