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Abstract—A navigation system of a mobile robot in an uncertain
environment is one of a popular research area. There are both
static and dynamic obstacles in an uncertain environment. If a
robot finds a static obstacle, it can select a safe path very easily.
However, a dynamic obstacle can move very randomly in the
global map. Hence, in this paper, we propose a navigation system
in an uncertain environment focusing on dynamic obstacles for a
mobile robot. The future position of a dynamic obstacle is
modeled using a fuzzy vector. The dangerous region of that
obstacle is then computed. Then the free road candidates are
computed based on those dangerous regions found. Then the best
free road is selected. Finally, the interval type-2 fuzzy logic
system is utilized to compute the velocity and angular velocity of
a mobile robot. The experiment results show that our navigation
system worked in an uncertain environment, i.e., an environment
with an obstacle with stable velocity and angular velocity, an
environment with an obstacle with random velocity, and an
environment with several obstacles with both condition.

Keywords-interval type-2 fuzzy logic; uncertain environment;
fuzzy collision region;collision prediction, obstacle avoidance

I. INTRODUCTION

One of the popular research areas in robot navigation
system is to navigate in an unknown or partially unknown
dynamic environment. There are both static and dynamic
obstacles with uncertainty in position, velocity and angular
speed in the dynamic environment. There are several cause of
uncertainty, e.g., limitation of the perception system, an
incorrect or incomplete data from sensor, and etc. Usually, the
navigation algorithm needs to have abilities to avoid collision
with obstacles, to fine free road to the goal, and self-
localization. A dynamic obstacle position prediction is needed
in obstacle avoidance algorithm. To predict future position of a
dynamic obstacle, the estimation of the position and velocity of
each object are needed.

There are several research works on modeling the motion of
the obstacles and dangerous region with uncertainty using a
probabilistic distribution [1 — 3]. Then a collision prediction
technique is added to improve local path planning algorithm.
However, in [1, 3], only linear velocity obstacles are modeled.

In [4, 5], the potential field method is used for obstacle
avoidance in robot navigation. The optimal and minimum
occupancy path is generated. In [6], the flexible vector field is
used for obstacle avoidance. The path found by [6] is shorter
than the one from [4]. However, both navigation methods
cannot find a good path if there are dynamic obstacles in the
scene. In [7], they use radial-basis-function-neural network to
predict the movement of the obstacle. However, the movement
of the obstacle has to fall into one of the patterns that the
system is trained on.

Type-1 fuzzy logic has been used in robotic navigation and
control [2, 4, 8 — 11]. Because the system is able to control
nonlinear, ill-defined problem and can make a decision under
uncertainty environment. Recently, a type-2 fuzzy logic
becomes a popular method in controlling a robot [12 — 14]
when the fuzzy membership function is hard to define.

This paper presents an autonomous robot navigation
algorithm for a mobile robot working in a dynamic
environment. In particular, the velocity, angular velocity and
position uncertainties of an obstacle are modeled using fuzzy
membership functions. Also, the dangerous region computed
from future collision region of each obstacle is modeled using a
fuzzy vector. After, all dangerous regions are found, the best
path is computed. Then the type-2 fuzzy logic system is used to
controlled velocity and angular velocity of a robot.

II.  INTERVAL TYPE-2 FUZZY LOGIC SYSTEMS

In interval type-2 fuzzy logic system [15], the crisps inputs are
mapped into type-2 fuzzy singleton shown in fig. 1. The upper

(f) and lower ( f) membership function is computed.

Suppose there are M rules and there are two inputs and one
output for each rule. Each rule is in the form of: “If x1is F1 and
x2 is F2 then y is G” where F1, F2 and G are interval type-2
fuzzy sets in linguistic terms of antecedents and consequent,
respectively. The minimum t-norm is used to combine the
upper and lower membership values of antecedents as shown
in Fig. 2 whereas the maximum t-conorm is utilized to
aggregate outputs from all rules that are fired. In order to get
crisp output, the type reduction and defuzzification is needed.
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Figure 1. Interval singleton type-2 fuzzy logic system
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Figure 2. Inputs and antecedent operator for an interval single type-2 fuzzy
logic system.
III. MODEL OF UNCERTAINTY ENVIRONMENT
A. Mobile Robot
In this paper we assume that the robot is a circle with center
in (xR VR ) when the robot axis is (Xz, Yz) and Y is the

orientation of the robot. Whereas the counter clockwise is the
positive direction and the angle range of this coordinates is [0,
180]. We assume that the robot can see within the range of vis.

