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the speed of time to increase—there is a clinical reason for tH&o-Mimetic Trajectory Generation Based on Human Arm
nature-related, aging phenomenon. We then showed that nurture-  Movements With a Nonholonomic Constraint
related or experiential factors could also affect our perceived speed of _ ) o

time. Indeed, although the results should be considered preliminary, ~ Toshio Tsuji, Yoshiyuki Tanaka, and Makoto Kaneko

our analysis suggests that nurture and nature may have a comparable

impacton our perceived speed of tlm_e. When controlled for nature ("Q"Abstract—ln this paper, a bio-mimetic trajectory of robots for manipu-
age), the nurture-related experiential data suggest that we perceiyg a nonholonomic car is generated with a time base generator (TBG).
time to be moving faster over time, due to accelerating “futur@ order to reveal what kind of trajectories the robots should generate

shocks.” for the given task, experiments with human subjects were performed. It

. has been shown that a human generates the trajectory with a single- or
Clearly, our current effort is at best exploratory. Further surveys aggyple-peaked velocity profile according to the geometrical conditions of
analyses should be undertaken to validate and extend our findings itte-car. Then, bio-mimetic trajectories were generated by modeling the ob-

sues to be considered include: What would be the results of a surgéfved primitive profiles with the TBG and also compared with the human
where subjects were asked to estimate a 2-min or even a 5-min interviggctones.

How would the results differ in different locales or countries? (Our Index Terms—Human movements, nonholonomic constraints, time base
survey data was gathered from a limited group; to further generaliggherator (TBG), trajectory generation.

our findings, it would be necessary to recreate the survey with a larger

sample, randomized over both geographic and demography.) How does |. INTRODUCTION

nurture and nature interrelate in regard to our perception of time and

speed of time? How do group activities affect this perception? What isR_emark_abIe developments of human-shaped robots hav_e _been
. . . . achieved in recent years [1], [2]. However, no matter how similar,
the impact of Internet time on this perception?

Finally, it should be noted that understanding the way we perceiUé)m a cosmetic point of view, to a human the robot is, it may not be

. L . .~ accepted to cowork or coexist with human beings in daily activities
the speed of time over time is not only an important endeavor in its OWNL o robot cannot move or perform a given task with human-like

right, butitalso has p_o_tentially significant i.mpacton our ability to COPShovements. In this paper, human arm movements are examined and
on our work productivity, on our lifestyle, indeed on all aspects of OYhodeled in order to design human-like movements for robots.

life. Levine [10], for example, cites a study of Peace Corps volunteers-l-here have been many studies on the mechanism of human arm

Ehatconcluded tha.ttope of the three greaf‘estadjustment d'ﬁ[f:U|t'eSWﬁ3vements [3]-[7]. For example, Morasso [3] examined reaching
general pace of life,” exceeded only by “language spoken. movements of a two-joint arm restricted to a horizontal 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 profile. As an explanation for the control mechanism of such
human movements, many models have been proposed: “a minimum
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Fig.1. Blockdiagram ofthe TBG model for human hand reaching movements.

[11], [12], the dynamic characteristics of hand motion in the manual
tracking control tasks with a linear table [13]. However, as far as we
know, there is no study on human movements with nonholonomic
constraints.

This paper aims to reproduce a human hand trajectory in a nonholo-
nomic-constrained task [14]. Manipulation of a nonholonomic toy car
from one point to another was chosen as the target task. First, experi-

ments with human subjects were conducted in order to reveal what kind ) AN 7 (BoB) = (05,075)
of hand trajectories a human would generate in this task. Through the 12 —=== (B.B)=(075,075)

. . e (B, B.) = (0.75,0.5)
observation of human movements, it was found that a human gener- (b)

ates three types of primitive spatial trajectories: a straight trajectory, an
S-shaped trajectory, and a quadrantal-arc trajectory. Also, dependiig 2. Change of the dynamic behavior of the TBG depending;onith the
on the experimental conditions of the car, a switching point appearscisnvergence time; = 2.5 [g] (a) Time courses df. (b) Velocity profiles of¢.
generating trajectories. In addition, a hand velocity profile in the prim-
itive spatial patterns can be classified into two types: a single-peaked o y . .
profile and a double-peaked profile. By modeling these velocity prg"uS: the system converges to the equilibrium pgirt 0 in the finite
files with the TBG, a human-like trajectory of robots performing thdMmets if v in (1) is chosen as
same task was generated. ’ ’

