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Obstacle Avoidance with Translational and Efficient Rotational Motion

Control Considering Movable Gaps and Footprint for Autonomous Mo-
bile Robot

Ayanori Yorozu* and Masaki Takahashi

Abstract: This paper presents a sensor-based real-time obstacle avoidance method for an autonomous omnidi-
rectional mobile robot based on simultaneous control of translational and efficient rotational motion considering
movable gaps and the footprint. Autonomous mobile service robots that have been developed in recent years have
arms that work and execute tasks. Depending on the task using moving parts, the shape of the robot (i.e., the foot-
print) changes. In this study, to improve the safety and possibility of reaching a goal even through a narrow gap with
unknown obstacles, a sensor-based real-time obstacle avoidance method with simultaneous control of translational
and efficient rotational motion (without unnecessary rotational motion) based on the evaluation of movable gaps
and the footprint is proposed. To take account of the anisotropy footprint of the robot, multiple-circle robot model
is proposed. In this paper, a novel control method based on fuzzy set theory is presented. To verify the effectiveness
of the proposed method, several simulations and experiments are carried out.

Keywords: Autonomous mobile robot, fuzzy set theory, omnidirectional drive system, sensor-based real-time ob-

stacle avoidance.

1. INTRODUCTION

Recently, autonomous mobile service robots that work
in human living spaces have been studied and developed.
It has been reported that several robots work in public fa-
cilities [1-3]. As shown in Fig. 1, these robots carry out
tasks such as the transport of baggage or human assis-
tance with moving parts such as arms [4—10]. Depend-
ing on the task using moving parts, the shape of the robot
(i.e., the footprint) changes. To realize safe movement for
unknown obstacles and humans, a sensor-based real-time
obstacle avoidance method that considers the footprint is
required.

Additionally, to realize smooth movement, the robots
shown in Figs. 1(a) to (c) have an omnidirectional drive
system that can control translational and rotational mo-
tion simultaneously. As shown in Fig. 2(a), if the robot
is regarded as a circle in accordance with the conventional
method [11-15], the robot cannot realize smooth move-
ment to take advantage of the characteristics of the om-
nidirectional drive system because there is no change in
the relation between the robot and surrounding environ-

ment with rotational motion. In an effort to solve this
problem, the simultaneous control of translational and ro-
tational motion considering the anisotropy footprint has
been proposed and it has been reported that it is possible
to improve the safety and possibility of reaching a goal
[16-21]. A yaw angle of the robot is basically determined
so as to enlarge the minimum distance between the robot
model and obstacle [16—18]. In these methods, the robot is
likely to rotate for obstacles even if the robot can move to-
ward a goal while keeping a safe distance from obstacles.
Most autonomous mobile robots move toward a goal with
self-localization. However, it is well known that a move-
ment with rotational motion has lower accuracy of self-
localization than the movement without rotational motion.
Thus, it is desirable for robots to head toward a goal with-
out unnecessary rotational motion. Therefore, it is neces-
sary to determine the suitable yaw angle in real time from
the evaluation of the relation between movable gaps and
the footprint.

In this study, to improve safety and the possibility of
reaching a goal even through a narrow gap with unknown
obstacles, we propose a sensor-based real-time obstacle
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(a) MKR-003 for hospital use

(b) TWENDY-ONE [7]

(c) Rollin Justin [9]

(d) Navy [10]

Fig. 1. Examples of autonomous mobile robots with arms that work in human living spaces.

(a) One-circle model with
translational motion

(b) Three-dimensional image of
a situation where a robot hold a tray

B Without rotational
motion for obstacle

With rotational
motion for obstacle

translational and rotational
motion based on the evaluation
of the movable gaps and footprint

Fig. 2. Example of a situation that a robot needs to evaluate movable gaps and footprint.

avoidance method with simultaneous control of transla-
tional and efficient rotational motion based on the evalua-
tion of movable gaps and the footprint. To take account of
the anisotropy footprint of the robot that has moving parts,
multiple-circle robot model is proposed. The main contri-
bution of the proposed method is that the robot can keep
a safe distance from obstacles even through a narrow gap
and is able to reach a goal with efficient rotational motion
(without unnecessary rotational motion) by determining
a suitable yaw angle based on the evaluation of movable
gaps and the proposed robot model. For example, with the
proposed methods as shown in the avoidance for the first
obstacle in Fig. 2(c), it is expected that the robot can keep
a safe distance from obstacles and has the possibility of
reaching the goal even through a narrow gap by changing
the relation between the robot and the environment. Espe-
cially, as shown in the avoidance for the second obstacle in
Fig. 2(c), determining the yaw angle from the evaluation
of movable gaps and the footprint, it is also expected that
the robot can head toward to the goal without unneces-

sary rotational motion if the robot can keep a safe distance
from obstacles.

