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A Fuzzy Logic for Autonomous Navigation of Marine Vehicles
Satisfying COLREG Guidelines

Sang-Min Lee, Kyung-Yub Kwon, and Joongseon Joh*

Abstract: An autonomous navigation algorithm for marine vehicles is proposed in this paper us-
ing fuzzy logic under COLREG guidelines. The VFF (Virtual Force Field) method, which is
widely used in the field of mobile robotics, is modified for application to the autonomous navi-
gation of marine vehicles. This Modified Virtual Force Field (MVFF) method can be used in ei-
ther track-keeping or collision avoidance modes. Moreover, the operator can select a track-
keeping pattern mode in the proposed algorithm. The collision avoidance algorithm has the abil-
ity to handle static and/or moving obstacles. The fuzzy expert rules are designed deliberately un-
der COLREG guidelines. An extensive simulation study is used to verify the proposed method.

Keywords: Modified virtual force field, collision avoidance, marine vehicles, fuzzy logic,

moving obstacles, COLREG.

1. INTRODUCTION

The autonomous navigation of marine vehicles is
gaining increasing attention due to the inherent diffi-
culties in their manual navigation and control. To this
end, the research reported in the literature generally
uses methods based on modern control theory [2,4,5,
11,16]. These methods, however, require precise
mathematical models of the dynamic behavior of the
given marine vehicle and its immediate environment.
Conversely, the operating environment of marine ve-
hicles is often complicated and dynamic modeling of
the vehicles themselves is surrounded in uncertainty.
Therefore, an approach using artificial intelligent and
soft computing may be a promising choice as reported
in the literature [1,3,6,8,13-15]. The approach pro-
posed herein attempts to combine the heuristic per-
spectives offered in these works with the notion of
VFF (Virtual Force Field), which has been success-
fully used in mobile robotics, especially in addressing
the problem of obstacle avoidance [7,12]. The basic
concept, as shown in Fig. 1, is that the goal attracts the
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mobile robot while the obstacle repels it, as in the case
of electric charges. This method works well for static
obstacles. Marine vehicles, however, frequently face
moving objects. Moreover, there usually exists a pre-
determined track (usually the shortest path between
neighboring points), which the marine vehicle must
follow as precisely as possible. Furthermore, COL-
REG' guidelines must be followed for secure colli-
sion avoidance. The original VFF method, however,
also fails to offer the flexibility and robustness needed
to address this concern, which is important in the
navigation of marine vehicles.

Fig. 1. The basic concept of the VFF method.

' The Rules of the Road International Regulations for Avoiding Colli-
sions at Sea:
http://www.boatsafe.com/nauticatknowhow/boating/colregs.html.
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Fig. 3. An illustration of the control command.

Consequently, we offer a modified VFF, which is
capable of operating in either ‘track-keeping’ or ‘colli-
sion avoidance’ modes. In the first mode, depicted in
Fig. 2, the objective is to bring the vehicle to the de-
sired track presuming that it is gone astray from this
track. This mode is investigated thoroughly in Sec-
tions 2 and 3. The second mode is named ‘collision
avoidance mode’. This mode can handle static and/or
moving obstacles under COLREG guidelines. Four
linguistic, i.e., fuzzy variables are used in the premise
part of each rule to address possible collision effects.
This mode is discussed in Section 4.

2. CONCEPTUAL BASIS OF THE
PROPOSED MVFF METHOD

The primary control command in marine vehicle
navigation is the heading angle, which is affected via
the rudder as shown in Fig. 3. In the figure, {XO,YO}

and {X ,Y } are the global and the body-fixed coordi-

nate systems, respectively; (x,y)is the location of the

center of gravity of the marine vehicle with respect to
the global coordinate system; «, v, and r are the
longitudinal, transverse, and angular velocities, re-
spectively; & is the rudder angle and y, is the de-

sired heading angle.
Control of marine vehicles is usually carried out via
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Fig. 4. A typical scheme to control marine vehicles.
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Fig. 5. Direct application of VFF method.
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Fig. 6. The concept of track-keeping mode of MVFF.

a combination of inner and outer loops as illustrated in
Fig. 4. The inner, course-keeping controller attempts
to follow the heading angle command while the outer,
track-keeping controller determines the desired head-
ing in relation to the desired track. The approach pro-
posed here, however, is inspired by the VFF method
whose direct application is depicted in Fig. 5.