Ty

Vis

> X
robot
Figure 3. The robot is a circle with centre in (xR , VR ) and (XR,YR ) is
Robot axis.

B.  Obstacle Modelling

There are both static and dynamic obstacles in an uncertain
environment. The mobile robot moves through the environment
with its perception setting. In real environment, the position of
a static obstacle does not change. We directly use information
from the perception system. Hence, the dangerous region in
this case is the position of the static obstacle. But dynamic
obstacle can change its position with a random move.
Therefore, a fuzzy membership function is used to describe the
uncertainty in position, velocity, and angular velocity of
dynamic obstacles. For simplicity, we assume that the mobile
robot can move faster than a dynamic obstacle in this
environment. We also assume that the shape of each obstacle is
circular. Fig. 4 shows a mobile robot moving in a dynamic
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environment and a dynamic obstacle i is detected by this robot.

The dangerous region is the predicted collision region in the
future.

Yo

(xoiay oi)

Y, obstacle i

> X
Figure 4. A dynamic obstacle i is detected

To predict a collision region, we need to estimate the
position of a dynamic obstacle. Suppose that the current center
of the dynamic obstacle i is (xo,(z, ), yo,(z,)). It is computed
based on the global map (Xg, Ys) at time .. The center point
can be expressed as:

x0,(t, )= xg(t.)+ RO; cos (6x(t, )+ Oro; 1.)) (1)

30;(t.)= yg(t.)+ RO; sin (6 (1, )+ Oro, 1.)) (2)
where RO; denotes the distance between the center of the
obstacle i and the robot, 8, is the relative angle of its center

and the robot and 6, (r.) denotes the orientation angle of the
robot relative to the global map at time 7,.

Yo 1&

Obstacle i at time ¢,

Obstacle i at

O,t.—1) time 7.-1
(xoi(tc)s yoi(tc)) \ 7, >XG
NS Obstacle i at
Xoilte = 1), yote = Otc=2) {ime .2
................... X,

(xoi(tc - 2)9 yoi(tc - 2))

» X;
Figure 5. The velocity of obstacle i at time #.— 1 and #.—2 and angular
velocity of obstacle i attimez. — 1

Fig. 5 shows the velocity, angular velocity and angle
relative with the global map of a dynamic obstacle i at time 7. —
1 and #. — 2. If there is an information of the position of a
dynamic obstacle at time 7. — 1 and ¢, the velocity vo[tc—lj can

be calculated. The angular velocity a)o[tc—lj can be computed

if the position of the dynamic obstacle at time 7. — 2, 7. — 1 and
t. are known.
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Figure 6. Fuzzy membership function of (a) velocity, (b) angular velocity,
(c) position in x or y axis (d) angle relative with global map and

To get the better trend of the direction and magnitude of the
velocities, the velocity Vo[’c] and angular velocity wo[tc] of

dynamic obstacle i are obtained from the calculation of three
previous times (#,—1,7.-2and 7,-3), i.e,

v, (t.)= A, (e, = 1)+ A, (1, —2)+ 4y, (1. =3)  (3)

o,(t,)= Ao, -1)+ Lo, -2)+ 4o, -3) @
A,A and A, In the

experiment, we set the parameters to 0.5, 0.3 and 0.2
respectively.

where are weight parameters.

Y G
Y G
(c) (d)
Figure 7. Fuzzy vector (%, , 7,; ) at time (a) Z+1, (b) £,+2, (c) £,+3 and(d)
t+4

Since there are uncertainty in velocity (v,) and angular
velocity (@,) of each dynamic obstacle, we model the
uncertainty with triangular fuzzy membership functions for
both velocities shown in figures 6(a) and (b). We also model
the position and the angle (6,) of each dynamic obstacle
relative with the global map with triangular fuzzy membership
functions shown in figures 6(c) and (d).

