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Abstract

Robots are stabilized by a controller and gener-
ate their motions based on reference motion patterns.
The robot only replays the given motion pattern with-
out considering its environments and works as an in-
strument e.g. industrial robots. On the other hand,
the human motions are generated through the interac-
tion between body dynamics, environments and con-
trollers. The motion patterns are not prepared a pri-
ori, but emerge as the results of the interaction au-
tonomously, which means the intelligence yields our
motion from the "embodiment” point of view. In this
paper, we design a robot motion emergence system
based on an orbit attractor for the robot intelligence.
A tapping dance robot is designed and the proposed
methods are applied for motion emergence with large
change of the dynamic property of the robot body
through the motion.
keywords : Attractor design, Dynamics-based informa-

tion processing, Motion emergence, Mechanical design

1. Introduction

In this paper, we focus on a principal of a robot
motion generation and propose a control system de-
sign strategy for intelligent robots. So far, robots are
stabilized by controllers, and motions are generated
based on the motion pattern data as shown in Fig.1.
The motion patterns determine the robot motion and

Motion pattern

joint angle

time

4
T—» Controller

Fig.1 Conventional approach for robot motion gen-
eration

the robot moves independently with its environment.

This type of the motion generation strategy yields the
effective results for industrial robots whose main pur-
poses are precise task executions. On the other hand,
in the human motion generation, the motion pattern
does not exist a priori but emerges as the results of
the interaction between the body, environments and
the information processing. Because these elements
are represented by dynamics, this phenomenon is in-
terpreted that the human motion is emerged as the
solution of the differential equation. Because the mo-
tion is stable, the motion pattern will be an attractor
of the nonlinear dynamics. This concept corresponds
to ”embodiment”[1] which represents the close rela-
tionship between the intelligence and body. For the
intelligent robot, it is necessary to design the control
system that emerges the robot motion without the
motion patterns.

Some researches have challenged to design a robot
motion emergence system based on the dynamics.
Ijspeert used a central pattern generator (CPQG)
for the motion imitation learning [2]0 This method
uses the entrainment phenomenon of CPG with the
learned neural network. Kotosaka realized the rhyth-
mic motion using CPG [3]. In these methods, the dy-
namics works as the motion pattern generator that
is decoupled with the robot’s environment. Tani
showed the close relationship between dynamical phe-
nomenon, robot intelligence and symbol manipulation
for robot navigation system with recurrent neural net-
work (RNN) [4]. Tsujita realized the four-legs walk
by the sensor feedback to CPG [5]. Motion generation
strategy of this method is based on the mapping of
the state space between CPG dynamics and the robot
body dynamics, which requires heuristic parameters
adjustment.

We have proposed the motion emergence system
based on the entrainment phenomenon of the non-
linear dynamics for humanoid robots [6], and mod-
ified methods have been proposed based on the en-
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ergy distance in the state space [7]. In this paper,
we adopt the proposed method to the tapping dance
robot control. Through the tapping dance motion, the
dynamical property of the robot body changes dras-
tically, and the modified method works effectively for
the motion emergence.

2. Orbit attractor design method
21 Orbit attractor design using dynamics-
based information processing

In this section, the orbit attractor design method
is shown based on reference [7]. The following are
assumptions for the design method.

(Assumption 1) Robot body dynamics is known.

(Assumption 2) The target closed curved line = for
the attractor of the robot body dynamics (state
variable is ¢ € R") is given by

E:[fl & - &N

where N means the number of data.

eR™N (1)

(Assumption 3) = is realizable, which means the
input sequence ulk] (k = 1,---,N) that realizes
= exists.

The Assumption 2 means that Z is required only
for the controller design as “Seed of Motion ”.

The following discrete-time state space equation
represents the robot body dynamics.

zlk +1] = f(z[k]) + g(z[k], u[k]) (2)

Where z[k] means the state variable in time step k.
Taylor expansion of equation (2) around &; gives the
following linearised dynamics.

alk + 1] = Asz[k] + Byulk] + C; (3)

Where more than second order terms are neglected.
In reference [7] the controller that makes = for the
attractor of dynamics in equation (2), is designed by
the ¢-th order polynomial of z[k] as

ulk] = O¢(z[k]) (4)

where O is a coefficient matrix of polynomial and
¢(z[k]) represents the polynomial vector of z[k]. For
example, when z[k] € R? and ¢ = 2, ¢(z[k]) is repre-
sented as follows.

zlk] = [ Ty To }T (5)

QS(a:[k]):[l T my 1 mT2 T ]T (6)

Because the function in equation (4) leads the en-
trainment phenomenon of the nonlinear dynamics, we
call it as “ entrainer” to distinguish from normal “
controller”.