As shown in the figure, the vehicle is assumed to be
under the influence of two forces at any given point in

time: F, which acts to pull the vehicle towards the

next waypoint, and Fr, a force directed away from

the given obstacle. Evidently, a simple application of
VFF does not provide track-keeping in its true sense.
Moreover, in the case of a moving obstacle, a single

forcing function F, is insufficient to address the

situation adequately, particularly when the vehicle is
within the proximity of multiple obstacles.

The proposed algorithm modifies the VFF method
to provide true track keeping capability in conjunction
with COLREGS-based collision avoidance in the
presence of moving obstacles. Fig. 6 illustrates the
underlying framework for track keeping where in ad-

dition to F, as defined earlier, F"p

force component perpendicular to the desired track.
These forces are defined as

represents a
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Fig. 7. The concept of the proposed collision avoidance.

F,=ae (1)
and
E, = pe,, @)

where ¢, is the unit vectors directed towards the

next waypoint while ¢,

directed towards the desired track. The parameters o
and S are determined using a set of fuzzy rules, and
the vector addition of F, and F“p defines the re-

is orthogonal to €, and is

quired command for heading angle.

A properly designed set of fuzzy rules for & and S
provides a standard return mode for the marine vehi-
cle to reach the desired track from its initial, deviated
location. If the vehicle is too far from the desired track,
« is very small and S is very large. On the other hand,
if it is in very close proximity to the desired track, o is
very large and £ is very small. A more detailed discus-
sion of e and fis given in Section 3.

Flexibility in choosing the return mode is intro-
duced in terms of the concept of mode number. (3)
explains this concept where

Wy = angle(SF, +(Max - S)F,), 3)

with  § as the mode number defined as

S [0, Max] and Max is pre-determined off-line via

simulation for the specific marine vehicle. The func-
tion, angle (-), yields the angle of the vector input with
respect to {Xp,¥)} and y, is the heading angle

command for the vehicle to maintain the desired track.
If S approaches Max, greater emphasis is placed on
approaching the next waypoint. If S approaches zero,
greater emphasis is placed on quick return to the de-
sired track. COLREGS-based collision avoidance in
the proposed algorithm is quite different from that of
the original VFF method. Fig. 7 illustrates the basic
concept of the proposed collision avoidance idea.

In particular, F

. in the original VFF lies on the ex-

Desired Track|
Selection of | Track- Course S R X
Track- Keeping % Keeping [ 9,| Ship L o $h1p'
Keeping Controller Controller Model ynamics
Mode
.

Fig. 8. Block diagram for the proposed algorithm.

tended line between the marine vehicle and the obsta-

cle as shown in Fig. 5. The direction of F,,, which

plays a similar role in MVFF as Fr does in VFF, is

not, however, directly related to the obstacle and is
determined using a set of fuzzy rules. These fuzzy
rules have four linguistic variables in their premise
part and are designed to cope with different cases of
possible collision. This is investigated further in Sec-
tion 4. In brief, however, the heading angle for colli-
sion avoidance mode is given by

Weq = angle(F,), 4)

where ., isthe heading angle to avoid collision.

Now, the combination of (3) and (4) yields the
heading angle commands for the marine vehicle as
follows:

Vi =V *Vea- (5)

(5) provides the basis for the proposed unified frame-
work for autonomous navigation of marine vehicles.
Fig. 8 shows the overall block diagram for the pro-
posed algorithm where a simple PID control scheme is
used for the ‘course-keeping controller’ with a sam-
pling time much faster (say, 10 times) than the outer
loop ‘track-keeping/collision avoidance’ controller.