~ o~

The fuzzy sets Vv _.,@

0i ® “Zoi

denote velocity and angular
velocity fuzzy sets, whereas ()?oi Vo )denotes a position fuzzy

vector and @ denotes orientation fuzzy set of dynamic

obstacle i . We can computed the position fuzzy vector at time
' by

%)= Tl0)+ (e, cos 8,0+ @(e. ) Ar)) e+ (5)

Fol0)= 50+ 5,0 )i (6,0 )+ @, 0. ) a6
=t +At (N
To make the calculation of equations (5) and (6) simple, the

lower and upper bound of the support and the core of each
fuzzy set is used to compute the lower and upper bound of the

support and the core of foi and )N/m. in equations (5) and (6).
Fig. 7 shows the fuzzy vector (X,;, y,;) at time ¢, + 1 to #. + 4.
Then the dangerous region is computed by extending the
support of the fuzzy vector ()701. , )N/oi) at time ¢ with the radius
of obstacle i as shown in fig. 8.

G (%, (1), 701 (1))

obstacle i
robot

Xp
> XG

(xz:yr)

Figure 8. The gray area inside the solid line is the dangerous region whereas the
one inside the dashed line is computed from the support of a fuzzy vector

(%515 30i)-

IV. COLLISION PREDICTION TECHNIQUE

The collision prediction technique is used to predict the
dangerous region (a collision region for dynamic obstacles).
Since the dangerous region is a fuzzy vector, the predicted
collision time is assumed to be a triangular fuzzy set 7,,, with
parameter (7cola, Tcolb, Tcolc) as shown in fig. 9. The lower
bound of the support of 7., (Tcola) is assumed to be the first
predicted collision time, whereas the upper bound of the
support of that (Tcolc) is the last predicted collision time.

The distance between the robot and the obstacle at time 7,
is

T (7 = ~ (7 )\ = = (7
dlSROi (tcol ) = \/(xR (tcol )_xoi (tcol )) + (yR (tcul )_ym' (tcul ))
®)
For simplicity, we use the lower bound of the support
(jcoi, 20,-), the core():coi, ):/0,-) and the upper bound of the
support (Z,ijai) of fuzzy vector ()70[,)70,.) to compute the

lower bound (disRO, (7.,,)) and upper bound (disRO; (7.,,))
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of the support and the core (mi (t

col

)) of mi(;col)'
Hence, the equation (8) will be

disRO; (1, ) = \/(XR (Zeor ) = Zoi (T ))2 + (J’R (Zeot ) = Toi (eor ))2

)
— - N - NS
diSROi (tcal ) = \/(xR (tcol )_ oi (tcol )) + (yR (tcul )_ Yoi (tcul ))
(10)
THA (7 > = (7 2 > T (7 2
Mi (tcol ) = \/(xR (tcol )_xoi (tcol )) + (yR (tcol)_yoi (tcol ))
(11
Suppose that J is the shortest distance between the robot and
the obstacle. Then, to find 7,,,, we can set
disRO; (T,,)) = 8 (12)

For simplicity, to find Tcola, Tcolb and Tcolc of ¢,,,, we need

to solve equations 13, 14 and 15 respectively with the Leap-
frogging Newton’s method [16].

(xR (fcol)_zoi (fcol ))2 +(yR (fcol)_zoi (fcol))z _62 =0 (13)

col »

(5 o)~ oot )) 4 (9 ()= P () =082 =0 (19)

(xR (fcol)_)rcoi (fcol ))2 +(yR (fcol)_):}oi (l:'col))2 _62 =0 (15)

Ta ) (@ Te
1+ g i 2 - "
il & S E e
Y, gl ' X
o a0 100
(b)

Figure 9. (a) At of obstacle i (b) the predicted fuzzy vector( %, , 7, ) at
time 7, of obstacle i

Then, we can compute Az in equation (7). Since 7., is a

triangular fuzzy set, Az will be a triangular fuzzy set with
parameter (7a, Th, Tc) as shown in fig. 9(a). The fuzzy vector

()Ncoi,)N/oi) at time 7., (shown in fig. 9(b)) can be computed

from equations (5) and (6). Again, for simplicity, we use the
lower bound, the upper bound of the support and the core of the
input fuzzy sets to compute the lower bound, the upper bound

of the support and the core of X, and ), in equations (5) and

(6).

