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Abstract

In this paper, we focus on the manipulation of a
holding nonholonomic toy car and attem}vt to generate
similar trajectories to the human ones. In order to re-
veal what iind of trajectories a human generates, we
first performed iments with subjects. Then, it is
shoun that the generated hand velocity es can be
classified into two classes: a single—peaﬁ profile and
a double-peaked one. By modeling these primitive pro-
files with the TBG, we try to generate the trajectory
for the robois by the TBG based trajectory generation
method. Finally, the results of ter stmulations
are shown and compared with the human trajectories
Key Words: Human movements, trajectory
generation, nonholonomic constraints, potential field
method, TBG.

1 Introduction.

With the latest progress of robotic technology, it has
been expected that an advanced type of robot being
able to cowork and coexsit with a human will be de-
veloped and commonly used at home or a workspace
in the near future. In fact, the development of the
human-shaped robot which is called the humanoid
robot has been actively performed (1}, so that a
friendly feeli _
call i m a cosmetic point of view. However,

Yy
no matter how similar to a human being in appear-
ance the robot is, it will not be able.to coexist with a

human in a daily life if it cannot act or perform a task

with human-like movements.

On the other hand, there have been manY studies

-on a mechanism of human arm movements {2}-[6]. For
instance, Morasso {2] ing movements
of the human two-joint arm restricted to an horizontal
plane, and found the following commion invariant kine-

matic features: When a subject was instructed merely

to move his hand from one point to another, the hand
usually moved along a y straight
bell-shaped velocity profile. As the exf anation for
the trajectory generation mechanism of this human
arm movements, many models have been proposed;
for example, “a minimum jerk model”‘g&n“a. mini-
mum torqu model” [4] and “a model”
[5]. The first and the second models assert that the hu-
man trajectory generator is the feed-forward system,
and the one deals it as the feedback system. All

- Tanaka et al. [9] has developed a trajectory

of a human toward the robot is practi- -

“classes: a single-

h with a

of these models can generate hand trajectories in good
agreement with experimental 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 syn-

- chronizing a translational and a rotational velocity of

the hand with the TBG signal. Then, Tsuji et al.
{7} [8] applied the TBG ism to the control of
a non-holonomic robot and a redundant manipulator.
eration
method based on the artificial potential field approach
(APFA) with a combination of time scale transforma-
tion and the TBG, named “time scaled artificial po-
tential field approach.” These previous studies, how-
ever, have not dealt with any constraints in the hand
movement, although a human movement is often con-
strained by environments on performing an ordinary
work in a daily life. :

In the present paper, we attempt to reproduce
hand trajectories generated by a human in operating
a nonholonomic-constrained task. The manipulation
of a holding nonholonomic toy car from one point to
another is chosen as the task. First, in order to reveal
what kind of hand trajectories a human would gener-
ate for this task, the trajector eration wﬁ;ig;ents
with subjects are performed. the o tion
of human hand movements, it is shown that the gen-
erated hand velocity profiles can be classified into two

profile and a double-peaked .
one. By modeling these primitive profiles with the
TBG on the basis of the imental results, we try
to generate the trajectory for the robots operating the .
same task.

'%Mst%apfr x:cg;gamzed wt;x follows: Section 2 d}f—
scribes the trajectory generation experiments on the
nonholonomic-constrained task., In section 3, a feed-
back controller to reproduce the observed human hand
trajectories is designed by means of the time scaled ar-
tificial potential field approach. Finally, the results of
computer simulations are shown and compared with
the human trajectories in Section 4.

2 Trajectory formation of human arm

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 toy car which has two wheels and
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Fig.1 Experimental apparatus

one spherical wheel as shown in Fig. 1 (b) from an
initial point marked with [] to a target point C on a
sEec:ﬁ‘ ed conditiox:eisee Fig. 1 Sa.) . In the experiment,
the translational velocity v and the angular velocity w
of the toy car are calculated as human hand veloci-
ties by measuring -the movements of the toy car and
the subject’s arm with a stereo camera system (Quick
MAG, OUYOU KEISOKU KENKYUSYO INC.).
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 meesurement, maximum of § g%ints, from
two 2-D image ences taken by two CCD cameras
in real time. Both v and w were calculated through
the numeric derivation of the smoothed marker’s posi-
tional data where the cut-off frequency of the second-
order Butterworth filter is automatically determined
by Winter’s method (10]. With this apparatus, we
carried out the following three kinds of experiments
(see Fig. 1 (a)): A