3. DETERMINATION OF Y

In general, navigating a ship requires understanding
the setting in which the ship operates in. In particular,
the waters around the ship may be classified as either
“danger region” or “safe region” depending on
whether the vehicle is close to the border of the territo-
rial waters of another country. Moreover, the patterns
of autonomous navigation in these two regions must
be different. The ship must return to the desired track
as soon as possible if it is operating in the danger re-
gion as shown in Fig. 9. However, in the safe region,
the given vehicle may return to the desired track in
various ways as implied in (1) through (3). In particu-
lar, the values of « and f determine the representative
behavior of a ship in the “danger” and “safe” regions.
The choice of the return pattern in the safe region is
implemented by selecting S .

In more specific terms, quick escape motion in the
danger region is implemented by assigning =0 and
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Fig. 9. Danger region and safe region.
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Fig. 10. Escape motion in the danger region.

B =1 as illustrated in Fig. 10. In the so called safe re-
gion, a and £ are, however, are determined via fuzzy
rules:

Ry:1F d is Near THEN ¢ is B and 3 is S,
Ry:IF d is Middle THEN o is M and g is M, (6)
R;:1F d is Far THEN « is S and 3 is B,

where the linguistic variable d denotes the shortest
distance of the given marine vehicle from the pre-
determined desired path and has {Near, Middle, Far}
its term set as shown in Fig. 11. The term set for & and
Bis {S(mall), M(edium), B(ig)} and the corresponding
membership functions are represented in Fig. 12.

Note that if « is much greater than £ then the ma-
rine vehicle will head to the next waypoint as shown
in Fig. 6. On the other hand, if £ is much greater than

Near Middle Far

0 H

Fig. 11. Term set for the linguistic variable d.

Degree of Membership Function
o
[z

0 0‘2 0.4 0.6 08 1
Fig. 12. Term set for a and g.

« then the marine vehicle will move towards the de-
sired path as soon as possible. Therefore, (6) indicates
that the emphasis in the motion of the marine vehicle
is to return to the pre-determined desired path when
the marine vehicle has moved too far from the given
path. Alternatively, the next way-point receives more
emphasis when the marine vehicle is near the pre-
determined desired path. Fuzzy logic provides a good
blending between these two extreme cases.

4. DETERMINATION OF y_,

Basically, the VFF method yields good collision
avoidance performance, particularly for static obsta-
cles. However, collision situations for marine vehicles
are generally complex as noted in COLREG guide-
lines. For instance, Rule 8 in COLREG guidelines
requires strict safety precautions in view of both the
direction of motion of the vehicles involved as well as
their relative speed. While it is generally difficult to
translate these guidelines into a computationally trac-
table strategy, this section is meant to illustrate the fact
that the proposed approach addresses the key aspects
of these guidelines. In particular, Fig. 13 shows the
space surrounding a marine vehicle.

Representative locations of possible static or mov-
ing obstacles are marked as circled numbers. The front
half of the space to which the marine vehicle advances
is divided more precisely than the rear half space since
the majority of collisions occur in this space. The ob-
stacles can be static or dynamic. The direction of the
moving obstacles can be towards or away from the
marine vehicle. The original VFF is not sufficiently
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Fig. 14. Meaning of #and ¢.

flexible to handle these complicated situations. The
proposed MVFF method introduces the concept of the
vector of collision avoidance , illustrated in Fig. 7.
This vector is determined via fuzzy rules having four
linguistic variables in their premise part. Equation (7)

represents the (™ generic fuzzy rule yielding
angle(ﬁm):

IF dohs iS (L Vdobs )i and Vral iS (LVVI‘eI )l'

and 0 is (LVO), and ¢ is (LVy),

(7
THEN angle is (LVangle(F)), ,

where LV* is a linguistic value of the linguistic vari-
able *; d_, is the distance between the ship and the
obstacle; v, is the absolute value of the relative

velocity between the ship and the obstacle; & is the
location of the obstacle with respect to the ship; and ¢
is the moving direction of the obstacle measured with

Degree of Membership Function

0 02 04 06 08 1

Fig. 15. Term set for d,;, (nm).