V. NAVIGATION PLANNING

When all dangerous regions are calculated by collision
prediction technique, the robot needs to find the free road that
does not intersect with any dangerous regions. In this paper,
the finding process is divided into finding the free road
candidate (@rc) according to the axis X from free sector (all
safe regions in global map) and choosing the best free road
(¢s) using a costing function.

YG Goal

A Dangerous ’
region

//¢RC1

Free

AN sector
Free N e

sector  Prc? 0
'danR

HdunL
Xr
> X,

(XzYR)

Robot

Figure 10. Finding free road candidate when there is 1 obstacle in the path

to the goal
Goal
Ye Dangerous @ Dangerous
1‘ region region
(obx;,0by)) P 1 Free
RC2[ sector (0bx,,0by,)
V\ / Dob
N
¢ \
RGN N _ - Free
Free —— $ra sector
sector (teve)
Robot

Figure 11. Finding free road candidate when robot moves through a narrow
free sector

1) Finding the free road candidate

The location of the goal is the important factor in the
finding the free road candidate. Hence, this process is as
follows

a) If the goal position (@;) according to the axis Xy is
located in the free sector (not in the dangerous region) and
there is no collision with any obstacle in between, then ¢gpc =

e

b) 1If the goal position (¢g) is not located in the free sector
or is inside the free sector and there is a collision with any
obstacle in between (shown in fig. 10), then

ds
16
ROej (16)
where ds is the shortest distance between the dangerous region

and the choosing path and RO, is the shortest distance between
the dangerous region and the center of the robot. Suppose that

—qin~!
Orc =sin (
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Oinr and 8,,; and are the angles from the axis X to the right
and left boundaries of the dangerous region, respectively.
Then we can compute free road candidate on the right (@rc1)
and the left (@rc,) free road by

Prct = Caank — Ore (17)

Pre2 = Ouant +Ore (18)

¢) If the path to the goal is in the free sector that is
narrow (shown in fig. 11), then we need to compute the
movable distance (Dob), i.e.,

Dob = \/(obx, —obx, )2 + (oby, —oby, )2 (19)

where (obx,oby;) and (obx,o0by,) are the left and right
boundaries of the left and right dangerous region, respectively.
Let the safe width (Rs) is bigger than the diameter of the robot,
and suppose that Dob > Rs, then this path is safe. Hence, we
can find ¢y according to case a or b.

2) Danger estimation

After the free road candidate @rc is computed and the robot
moves following the path ¢, we need to estimate if there is a
collision or not. Let &m 3 Yro,,, ) be the center of the nearest

near

dangerous region located in the chosen sector. We can compute
X0 3 Vro ) using equations (5) and (6). Let vz is the

velocity of the robot. Then we can compute the position of the
robot (xg, yr) at time T, (collision time) using

xR(Tnc):xR+(vR COS(9R+¢RC))ATM (20)

YR (Tnc)=yR+(vR sin (6 +¢Rc))ATnc (21

where AT, is the different time between the current and the
collision time. However, T,. is computed using the same
method as in section IV. But since we only need this
information to estimate the danger in the future of the chosen
path, we will use only the core of the nearest dangerous region.
Then we can estimate danger (Dv) of ¢gc by

1 ATnc < Tvafe
T. AT,

ignore nc

T

ignore

0 AT, >T,

nc gnore

Dv(¢RC ) = ];afe < ATnc <T

ignore

(22)

where T, is the grace period of the stopping time of the robot,
Tgnore 18 the threshold of the system.

3) Selection the best free road

The best free road must be the one with the shortest and the
safest one. Hence the cost function is

COST(¢pc) = ky - M@ge -85 )+ ko (DV(dec ) (23)

where A(¢rc, @) is the difference between ¢re and ¢, &y and
k, are the weight parameters. In the experiment, we set k; and

k, to 0.5 and 1, respectively. Then the best free road ¢rs is the
one that give the lowest COST(@rc).