A: Move the toy car from the initial point [A] to the
target point & with theinitial posture p = n[rad]
and the target posture 8 = w{rad] in the general-
ized coordinates ¥;. Also, the{_sugject is asked to

%nerate a vertically curved spatial trajectory like

the dotted line shown in Fig. 1 (a) as the trials

goes on. :

B: Move the toy car from the initial point {B] to

the target point @ with the initial posture 8 =

% [rad] and the target posture 6y = Z[rad] in the

.. generalized coordinates ;. The subject is asked

to generate a horizontally curved spatial trajec-
tory as the trials goes on. .

C: Move the toy car from the initial points [G] (i =
1,---,4) to the target point © under the ini-
‘tial posture 8y = Z[rad] and the target posture
84 = xfrad]. 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 for each subject.

2.2 Generated spatio-temporal trajecto-
ries ’ ‘

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

It can be seen that the straight trajectories have

ingle-peaked velocity profiles which around ¢ =
t/2 as shown in Fig. 2 (a),(b). , it should be
noticed that as the amplitude of the curvature is lager,
theak ﬁodty profile tends to be more sharply do:gleer-

On the other hand, under the experimental condi-

“tion €, the subjects generated two kinds of spatial tra-

jectories: a trajectory including one switching point,
and a quadiantal arc;a Oneaiof them wire chos%? acé
cording to the specified initial point as shown in Fig.
(c). It should be noticed that the quadrantal-arc %ra»
jectories have the single-peaked velocity profiles and
the others the coupled-profiles with two single-peaked
ones. From features of the generated switching trajec-
tories, it can be that a.switching trajectory
is produced as the result of connecting a straight line
with a quadrantal arc at the switching point. o
Sumnﬁni:é; we observed the following features of
the human hand trajectories through the experiments:

1) The subjects generate two types of the
~ velocity profiles: a single-peaked p:
double-peaked one.
2) The subjects generate the different spatial trajec-
tories according to the initial point and the target
one. :

imitive
e and a

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

4) The straight traj generated by the subjects

" has asi e-pea.&t?vgocity profile whether there
exists the nonholonomic constraint on the hand
movements in a given task or not.

3 Trajectory generation using Time
Base Generator

In the previous section, the human primitive move-

ments on the manipulation of the nonholonomic toy

car was revealed. , we explain a method for gen-

erating a oe;patio-temporal trajectory which has similar

features of the human movements observed in the ex-

periments. o
Tanaka et al. [9] have developed the trajectory
ﬁenera.tion method on the artificial potential
eld approach with the combination of a time scale
transformation and a time base generator (TBG) [6].
The TBG generates a bell-shaped velocity profile and
works as a time scale compressor. e proposed
method applied to the generation of spatio-temporal
trajectories of a mobile robot and -a manipulator. In
this section, we use this method to reproduce the ex-
perimentally observed human hand trajectories.
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Fig.2 Generated spatio-temporal trajectories under the different experimental conditions

3.1 Virtual time and the TBG .

First, we define a virtual time s for {ime scaling the
system. The relationship between actual time ¢ and
virtual time s is given by

ds ,

"d",‘t‘ - a(t)‘ y (1)
where the continuous function a(t), called the time
scale function [11], is defined as follows:

aft) = —p5 @)

where p is a positive constant and §(2) is a non-
increa.si%ﬁmction erated by the Time Base Gen-
erator (TBG) [7] &%g:{(t) has a bell-shaped velocity

profile satisfying £(0) = 1 and £(¢;) = 0 with the con-
?ﬁgenoe time t;. The dynamicg)of £ is defined as
ollows:.