Degree of Membership Function

0 OIQ 0-4 0.6 0.8 1
Fig. 16. Term set for v, (nm/min).

moving direction of the obstacle measured with re-
spect to the local coordinate system attached to the
ship. COLREG guidelines are implemented in equa-
tion (7) as follows,

1. Positive value for LVangle* in the equation (7)
guarantees a right turn when collision avoidance oc-
curs;

2. Passing direction is fixed to the right turn in this
paper for simplicity of the algorithm even though
COLREGS allows right and left turns; and,

3. Collision avoidance rules are not applied when
passing action by the other vehicles is detected in or-
der to follow the COLREGS guidelines.

Fig. 14 illustrates the meaning of 8 and ¢. The

term sets F,, of the four linguistic variables are illus-
trated in Figs. 15 ~ 18. Fig. 15 represents the term set
for the linguistic variable d,, . It consists of {Near,
Far}. Fig. 16 represents the term set for the linguistic
variable v, . It consists of {S(mall), M(edium),
B(ig)}. Fig. 17 represents the term set for the linguis-
tic variable 6. It consists of {LB, LS, LF, F, RF, RS,
RB}. L and R denote ‘Left’ and ‘Right’. B, S, and F
signify ‘Back’, ‘Side’, and ‘Front’, respectively. Fig.
18 represents the term set for the linguistic variable ¢.
It consists of {LB, LS, F, RS, RB}.

The resulting combinations of linguistic variables



176 International Journal of Control, Automation, and Systems Vol. 2, No. 2, June 2004

LB LS LF FRF RS RY

= o o
™ o © —

Degree of Membership Function

o
[

-150 100 -50 0 50 100 150

Fig. 17. Term set for &(degree).

LB LS F RS RB |

o < o
4> (= 0 —

Degree of Membership Function

<
]

<150 -100  -50 0 50 100 150
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and their associated term sets result in 210 fuzzy rules
as listed in Table 1. As an example, the rule

IF d,ps is Near and v, ; is S
and @ is LF is LS

THEN angle(ﬁm ) is 22.5.

and ¢

This means that if the distance to the obstacle is
‘Near’, the relative velocity between the ship and ob
The proposed algorithm in this paper is able to set the
collision avoiding distance r. (Refer to Fig. 22.) The
position of the marine vehicle is the center of the cir-
cle of radius r and the circle plays the role of the onset
of the collision avoiding action. This means that the
algorithm ignores obstacles outside the circle but it
activates its collision avoiding action whenever the
stacle is ‘Small’, the obstacle is located at ‘Left Front®,
and the moving object is approaching from ‘Left Side’,
then the vector for collision avoidance is directing
22.5 degree.

The proposed algorithm in this paper is able to set
the collision avoiding distance r. (Refer to Fig. 22.)
The position of the marine vehicle is the center of the
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-2 / | 10nm Safe regic
£\ /
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5/ N
" - & ‘\\ i
waypoint | waypoint 2

Fig. 19. Danger and safe regions.

circle of radius r and the circle plays the role of the
onset of the collision avoiding action. This means that
the algorithm ignores obstacles outside the circle but it
activates its collision avoiding action whenever the
obstacles are inside the circle. The radius r can be set
by the operator appropriately. Therefore, with the as-
sumption of no existence of obstacles within the circle
at the onset of the collision avoiding algorithm, the
collision can always be avoided.

5. SIMULATIONS

A marine vehicle used for verification of the pro-
posed algorithm is modeled as follows,

X=ucosy —vsiny,
y=usiny +vcosy,

y=r,

F=—ar —br +cd,

L't=—fu—Wr2+S,

®)

3
V=—g1U-g2V,

where a,b,c,f,W,S,g ., andg, are the ship

model parameters and given as a = 1.084/min, b =
0.62min, ¢ = 3.553/min, /= 0.86/min, W = 0.067nm/
rad’, S = 0.215nm/min’, g1 =-0.0375nm/min, and g; =
0 and where nm is the unit of nautical mile and 1 nm
is equal to 1,852 meters.