This paper is organized as follows: Section Il proposes a new TBG N = ra - T - /7)2)_ @)
model and describes a TBG-based trajectory generation method for t;0(2 = (81 + B2))
robots. In Section lll, the characteristics of a human trajectory in the .
nonholonomic constrained task is found through experiments withFig. 2 shows the time histories @¢f and ¢ using the parameters
human subjects. Then, a feedback controller to generate human-fike, 52) = (0.75,0.5), (0.75, 0.75) and (0.5, 0.75) with the conver-
trajectories is designed by means of the TBG-based method g@nce timet; = 2.5 [g]. It can be seen that a velocity profile of the
Section IV. Finally, the simulation results are shown and compard®G signal can be regulated by changifigso that the asymmetric
with the human trajectory in Section V. profile as well as the symmetric profile can be generated.

II. TRAJECTORY GENERATION BASED ON THETBG B. Time-Scaled Atrtificial Potential Field

Tanakeet al.[10] have developed a trajectory generation method for
A. TBG Model . . . .
. . ) robots by means of the time scale transformation with the TBG in the
The control model of human hand trajectory generation using a TBfamework of the artificial potential field approach (APFA), which can
(8], [9] is represented by the block diagram of Fig. 1. The TBG), generate a human-like trajectory. The block diagram of the controlled
is a nonincreasing scalar function and generates a bell-shaped velo@hbt in this method can be expressed by exchanging the pictorial shape

profile satisfying¢(0) = 1 and{(t;) = 0 with the convergence time of human arm in Fig. 1 with that of a robotic arm. This subsection de-

lr. scribes the TBG-based method through deriving a feedback controller
The feedback controller in Fig. 1 outputs a command in such a way robots.
that an error between a current positiorand a target positiom is Generally, the kinematics of nonredundant robots can be described

forced to synchronize with the TBG signal so that a human hand cag

reach the target with a bell-shaped velocity profile at the specified time

t ;. However, human arm movements when performing ordinary work & =G(z)U %)
during daily activities are often affected by the task environments, so ‘

that the velocity profile often has some asymmetric distortion. Ther\?/herex, U € R" are the position and the input vectors of the robots,
fore, in this paper, a TBG considering the generation of asymmet@spectively, and it is assumed thiat G(z) # 0.

profiles [14] is proposed. The dynamicsgéare defined as follows: Then, the relationship between actual timand virtual times is

) , defined using the TBG signal+) with a positive constant as
g=—g"(1-9™ )

where the parametersandg; (¢ = 1, 2) are positive constants under a(t) = i _pg ®)

0 < 3 < 1. The velocity profile of the TBG can be adjusted by

changings;, while the convergence timg is calculated with the pa- where a continuous functiarit) is called the time scale function [16].
rametery and the gamma functiofi(e) as From (1) and (5), virtual time can be derived as follows:

ty = / T DA =3I = 52)
0

TR = (1) 2 s = /U a(t)dt = —pln&(t). (6)
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goes backward against actual tim& hus, the system given in (4) can
be rewritten in virtual times defined by (6) as follows:

CCD ® Start / Goal points
=

O Color-makers for point
measurements

It is obvious that virtual time in (6) can be controlled by and never
i y &N
ccp

de _dadt _
ds — dtds

,Pl

G(z)U., (7

where
P3

1
U.=—U. 8
' a(t) ®

On the other hand, the APFA [8], [9] sets a potential funclitix)
which is minimized at a goal positiary set in the task space. By ap-
plying a virtual attractive force to the goal position, the robot can reac
the target in infinite time. An example of such a feedback contréiler
is given as

(@) (b)

AN T
U, = —G_l(r) <£> . (9) Fig. 3. Experimental apparatus. (a) Schematic overview of experiments.
Oz (b) Nonholonomic car.

