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Abstract

In this paper, the human-like trajectory of robots for
manipulating a holding nonholonomic car is generated.
In order to reveal what kind of trajectories the robots
should generate on the task, the experiments with sub-
Jjects were performed. Then, it is shown that a human
generates the trajectories with a single-peaked and a
double-peaked velocity profile. By m;iling these prim-
itive profiles with a Ttme Base Generutor { TBS{, the
human-like trajectory for the robots is generated with
the TBG based trajectory generation method. Finally,
simulation results are shown and compared with the
human trajectories.
Key Words: Human movements, trajectory gener-
ation, nonholonomic constraints, TBG.

1 Introduction

The development of a_human-shaped robot has
been actively performed [1], so that a friendly feel:
of a human toward the robot is practically reali
from a cosmetic point of view. However, no matter
how similar to a human only in appearance the robot

is, it will not be able to cowork or coexsit with human

beings in a daily life if it cannot move or perform a
given task with human-like movements.

On the other hand, there have been many studies
on the mechanism of human arm movements [2]-[6].
For instance, Morasso [2] measured reaching move-
ments of the two-joint arm restricted to an horizon-
tal plane, and found the common invariant kinematic
features that a human usually moves his hand along a
roughly straight path with a bell-shaped velocity pro-
file from one point to another, As the explanation for
the trajectory generation mechanism of this human
arm movement, many models have been proposed; for
example, “a minimum jerk model” {3], “a minimum
torque-change -model” j4] and “a E model” {5].
The first and the second model asserts-that the mech-
anism is a feed-forward system, and the other deals it
as a feedback system. All of these models can generate
hand trajectories in good agreement with experimen-
tal data.

Also, Morasso et al. [6] proposed a Time Base Gen-
erator (TBG) which generates a time-series with a
bell-shaped velocity profile, and showed that a straight
and a curved hand trajectory can be generated by
synchronizing a translational and a rotational veloc-
ity of the hand with the TBG signal. Then, Tsuji
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et al. [7] [8] applied the TBG to the control of a non-
holonomic robot and a redundant manipulator. More-
over, Tanaka et al. [9] developed a trajectory gen-
eration method based on the artificial potential field
approach with the combination of time scale transfor-
mation and the TBG. These previous studies, how-
ever, have not handle the trajectory generation with
any constraints, although & human movement is often
constrained by environments on performing an ordi-
nary work in a daily life.

Recently, Tanaka et al. {10] have focused on the tra-
jectory generation on the nonholonomic constrained .
task which is the manipulation of a holding nonholo-
nomic vehicle from a point to another, and revealed
that a human generates the trajectory with a single-
peaked or a double-peaked velocity profile through
the experiments with subjects. Then, by modeling
these primitive profiles with the TBG, the trajecto-
ries which have the same features of the human ones
can be reproduced except for the complicated trajec-
tory such a trajectory including a switching point. In
the present paper, the human-like trajectory including
the switching one for the robots on the nonholonomic
constrained task is generated by regulating a temporal
profile of the TBG.

This paper is organized as follows: Section 2 de-
scribes the characteristics of human trajectories gen-
erated on the nonholonomic constrained task. In sec-
tion 3, a feedback controller to reproduce the observed
human hand trajectories is designed by means of the
TBG based method. Finally, the simulation results
are shown and compared with the human trajectories
in Section 4.

2 Human arm movements with non-
holonomic constraints

2.1 Experimental conditions

Figure 1 shows an experimental apparatus. A sub-
ject is instructed to sit on his heels and move the hold-
ing nonholonomic model car which has two wheels and
one spherical wheel as shown in Fig. 1 (b) from an
initial point marked with [ to a target point  on a
specified condition (see Fig. 1 éa)). In the experiment,
the translational velocity v and the angular velocity w
of the model car are calculated as human hand veloc-
ities by measuring movements of the model car and
the subject’s arm with a stereo camera system (Quick
MAG, OUYOU KEISOKU KENKYUSYO INC.).
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'Fig.1 Experimental apparatus

The camera system can detect a 3-D position of a
color marker (marked with O in Fig. 1 (b)) attached
at a point of measurement, maximum of 8 points, from
two 2-D image sequences taken by two CCD cameras
in real tix:ga%oth v and w were calculated through the

digital differentiation of the smoothed marker’s posi-

tional data where the cut-off frequency of the second-

order Butterworth filter is automatically determined
with Winter’s method [11]. With this apparatus, the
experiments was carried out with the following con-
tidions (see Fig. 1 (a)):

A: Move the model car from the initial point
to the target point & with the initial posture
6o = wirad] and the target posture §; = =[rad]
in the generalized coordinates L. Also, the sub-
Ject is asked to generate a vertically curved spatial
trajectory like the dotted line shown in Fig. 1 (a)
as the trials goes on.

