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(1) Goal and summary

The information processing system for robots is designed so that it decides the robot
motion based on the sensor signal. So far, robot motions are designed from the motion
generation and motion decision points of view. The robot motions are represented by the
symbols such as 'walk’ or run’, and the motion decision system is designed by a discrete
system that obtains the optimal sequence of the symbols using the sensor signals. The
motion generation system is designed as the robust controller on the assumption of the
existence of the reference trajectory for the robot motion. In these methods, there are
some problems as follows.

1. Because there is much information, it needs a large amount of calculation to process
the information in the real world.

2. The possibility of the robot’s motion and motion transition depends on the robust-
ness of the controller.

3. The robot realizes only the pre-established motion.

On the other hand, Freeman[1, 2] shows the experimental result of the order for the
known smell and the chaos for the unknown smell in the rabbit olfactory perception, and
shows the close relationship between the nonlinear dynamical phenomenon and intelli-
gence. Tsuda shows the effectiveness of the chaotic dynamics for learning and calls the
phenomenon that the human brain transits some attractors as 'chaotic itinerancy’ [3].

In this research, we design the dynamics-based information processing system for
humanoid robots using dynamical phenomenon. The whole body motion of the humanoid
robot is represented by a closed curve lineNindimensional space, and we design a
nonlinear dynamics that has a limit cyclic on this line.

The results of this research are listed as follows.

1. Since the humanoid robot has many degrees-of-freedom, it needs a large amount of
calculation to deal with the whole body motion. In this research, we propose the
reduction method for the humanoid robot’s whole body motion using the correlation
of the joint angle motion.

2. By proposing the design method of the nonlinear dynamics that has an attractor in
N dimensional space, we design the brain-like information processing system using
the dynamics.

3. We design the dynamics-based information processing system that realizes the hu-
manoid robot’s smooth motion transition based on the sensor signal.

4. By the hierarchical configuration of the dynamical system, we design the continu-
ous symbol space that decides the humanoid motion.



Whole body motion and dynamics In this paper, the time sequence datahat is
obtained from the continuous time datg) by the sampling tim&”

Y =[y(T) y2T) -] (1)
is represented by
Y =[yl] yl2 -] )

Consider= ¢ RV ™ that consists of the time sequence dgltd ¢ RY (k =1, 2, --+)
of the whole body motiod/

==[¢&n] €2 - €lml ] 3)
gk = [ &lk] &Ik - &nlk ] @)

wherem means the number of datglk] is assumed to satisfy
£k + jm] = €[k, { 5:11 ; o (5)

and the motionV/ is assumed to be a cyclic motion with periad’, thenM is represented
by the closed curve lin€' in N dimensional space.
Let me consider the discrete time dynanies
D:xlk+ 1] = xz[k] + f(x[k]) (6)
o] = [ w1 k] zak] -~ ank] ] € RY (7)

The state vectog|[k] means a point and moves ¥ dimensional space. Assuming that
the dynamics has an attractor 6f) it memorizes the time sequence data and reproduces
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Figure 1. Dynamics and whole body motion

the whole body motion.

Reduction of thewholebody motion In the human whole body motion, the joint angles
often have correlation with each other. For example, in the walk motion, joint angles of
right body and left body are symmetrical. In this research, we propose two reduction
methods.



Motion reduction based on the nonlinear principal component analysis

Motion reduction based on the principal component analysis We propose the
whole body motion reduction method using the principal component analysis. In this
method, the motion data is decomposed into motion bases.