By using inverse time-scaling from virtual timeto actual timef for 600
the feedback controlldl’; designed by the APFA in virtual time, a
feedback control law/ in actual timef is derived as

Target

400
Q “ Initial s
( 1

200
200 400 600 800

(a) Isttrial [mm)]

[mm]

y

N T
U=—-a(t)G '(z) <‘2—‘x> ) (10) -

By using the derived controlldiy, the system (4) in the actual time
scale converges the equilibrium point at the specified tim&hat is,
it is able to generate a spatio-temporal trajectory from the initial to tt
target position with the specified convergent time

The method has been applied to produce a human-like trajectory
robots [10], but any constraints have not been considered in genera
trajectories. To the contrary, this paper focus on the trajectory gene
tion with nonholonomic constraints for robots by using the TBG-base¢
method.

(d) 4th trial

=

. HUMAN ARM MOVEMENTS WITH A (b) 2nd trial (e) 5th trial
NONHOLONOMIC CONSTRAINT

As an example of nonholonomic constrained tasks, manipulation
a nonholonomic car from one point to another was chosen. First, 1
trajectory generation experiments with human subjects were perforn = g
so as to show what kind of trajectories a human would generate for 1 1 "
task. Then, general characteristics of the observed human strategie:
the target task were found for the human-like trajectory generation
robots. (c) 3rd trial (f) 6th trial

A. Experimental Conditions Fig. 4. Learning process of the trajectory generation with a nonholonomic
' constraint.
Fig. 3 shows the experimental apparatus. A subject is instructed to

sit on his heels and move the nonholonomic model car, which has two L . . .
wheels and one spherical wheel as shown in Fig. 3(b), from an inithI_the s’econd-order Butterworth filter is automatically determined with
to a target point [see Fig. 3(a)]. In the experiment, the translation\éll'm_ers method [15]. ) . . o
velocity» and the angular velocity of the car are calculated as human V\_/'th this appara_tus, aseries of experiments was carried OUtW_'th nine
hand velocities by measuring movements of the car and subject’s je_c_ts (male university stude_nts), where the order of exper!mental
with a stereo camera system (Quick MAG, Ouyou Keisoku Kenkyusy%?nd't'ons and the number of trials were changed for each subject.
Inc.).

T)he employed camera system can detect a three-dimensional (3Bp)OPservation of Primitive Trajectories
position of a color marker [marked with) in Fig. 3(b)] attached ata  All subjects generated complicated trajectories or could not move
measurement point (maximum of eight points) from a couple of twehe car to the specified target point in the first several trials, but could
dimensional (2-D) image sequences taken by two CCD cameras in rgaherate stable spatial trajectories soon. Fig. 4 shows an example of the
time. Bothv andw were calculated through the digital differentiationskill acquisition process on the target task with the initial péttand
of the marker’s smoothed positional data, where the cut-off frequenitye target point®;. The initial and target postures of the car were set
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into three groups in this paper: a straight trajectory; a curved trajectory;

and a switching trajectory. From kinematical features of the observed
switching trajectories, it can be suggested that a switching trajectory is
produced by connecting a straight line with a quadrantal-arc trajectory.

Furthermore, although the subjects can generate a variety of curved
trajectories voluntarily, two types of the curved trajectories have been

mainly observed under the specified conditions: the S-shaped trajec-
tory as shown in Fig. 5(a)-i, v, ix; and the quadrantal-arc trajectory as

shown in Fig. 5(a)-vi, viii.

From the experimental results, it was found that a straight trajectory,
an S-shaped trajectory and a quadrantal-arc trajectory can be consid-
ered as the primitive spatial strategies of a human in manipulating a
nonholonomic car. To investigate the velocity profile of these primitive
patterns, the following additional experiments were carried out.

1) Tomove the model car from the initial poif to the target point

Ps under the postural conditioty = ¢, = = [rad: a subject is

asked to generate a vertically curved spatial trajectory like the

dotted line shown in Fig. 3(a) as the trials goes on. This exper-

iment is planned to investigate a relation between the curvature

of spatial trajectories and velocity profiles.

To move the model car from the initial poifi to the target point

P, under the postural conditichy = 6, = w/2, = [rad.

3) To move the model car from the initial poinks, P>, Fs, P; to

the target poin®; undery, = n/2 [rad andf; = = [rad. The
initial points are located at the vertices of a square whose sides
are 400 mm long and the target point is positioned at the center
of the square.