This model is cited from [11]. The angle and rate of
the rudder is limited as —35 ~ +35 degree and —120 ~
+120 degree/min for simulation. The radius of the col-
lision avoiding circle is set to 4 nm. It is assumed that
there exist only surge, sway, and yaw motions.

5.1. Simulations for track-keeping mode

Track-keeping ability of the proposed algorithm is
investigated in this subsection. Way points used are as
follows,
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Table 1. Consequent parts of the 210 fuzzy rules.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 |00 |00 [225] 00|00 [675]00] 00 |450|675] 00 | 00 |225]| 00 |00 ] 0022500 | 00 [675] 00
2 | 00 | 225|450 | 225 | 225|675 | 450 | 00 | 675 | 90.0 | 67.5 | 00 | 225 | 00 | 00 | 225|450 | 225 | 0.0 | 675 | 450
3 1225 00 | 00 |225] 00 {225 00 |675] 00 | 00 [67.5] 00 |225] 00 | 225 00 | 00 | 225 | 0.0 | 225 | 0.0
4 | 225450 |225] 00 | 450|675 | 00 | 675 ] 900675 | 00 | 00 |225] 00 | 225|450 |225]| 00 | 450|675 00
5 0.0 22.5 0.0 0.0 0.0 67.5 0.0 0.0 67.5 | 455 0.0 0.0 225 0.0 0.0 | 225 0.0 0.0 0.0 67.5 0.0
6 | 00 [450] 00 | 00 | 225455 | 00 | 00 {900 | 00 | 00| 00 | 00 | 0.0 [ 00 |450] 00 | 00 | 225|450 00
7 | 00 | 450 | 225| 00 | 450675 | 450 | 225|900 | 675 | 00 | 0.0 |225| 00 | 00 | 450|225 | 00 | 450 | 675 | 450
8 | 00 |225]| 00 |450] 00 | 00 |450 | 225|225 00 | 00 | 0.0 [ 0.0 [ 00 | 00 |225]| 0.0 | 450 0.0 | 00 | 450
9 | 225|450 | 00 | 450 | 675 | 450 | 00 | 675|900 | 00 [ 0.0 |225] 00 | 0.0 | 225|450 | 00 [ 450 | 675450 | 00
10 | 00 |450( 00 | 00 |4501225] 00 | 00 {900| 00 | 0o |00 00| 00| 00450 00| 00 |450]225]) 00
N pected.
s 5.2. Collision avoidance
This subsection investigates the collision avoidance
“r performance of the proposed algorithm. Possibility of
T escaping from the danger region and the selection of a
> return mode are still maintained. In other words, the
wof collision avoidance mode is augmented to the algo-
rithm in subsection 5-1 to enhance the autonomous
10F . . oye
navigation capability of the system. Note that obsta-
0 . , . . . . , cles are classified as ‘static’ and ‘moving’. For the
a 10 20 30 40 a0 60 70 . . . . .
X () moving obstacles, 8 different situations are examined.

Fig. 20. Escaping from danger region with various re-
turn modes.

Way Point 1: x=10nm, y=10nm,
Way Point 2: x=60nm, y=10nm,
Way Point 3: x=50nm, y=>50nm,

and they are marked as small circles in the figures dis-
cussed below.

Simple P-controller with gain K, = 0.08 is used as a
course-keeping controller for all of the simulations.
Fig. 19 shows the danger and safe regions. Widths of
these regions are set to 5 nm and 10 nm, respectively.

Simulation A. Escaping from the danger region un-
der various return modes

The purpose of this simulation is to investigate the
performance of the proposed approach in escaping
from the danger region with various returning modes.

The location of the marine vehicle is set to
x=15nm, y=25nm. S is selected in the interval |0,

10] to show the gradual transition of the return mode
from A to C. Max is set to 10. Fig. 20 represents the
simulation results. It can be seen that the marine vehi-
cle escapes from the danger region very quickly and
various return modes, S, are performed well as ex-

The fuzzy collision avoiding rules for static and/or
moving obstacles are designed to follow COLREG
guidelines.