Consider the humanoid whole motion data represented by equation (3) and (4), where
N < m is assumed to be satisfied. When the mafric R *™ is represented as follows
usingF'

== FX (8)

Fe R N>r (9)
z[l] x1[2] -+ xm]

X = : : : e R (10)
xe (1] xe[2] - a2, [m]

we can consider that th¥ dimensional matrixe is reduced to the dimensional matrix
X. ThoughF does not always exist, the approximate solution is obtained by the following
singular value decomposition. Consider the singular value decompositi&n of

==USVT (11)
Ue RN Se RV*™ vV e R™™ (12)
whereU andV are rectangular matrices, is the diagonal matrix whose elements are
{ s1 s» --- sy }andthe following is assume to be satisfied.
51> 82>+ >5y >0 (13)

s; is thei-th singular value. By using singular values;(1 < ;7 < r < N) and singular
vectors, we obtain the approximation®f By using the decomposition of

U:[Ul‘U”aS:[%’S%}’VT:{%T} (14)

Uy, e RV, U, e RV*(V-") (15)
Sl e Rrxr, SQ e R(N—r)x(m—r) (16)
V—lT e Rrxm, V—QT e R(m—r)xm (17)

= is approximated as follows.

=~ US V] (18)

By writing F' and X as
F == U151 (19)
X =v (20)

we obtain the equation (8) arifl is reduced tar dimensional matrixX. From these
results, we obtain the following consideration.



1. In equation (8) dimensional vectors
Z=&M &2 -+ &ml ], i=12,--- N (21)
is represented by vectors
Xi=[x[] 2] - wm] ], i=1,2,--,r (22)

Because the singular value decomposition in equation (11) is equivalent to the prin-
cipal component analysis, the first vecfoy is the first principal of the whole body
motion =.

2. By checking the singular valug (i = 1, 2,- - -, n), the appropriate is selected.

3. The first column vector df; is the principal component of the motidf the second
column vector is the second principal component.

4. The inverse function of is S; U
Design of the nonlinear dynamics that has an attractor on the closed curved line C'

The nonlinear dynamics in equation (3) is designed so that that has an attractor on the
closed curved lin€'. The design algorithm has the following 4 steps.
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Figure 2: Time sequence data and closed curved ligespace

Stepl As shown in Figure 2, the time sequence data of the cyclic whole body motion
draws a closed curved lin€ in the N dimensional space. This line is assumed to
not have a cross point.

Step2 Setting the domairD in the N dimensional space, define the vector figldh,)
on the pointsy, in D using~y, as shown in Figure 3.

f(m) = (€% [k +1] — €"[K]) +; (23)
where¢™ [k] means the nearest pointdgin £[k], €" [k + 1] meanst[k + 1] that is
the next time point o€ [k]. Defined;[k] andd;[k + 1] as follows.

di[k] =m; — §"[k] (24)
ik + 1] = (m; + f(n,)) — €" [k + 1] (25)
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Figure 3: Definition of the vector field
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Let me explain about the decision 9f. When the state vector of the dynamics
in equation (6) moves following the vector fiefx[k]), the sufficiency condition
that the closed curved lin€ becomes an attractor is

103k + 1][| < [|&: (K]l (26)
and from equation (23), (24) and (25), we obtain

O;[k + 1] = 8;[k] + ~; (27)
From equation (26) we obtain

10:[k] + il < l|dil#]l (28)

that means that by selecting satisfying equation (28));[%] converges to O when
k — oo.

Step 3 Set the some pointg,, n,, ---, n;, in the domainD, define the vectoif (n, ),
f(ny), -+, f(n;) as shown in Figure 19.

Figure 4. Set of the vector field in the domdin



Step 4 The defined vector fielg (x) is approximated by théth order polynomial ofe
as the following equation.

l N
FM) =" apppen) [ [ 77 (29)
j=1

P=61, - ,pn

Yp; =P
pj : non-negative integer

whereag,, p, ..,y IS the constant matrix. For example, in the casévof= 2 and
¢ = 3, the polynomial function is represented by

f(x) = a(30)x:{’ + 0/(21).’1,'%1'2 + a(lg)xlxg + a(og)xg
+ a(go).f% + a(11)T1T2 + a(og)fl}g + a(10)T1 + a(01)T2 + a(00) (30)

By representingf (x) using ® that consists of the coefficients of the polynomial
function as follows,

f(@) = P(agp, p, py))0(@) (32)
O(x)=1[af - af 207"z - 1 ]T (32)
® is calculated by the least square method. By defidihg® as follows,

F=[fm) fin) - fng)] (33)
©=[6(mn) 6n,) --- O(ny) | (34)

® is obtained by the pseudo inverse matpix,
D(a(py py pw)) = FOF (35)

and we obtain the nonlinear dynamics that has an attract6t.on

Figure 5 shows the motion of the designed dynamics in the ca¥e-ef2. "+’ means
the some initial value of the state vectel0]. [k] converges to the closed curved line.