B: Move the model car from the initial points
(i = 1,---,4) to the target point @ under the
initial posture 8 = %[rad] and the target posture
04 = wirad]. The initial points are located at the
vartexes of a square whose sides are 400 mm] long
and the target point is positioned at the center of
the square.

In the experiments, the number of subjects was three
(male university students aged 22, 23 and 28), and the
order of the experimental conditions and the number
of trials were changed for each subject.

2.2 Generated trajectories

Figure 2 shows a typical example of the observed
spatial trajectories and translational velocity profiles
of the model car, where the translational velocity v
is normalized by its maximum velocity vma, and the
time ¢ by the measured movement time ¢ty from the
initial point to the target for each trials.

It can be seen that the straight trajectories have
single-peaked velocity profiles which peaks around

t= 32L as shown in Fig. 2 (a). Also, it should be no-
ticed that as the amplitude of the curvature is lager,
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Fig.2 Generated spatio-temporal trajectories under
the different experimental conditions

the velocity profile tends to be more sharply double-
peaked

~ On the other hand, under the -experimental con-
dition B, the subjects generated two kinds of spatial
trajectories according to the specified initial point as
shown in Fig. 2.(b): the trajectory including one
switching point, and the quadrantal-arc trajectory. It
can be observed that the quadrantal-arc trajectories
have the single-peaked velocity profiles and the oth-
ers the coupled-profiles with two single-peaked ones.
Also, from features of the generated switching trajec-
tories, it can be suggested that a switching trajectory
is produced as the result of connecting a straight line.
with a quadrantal arc at the switching point.

Summing up, the following features of the human
hand trajectories on the task were observed as:



1) The subjects generates two types of the primitive
velocity profiles: the single-peaked profile and the
double-peaked one. :

2) The subjects generates the different spatial tra-
jectories according to the initial point and the
target one.

3) The subjects generates a velocity profile out of
two primitive ones according to the generated
spatial trajectory.

3 Trajectory generation based on

Time Base Generator

In the previous séction, the human primitive move-
ments on the manipulation of the nonholonomic model
car was revealed. Here, a method for generating the
human-like trajectories is described. :

Tanaka et al. t[Q] have developed the trajectory gen-
eration method for a robot based on the artificial po-
tential field approach (APFA) with the combination of
s time scale transformation and a time base generator
(TBG) [6]. Then, they [10] applied it to reproduce
the primitive human trajectories, which dose not have
a switching point, on the nonholonomic constrained
task. In this paper, the human-like trajectories for the
robots including switching ones on the nonholonomic
conslfl;or?iined task is generated by using the TBG based
method.

3.1 Virtual time and the TBG
First, we define a virtual time s for time scaling the
system. The relationship between actual time ¢ and
virtual time s is given by
S —a), M

where the continuous function a(t), called the time
scale function [12], is defined as follows:

a(t) = ~p§ , @

where p is 8 positive constant and £(¢) is a non-
increasing function generated by the TBG [7] [8]. £(t)
has a bell-shaped velocity profile satisfying £(0) = 1
and £(ty) = O with the convergence time t;. The dy-
namics of £ is defined as follows:

{=—e1-97, 3)

where v and 3; (i = 1,2) are positive constants under

0 < B; < 1. The temporal profile of the TBG can

be adjusted by changing the parameters 8;. Then,

the convergence time ¢; can be calculated with the
- gamma function I'( - ) as

t_/”&_rm~mwu-m)

= = .

0 Q2 = (B + B2))

(4)
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Fig.3 Dynamic behavior of the TBG

Thus, the system converges to the equilibrium point
& = 0 in the finite time ¢ if the parameter -y is chosen

” L P0=p)ra g
G- (B 1 B)

Figure 3 shows the time histories of £ and £ under
the parameter (£, B2) = (0.75, 0.5), (0.75, 0.75),
(0.5, 0.75) with the convergence time ty = 2.5 [s].

; nFrom (1) and (2), virtual time s can be derived as
ollows:

(%)

s:/o‘ a(t) dt = —pIn&(t) . (6)

It is obvious thatvirtual time g in (6) can be controlled

by £ and never goes backward against actual time ¢.

Thus, this virtual time s is used as a new time scale

in this paper.