Simulation B. Static Obstacles

The locations of the ship for Fig. 21 are set
to( x=15nm , y=25nm ), (x=20nm, y=1Ilnm ),
and ( x =35nm , y =10nm ) for the simulations (a), (b),

(c), and (d), respectively. As stated before, this loca-
tion is within the danger region. Mode parameters S
and Max are set to 1 and 10, respectively. Fig. 21
shows that the proposed algorithm works very well in
the presence of static obstacles, which are placed at
arbitrary locations as shown in Fig. 21(a)~(d). In each
case, the algorithm functions as intended in terms of
leading the ship towards its desired path/waypoint
while avoiding collision with the obstacle even if the
obstacle appears immediately after the ship has appar-
ently reached its desired path as in Fig. 21(d).

Simulation C. Moving Obstacles

The proposed collision avoidance algorithm is de-
signed to handle various situations of moving obsta-
cles under COLREGS guidelines. Fig. 22 illustrates 8
different cases of a moving obstacle. The circled num-
bers represent moving obstacles and the arrows indi-
cate their moving directions. Simulations are per-
formed for each obstacle.



178 International Journal of Control, Automation, and Systems Vol. 2, No. 2, June 2004

26+

24

g

22 x\;%}
20 o
£ 8
=
= 18
14 -
12:
10-
8 S —d 1 S T L
5 10 15 20 25 30 35 40 45
X{nm})
(a) At (20, 22) nm.

Y(nm)

0 12 14 16 18 20 22 24 26 28 30
X{nm)

(c) At (20, 11) nm.

E 18 'ty
£ ,
> 18 @ @
-
14
14
|
10! + -
T 10 15 20 25 30 35
X(nm)
(b) At (22, 16) nm.
zoL
\
l
18 \
16}
€ 14-
£
>
12
1o - o
8
15 20 2 30 35 40
X {nm)

(d) At (35, 10) nm.

Fig. 21. Collision avoidance in the presence of a static obstacle.

Obstacle

Fig. 22. An illustration of moving obstacles.

In Fig. 23, the locations of the ship and the obstacle
are (X, V)smp= (37,10)nm and (x, y)ops = (40,10)nm,
respectively. The corresponding velocities are v, =

(0.275,0)nm/min and V= (-0.13, O)nm/min. As the

figure depicts, the proposed algorithm avoids the mov-
ing obstacle approaching from the front quite well. In
particular, the ship moves to the right and distances
itself sufficiently well in advance of the moving obsta-
cle to avoid a catastrophic collision.

In Fig. 24, the locations of the ship and the obstacle
are (X, ¥)swip = (37,10)nm and (x, y)ops = (42,9)nm, re-
spectively. The corresponding velocities are v, =

(0.275,0)nm/min and v, = (-0.04, 0.08)nm/min. As

the figures shows, while considering the approach ve-
locity of the obstacle, the ship moves away and in
front of the obstacle to avoid collision. It is important
to note that this maneuver strictly follows COLREG
regulations in terms of avoiding crossing the path of a
moving object.

In Fig. 25, the locations of the ship and the obstacle
are (x, V)= (37,10)nm and (x, y)ors = (42,9)nm, re-

spectively. The corresponding velocities are v, =

(0.275,0nm/min and v, = (0, 0.08)nm/min. The

figure shows that the proposed algorithm avoids the
moving obstacle approaching from the right side ef-
fectively although once again the ship does cross the
path of the moving obstacle. (The same comments
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Fig. 23. Avoiding an obstacle approaching from the
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Fig. 24. Avoiding an obstacle approaching from the
right front.

given above apply.)

In Fig. 26, the locations of the ship and the obstacle
are (x, V)= (37,10)nm and (x, y)os = (42,9)nm, re-
spectively. The corresponding velocities are v, =

(0.275,0)nm/min and v, = (0.12, 0.06)nm/min. Fig.