Next, we design the nonlinear dynamics that has some attractors. Because the non-
linear dynamics is designed based on the defined vector field in the ddmaétims able
to have some attractors on the multi-closed curved line. However the more attractor is
necessary to use the larger order of the polynomial. In this research, we represent the
dynamics as the summation of the vector field.

Because the vector fielfi(z[k]) is defined only in the domaiP, we set the effective
domainFE of the approximated vector field using the ellipsoid that inclubes the NV
dimensional space. Consider the ellipsoid represented by the following equation.

(" [k] — X5)Q(x[k] — Xo) =1 (36)
where( is positive definite X, means the center of the ellipsoid. By using equation (36)
and constant, the weighting functionu(x[k]) is defined as follows.

1
~ 1+ exp{a(W(z[k]) — 1)}
W (@[k]) = (& [k] - X7)Q(x[k] - Xo) (38)

(37)



Figure 5: Motion of the nonlinear dynamics
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Figure 6: The weighting functiom(z[k])

The rough plot of this function is shown in Figure 6. Whejk]| is inside the ellipsoid,
w(x[k]) is larger than 0. By using (x[k]), we define the nonlinear dynami¥” as
follows.

DY : zlk+ 1] = z[k] + w(x[k]) f (z[k]) (39)

The vector fieldf (xz[k]) is effective only in the ellipsoid as shown in Figure 7. By using

some dynamic®¥ (i = 1, 2, - - - ), the nonlinear dynamic® that has multi-attractors is
designed as follows.

D : xlk+1] = x[k] + F(x[k]) (40)
F(x[k]) = wi(a[k]) f,(x[k]) (41)

The multi-attractor dynamics is calculated by the low order polynomial function as shown
in Figure 8. The multi-attractors (shown by) are enclosed by the domai).



Figure 8. Multi-attractor dynamic§

Next, we design the humanoid whole body motion using the dynamics based infor-
mation processing system. Figure 9 shows the humanoid robot (FUJITSU Humanoid
HOAP-1) that has 20 degree of freedom. We design the "walk” motion and "squat” mo-
tion. Figure 10 shows the original motion. This humanoid robot is not grounded. Because
the dynamic based information processing system yields only the time sequence of the
joint angle, the feedback controller that stabilizes each motions should be implemented.

From the "walk” motion=,, € R* and "squat” motiorE, € R?,

Zo=[ &) &2 o €ulmu] ] (42)
o= &0 &[2] -0 &lm ] (43)

we obtain the reduced motiods, € R*0 X, € R? in three dimensional space.

Ew = FuXy (44)
Xy = [ mw[l] mw[2] mw[mw] ] (45)
=, = F, X, (46)
X, = [ ms[l] 2135[2] ms[ms] ] (47)



Figure 9: Humanoid robot HOAP-1

Based on the reduced motion, we design the dynamics based on the following equation

xzlk + 1] = xz[k] + Z w;(xlk]) f;(x[k]) + Z K;O;(x[k]) (48)
Oi(e[H]) = 5(xt — z[K) | (49)

By changingk,, and K, the humanoid transits its motiorn. is constant. X, and X¢
mean the center of reduced closed curved line "walk” and "squat” respectively. Figure 11
shows the motion of the dynamics. From the initial position, the dynamics is entrained
to the walk motion (arrow 1), entrained to squat motion (arrow 2) and finally entrained to
walk motion again (arrow 3).

Figure 12 shows the generated humanoid motion. Because while the dynamics is
attracted to the closed curved line, the humanoid motion is as same as figure 10, and only
the transition motions are shown. The continuous transition is generated.