Fig. 6 shows a typical example of the observed spatial trajectories
and translational velocity profiles of the car, where the translational
velocity v is normalized by its maximum value,.x and the timet
by a measured movement timefrom the initial to the target point for
each trial. The trajectories in each figure [Fig. 6(a)—(c)] were generated
by the different practiced subjects.

It can be seen from Fig. 6(a) that the straight trajectories have a
single-peaked velocity profile which peaks arouné= (t;/2) and
that the velocity profile tends to be more sharply double-peaked as the
curvature increases. As similar as the out-curved trajectory under the
experimental condition 1, the S-shaped trajectories in Fig. 6(b) have a
double-peaked velocity profile.

On the other hand, under the condition 3), the subjects generated
two kinds of spatial trajectories according to the specified initial point
as shown in Fig. 6(c): a quadrantal-arc trajectory and a trajectory in-
cluding a switching point. The quadrantal-arc trajectories have a single-
peaked velocity profile, while the others have a coupled-profile with
two single-peaked velocity profiles. It should be noticed that the cou-
pled profile changes discontinuously around the switching time.

2

~

Fig. 5. Maps of generated trajectories with the different experimental Through the detailed experiments with the human subjects, it was
conditions. (a) Initial point is set &, . (b) Initial point is set atP;.

found that a human generates a single-peaked velocity profile or a
double-peaked velocity profile according to the spatial trajectories.

as 0,7/2 [rad, respectively. As shown in Fig. 4, the subject could noBection IV describes a method for reproducing such trajectories in
move the car to the goal point in the first trial [Fig. 4(a)], but after thananipulating a nonholonomic car.

generated almost the same spatial trajectory.
Fig. 5 shows a representative example of the spatial trajectories by

IV. DESIGN OF ATBG-BASED CONTROLLER

the practiced subjects with the different initial and target conditions of
the car. In the figure, an arrow shows the initial/target direction of the In this section, a feedback control law for generating a human-like
car; and the trajectories by each subject are distinguished by the tyyagectory for robots is designed by the TBG-based method. Fig. 7

of line. Also, the initial points in Fig. 5(a) and (b) are sefatand P,

respectively, with the target poift, underfy = 6, = 0 [rad.
It can be seen from Fig. 5 that the subjects generate different tegional space), antl. is the moving coordinate system whose origin
jectories according to the specified initial and target conditions, amlset at the center of two wheels of the car andithaxis is oriented
that most of them select the same motion patterns although some iradiéng the direction of motion of the car. Thus, the positiony) and
vidual differences are observed in the trajectories such as Fig. 5(a)-wviiientation anglé of X. with respect t&, are chosen as the general-
(b)-v and (b)-vii. The generated spatial patterns have been classifizeld coordinates of the car.

shows a model of a unicycle-like car which a subject manipulates in
the experimentZ, denotes the world coordinate system (for an oper-
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Fig. 8. Coordinate transformation.
The kinematics of the car can be described by the following equa- ) ) ) .
tion between the time derivative ef= (z, y,#)” and the linear and The fgllpwmg C_oordlnate transformation from= (x.y.6)" toz =
angular velocity of the cat = (v,w)” [17]: (r,a)" is then introduced [8]:
cosf 0 r(x,y) =v/a? + y? (23)
= |sinf 0]u. 11) a(x,y,0) =e + 2n(e)w (14)
0 1 e=0—06, (15)
From the system (11), the following kinematic constraint can be easily §a =2arctan 2(y, v) (16)

derived:
wheren(e) is the function that takes an integer in order to satisfy
« € [-m,m). Also, arctan2(-,-) is the scalar function defined as
arctan2(a,b) = arg(b + ja), wherej denotes the imaginary unit
Therefore, there is a nonholonomic constraint given by (12) imposaddarg denotes the argument of a complex number. As a result, the
on the human hand movement while manipulating the car. current state of the car can be represented by

In order to design the control system, we adopt the piecewise smooth
feedback control law [17] which uses a family of circles that pass 5= { (@, y) ]
through the origin and the current position of the car and contact with a(z,y,0)
thez: axis at the origin as shown in Fig. 8. In the figufe belonging to
[—m, 7) represents the tangential direction of this circle at the positiand the tar%et configuration is transformed fram = (0,0,0)7 to
x. zq = (0,0)".
Let « denote the angle between the tangential direatioand the Substituting (11) into the time derivation of (17), the relationship
current angular orientatighwith the intention of designing a controller betweenz and the system input can be derived as
which can eliminate this kind adrientation errortogether with cor-
respondingposition errordenoted by the distancefrom the target.