In this paper, we present an example of an obstacle
avoidance method considering movable gaps and the foot-
print based on the sensor-based real-time simultaneous
control of translational and efficient rotational motion us-
ing fuzzy set theory in reference [16]. To verify the ef-
fectiveness of the proposed robot model and simultaneous
control of translational and rotational motion considering
movable gaps and the robot model, several simulations
and experiments are carried out.

2. ROBOT MODEL CONSIDERING MOVING
PARTS

In this study, we propose a novel robot model with mul-
tiple circles for considering rotational motion with the om-
nidirectional drive system and the footprint of the robot
depending on moving parts. In this study, we assumed
that the robot does not hold the large baggage which sig-
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(a) Robot holds two trays

(b) Parameters for motion control

Fig. 3. Example of the proposed robot model.
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Movable gaps Fuzzy y
operation [N.i
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operation
e p— . MF for obstacles
P Robot posture  [§! - - ~
moving parts ' Rotational motion )

Fig. 4. Concept of simultaneous control of translational and rotational motion considering the evaluation of movable gaps

and the robot model.

nificantly protrudes from the footprint of the moving parts
considering the safety of transportation. Therefore, we
introduce the modeling method which involves enclosing
the robot body in a circle and enclosing moving parts in
separate circles. Fig. 3 shows an example of the robot
model with separate circles for each arm. Pg, is the rel-
ative position from the center of the robot and r¢, is the
radius of the circle C;. Py, is the relative position of the
axis and O, is an angle of the moving part. i = B, L, R in-
dicates the body, left arm, and right arm respectively. The
modeling method in a situation where the robot holds the
large baggage is future work.

In addition, as shown in Fig. 3(b), to evaluate mov-
able gaps and the robot model shown in Section 3, con-
tour Ig(¢p) and width wg(¢@) of the robot are defined as
functions of ¢, which is measured counterclockwise from
the front of the robot and are calculated as

1e(p) = max ()2~ [P s (g 0)

+ HPC;'”COS((PQ_(p))? (D
wr (@) = max (V[|Pc || cos (¢, — 9) +r¢;)
7min(v||PCiHCOS((PC[_(p)frCi)a 2)

where @, is the relative direction of position P¢, from the
front of the robot.

3. SIMULTANEOUS CONTROL OF
TRANSLATIONAL AND ROTATIONAL
MOTION CONSIDERING MOVABLE GAPS
AND THE ROBOT MODEL

With the proposed anisotropic robot model, it is possi-
ble to design a simultaneous control of translational and
rotational motion with the omnidirectional drive system
that can realize smooth movement while maintaining a
safe distance from obstacles and allowing a goal to be
reached even through narrow gaps. Additionally, because
rotational motion is likely to decrease the accuracy of self-
localization, it is desirable for the robot to head toward the
goal without unnecessary rotational motion if the robot
can keep a safe distance from obstacles. Therefore, it is
necessary to determine the suitable yaw angle from the
evaluation of movable gaps and the footprint. Since the
robot can move the direction except the robot front, this
study assumes that the robot is constantly scanning the
whole environment to detect unknown obstacles and mea-
sure gaps.

In this study, we present an example of an obstacle
avoidance method considering the movable gaps and the
footprint based on the sensor-based real-time simultane-
ous control of translational and efficient rotational motion
using fuzzy set theory in reference [16]. Fuzzy set theory
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Fig. 5. Example of determination of translational motion.

(e) MF ', for translational motion

has a characteristic that it is possible to take into account
multiple-element action such as movement toward a goal
and collision avoidance simultaneously using membership
functions (MFs). Fig. 4 shows a concept of the simultane-
ous control of translational and rotational motion consid-
ering movable gaps and the proposed robot model.