£ =—(¢(1- 9, 3)

where v and § are positive constants under 0 < 8 <
 1.0. The convergence time ¢ can be calculated with
the gamma function I'( - ) as

a fE_T0-B
u=[ 4= [ F-wosm @

Figure 3 shows the time histories of £ and £ depending
on convergence time ¢y = 1.0,3.0,5.0 [s]| under the

parameter 8 = 0.5.
From (1) and (2), the virtual time s can be repre-
sented with respect to ¢ as follows:
2 4
5= L at) dt = —plné(2) . )

It is obvious that the virtual time s given in (5) never
goes backward against the actual time . This virtual
time s is used as a new time scale in this paper.
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Fig.3 Dynamic behavior of the TBG

3.2 Time scaled artificial potential field
approach

Generally, the kimenatics of the robot system can
be described by

X = G(X)U, (6)
where X € R" is the position vector of the robot;

U € R" is the input vector; and it is assumed that
det G(X) # 0. The system egven in éﬁg can be rewrit-
5

ten in the virtual time s defined by (5} as follows:
dX dX dt :
I = w5 = XU, (7
where : 1
U, = ;‘({)'U- (8)
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Fig.4 Model of a toy car with two wheels

On the other hand, in the artificial potential field
approach (APFA) [7] rS}, the goal is represented by an
artificial attractive potential field which is created by
the defined potential function V{X). The potential
function V(X) has the minimum value V(X ) =0 at
the target %oint X4 in the task space, so that the tra-
jectory to the target can be associated with the unique
flow-line of the gradient field through the initial posi-
tion and be generated via a flow-line tracking process.

the inverse time-scale transformation from
virtual time s to actual time ¢ for the feedback con-
troller U, for the system (7) designed by APFA, the
feedback control law U in actual time ¢ is derived as

U= -a(t)G"(X)g—;{(-. ©

By means of the derived controller U, the system (6)
in the actual time scale can be stable to the equilib-
rium point at the specified time t;. In this paper,
we attempt to make the robots generate the trajecto-
ries which are similar to the observed human primitive
movements by using the TBG based method.

3.3 Trajectory generation of a nonholo-

nomic car

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

Figure 4 shows a model of the unicycle-like car
which a subject manipulates in the riment. 2
denotes the world coordinate system (for an opera-
tional space), and I, 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, we can choose the followi
generalized coordinates of the vehicle: position (z, y§
and orientation angle ¢ of X, with res to L.

The kinematics of the car can be described by the

following relationship between the time derivative = =
(z,y,0)" and the linear and the angular velocity of the

car u = (v,w)T:

&= g(z)u, (10)
where
cosf O
g(z) = [sino o} . (11)
o 1

Fig.5 Coordinate transformation

From the system equation (10), we can easily derive
the following kinematic constraint [7]: :

- (12)

Therefore, there is the nonholonomic constraint given
by g2) imposed on the hand movement of the subject
in the process of manipulating the car. :
In order to control the syst we adopt the
piecewise smooth feedback control law proposed by
Canudas de Wit and Sgrdalen [12] which uses the fam-
ily of circles that pass through the origin and the cur-
rent position of the car and contact the & axis at the
::ifn as shown in Fig. 5. In the , 84 belonging

&sind — §cosf = 0.

to [—, 7) represents the tangential direction of this
ircle at the position z.

Let a denote the angle between the tangential di-
rection 8, and the current angular orientation ¢ with
the intention of designing a control law which can elim-
inate this kind of orientation error together with the
corresponding positional error denoted by the distance
r from the target. The following coordinate transfor-
mation from = = (z,y,8)T to z = (r,)7 is then in-

troduced [7):
r(x, y) = \'% 7% + 92, (13)‘
afz,y,0) = e +2n(e)r, (14)
e=0- 9,1, (15)
04 = 2atan2(y, ), (16)

where n(e) is a function that takes an integer in order
to satisfy a € [~m, 7). 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

=ro=[gh] o

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

Substituting (11) into the time derivation of equa-
tion (18), we have the relationship between % and the
system input u:

z = J(2)G(x)u = B(z)u, (18)
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where
J(z) = {;T(agw) “;7@;:{:)' 0} ’ )
7y e 1
s@=h 9], (20)
S . .
i’l = m(wma +ysm8), (21)
by = m(ycosﬂ-»msinﬂ. (22)

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:

=Y. 2 _
V=2 (bt +kao?), (23)

where k. and k, are positive constants.
From (9), we can design the feedback controller
based on the potential function V' (23) as
av e
- e, -1 — 1 .
= ~a()B™ (@) wa + } (24)

under the assumption of deth:gd t 0 except at the

target position x4. With the ack controller u,
the time derivative of V yields
. OV ¢
= -é-;B(m)u = pVE <0. (25)

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 (25) can be readily solved as follows [8]:

where Vp = V(wo) is the initial value of V. It can
seen that the potential function V is “synchronized”
with the TBG because V is proportional to the pth
power of £. Since { reaches zero at t;.so must do V:
in other words, the car with two wheels is bound to
-reach the target position 4 from the initial position
%o just at t =ty with the controller u. .

4 Computer simulations
In this section, the observed-human-fundamental
Do o eprogacnd by heess.of The Asines vom
is reprodu means of the designed con-
troller (24). In the simulations explained below, the
target posture is 8 = = [rad] with the convergence
time ty = 2.5 [s] under the parameters p = 2.0,
B=075k = ks =10.

. jectories with the initial position
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Fig.6 Generated trajectories with single-peaked veloc-
ity profiles

Table 1 Initial conditions and goal positions

Baeial point [m] | (0.7, 0.40T] (04, 0.1¥] ©.1, 0.7F] (07, 0.0)°
Goal poink fm} § (0.1, 0.7} (0.4, 0.7 (0.4, 047 (04, 0.4)T

Initial posture frad] n w2 w2 ®/2

4.1 Generation of a single-peaked velocity
profile

F 8 shows the generated spatio-temporal tra-
jectog:e which have gi?éie—peake%a veloci poproﬁles
with the different initial conditions (@q, 6o) and the
target points g as shown in Table 1. In the time his-
tories of the velocity (Fig. 6 (t‘)’)e%, the vertical axis is
normalized by the maximum velocity vma. for each
trial, and the horizontal axis by the specified time
ts = 2.5 [s], respectively. It can be seen that the gen-
erated spatial trajectories are straight lines or quad-
rantal arcs with single-peaked velocity profiles which
take the maximum value at ¢t = 3{- The designed con-
troller can generate spatio-temporal trajectories which
are similar to human primitive trajectories.

4.2 Generation of a double-peaked veloc-
ity profile '

In order to generate a curved trajectory, we set a
via-point ) and a via-orientation 8} = atan2(y}, z})
in the task space, which moves to the targets from
t =12 tot =1 (i =z,y,06) smoothly.

Figure 9 shows the generated spatio-temporal tra~
, o) = (0.7 [m],
0.4 [m], 7 [rad])” and the target point z4 = (0.1, 0.4)
[m). For the curved spatial trajectories @), @ in Fig.
7 (a), the via-points were set at =} = (0.4, 0.6)7,
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Fig.7 Generated trajectories with single-peaked and
double-peaked velocity profiles

0.4, 0.7)T respectively. Also, t* and ¢ were set
gmpirica}ly x[ax:xlgil respect to the specxﬁed time 7 as fol-
lows: 2 = 13 = 0.35t, t3 = 0.1t Jig — ¢8| = %.
Figure 7 (b) shows the normalized velocity profiles for
each generated spatial trajectory.

It 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-

litude of the curvature become to be , the ve-
ocity profile tends to be more sharply double-peaked.
Owing to setting the via-point in the task space, the
nerated curved trajectories with double-peaked ve-
ocity profiles are in good agreement with the observed
human trajectories.

5 Conclusions

In this paper, we focus on the task manipulating the
holding nonholonomic car and try to generate human-
like trajectories for the robots by imitating human gen-
erated trajectories. Via observation of the experiments

with the subjects, we have found two human prim-

itive velocity profiles: a single-peaked profile and a

double-peaked one. Then, by applying the TBG based

method, we could reproduce the spatio-temporal tra-

jectories which have similar features of the observed
uman trajectories.

Future research will be directed to generate more
complicated trajectories such as a trajectory includ-
ing switching points by combining the primitive ones,
and -develop a motion planning method for a hu-
manoid robot with consideration of arm geometrical
constraints,
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