Zsinf — ycosf = 0.

(12)

17

€T

z = B(z)u (18)
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Fig. 9. Generated primitive spatio-temporal trajectories by the TBG-based method under the different experimental conditions.

where V. BIO-MIMETIC TRAJECTORY GENERATION BASED ON HUMAN
ARM MOVEMENTS
b1 0 . . . . . .
B(z) = by 1 (19) Human-like trajectories with a single-/double-peaked velocity pro-
. 9 ov—1/2 file were generated by the designed controller using the TBG. Fig. 9
by = — (wcos +ysin 9)(3' "'f‘f ) (20)  shows the spatio-temporal trajectories with the conditions 1) —3) de-
by =2(ycosf — xsind)(z® + y*) . (21) fined in Section llI, in which the convergence time is setjat 2.5 [g]

under the parametegs= 2.0, k, = k, = 1.0. The TBG parameters
It can be seen that the number of state variables is reduced to the s@mg = 1, 2) in the controller were regulated so as to realize the suit-
number as the system input. able velocity profile according to the spatial trajectory. In the figures of
For the derived system (18), the following potential function the velocity profiles, the vertical axis is normalized by the maximum
required to design the feedback controller can be defined: valuev,ax for each trial and the horizontal axis by the specified time
t; = 2.5 [d, respectively.
(22) Since a spatio-temporal trajectory in both the straight and the
quadrant-arc trajectories can be uniquely determined by specifying

. the initial and the final positions of the nonholonomic car, such
wherek, andk,, are positive constants. From (10), the feedback cop- . . - -
troller u based on the potential functidn in (22) can be designed as uman-generating trajectory can be reproduced just by determining

“ P 9 the TBG parametersi{ and¢s) under the given two-point condition.

N T kppré To the contrary, in both the out-curved and the S-shaped trajectories,

u= —la,(t)Bfl(z') CAUR 21t (23)

2 0z —bou + I*TQQPEO'E

V= (k,wr2 + kdaz)

1
2

the curvature of a spatial trajectory depends on voluntary motion of
human subjects in maneuvering the car. Thus, various curved patters
may appear only by specifying the initial and the final positions.
To express the family of such curved trajectories in the framework of
the TBG model, a virtual via-point;, = (=5, yi, 65)" is set on the
task space as a time-varying equilibrium point of the potential field [See
Fig. 9(a) and (b)], in which the virtual via-point starts moving at the
timet? (i = «, y, #) and reaches the final point at the timeaccording
. to the TBG dynamic behavior as shown in Fig. 10. Here, parameters on
AsV is always negative except at the equilibrium point, the system gfe virtual via-point, such as; andt?, were determined by manual
the car in the actual time scale is asymptotically stable by means of theém the experimental data in this paper, although it is desirable to
designed feedback control lawv Moreover, this differential equation design such parameters according to the desired trajectory as well as
given in (24) can be readily solved as follows [9]: experimental conditions. Also, the virtual target postjrés directed
toward the specified final point, while control parameters of dynamic
behavior of the virtual via-point were set 88 = 35 = 0.75,t% =
ta = 0.35ts, t5 = 0.1ty under|t{ — t;| = (ts/2), respectively, so
whereVy = V(xo) is the initial value ofV. It can be seen that the that the double-peaked velocity profiles were produced.
potential functionV” is “synchronized” with the TBG becaudé is Similarly, a switching pattern is generated by specifying a virtual
proportional to thesth power of¢. Since¢ reaches zero af, so must targetr; = (2, y5, 63)7 on the target space as a switching point as
V' in other words, the car with two wheels is bound to reach the targgtown in Fig. 9(c), in which two primitive patterns are separately gen-
positionz, from the initial positionz, just att = ¢, with the controller erated before and after the switching time (¢;/2) and connected at
u given in (23). the pointz};. The virtual target is arranged so as to represent the final

under the assumption dktB(zx) # 0 except at the target positiar,.
With the feedback controllar, the time derivative o¥” yields

T .

s _ (9V _ e
V= <8z) B(:l:)'u_}ﬂg < 0. (24)

V =1 (25)
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trajectory with a double-peaked profile, and a quadrantal-arc
trajectory with a single-peaked profile.