The robot first obtains the posture of the robot and the
environment data from the sensors. Membership func-
tions for translational and rotational motion are then gen-
erated. The horizontal axis of an MF is the direction ¢
ranging from -180 to 180 degrees measured counterclock-
wise from the front of the robot. The vertical axis of an
MF is the grade for the direction. The grade, direction,
and configured maximum and minimum speeds are used
to calculate the command velocity vector. Finally, transla-
tional and rotational velocity commands, which are calcu-
lated by defuzzification of mixed MFs, are realized by the
omnidirectional drive system.

3.1. Translational motion considering the robot model

and environment

For the robot model shown in Fig. 5 (a), translational MF
is generated to move toward a goal while keeping a safe
distance d, from obstacles detected with sensors such as a
laser range sensor (LRS).

3.1.1 Translational MF for obstacles

To enable a robot to avoid obstacles safely and effi-
ciently in real time, the concave MF ' Mo, (j =1, ...M)
shown in Fig. 5(b), which takes into consideration the
robot model, is generated. This MF is calculated from the
geometrical relation between the robot model and the j-th

sensor scanning point Pp, with safe distance d;:

[Po, || — e (9) —d.
f||Po, "\ @r.
t T—Tn(g)—d, " Tol<nn e
o, (@) =
! <@ <@g,
1 otherwise,

3)

where @, and @, are the relative directions of the robot
such that the robot does not collide with the scanning point
Py, considering d; as shown in Fig. 5(b). If the scanning
point Pp, is within a circle with radius '[,;, from the robot,
the MF "o, is generated. For safe avoidance, the MF ' 1o
is generated for all scanning points that the robot detects.
Then, as shown in Fig. 5(c), individual MFs are integrated
into ' o by calculating the logical product:

IILLO = r.uOI ARER /\I:UOM' (4)

3.1.2 Translational MF for a goal

To move toward a goal, a triangular MF ‘g is gener-
ated, as shown in Fig. 5(d). As a measure with which to
decide how close to the goal the robot should go, ‘ug,,. is
defined as the height of the triangular MF. As a measure
with which to decide how much the robot can back away
from obstacles, ‘ug,,, is defined. ‘U reaches a maximum
value ' i, at the goal direction relative to the front of the
robot ¢g:
1Pl it el <1

th
1 otherwise,

t

&)

UG, =
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Fig. 6. Example of determination of rotational motion.

t

UG =N MG, (0<'n<1), (©6)

where ||Pg|| is the absolute value of the position vector
of the goal relative to the robot. ‘1 denotes constants. If
|IPg|| is less than ‘I, ‘U, is designed to be small. The
robot can decelerate and stop stably at the goal.

3.1.3 Calculation of a translational command velocity
vector

The proposed method uses fuzzy inference to calculate the

translational command velocity vector. The MFs ’ 1y and

"Lug are integrated by fuzzy operation into a mixed MF

" Lnix as shown in Fig. 5(e). W,y is an algebraic product

of "o and ' Ug:

t,umix = t#a ‘IIJO- @)

Then, using a defuzzifier, a command velocity vector
is calculated as a traveling direction ¢,,, and an absolute
value of the reference speed v, of the robot. From the
mixed MF' ,,,ix, ®our and v, are calculated:

®
©))

Qouy = argmax (t.umix (9)),

t
Vour = Hmix ((Pout) * Viax,

where v, is the upper limit of the robot translational
speed.

3.2. Rotational motion considering movable gaps and

the robot model
To improve safety and the possibility of reaching a goal
even through a narrow gap with unknown obstacles, rota-
tional MF is generated to determine a suitable yaw angle
in real time from the evaluation of the relation between
movable gaps and the robot model.

3.2.1 Rotational MF for obstacles

If the robot is unable to move while keeping a safe dis-
tance d; from obstacles and facing the goal, the rotational
MF "uo for obstacles, which takes into consideration of
the width relation between movable gaps and the robot
model and distance relation between the surrounding en-
vironment and the robot model, is generated. As shown
in Fig. 6, "o is generated by the integration of MF "Ly,
for movable gaps and MF "ug for the surrounding envi-
ronment of the robot.