VI. DESIGN OF INTERVAL TYPE-2 FUZZY LOGIC

There are several researches on utilizing interval type-2
fuzzy logic as a tool to control mobile robot including the
works done by [17 — 19]. Most of those research results show
that the intreval type-2 fuzzy logic controller provide better
results than type-1 fuzzy logic controller. Hence, in our
experiment, we choose to use the interval type-2 fuzzy logic to
control our mobile robot.

There are 3 inputs, i.e., Dyge, Dy and vg. D,yge is the
difference between ¢gs and Yx, ie., D, = A(Pys.90) as

shown in fig.12. There are 2 outputs, i.e., velocity controller
parameter (CVz) and angular velocity controller parameter
(CAp). All of the membership functions utilized in the
experiments are manually picked.

Y Goal
A° Dangerous @
region
4
// Free
sect
YR / ¢RS Sector

Free
sector

(Xr:YR) Robot

Figure 12. Example of D e

Figures 13, 14 and 15 show the interval type-2 membership
functions of D,yg., D, and vg. The interval type-2 membership
functions of (CV3) and (CAy) are shown in figures 16 and 17.
The rules used for computing CV; and CAy are shown in tables
I and 11, respectively.

D angie Difi-Angle input

W w0 Mo e w0 Degree

0 20 40 60 80

Figure 13. Dgyg. membership functions
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Danger value input

Figure 14. Dv membership functions

current speed input

Hr

Figure 15. vg membership functions

velocity output
u 'y outp:

039 DEC ¢ ACC

Figure 16. CVz membership functions

Angular output

MEDIUM

Figure 17. CAz membership functions

Let ccvy and ccay, are the defuzzified values of CVy and CAp.

The velocity and angular velocity of the time 7. + 1 is computed
by

Vet +1)=vy(t,)+cevy - 24)

>0
<0

ceag - Oppyx 2

wg(t.+1) = 25)

—ccag  Oppux Dangle

where o is the weight parameter and @y y is the maximum
angular velocity. Both vz and @y cannot exceed vgyuy and
WRMAX-

TABLE L FuzZzY RULE BASE
rule base of control velocity
Input variable Output variable
rule D, . Dv Ve cv
gle R
1 ZERO - BIG MEDIUM,HIGH FAST DEC
2 ZERO - MEDIUM HIGH MEDIUM DEC
3 MEDIUM MEDIUM MEDIUM DEC
4 BIG SMALL - HIGH MEDIUM DEC
5 BIG HIGH SLOW,FAST DEC
6 ZERO ZERO MEDIUM CON
7 ZERO MEDIUM MEDIUM CON
8 ZERO HIGH SLOW CON
9 SMALL SMALL,MEDIUM MEDIUM CON
10 SMALL MEDIUM,HIGH SLOW CON
11 SMALL,MEDIUM ZERO,SMALL FAST CON
12 MEDIUM ZERO,SMALL MEDIUM CON
13 MEDIUM SMALL - HIGH SLOW CON
14 BIG ZERO MEDIUM,FAST CON
15 BIG ZERO - MEDIUM SLOW CON
16 ZERO ZERO FAST ACC
17 ZERO ZERO,SMALL SLOW,MEDIUM ACC
18 ZERO MEDIUM SLOW ACC
19 SMALL ZERO,SMALL SLOW ACC
20 SMALL ZERO MEDIUM ACC
21 MEDIUM ZERO SLOW ACC
TABLE II. FuzzY RULE BASE
rule base of control angular velocity
Input variable Output variable
rule D,. Dv VR C4,
1 ZERO ZERO - HIGH SLOW — FAST ZERO
2 SMALL ZERO SLOW ZERO
3 SMALL ZERO - HIGH MEDIUM ,FAST SMALL
4 SMALL SMALL - HIGH SLOW SMALL
5 MEDIUM ZERO - HIGH SLOW,FAST MEDIUM
6 MEDIUM ZERO - MEDIUM MEDIUM MEDIUM
7 MEDIUM HIGH MEDIUM FAST
8 BIG ZERO - HIGH SLOW- FAST FAST

VII. SIMULATION RESULTS

In the experiment, we set vgyx to 10, akagy is set to [-1, 1],
and ccvgxo is [-5, 5]. The diameters of the robot and each
dynamic obstacle are 10, whereas vis is set to 75.

