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Fuzzy Temporal Rules for Mobile Robot Guidance in
Dynamic Environments
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and S. Barro

Abstract—This paper describes a fuzzy control system for the avoidance
of moving objects by a robot. The objects move with no type of restriction,
varying their velocity and making turns. Due to the complex nature of this
movement, it is necessary to realize temporal reasoning with the aim of
estimating the trend of the moving object. A new paradigm of fuzzy tem-
poral reasoning, which we call fuzzy temporal rules (FTRs), is used for this
control task. The control system has over 117 rules, which reflects the com-
plexity of the problem to be tackled. The controller has been subjected to
an exhaustive validation process and examples are shown of the results ob-
tained.

Index Terms—Avoidance of moving obstacles, fuzzy control, fuzzy tem-
poral rules (FTRs), robot guidance.

I. INTRODUCTION

One of the principal fields of research in robotics is the development
of techniques for the guidance of autonomous robots. There are many
complex problems in this field, mainly due to the nature of the real
world (environments which are difficult to model) and the great un-
certainty in these environments: the knowledge about an environment
is often incomplete, uncertain and approximated, the information usu-
ally supplied by the robot sensors is limited and not totally reliable and
the environment in which the robot is located usually has a dynamism
which cannot be predicted. For all these reasons, fuzzy logic is a useful
tool in the field of robotics [1], as has also been demonstrated in nu-
merous studies carried out for guidance in real environments [2], [3],
obstacle avoidance [4], route planning [5], etc.

Manuscript received October 14, 1999; revised June 10, 2001. This work was
supported by the Secretaría Xeral de I+D of the Xunta de Galicia under Grant
PGIDT99PXI20603A and by the European Commission and Spanish Comisiòn
Interministerial de Ciencia y Tecnologìa (CICYT) under Grant 1FD97 0183.

M. Mucientes, R. Iglesias, A. Bugarín, P. Cariñena, and S. Barro are with
the Department of Electronics and Computer Science, University of Santiago
de Compostela, Santiago de Compostela, Spain (e-mail: manuel@dec.usc.es;
rober@dec.usc.es; alberto@dec.usc.es; puri@dec.usc.es; senen@dec.usc.es).

C. V. Regueiro is with the Department of Electronics and Systems, University
of A Coruña, A Coruña, Spain (e-mail: cvazquez@udc.es).

Publisher Item Identifier S 1094-6977(01)08914-3.

A number of approaches for tackling the problem of robot naviga-
tion in the presence of a moving obstacle have been presented. Some
studies deal with estimating the moving object’s future positions using
either an autoregressive model [6] or neural networks [7]. Reference
[8] describes a method based on attractive and repulsive forces. On the
other hand, in [9], an approach based on the concept of a collision cone
is presented. In [10], a system for the monitoring of trajectories to be
followed is described. The trajectories of the robot as well as of the
moving objects are made up of linear segments along which they move
at a constant speed. In [11] and [12], the avoidance of a moving ob-
stacle is solved in a geometrical manner. Finally, in [13] and [14] the
avoidance of moving obstacles is done using a fuzzy control system.

With respect to these solutions, a number of aspects should be
pointed out. First, the fact that in some approaches the moving objects
have restrictions in their movements. On the other hand, a robot usually
acts according to the position of the moving object in the immediate
past. In certain cases, this may lead to carrying out precipitated and
inadequate actions. For instance, given two identical situations at
present time, if one of them has been produced due to a hard brake
of the moving object and the other one due to an acceleration of this
object, they should be solved in a different way, although at present
time both situations may look exactly the same.

Our approach to the problem aims to solve this by taking into ac-
count the history of more or less recent values of determined variables,
which enable us to reflect the different scenarios through which the ob-
stacle has been passing and, thus, verify what its trend is. In this way,
one can deduce what the behavior of the robot should be, and take cor-
responding actions (modification of its speed and/or turning the robot)
in order to obtain a behavior pattern in tune with the recent situations.
This system is robust in its working, as it permits the avoidance of col-
lisions even when the moving object behaves in a totally unexpected
manner. The need to evaluate past situations and previous values of the
variables (which in many cases are fuzzy) and principally, to reason
them out, has led us to incorporate a temporal reasoning model which
we call fuzzy temporal rules (FTRs). The use of conventional fuzzy
rules would not permit the direct treatment of this knowledge, since
use of average values of variables, would not reflect sharp variations of
a variable in a cycle, or it would take a long time to detect a gentle and
constant change in a variable. Use of derivatives of variables is even
less valid, since it does not permit reasoning with values from the past.