Firstly, to generate "y, the robot detects the movable
gaps from the distance data obtained with sensors such
as an LRS according to reference [15]. Edges shown as
diamonds in Fig. 6(a) are detected using the following
equation with respect to the scanning point Pp, (j =1, ...,
M) within the radius "/, from the center of the robot; Py,
is classified into several obstacles.

|Po, —Po, || > 2d,. (10)

Minimum gaps between the scanning points of the
neighboring obstacles are then defined as obstacles gaps
wo, (¢ =1, ..., Q) which are shown as dashed arrows in
Fig. 6(a). If wo, satisfies

Wo, >min(wR ((P))+2ds, (11)
then wo, is identified as a movable gap wy, (k=1, ..., K
(K < Q)) which is shown as a solid arrow in Fig. 6(a).

As shown in Fig. 6(b), triangular MFs "y, (k=1, ...,

K) for movable gaps wy, are generated considering the
robot model. The maximum value " {y, mqx considering the
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width wg (@) of the robot model is calculated as

ryl o max (W (9)) +2d; [Pl
Mimax Wi, [Pag || + ([P — Py, ||
(12)
1 /
rnuMkmaX = : rnu'Mkmwﬁ (13)

max (1, V'l o)

where Py, is the relative center position of wy, from
the center of the robot. "@umax is the relative direction
from the direction for which the width wg (@) of the robot
model is a minimum and is obtained as

" @, — argmin (wg (), (14)

-
(PMkmax —

where "¢y, is the relative direction from the front of the
robot as shown in Fig. 6(a).

Secondly, as shown in Fig. 6(c), rotational MF "ug for
the surrounding environment considering the safe distance
is generated as

ity M (@~ argmin (s (9)) + 24
RO = (o aramin (e (o)) 1

where wg (@) is the width of the environment based on the
sensor data shown as a doublet arrow in Fig. 6(a).
Finally, as shown in Fig. 6(e), for rotational motion to
keep a safe distance from obstacles, the rotational MF for
obstacles is a logical sum of "y, (k=1, ..., K) and "Ug:

"o = ("tar, V- -V MgV UE) N Wi, (16)

where "L, is a MF not to select the direction more than
90 degree for obstacles as shown in Fig. 6(d).

3.2.2 Rotational MF for a goal

To turn the front of the robot toward the goal direction
@¢ if there is no obstacle to avoid, rotational MF " for
a goal is generated as shown in Fig. 6 (f). Triangular MF
"l reaches a maximum value "L,  at the goal direction
relative to the front of the robot ¢g. "Ug,, is designed
to be greater if the robot model is able to ensure a safe
distance from obstacles and the surrounding environment.
The minimum value "Ug,,, is designed to have a constant

value ' (0 <'n < 1) such as "¢

‘min *

1 v min (wg (@))
max (wg (@) +2d; |’
(17

K6, = M'Ug,,, (0<m<1). (18)

"Ug,,, = min (1,\7, ;

‘M) max

r

3.2.3 Calculation of a rotational command velocity
vector

For rotational motion, like translational motion, the ro-

tational command velocity vector is derived. As shown

in Fig. 6 (g), the MFs "y and "l are integrated by a

fuzzy operation into a mixed MF ",,;, for rotational mo-
tion. ",y is a logical sum of "y and "Ug:

"Umix = "G V" Uo. (19)

Then, using a defuzzifier, a rotational command veloc-
ity vector is calculated as a rotational direction ¢,,; and an
absolute value of the reference rotational speed @ of the
robot. From the mixed MF" tl,,;, ¢, and @ are calculated:

Qpri = argmax ("Wix (9)), (20)
(pori

= . 21

O == Ona, (21)

where @4, is the upper limit of the robot rotational speed.

Finally, the translational and rotational velocity com-
mands are realized simultaneously by an omnidirectional
drive system [16].

4. SIMULATIONS

To verify the effectiveness of the proposed robot model
and obstacle avoidance method, several numerical sim-
ulations were carried out. In the simulation, the robot
was assumed to transport baggage with arms as shown
in Fig. 1. As shown in Fig. 7, the robot has an omni-
directional drive system and can measure omnidirectional
range up to 4.0 m every 100 ms with two LRSs (URG-
04LX, Hokuyo Automatic Co, Ltd. [22]). The parameters
dy =0.2,"1;,="l,;, =2.0,and ' = "1 = 0.2 were set.