A.  Unknown dynamic obstacles with stable velocity and
angular velocity

Initial point robot obstacle

obstacle @
Goal

Goal
robot
) § '

Initial point obstacle

(@ (b) ©

Figure 18. The robot moves to the goal and obstacle moves from bottom to top
of the global map (a) both leave from initial, (b) robot decides to avoid
obstacle, and (c) robot reaches the goal.

In this scenario, we do not have any information of
obstacle. In fig. 18, we set the velocity and angular velocity of
the obstacle to 6.3 and — 0.07 radius per time step. Fig. 18(a)
shows the robot and obstacle in their starting point and their
path. Fig18(b) shows the robot making a decision to avoid the
obstacle based on the proposed method. Then the robot moves
very fast to the goal once the obstacle is out of sight of the
robot (shown in fig. 18(c)).
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Initial point obstacle
@ robot

obstacle

X Initial point robot

X
obstacle
Goal Goal

(2) (b) (©

Figure 19. The robot moves to the goal and obstacle moves from top to
bottom of the global map (a) both leave from initial, (b) robot decides to avoid
obstacle, and (c) robot reaches the goal.

Initial point obstacle 2

Initial point robot obstacle

lGoal O0S8€1€ 2 Goal
x X
@ obstacle 1 obstacle 2 &8 S0t

Initial point obstacle 1

(@ (b)

obstacle 1

obstacle 2

obstacle 2

© (d

Figure 20. The robot moves to the goal and two obstacles are in the global
map (a) robot and obstacles are in the starting point, (b) robot decides to avoid
the first obstacle, (c) robot decides to avoid the second obstacle and (d) robot
reaches the goal.

Fig. 19 shows the experiment result when the velocity and
angular velocity of the obstacle is 7 and 0. Fig. 20 shows the
experiment result when there are 2 obstacles with the same
setting as in figures 18 and 19.

B.  Unknown Dynamic obstacle with unstable velocity and
angular velocity

Initial point obstacle

x Initial Goal *
Goal obstacle EgEpoint
robot  robot

obstacle

@ (b)

obstacle
obstacle

(© (d)

Figure 21. The robot moves to the goal and obstacle moves from top to bottom
of the global map (a) robot and obstacles are in the starting point, (b) robot
decides to wait for the obstacle to move, (c) the obstacle passes the robot and
(d) the robot reaches to goal

Goal robot
« robot x
Goal Initial %
2 point obstacle
obstacle @ robot
Initial point
obstacle
(@ (b)
Goal Tobot Goal obstacle

@
X &

obstacle

© (d)

Figure 22. The robot moves to the goal and obstacle moves from bottom to top
of the global map (a) robot and obstacles are in the starting point, (b) robot
decides to move pass the obstacle, (c) the robot passes the obstacle and (d) the
robot reaches to goal

In this experiment, the obstacle moves with random
velocity and angular velocity. However, we assume that the
robot will move faster than the obstacle. In Fig. 21, the robot
decides to wait for the obstacle and then moving towards the
goal. Whereas, in Fig. 22, the robot can move pass the obstacle
without colliding with the obstacle.

VIIL

In this work, we propose a navigation system in an
uncertain environment (focusing on dynamic obstacle) for a
mobile robot. We model the dangerous region for each
obstacle by computing it future position fuzzy vector. Then the
free road candidates are computed based on those dangerous
regions. The best free road is selected based on the shortest
and the safest path. Finally the interval type-2 fuzzy logic
system is utilized to compute the velocity controller and
angular velocity controller of the mobile robot. These
parameters are utilized to compute the velocity and angular
velocity of the mobile robot. The experiment results show that
the mobile robot can find the shortest and safest path in the
global map in an uncertain environment, i.e., an environment
with an obstacle with stable velocity and angular velocity, an
environment with an obstacle with random velocity, and an
environment with several obstacles with both condition.

CONCLUSION
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