This paper describes a knowledge-based control system for the
avoidance of a free-moving mobile object by a robot [16] in a limited
environment.1The moving objects move varying their speed or turning
with no restriction. The system operates in real time (sending the
robot three orders/s), it is robust, it enables the robot to operate with
imprecise knowledge and takes into account the physical limitations
of the environment in which the robot moves, obtaining satisfactory
responses for a large number of different situations analyzed by means
of the simulation software.

In the following section the problem is posed. In Section III the con-
trol system is described in detail, along with the presentation of the
temporal reasoning model that is used. Section IV analyzes the results
obtained for the simulations carried out and conclusions are given in
Section V.

II. POSING OF THEPROBLEM

As has already been mentioned, the movement of a robot in a dy-
namic environment is an extraordinarily complex problem. Besides
avoiding the collision with the moving object, the robot must move

1The robot used is a Nomad 200 by Nomadic Technologies [15].
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in an environment that may have fixed obstacles (walls, etc.) which are
restrictions on the movement to be carried out in order to avoid the
moving object. To this, one has to add the restrictions imposed by the
characteristics of the robot, such as the turn velocity, the linear accel-
eration, or the range of the sensors.

Let �!v robot be the velocity of the robot,�!v obstacle the velocity of
the moving object (calculated by simple kinematics based on the posi-
tional coordinates in two successive instants�i and�i +1),Rrobot the
radius of the robot, andRobstacle the radius of the moving object [it is
supposed that both the robot and the moving object are circular, which
does not lead to a loss in generality—Fig. 1(a)]. In order to be able to
determine in a simpler manner the existence or not of a collision and
where it will take place, we carry out a problem transformation [17],
which enables us to pass from solving a cinematic problem between
two nonpunctual objects to an equivalent static problem. In the equiva-
lent transformed problem [Fig. 1(b)] the velocity of the moving object
is null and its size is

R = Rrobot +Robstacle +Rsecurity (1)

and the robot is a punctual object with the velocity

�!v = �!v robot �
�!v obstacle: (2)

Rsecurity is the minimum distance to which the robot is permitted
to approach the moving object, and this is established with the aim of
maintaining a safety margin which, in any case, avoids the real colli-
sion between the object and the robot. Thus the collision test is reduced
to verifying the intersection between the straight line that is given by
the velocity of the robot relative to the moving object and the circum-
ference that represents the moving object. In the case under study, it
has been assumed that both the robot and the moving object have the
same radius (approximately 25 cm), and the diameter of the robot was
taken as the security radius, due to whichR = 4�Rrobot (R = 1 m).

Parameter noncollision index (nci) is defined in this equivalent trans-
formed problem for constantly evaluating the proximity of the current
situation with respect to the collision situation2 as

nci =

sin�
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where, as can be seen in Fig. 2,do is the distance between the robot and
the moving object anddc is the distance between the moving object and
the point with coordinates(xc; yc).

The angle� is formed by the line that joins the robot and the moving
object (straight linedo) with �!v , and increases in a clockwise manner.
Angle� is the one formed by the straight line that is tangential to the
circle with radiusR and straight linedo.

The nci takes values in[�do=R; do=R], which reduces as the robot
approaches the moving object (do decreases in this case). For values
of the nci within the interval[�1; +1] there is a collision situation. In
order to obtain these values, angle� must be less or equal to� (in ab-
solute value), which indicates that there will be an intersection between
the straight line given by the relative velocity of the robot with respect
to the moving object and the circle with radiusR. Positive values of

2It is assumed throughout all the explanations in the next sections that inci-
dence of the moving obstacle is produced from the left-hand side (LHS). This is
done for the sake of clarity and without loss of generality, since incidences from
the right-hand side (RHS) are treated by means of a simple axis transformation.

(a) (b)

Fig. 1. (a) Original problem. (b) Transformation into an equivalent one, where
the robot is a punctual object.