3.2 Time scaled artificial potential field
The kimenatic system of the robot can be described

as
X =G(X)U, )

where X € R™ is the position vector of the robot;
U € " is the input vector; and it is assumed that
det G(X) # 0. The system given in (7) can be rewrit-
ten in virtual time s defined by (6) as follows:

dX dX dt
Pl Ta G(X)U,, (8
where )
U, = U ©)

a(t)

On the other hand, in the APFA {7] [8], the goal
is represented by an artificial attractive potential field
depends on the defined potential function V(X)) in the
task space. The potential function V(X)) has the mini-
mum value V(X 4) = 0 at the target point X 4, so that



Fig.4 Model of a model car with two wheels

the trajectory to the target can be generated by track-
ing a unique flow-line of the gradient field through the
initial position. By using the inverse time-scaling from
virtual time 8 to actual time ¢ for the feedback con-
troller U, designed by the APFA, the feedback control
law U in actual time ¢ is derived as

U= -—a(t)G-I(X)g-j‘;-. (10)

With the derived controller U, the system (7) in_the
actual time scale can be stable to the equilibrium point

at the specified time ¢;. In this paper, we attempt to

generate the human-like trajectory for the robots by

* using the TBG based controller.

3.3 Trajectory generation of nonholo-
nomic vehicle

In this subsection, with the TBG based method,
a feedback control law which can generate a spatio-
temporal trajectory of the model car is designed on
the basis of the observed features of the experimental
results with the subjects.

Figure 4 shows a model of the unicycle-like car
which a subject manipulates in the experiment. L,
denotes the world coordinate system (for an opera-
tional space), and X, is the moving coordinate system
whose origin is set at the center of two wheels of the
car and the z. axis is oriented along the direction of
motion of the car. Thus, the following generalized co-
ordinates of the vehicle can be chosen: position (z, y)
and orientation angle ¢ of £, with respect to L.

The kinematics of the car can be described by the
following relationship between the time derivative of
x = (z,3,0)T and the linear and the angular velocity
of the car u = (v,w)T:

z = g(x)u, (11)
where

(12)

cosd O
g(z) = {sin(? O} .
0 1

From the system equation (11), the following kine-
matic constraint can be easily derived [7}:

Zsin® —gcosf =0. (13)

Therefore, there is the nonholonomic constraint given
by {(13) imposed on the hand movement of the subject
in the process of manipulating the car.

Fig.5 Coordinate transformation

In order to control the system, we adopt the
piecewise smooth feedback control law proposed by
Canudas de Wit and Sgrdalen {13] which uses the fam-
ily of circles that pass through the origin and the cur-
rent position of the car and contact with the z axis
at the origin as shown in Fig. 5. In the figure, 64 be-
longing to [-7, 7) represents the tangential direction
of this circle at the position z.

Let o denote the angle between the tangential di-
rection 84 and the current angular orientation 8 with
the intention of designing a control law which can elim-
inate this kind of orentational error together with the
corresponding positional error denoted by the distance
r from the target. The following coordinate transfor-
mation from & = (z,9,0)T to z = (r,a)T is then

introduced [7}:
r(z,y) = V22 + 93, (14)
a(z,y,8) = e+ 2n(e)r, (15)
e=0—0g (16)
64 = 2atan2{y,z), (17)

where n(e) is a function that takes an integer in order
to satisfy a € [~n,n). Also, atan2{-,-) is the scalar
function defined as atan2(a, b) = arg(b + ja), where j
denotes the imaginary unit and arg denotes the argu-
ment of a complex number. As a result, the current
state of the car can be represented by

- =| =) :
and the target configuration of the car is transformed
from x4 = (0,0)7 to z4 = (0,0)T.

Substituting (111) into the time derivation of equa-
tion (18), the relationship between # and the system
input u can be derived as

% = J(x)g(z)u = B(z)u, (19)
where '
X —_ Yy 0
= | V&4 V(E2+y?) 20
5@ =i 9], )
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by = —(zcosf + ysin®(z? + T BAR (22)
by = 2(ycos b — zsinf)(z? +y*) L. (23)

It can be seen that the number of state variables is
reduced to the same number as the system input. For
this system, the following potential function V so as
to design the feedback controller can be defined:

V = 5 (k? + kao?), (24)
where k, and k, are positive constants.
From (10}, the feedback controller u based on the
potential function V {24) can be designed as
kepr 3

= -LewB ()2 = BT 5
u=-za()B (x)azu[“b’”’*'&'ﬁggl (25)

under the assumption of ‘detha:) # 0 except at the
target position x4. With the feedback controller u,
the time derivative of V yields