4.1. Verification of the robot model and changing yaw
angle
This section verifies the relation between the robot and
the environment due to the moving parts and the change
in yaw angle. As shown in Fig. 8, there were two static
obstacles with radii of 0.40 m in the field and the robot
was assumed to transport a tray from an initial position
(0.0 m, 0.0 m) to a goal position (3.0 m, 0.0 m). In situa-
tions Al to A7, the robot was assumed to hold a tray with

w Laser Range

Omnidirectional /"~

drive system

Fig. 7. System of the robot.
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Table 1. Parameters of the robot model of situations A1l to B2 in simulations of Section 4.1.

Robot model ¢y [m] r¢, [m] Py, [m] g [m] Py, [m]
Conventional (One circle) 0.60 - - - -
Proposal (Multiple circle) 0.35 0.25 (0.0, 0.25) 0.25 (0.0, -0.25)

Table 2. Parameters of situations A1 to B2 in simulations of Section 4.1.
Situation Robot model Environment
Oc, [deg] Oc,, [deg] Y [deg] wg [m] wg [m]
Al - - 0.0 1.20 1.50
A2 0.0 0.0 0.0 1.00 1.50
A3 0.0 0.0 0.0 1.00 1.30
A4 0.0 0.0 90.0 0.85 1.30
A5 0.0 0.0 90.0 0.85 1.20
A6 45.0 45.0 0.0 1.35 1.20
A7 45.0 45.0 90.0 0.78 1.20
B1 90.0 0.0 90.0 0.85 1.20
B2 90.0 0.0 72.0 0.76 1.20

Fig. 8. Three-dimensional image of the field.

arms and the footprint of the robot was symmetrical as
shown in Figs. 1(b) and 1(c). In situations B1 and B2, the
robot was assumed to hold a tray with its left arm and the
footprint of the robot was asymmetrical as shown in Fig.
1(d). We verified the change in the traveling direction due
to the position of the arms and yaw angle with MF “,,,;,
for translational motion in these situations. Table 1 gives
the parameters of the robot model. The yaw angle y of
the robot, width wg of the robot with respect to the goal
direction, and gap w¢ of the two obstacles are shown in
Table 2.

In situation A1 shown in Fig. 9(a), the robot determined
the traveling direction to detour the obstacles because the
relation between the gap and the width of the robot was
wg(= 1.50)< wg 4+ 2dy(= 1.20+ 2 x 0.20 = 1.60). In ad-
dition, if the robot was regarded as one circle, the robot
could not realize smooth movement using the omnidi-
rectional drive system because there is no change in the

relation between the robot and environment with rota-
tional motion. On the other hand, in situation A2 shown
in Fig. 9(b), the robot could pass between the obsta-
cles because the relation was wg(= 1.50)> wg + 2d,(=
1.00 42 x 0.20 = 1.40). In situation A3 shown in Fig.
9(c), the robot determined the traveling direction to de-
tour the obstacles because the relation was wg(= 1.30)<
wg + 2d,(= 1.004+2 x 0.20 = 1.40). On the other hand,
in situation A4 shown in Fig. 9(d), the robot could pass
between the obstacles because the relation changed to
wg(= 1.30)> wg 4+ 2dy(= 0.85+2 x 0.20 = 1.25) with a
change in the yaw angle.

In situations A6 and A7, the robot was assumed to hold
a tray that was longer than that in situations Al to AS.
Figs. 9(f) and 9(g) confirms that the robot could change
its traveling direction by also changing the yaw angle in
situations A2 and A3. Additionally, in situation A5 shown
in Fig. 9(e), the robot determined the traveling direction
to detour the obstacles even if it changed the yaw angle
because the relation was wg(= 1.20)< wg 4+ 2d;(= 0.85 +
2x0.20 =1.25). On the other hand, in situation A7 where
the arms of the robot were different from those in situation
AS5, the robot could pass between the obstacles because the
relation was wg(= 1.20)> wg +2d,(= 0.78 42 x 0.20 =
1.18).

Moreover, in situation B1 shown in Fig. 9(h) where the
robot model was asymmetrical and y = 90.0, the robot
determined the traveling direction to detour the obstacles
because the relation was wg(= 1.20)< wg +2d,(= 0.85 +
2 x 0.20 = 1.25) as well as situation A5. On the other
hand, in situation B2 shown in Fig. 9(i), the robot could
pass between the obstacles because the relation changed to
wg(= 1.20)> wg 4+ 2d;(=0.76 4+ 2 x 0.20 = 1.16) with a
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Fig. 9. Simulation results of the translational MF and the traveling direction depending on the robot model and rotational

motion in Section 4.1.

change in the yaw angle in consideration of the minimum
width of the asymmetrical robot model.