Motion transition based on the sensor signal  We set the two space shown in Figure
13. One is the sensor space, another is motor space.

Sensor space: There multi-attractors in the sensor space. The state vegtbf moves
according to the vector field that is decided by the sensor signal.

Motor space: There are multi-attractors that define the humanoid’s whole body motion.
The state vecto,,[k]| moves according to the vector field that is defined by the
state vector,[k] in the sensor space.

For this configuration, we design the dynamics that has the input and output signals. The
equation (40) is changed as follows.

wlk + 1] = w[k] + w2 (w1 f (@[k]) + (1 — w1)0 (X — @[k])) (50)



Figure 10: Motion of the humanoid robot : "walk” and "squat”
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Figure 11: Motion of the dynamics

where,0 (0 < § < 1) andw, are defined as follows by using and X that is the center
of C.

1
v = o (e @k = 1)) (51)
wo(x[k]) = K (2" [k] — X7)Q(z[k] — Xo) (52)

The parametef defines the basin of the attractor. Figure 14 shows the conceptual dia-
gram. E; means the ellipsoid whose size is definedully The size ofF, is defined by
K. The nonlinear dynamics that has the input and output signal is represented as follows.

xzlk + 1] = xz[k] + ngi {wy; fi(x[k]) + (1 — wy;)8;( X i — x[k])} (53)

The input isK and the output is the number of the attractor that the state vector is en-
trained.

By using the proposed method, we generate the humanoid’s whole body motion and
motion transition. Figure 15 shows the upper body humanoid robot "Robovie”. This
robot has 11 joints, 16 on/off tactile sensors and CCD camera that detects the percentage
of RGB from the image. We design 10 motions and reduce them in 3 dimension. Figure
16 shows the motion 1 and motion 2.

Based on equation (50), we design the dynamics in sensor space and motor space as
follows.

@k 1) = ]+ Y wf{wl i@ ) + (L= w5 (X5 - 2 W)} (54)

™k +1] = @™ [k] + ngf{w?}fT(wm[k]) + (1= wi)o" (X — a™[k])} (55)

Sensor signals

" (56)

us:[ustl Ust2z -+ Ustie Usr UsG UsB
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Figure 12: Motion transition of the humanoid robot
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Figure 13: Hierarchical configuration of the dynamics using the sensor space and motor
space

Figure 15: Upper body humanoid robot "Robovie”
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Figure 16: Motion of the humanoid robot

are input that define&™

K'=[K} K§ - K| = W, (57)
The entrainment to the attractar, of the dynamics in the sensor space
ws:[wl Wy - ulO]T (58)
defines the inpuf{™ to the motor space.
K™ =[K" Ky - Kpj)' = "W, (59)

Figure 17 shows the trajectory of the dynamics in the motor space, where the sensor
signal of the tactile sensors is changed right shoutdet( t < t,) —, right of head
(t3 <t < ty) — and right arm{; < t). The experiment is held two times. The sequence
of the sensor signal is same, but the timing is different, which causes the different robot’s
motion. Figure 18 shows the number of attractor that the state vector is entrained and
number of the generated motion.
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Figure 17: Trajectory of the dynamics in the motor space

Fired sensor attractor ~ Generated motion
) T
e e
4 NI
sy
6 i ——
7 e
| sre— —— ——
1
101 ——— ]
h hits ta I 1

case 1

hity 1ty Is

Figure 18: The number of attractor that the state vector is entrained and generated motion

Fired sensor attractor ~ Generated motion

| TTSmiN: gl ] | [ [ ]
' I T

1

2

e
4 - —————
SEm = b
o
7
8
9

)
S ||| S
—_—
0 N S — ] 1
6Bt ot i BB ot

—

case 2



Design of continuous symbol space for humanoid motion Let me explain about the
design of the symbol space and dynamics that handle the vector field in the motor space.
The conceptual diagram is shown in Figure 19. One point in the symbol space defines the
vector field in the motion space. According to the motion of the state vector of the dy-
namics in the symbol space, the vector field in the motion space is changed continuously
that defines the motion generation and motion transition of the humanoid robot.