Fig. 2. Definition of thenoncollision index(nci).

the nci indicate that the robot is going to collide on its LHS with the
moving object (0 < nci � 1), or that it is going to pass before the
moving object (nci > 1), while negative index values reflect a colli-
sion on the RHS of the robot (�1 � nci < 0) or that the robot has let
the moving object pass by (nci < �1).

The coordinates of the collision point(xcol; ycol) are given by the
point at which the line�!v intersects with the circle that represents the
moving object (Fig. 2), wheredcol is the distance that separates the
robot from this collision point. The robot will be at this point at the end
of a certain time (collision time) if the velocities of either the robot and
the obstacle are not altered (in module and direction). In this situation
the robot will actually be at a distanceRsecurity from the moving ob-
ject.

Variations in the value of nci and its temporal evaluation are of great
interest for characterizing the dynamic behavior of the obstacle. Thus
for merely illustrative purposes, the nci value may increase, due, in
general, to the following four causes (Fig. 3).

1) An increase in the robot’s velocity.
2) A decrease in the obstacle’s velocity.
3) The robot turning to its right.
4) The obstacle turning to its right.
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(a) (b)

(c) (d)

Fig. 3. Causes for an increase in the nci value. In all of them the collision point
goes from being “x” to being situated at “y.” (a) Increase of the robot’s velocity.
(b) Decrease of the obstacle’s velocity. (c) Turn of the robot to its right. (d) Turn
of the obstacle to its right.

In the same manner, a decrease in the nci may be due to the following.

1) A decrease in the robot’s velocity.
2) An increase in the obstacle’s velocity.
3) The robot turning to its left.
4) The obstacle turning to its left.
This variable is also used as a basis for the calculation of new param-

eters related with the evolution of the moving object and/or the robot,
since any change in the behavior of either of them will be clearly re-
flected.

Having presented the problem, we now describe the intelligent con-
trol system. Here the knowledge that is necessary, based on current and
past values of the variables, is gathered in order to supply the control
orders that are needed to avoid the collision. An aspect that is partic-
ularly interesting in this point is the previously mentioned necessity
to implement temporal reasoning on the evolution of thenci. By an-
alyzing the past and present values of this variable, the current trend
of the moving object can be deduced in an intuitive manner. As an ex-
ample, if an increase in thenci had been produced, however in the last
few moments there is a decrease, it is understood that the previous trend
of the moving object to let the robot pass has changed, and has become
that of passing first. In real situations, it will be necessary to distinguish
between true changes in trend as opposed to sporadic movements of the
obstacle, a motive due to which, in order to evaluate a situation as being
changing, a certain persistence or temporal maintenance is required in
the new values of thenci. This need to bring temporal intervals into
play and to analyze their occurrence in the values of the variables does
not correspond directly with the usual structure of fuzzy control sys-
tems, with regards to both knowledge representational aspects as well
as reasoning aspects. Due to this we have used the FTR’s model [18],
which is briefly described in Section III.

III. D ESCRIPTION OF THECONTROL SYSTEM

In this section, each one of the fuzzy knowledge bases (FKBs) that
make up the system as well as the FTRs model will be analyzed. The
aim of the control system is to obtain those control variables that are
sent to the robot with each order: its angular velocity and its linear

Fig. 4. Schematic diagram of the three modules into which the knowledge base
is divided.

acceleration. In order to do this a series of steps are followed which
initially deal with estimating which maneuver the moving object is in-
tending to carry out (its trend), and going on to select the type of be-
havior that the robot will require faced with this situation, and lastly
to implement this behavior in the optimum manner (i.e., to obtain the
most adequate values for the angular velocity and the linear accelera-
tion).

The FKB has been modularized into three blocks in order to, first,
achieve greater ease in the tuning of the knowledge base, that is made
up by 117 rules. Another great advantage is that the different blocks
have a high degree of independence amongst themselves, hence modi-
fications in one block do not influence the other blocks.

In order of execution (Fig. 4), the modules making up the knowledge
base are the following.

1) Obstacle Course Evaluation Module:Its aim is to verify what
movement strategy the obstacle is following (if it allows the robot
to pass, if it wants to pass, or if it is not aware of the robot).

2) Behavior Selection Module:The aim of this block is to decide
on the optimum behavior that the robot should follow in light of
the trend of the moving object.

3) Behavior Implementation Module:This final module aims to ob-
tain the angular velocity and linear acceleration with which the
robot is going to most suitably implement the desired behavior
for the current situation.