These results confirm that the proposed multiple-circle
robot model is able to take into account the various foot-
prints of the robot depending on the task and thereby an
obstacle avoidance method considering the advantage of
the omnidirectional drive system can be designed.

4.2. Verification of rotational motion based on the

evaluation of movable gaps and the robot model
This section verifies the safety in obstacle avoidance and
the effectiveness of the rotational motion based on the
evaluation of the movable gaps and the footprint. As
shown in Fig. 10, there were three static obstacles in a
passage of 2.4 m width. The robot was assumed to trans-
port a tray from the initial position (0.0 m, 0.0 m) to the
goal position (7.0 m, 0.0 m). It was assumed that the robot

was able to realize self-localization, but had no priori in-
formation about the obstacles. Then, the maximum trans-
lational speed v,,,, was 0.5 m/s and the translational accel-
eration was 0.5 m/sZ, and the maximum rotational speed
Wnar Was 60 deg/s and the rotational acceleration was 60
deg/s®>. Other parameters are given in Table 3. Fig. 10
shows the trajectory of the robot every 2.0 s, Fig. 11 shows
the time history of the yaw angle, and Table 4 gives the

closest approach distance from the robot to the walls and
obstacles.

As shown in Fig. 10(a), the robot could pass the obsta-
cle 1 because the relation between the width of the robot
model and the gap wg, between the obstacle 1 and the left
was wg, (= 1.90)> min (wg(@)) +2d,(=1.40+2x0.20 =
1.80). However, the robot did not reach the goal because
the relation between the width of the robot model and
the gap wg, between the obstacle 2 and the right wall
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Table 3. Parameters of conventional and proposed methods in simulations of Sections 4.2 and experiments.

Rotational Robot model
motion rc, [m] re.s e Im] | B¢, Oc, [deg] | max (wg(@)) [m] | min(wg(¢)) [m]
Conventional method No 0.70 - - 1.40 1.40
Proposed method Yes 0.35 0.25 45.0 1.35 0.78

Table 4. Closest approach distance from the robot to the walls and obstacles with the proposed method in simulation of

Section 4.2.
Left wall Right wall Obstacle 1 Obstacle 2 Obstacle 3
Distance [m] 0.32 0.26 0.20 0.21 0.20
8.0 8.0
7.0 7.0 |
6.0 6.0 [
_5.0 _5.0 [ R
£ £
[ jo)
4.0 40|
= =
S S
2 3.0 O () [orer
& =
2.0 2.0 |
1.0 1.0 |
0.0 00|
1.0 f 5 5 1.0 ‘ ’ 5
2.0 1.0 00 -1.0 -20 2.0 1.0 0.0 -1.0
y-coordinate [m] y-coordinate [m]
(a) Conventional method (b) Proposed method
Fig. 10. Simulation results of the robot trajectory in Section 4.2.
160.0
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40.0
20.0
0.0
-20.0 T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0
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Fig. 11. Time history of the robot yaw angle with the proposed method in simulation of Section 4.2.
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Fig. 12. Experimental situation of the robot.

was wg, (= 1.30)< min (wg(9)) +2d,(= 1.404+2x0.20 =
1.80) with a circle model.

As shown in Fig. 10(b), the robot could pass obsta-
cle 1 without rotational motion because the gap wg, be-
tween the obstacle 1 and the left wall was wg, (= 1.90)>
min (wg(@))+2ds(=1.35+2 % 0.20 = 1.75). In addition,
the robot could pass obstacle 2 with rotational motion be-
cause the relation between the minimum width wg (@) of
the robot andwg, was wg, (= 1.30)> min (wg(@)) +2d(=
1.184-2x0.20 = 1.18). Moreover, the gap wg,¢, between
obstacles 2 and 3 and the gap wg, between the obstacle 3
and the left wall were too narrow for the robot to maintain
a safe distance without rotational motion. As shown in
Figs. 10(b) and 11 and Table 4, the robot could reach the
goal while keeping a safe distance from all obstacles and
walls by determining a suitable yaw angle according to
the evaluation of movable gaps. These results confirmed
that the robot could realize smooth movement to keep a
safe distance from obstacles and the proposed simultane-
ous control of translational and rotational motion based
on the evaluation ofmovable gaps and the proposed robot
model improved the possibility of reaching a goal. It was
also confirmed that the robot could move toward the goal
without unnecessary rotational motion if the robot could
keep a safe distance from obstacles.