26 shows that the proposed algorithm effectively
avoids the moving obstacle approaching from the back
right. Once again, the comments stated in relation to
Fig. 24 are applicable in this case.

In Fig. 27, the locations of the ship and the obstacle
are (x, V)swip= (37,10)nm and (x, ¥)oes = (40,12)nm,
respectively. The corresponding velocities are V., =

(0.275,0)nm/min and v, = (0.05, -0.075)nm/min.
The figure shows that the proposed algorithm avoids
the moving obstacle approaching from the back left.

In Fig. 28, the locations of the ship and the obstacle
are (x, V)= (37,10)nm and (x, y)ors = (40,12)nm,
respectively. The corresponding velocities are v, =

15

Y{(nm)

Ship

Obstacle
85

36 38 40 42 44 46 48 50
X {nm)

Fig. 25. Avoiding an obstacle approaching from the
right.
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s S \/
9 .
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Y(nm)

85

38 40 42 44 46 48 50 52
X{(nm)

Fig. 26. Avoiding an obstacle approaching from the
back right.

(0.275,0)nm/min and v,,.= (0, -0.08)nm/min. Once

again, as the figure depicts, the proposed algorithm
avoids the moving obstacle approaching from the left
side although as noted previously the ship does cross
the intended path of the moving obstacle.

In Fig. 29, the locations of the ship and the obstacle
are (x, V)smp= (37,10)nm and (x, ¥)ors = (44,12)nm,
respectively. The corresponding velocities are V,;, =

(0.275,0)nm/min and v, = (-0.05, -0.07)nm/min.

The figure shows that the proposed algorithm avoids
the moving obstacle approaching from the front left.
In Fig. 30, the locations of the ship and the obstacle
are (x, Ysmp= (37,10)nm and (x, V)ops = (44,10)nm,
respectively. The corresponding velocities are Vg, =

(0.275,0)nm/min and V.= (0.1, 0.0)nm/min. The
proposed algorithm provides good passing ability and
it always passes to the right direction. This is done on
purpose in order to follow the COLREGS guidelines
as simply as possible.



180 International Journal of Control, Automation, and Systems Vol. 2, No. 2, June 2004

Obstacle

b
&

8o . b1

38 40 42 44 46 48 50 52
X (nm)

Fig. 27. Avoiding an obstacle approaching from the

back left.
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Fig. 28. Avoiding an obstacle approaching from the
left.

6. CONCLUDING REMARKS

In this paper, an algorithm for collision avoiding
autonomous navigation of marine vehicles is proposed
under the COLREGS guidelines. In particular, in view
of the advantages and limitations of the so called po-
tential field approach, a modified algorithm, i.e. the
MVFF (Modified Virtual Force Field) method is
newly devised. The algorithm incorporates two behav-
ior parameters, namely o and f, as well as a mode
number S, thus providing a certain level of flexibility
in the selection of track-keeping mode. « reflects the
desire to approach the next waypoint while f reflects
the need to maintain a certain predetermined path.
Typical behavior of the ship in the “danger” and
“safe” regions is implemented by designing fuzzy
logic rules yielding « and . Furthermore, the concept
of mode number S, reflects the operator’s selection of
return mode, i.e. the degree to which the operator re-
quires the ship to return quickly to its predetermined
path. This is critical in situations where the ship may
be close to the borders of a neighboring territory, i.e.
the so called “danger” region.
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Fig. 29. Avoiding an obstacle approaching from the
front left.
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Fig. 30. Passing a moving vehicle.

It is further demonstrated that either static or mov-
ing obstacles can be avoided with the proposed algo-
rithm. In particular, obstacles in stationery state or
moving in various directions relative to the given ve-
hicle are simulated in this study. It is detailed that the
proposed approach offers a viable means of avoiding
catastrophic collisions in these cases by strictly fol-
lowing the COLREGS guidelines.

The complete system involves some two hundred
fuzzy rules with four linguistic variables in the prem-
ise part, which presents a certain challenge from a
computational standpoint. It is conceivable, however,
that the rule set can be streamlined and hence reduced
in complexity.
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