A. Temporal Reasoning: Fuzzy Temporal Rules (FTRs) Model

In the majority of fuzzy control applications, knowledge is mod-
eled by atemporal FKBs, in which the temporal dynamics of the pro-
cesses are not taken into account, except in certain cases by means of
variables defined for the purpose (“increase in velocity,” “accumulated
error,” etc.). In many real-time applications like this one, that supposes
a strong restriction on the possibilities of reasoning on the dynamics
of the system and, in consequence, conventional fuzzy control is not a
valid approach.

Due to the structure of the knowledge that is being modeled, in this
application the model described in [18] has been used. The formulation
for the propositions is

X is A hin Q ofi T (4)

where
X linguistic variable;
A linguistic value ofX;
T temporal reference or entity;
Q fuzzy quantifier.
The temporal entitiesT may represent both instants as well as fuzzy

temporal intervals being, in both cases, membership functions defined
on a discrete set of values� = f�0; �1; . . . ; �k; . . . ; �nowg, where
each�k represents a precise instant of time,�0 represents the origin,
and�now the current time point.

Syntactic constructions “in Q of T ” may exhibit well differentiated
semantics whenT represents a fuzzy temporal interval. The calculation
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Fig. 5. Membership functions (� ) of the temporal quantifiers used.

of the degree of fulfillment (DOF) for a proposition like (4) is accom-
plished in that case by taking into account all the points belonging to
the support3 of T , in the following manner:

• Nonpersistence:“X is A in T ”

DOF=
� 2SUPP

�A(X(�k)) ^ �T (�k): (5)

• Persistence:“X is A throughoutT ”

DOF=
� 2SUPP

�A(X(�k)) _ (1� �T (�k)): (6)

• Intermediate Case:“X isA in Q of T ”

DOF= �Q
� 2SUPP

�A(X(�k)) ^ �T (�k)

� 2SUPP

�T (�k)
(7)

where
�A membership function associated to the valueA of the propo-

sition;
X(�k) value observed for the variableX in the instant�k;
�T membership function of the temporal reference;
�Q membership function associated with the linguistic quantifier

Q.
In Fig. 5 some definitions of the membership functions�Q associ-
ated to the temporal persistence quantifiers used in the application are
represented. The operators^ and_ are the t-norm minimum and the
t-conorm maximum, respectively, and in all of the cases, lower impor-
tance is given to the time points outside the kernel ofT .

Fig. 6 shows an example of the calculation of the DOF for the propo-
sition “velocity is high throughout the last seconds.” The process is as
follows. First, the membership degree of the variable velocity to the
linguistic labelhigh for each instant�k is calculated. Thus, five mem-
bership degrees are obtained, one for each temporal instant belonging
to the support ofT . Next, and given that the proposition is of a persis-
tent type (“throughout”), (6) is applied, which, in the example given,
leads to a result of 0.5, which corresponds to the value measured at the
temporal point�now � 4�.

B. Obstacle Course Evaluation Module

The objective of this module is the estimation of the obstacle’s move-
ment tendencies, i.e., to attempt to characterize which is the dynamic
scenario in which the robot is placed. Evaluating this situation, the
robot will assume that the object that interferes with its trajectory is
either trying to pass before it or is letting it pass. In other cases it will

3The supportSUPP of a membership function� defined in a universe
of discourseU is defined asSUPP = fu 2 U=� (u) > 0g.

Fig. 6. Calculation of the DOF for the proposition “velocity is high throughout
the last seconds.”

not be able to estimate a clear trend in the object’s movements. The
input variables for this block are

1) collision time;
2) collision_status_change;
3) nci_trend.
Variable collision time (tcol) estimates the time available before the

robot enters into the obstacle’s security radius: a low collision time will
suggest a sharp reaction on the part of the robot with the aim of avoiding
a collision which seems imminent, while a high collision time enables
it to observe the situation and act in a more gradual manner.