5. EXPERIMENTS

To verify the effectiveness of the proposed robot model
and obstacle avoidance method in practice, experiments
using a real robot were carried out. In this study, we

[ Obstacle 2
3.80, -0.425)

x-coordinate [m]

Obstacle 1
I 1(1.50,-0.95)

0 ) g
20 10 00 -10 =20
y-coordinate [m]

(a) Robot trajectory (b) Scenes of the experiment

Fig. 13. Experimental results with the conventional
method.

used an omnidirectional mobile robot called MKR-003 as
shown in Fig. 7. The robot can measure omnidirectional
range up to 4.0 m every 0.1 s with two LRSs (URG-04LX,
Hokuyo Automatic Co, Ltd. [22]). The command veloc-
ity vector of the robot is realized by four DC motors and
omni-wheels [23].

The robot was assumed to transport a tray as shown in
Fig. 12. As shown in Fig. 13, there were two static obsta-
cles in a passage of 2.25 m width. The robot moved to the
goal position (7.0 m, 0.0 m) from the initial position (0.0
m, 0.0 m). The robot had a map of the passage and sequen-
tially processed localization and calculated the command
velocity, but had no priori information about the obstacles.
The maximum translational speed v,,,, and the maximum
rotational speed w,,,, were set to 0.5 m/s and 60 deg/s re-
spectively. Each parameter was shown in Table 3. Other
parameters d; = 0.2, 'l;, =", = 2.0, and 'n =" =0.2
were set. Figs. 13 and 14 show the trajectory and scenes
of the robot with the conventional and proposed method
respectively. Fig. 15 shows the time history of the yaw
angle with the proposed method.

As shown in Fig. 13, the robot could pass the obsta-
cle 1 because the relation between the width of the robot
model and the gap wg, between the obstacle 1 and the left
was wg, (= 1.90)> min (wg(@)) +2d,(=1.40+2x0.20 =
1.80). However, the robot did not reach the goal because
the relation between the width of the robot model and
the gap wg, between the obstacle 2 and the right wall
was wg, (= 1.30)< min (wg(9)) +2d,(=1.404+2x0.20 =
1.80) with a circle model.



1362 Ayanori Yorozu and Masaki Takahashi

8.0
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0.0 L 1@l Obstacle 1

0 i g
20 10 00 -0 -20
y-coordinate [m]

(a) Robot trajectory

(b) Scenes of the experiment

Fig. 14. Experimental results of the robot trajectory.
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Fig. 15. Time history of the robot yaw angle with the proposed method in experiment.

As shown in Figs. 14 and 15, the robot could pass ob-
stacle 1 without rotational motion because the gap wg, be-
tween the obstacle 1 and the left wall was wg, (= 1.90)>
max (wg(@)) + 2d; (= 1.75). In addition, the robot could
pass obstacle 2 with rotational motion because the relation
between the minimum width wg (@) of the robot and wg,
was wg, (= 1.30)> min (wg(@)) +2d; (= 1.18). These ex-
perimental results confirmed the effectiveness of the pro-
posed method in practice.

6. CONCLUSION

This study proposed a sensor-based real-time obsta-
cle avoidance method for an autonomous omnidirectional
mobile robot with moving parts based on simultaneous-
control of translational and efficient rotational motion con-
sidering movable gaps and the footprint. To take account
of the anisotropy footprint of the robot that has moving

parts, multiple-circle robot model was also proposed. The
main contribution of this study is that the robot can keep
a safe distance from obstacles even through a narrow gap
and reach a goal with efficient rotational motion (with-
out unnecessary rotational motion) by determining a suit-
able yaw angle based on the evaluation of movable gaps
and the proposed robot model. To verify the effective-
ness of the proposed method, several simulations and ex-
periments in environments with unknown obstacles were
carried out. From these results, it was confirmed that the
proposed method could realize smooth movement to keep
a safe distance from obstacles and could improve the pos-
sibility of reaching a goal without unnecessary rotational
motion.

Moreover, in addition to translational and rotational
motion, if the robot can change the positions of its mov-
ing parts while it is moving, it is expected that the robot
will be more flexible in various situations. Therefore, an
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obstacle avoidance method considering this point is future
work.
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