* Subjects generate a switching trajectory by the combination of
primitive patterns according to the experimental circumstances.

start
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By applying the TBG-based method with a virtual via-point/target,
the spatio-temporal trajectories of the observed human primitive strate-
gies have been reproduced successfully.

Since the present paper has intended to reproduce primitive

Fig. 10. Virtual via-point used in the simulations.

trajectories in human voluntary movements in the framework of a

TBG model, a problem still remains: how to determine the suitable
condition of the former pattern as well as the initial condition of th¥irtual via-point/target in generating human-like trajectories. In future

latter pattern on the basis of the observed human movements.

research work, we plan to investigate the influences of via-points

Fig. 9(a) shows the generated trajectories with the initial co@n human trajectory generation in the given target task through
dition zo = (0.7 [m].0.4 [m], = [rad)” and the target condition experiments with subjects, and develop an algorithm to arrange an

x4 = (0.1 [m],0.4 [m], = [rad,T under(3i,32) = (0.75,0.75).
In the curved spatial trajectories® and (3), the virtual
via-point was set asek, = (0.3 [m],0.6 [m],(5/4)7 [rad)”,
(0.4 [m],0.7 [m],(5/4)x[rad)”, respectively. It can be ab-
served from Fig. 9(a) that the generated curved trajectories have a
double-peaked velocity profile sinking around= (¢;/2) that is  [1]
similar to the observed human trajectories. Also, the velocity profile
tends to be more sharply double-peaked as the curvature increases. 2
Fig. 9(b) shows the generated S-shaped trajectories and their
velocity profiles with zp = (0.6 [m],0.2 [m],x/2 [rad)7,

(0.6 [m], 0.2 [m], = [rad)” andzy = (0.2 [m], 0.6 [m], =/2 [rad)”, (3]
(0.2 [m),0.6 [m],x [rad)” under (3i,32) = (0.75, 0.75). 4]
The virtual via-point of each pattern was set as
2t = (0.2 [m],0.3 [m],=/2 [rad)T, (0.5 [m],0.6 [m], = [rad)T,

respectively. The simulated trajectories with a double-peaked velocityl5]
profile express the general characteristics of the observed S-shaped
trajectories. (6]

Finally, Fig. 9(c) shows the quadrantal trajectories with a
single-peaked profile and the switching trajectories according to
the different initial conditionse, = (0.6 [m], 0.6 [m], =/2 [rad)7,
(0.2 [m],0.6 [m],z/2 [rad)”, (0.2 [m],0.2 [m],=/2 [rad)”,
(0.6 [m],0.2 [m],x/2 [rad)” with the target conditionz; =
(0.4 [m],0.4 [m],= [rad)’. Here, in generating the switching
patterns @O and (@), the virtual target was set as); =
(0.7 [m], 0.4 [m], = [rad)”, (0.1 [m], 0.4 [m], = [rad)”, respectively,
while the TBG parameter$; were changeds, 52) = (0.75,0.5) to
(A1, 82) = (0.5,0.75) before and after the switching tinte/2. The
other trajectories® and (@) were simulated without any switching
points unden 3, 82) = (0.75,0.75). The simulated trajectories in
Fig. 9(c) are resemble the observed human trajectories in Fig. 6(c) i
both spatial and temporal characteristics.

Through a series of computer simulations, it can be concluded thai ]
the designed controller using TBG can generate human-like trajectories
with the kinematic features of human arm movements in maneuverin
a nonholonomic car by utilizing the virtual via-point/target.

(7]
(8]

(9]

i

VI. CONCLUSION [13]

The present paper has investigated the influences of nhonholonomic
constraints on human arm movements in maneuvering a nonholonomie4]
toy car from one point to another, and has tried to generate human-like
trajectories for robots on the basis of human generating trajectories a 5]
cording to circumstances. From the experimental results, the followin
distinctive characteristics in the target task have been found: [16]

» Subjects change a generating pattern depending on the initial and
final conditions of the car. [17

» Subjects generate three types of primitive strategic patterns:
a straight trajectory with a single-peaked profile, an S-shaped

optimal virtual via-point/target according to circumstances on the
basis of experimental evidences.
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