2-2 Entrainer design method

The entrainer is designed by the following algo-
rithm. Consider z[i] in equation (3) that is neigh-
borhood of &;. x[i] moves x[i + 1], z[i +2], - -+, x[i + j]
by the input sequence u[k]O(k = i,i+1,---,i+j—1),
which is represented by

X = Aqli)+ BUY T + C (7)
" T
X = aTli+1] 2Tli+ 7] | (8)
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From these equations, the input sequence that makes
x[i] move along with &;11, 12, -
by

-, &4 is obtained

Uit = B* (2 - Asli] - C) (13)
T
Loy

U 7~" minimizes the following cost function .J
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J= Y li& — [kl (15)
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Based on U'™7™" the trajectory of z[i + k] (k =
1,2,---,7) is recalculated and we obtain the sets of
input and state variable (u, ). By the functional ap-
proximation, we obtain

0 =Ud* (16)
o= o@l]) @) -] (17)
and the entrainer in equation (4) is obtained.
3. Tapping dance control via attractor
design

3-1 Mechanical design of Tapping dance
robot
Fig.2 shows the designed tapping dance robot. The



Fig.2 Tapping dance robot

height of this robot is about 450[mm)], the weight is
about 3.4[kg] with three geared 90[W] DC motors.
This robot makes tapping dance by moving the upper
body (balancing) and its legs (kicking the floor) as
shown in Fig. 3
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Fig.3 Motion model of tapping dance

The design specifications of the leg mechanism are
as follows.

1. The sole of foot moves vertically face-to-face with
the floor. This is for obtaining the vertical reac-
tion force to dance in the same position.

2. The leg mechanism obtains an impact force from
the floor in the tapping dance. The mechanical
backlash of the leg breaks the robot, which means
the backlash is the fatal error.

The link mechanism is better solution to satisfy the
specifications, and we design a leg using the 3D closed
kinematic chain as shown in Fig.4. This mechanism
consists of two parallelogram links, whose coupling is
occurred by part A in Fig.4. The rotation of the actu-
ator (motor) is transformed to the prismatic motion
of the sole of foot with small backlash.

Fig.4 Leg mechanism with 3D closed loop chain

32 Dynamical modeling and sensing of the
state variable

The dynamic property of the robot changes drasti-
cally through the tapping dance motion. The dynam-
ical model of the robot is divided into two cases, one is
the right leg grounding another is the left leg ground-
ing as shown in Fig.5. For simplicity, the length of

Fig.5 Dynamical model of tap dance robot

each leg /.. and /¢, is defined by a function of 6, which
leads the simple dynamical model of the robot. As-
suming that the grounding leg is equivalent to a fixed
link and completely inelastic collision, the dynamical
model is obtained in discrete time as follows.
right leg grounding
e[k +1] = fr(x[k]) + gr(2[k], ulk])  (18)
left leg grounding
e[k + 1] = fo(z[k]) + ge(x[k], ulk])  (19)
The robot state variable z[k] is common and defined
by
. . T
sl = | 60K 6K oK G[K | (20)
The input is the torque 7 of the upper body.

6 and 6 are measured by the gyro sensor and ac-
celerometer as follows. Assuming the initial value 6[0]
is zero, # is obtain by the simple integral of the gyro
sensor signal wy.

B[k + 1] = O[k] + w, T (21)



Where 7' is the sampling time. Because the drift error
of the sensor or Euler approximation of the integral
in (21) is not small, 6 is calculated by the following
equation.

Olk + 1] = 0[K] +w,T + K (Bocclk] - 0[K])  (22)

Where 6,.. is obtained from the two axes accelerome-
ter measuring gravity and K is constant. Because the
accelerometer signal contains the motion acceleration,
K is selected so that only the drift term of # becomes
zero. 0 is obtained by

K (4cclk]
T

O[k] = wy + — 6lk)

(23)

¢[k] and H[k] are measured by the encoder on the
motor.

3-3 Acquisition of reference pattern (Seed of
motion)

Because the tapping dance is unstable motion and
the dynamic property of the robot changes drastically
through the motion, it is not easy to calculate Seed
of motion = that satisfies Assumption 3 in section
2-1. The following steps give a possible candidate of
Seed of motion.

Step 1 The torque 7(¢) is defined by

T(t) = K¢ (¢ref (t) - ¢) (24)
Drep(t) = Asin(wt) (25)

where Ky is feedback gain (constant), A and w
are an amplitude and frequency of the upper
body vibration respectively. They are defined
appropriately so that the robot makes the tap-
ping dance. This is a feed forward control of
the tapping dance motion because the robot is
not stabilized but just swinging the upper body
with the specific frequency independent with 6
or grounding leg. The success of the tapping
dance strongly depends on the initial posture of
the robot. Sometimes the robot motion makes
a bifurcation. We obtain a trajectory as shown
in Fig.6 by trial and error parameters selection.
The tapping dance cycle is not constant and the
trajectory does not draw a closed curved line in
the state space. The following filtering changes
this trajectory to Seed of motion.