Symbol Space Motion Space
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Figure 19: Symbol space and motion space

In the following, we will show the design method of the symbol space.
Stepl Consider the given two motion®; and M/, represented by
My=[601] 6:[2] -~ 6i[m] ] (60)
My = [ 6,[1] 6,)2] --- 6,[m] ] (61)
Step2 Obtain some motions betweéi; and M;. For example, they are calculated by
M; = (1 —a;)My + a; My (i = 3,4,5,---) (62)
wherel < o; < 1 is satisfied.
Step3 ObtainC;
C; = [ xz;[1] x;2] -+ x;[m] ] (63)
that corresponds td/;, where for alli andk, F(-) that satisfies
0ik] = F (a;[k]) (64)
are assume to exist.
Step4 Design the nonlinear dynamics
Ailk + 1] = Ni[k] + g, (A[k]) (65)
that has an attractor ati. g,(\;[k]) is represented by
g(Ailk]) = ®:E(Ai[K]) (66)
where®; is the parameter matrix of the coefficient of the polynomial.



Step5 For somed;, obtain\ and¢ that satisfy

q)l )\11[ )\12[
q)g )\21[ )\22[
®, il Aol

P
: (67)
P

Based on the singular value decompositio®pf

®; = | ®f

(I)ll (1)21

Oy, Doy

(1)12 (1)22

% ]’

(68)

By
6}
2 (69)

Oy,

A andg¢ are obtained by the following formulation.

)\11
P — A_”

At

A 9
,'/\1 b=A ¥,
Ry ?3

AL = ALK+ g(ALK) |:">

(70)

O[k] = Flx[k])

A |:|,> Joint angle

:’ x[k+1] = x[k] + fix[k])

= x[k] +@ & (x[£])

Figure 20: Design of the motion space based on the symbol space

Step6 The vector),;

A= A

N | (71)

represents a point in thedimensional space, and defines the vector field in the

motion space as follows.

;=X [ ¢

by ] (72)

This means that we design the continuous symbol space that defines the motion

space and humanoid’s motion.



The information process is shown in Figure 2Bis calculated by the summation of
by the proportion of\;, and decides the motion af%]|.

We generate the humanoid motion using the proposed method. Consider the humanoid
robot shown in Figure 9. We design the walk motidf; and squat motioii?,. By
interpolating these motions, we design 22 motions that are reduced to 3 dimensional space
obtaining the mapping functiof'(x[k]). And the dynamics that has an attractor on each
C; (i=1,2,---,22) respect taV/; are designed as follows.

zlk + 1] = z[k] + ®;&(x[k]) (73)

Based on thé&tep5, the 8 dimensional symbol space is designed. The generated motion
is shown in Figure 21. In the symbol space, the state veetd] moves based on the
dynamics entrained to the transition from the walk motion to squat motion. Only the 3
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Figure 21: Motion generation based on the symbol space

axes are shown in symbol space. These figures show that the motion of the state vector
in symbol space defines the motion of the state vector in the motion space that yields the
humanoid’s motion.

(2) Resultsand their importance

In this research, we propose the design method of the dynamics-based information pro-
cessing system. The results of this research are as follows.

1. Because the humanoid robot has many degrees-of-freedom, it requires large amount
of computation to handle it. In this research, we propose the motion reduction
method based on the nonlinear principal component analysis and principal compo-
nent analysis. These methods make use of the correlation of the joint angle in the
motion.

2. We show the design method of the nonlinear dynamics that has attractor on the
closed curve line in théV dimensional space, and proposed the dynamics-based
information processing system that generates the humanoid motion.



3. By changing the basin of the attractor based on the sensor signal, we show the
design method of the information processing system.

4. By the hierarchical configuration of the dynamics, we design the continuous sym-
bol space and motion space that defines the humanoid motion and generates the
continuous motion transition of the humanoid robot.
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