¢ <o

f’"( ) €

As V is always negative except at the equilibrium
point, the system of the car in the actual time scale is
asymptotically stable by means of the designed feed-
back control law u.  Moreover, this differential equa-
tion given in (26) can be readily solved as follows [8]:

V=V, 27)

where Vo = V(o) is the initial value of V. It can be
seen that the potential function V is “synchronized”
with the TBG because V is proportional to the pth
power of £. Since £ reaches zero at ty so must do V:
in other words, the car with two wheels is bound to
reach the target position a4 from the initial position
Zo just-at ¢ =ty with the controller u.

T

V' B(zyu=pv

9z (26)

4 Computer simulations
In this section, the human-like trajectories for the
robots whose velocity profiles are single or double-
peaked is generated by means of the designed con-
troller (25). In the simulations explained below, the
target posture is 4 = w [rad] with the convergence
time t; = 2.5 ,{s]rhunder the parameters p = 2.0,
éa = 1.0: e TBG parameters, 84, 3, are
changed according to the generating spatial trajectory
50 as to regulate the temporal trajectory.
4.1 Trajectory generation with single-
peaked velocity profile
Figure 6 shows generated primitive trajectories
with single-peaked profile and switching trajectories
with the different initial positions o = (0.6,0.6)7,
(0.2,0.6)T, (0.2,0.2)7, (0.6,0.2)7 [m] under the initial
direction 6y = % [rad]. The target points is set at
x4 = (0.4,0.4)T [m]. Here, in generating the trajec-
tory @ and @), the virtual targets as switching points
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Fig.6 Generated trajectories with single-peaked ve-
locity profiles

were set at =3 = (0.7, 04)T, (0.1, 0.4)T [m], re-
spectively, a.ndd two primitive trajectories with single-
peaked profiles, which are separately generated before
and after the switching time ¢ = £, were connected
at the given virtual target.

In the time histories of the velocity (Fig. 6 (b)), the
vertical axis is normalized by the maximum velocity
Umaz for each trial, and the horizontal axis by the
specified time £y = 2.5 [s], respectively. It can be seen
that the generated quadrantal-arc trajectories @, @
have single-peaked velocity profiles all which takes the
maximum value at ¢ = %’— Comparing the trajectories
@ and Q) with the human switching trajectories in
Fig. 2 (b), it can be also observed that the generated
switching trajectories have the same characteristics as
human ones have. The designed controller with the
TBG can generate spatio-temporal trajectories which
are similar to human trajectories.

4.2 Trajectory generation with double-
peaked velocity profile

In order to generate a curved trajectory, a via-point
z}, and a via-orientation 8] = atan2(y?, z3) are set in
the task space, which moves to the targets from ¢ = ¢¢
tot =t (i = z,y,6) smoothly.

Figure 7 shows the generated trajectories with the
initial position (xo, 6o) = (0.7 [m], 0.4 [m}, 7 [rad])T
and the target point x4 = (0.1, 0.4)7 [m]. For the
curved spatial trajectories @), @ in Fig. 7 (a), the
via-points were set at z} = (0.4, 0.6)T, (0.4, 0.7)T
[m], respectively. Also, ¢ and ¢! were set empiri-
cally with respect to the specified time ¢; as follows:
ts = t5 = 0.35ty, t§ = O.1ty, t7 — %] = L. Figure
7 (b) shows the normalized velocity profiles for each
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Fig.7 Generated trajectories with single-peaked and
double-peaked velocity profiles

generated spatial trajectory.

. Tt can be observed from Fig. 7 that the generated

curved spatio-trajectories have the double-peaked ve-
locity profiles sinking around ¢ = 5.;,’- Also, as the am-
plitude of the curvature becomes to be larger, the ve-
locity profile tends to be more sharply double-peaked.
Owing to setting the via-point in the task space, the
generated curved trajectories with double-peaked ve-
locity profiles are in good agreement with the observed
human trajectories.

5 Conclusions

In this paper, we try to generate the trajectories on
the nonholonomic constrained task for the robots by
imitating human generated trajectories. By applying
the TBG based method with the concept of via-point
and virtual target, we could generate the trajectories
which have similar features of the observed human tra-
jectories.

Future research will be directed to investigate the
inflience of constraints for human arm ‘movements
with other experimental conditions and constrained
tasks, and to develop a motion planning method for
generating the same spatio-temporal trajectory de-
pending on specified conditions as a human does.
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