Step 2 The obtained trajectory is transformed to the
following Fourier series expansion.

N/2
o[kl = a;sin(wik + ¢;), w; =  (26)
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Fig.6 Experimental data with sine pattern input

Step 2 Using w; = lw (¢ : positive integer), {[k] is
reconstructed by the following equation.

(rl= D aisin(wik + ¢;) (27)

wi=Lbw
£:positive integer

Step 3 = is obtained by

E=[en) €2 - N ] (28
€N + 1] = ¢[1] (29)

This filtering changes the trajectory to shown in Fig.7.
The initial point equates to the end point of the tra-
jectory, which makes a closed curved line. However,
as shown in Fig.7, the amplitudes of § and ¢ are much
smaller than f and ¢, which means the obtained closed
curved line draws the slim form, and it yields diffi-
culties for the polynomial functional approximation
of the entrainer in (6). Consequently, by using the
principal component analysis, we obtain a coordinate
transformation T that changes the slim closed curved
line to the thick form around the unit sphere in the
state space as shown in Fig.8. Consider the singular
value decomposition of =

==USv"T (30)
UeR™™", SeR™", VeRV" (31)

Because the following equation is satisfied,

viv =1 (32)
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Fig.8 Coordinate transformation

the coordinate transformation is obtained by

T = %SflUT (33)

and Seed of motion = is obtained by
E[k]=T= (34)

The obtained closed curved line = or = does not con-
firm the satisfaction of Assumption 3, which means
the reference motion pattern = is the seed of the mo-
tion emergence and only used for the design of the
entrainer.

3:4 Tapping dance motion emergence

By using g, we obtain the entrainer and realize the
tapping dance motion emergence. Fig.9 shows the
experimental results. * represents the inital value of
the state valiable. Fig.10 shows the emerged tapping
dance (one cycle). These figures show that we design
the entrainer for the robot motion with drastic change
of the dynamic property, and the motion is emerged.

—— Blrad]

Fig.9 Experimental data of tap dance via attractor
design

4. Conclusions

In this paper, we focus on the robot motion gener-
ation system and design a motion emergence of the
robot based on the entrainment phenomenon of the
nonlinear dynamics. The results of this paper are as
follows.

e The tapping dance robot is designed using closed
kinematic chain with small backlash.

e We propose the coordinate transformation
method based on the principal component
analysis, which makes the polynomial functional
approximation for the entrainer design easy.

e The tapping dance motion is emerged by the at-
tractor design. The dynamic property of the

robot changes drastically through the tapping

dance.

Acknowledgement

This research is supported by the “Motion emer-
gence and mutual progression of robot body and in-
telligence from the dynamical point of view” under
Grants-in-Aid for Scientific Research (Category En-
couragement of Young Scientists (A)) by Japan Soci-
ety for the Promotion of Science.

References

[1] R.Pfeifer and C.Scheier : Understanding Intelli-
gence, Bradford Books, 2001.



[2]

[5]

Fig.10 Realization of tapping dance

A.J Ijspeert, J.Nakanishi and S.Schaal : Move-
ment Imitation with Nonlinear Dynamical Sys-
tems in Humanoid Robots, Proc. of the 2002
IEEE International Conference on Robotics and
Automation, pp.1398-1403, 2004.

S.Kotosaka and S.Schaal : Synchronized robot
drumming by neural oscillators, Proc. of the In-
ternational Symposium on Adaptive Motion of
Animals and Machines, pp.8-12, 2000.

Jun Tani : Symbol and Dynamics in Embod-
ied Cognition: Revisit a Robot Experiment, An-
ticipatory Behavior in Adaptive Learning Sys-
tems, M.V.Butz, O.Sigaud and P.Gerard(Eds.)
Springer-Verlag, pp.167-178, 2003.

K.Tsujita, K.Tsuchiya and A.Onat : Decentral-
ized Autonomous Control of a Quadruped Loco-
motion Robot, Proc. of 3rd International Sym-
posium on Adaptive Motion of Animals and Ma-
chines, WeA-I-2, 2003.

M.Okada, K.Osato and Y.Nakamura : Motion
Emergence of Humanoid Robots by an Attrac-
tor Design of a Nonlinear Dynamics, Proc. of the
IEEE International Conference on Robotics and
Automation (ICRA’05), pp.18-23, 2005.
Masafumi Okada : Attractor Design of Nonlin-
ear Dynamics based on Energy Distance in State
Space, Proc. of The 9th International Conference
on Mechatronics Technolog (ICMT2005), 2005.