The variable collision_status_change helps to detect situations in
which the robot passes from being in collision in one cycle, to not being
so in a later cycle, or vice versa. By knowing thenci values in these two
cycles, it is possible to determine whether the moving object wishes to
pass first, or is letting the robot pass. The possible values of the colli-
sion_status_change variable which are going to be considered in this
problem are

1) decrease;
2) neutral;
3) increase.
The nci_trend variable gathers, on the contrary, a more precise evo-

lution of the trend of the moving object, in which successive differences
in the nci are evaluated. It is defined as a mean value in order to reduce
error due to imprecision

nci trend=
nci(�)� nci(� � 2)

2
: (8)

The values that are used for this variable aredecreases a lot, decreases,
constant, increases, andincreases a lot.

For this module there is one single output variable, the trend of the
moving object. It describes the behavior of the moving object in order
to then be able to act accordingly. It is a crisp variable that takes the
following values.

• To_give_way: The moving object intends to let the robot pass.
• Indifferent: This trend may be due to two reasons. On one hand,

that the moving object is moving in a random manner (braking,
accelerating, or turning without there being any continuity in its
movement) or because the moving object is not varying its speed
(neither in module nor in direction).
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• To_pass_in_front: The moving object is attempting to pass first.
The rules of this temporal knowledge base incorporate temporal rea-

soning and follow the FTR’s model which we have presented. We now
analyze the most noteworthy aspects of some representative examples.
One type of rule is the following.

“IF collision_time is short AND collision_status_change has
decreased in the_last_2_secondsAND nci_trend is not_increasing
throughout the_last_secondTHEN obstacle_aim is to_pass_in_front.”

The meaning of this rule is as follows. In a situation of relative prox-
imity between the obstacle and the robot (“collision_time is short”), it
is assumed that the trend of the former isto_pass_in_front if there has
recently been at some point a decrease in thecollision_status_change,
e.g., a change in thenci from very positive and outside collision
into being in collision—“collision_status_change has decreased in
the_last_2_seconds”) and furthermore, even more recently, thenci
has been maintained in its value or has decreased (“nci_trend is
not_increasing throughout the_last_second”). A strict decrease in the
nci is not required, as this decrease has been produced implicitly when
thecollision_status_changewas realized.

In general, if collision_status_change decreases, and thenci
decreases or keeps constant, the trend will indicate that the moving
object intends to pass (for ato_give_way trend and increase in the
nci is required), while if subsequent to thecollision_status_change
decrease thenci increases, the trend will beindifferent.

Another possible situation is that there has been nocolli-
sion_status_change.In this case the trend will beto_give_way if the
nci increases substantially (for ato_pass_in_front trend a significant
decrease in thenci would be required). This increase may be given,
for example, by a decrease in the velocity module of the moving
object. However, this decrease may take a more gradual form and have
practically the same final effect (the braking is not so sharp, thus the
moving object will be closer to the robot). It is in order to resolve this
type of situation that rules of the following type have been introduced
into the knowledge base:

“IF collision_time is medium AND collision_status_change
is neutral in the_last_3_seconds AND nci_trend is increasing
in_at_least_a_few_points_of the_last_3_secondsTHEN obstacle_aim
is to_give_way.”

In this case the requirement for the increase in thenci is not so
strict (in this rule it is only stipulated that thenci should increase)
due to which the change in the index may be lower, but in this
rule the increase is neededin_at_least_a_few_points_of the interval
the_last_three_seconds(“a few” here represents approximately 30%).

C. Behavior Selection Module

The objective of this block is to fix the type of behavior that should
be adopted by the robot, once considered the trend given by the current
situation of the moving obstacle. The input variables of this module are
collision time, trend, and limit_situation.

Limit_situation is a crisp variable that indicates when the robot is
in an extreme situation in which it will attempt to leave the trajectory
of the moving object as quickly as possible. The conditions for the
robot to be in alimit_situationare, first, to be in the trajectory of the
moving object,4 and second that the incidence of the moving obstacle
is extremely frontalor extremely rear.

There are a good number of possible behavior patterns. Moreover,
given two equal behavior patterns, they do not necessarily have to be
implemented in the same manner, rather this realization of behavior
depends on a series of variables and it is the task that is accomplished by
the behavior implementation module. The types of behavior that exist

4The trajectory of the moving obstacle is represented by a band whose width
is equal to the diameter of the mobile object in the transformed problem.

and the general description of their implementation are now given in
the following.

• To_give_way: In this behavior pattern, the robot lets the moving
object pass by, and it does so braking and sometimes turning.

• Observe: In this situation, the robot maintains its velocity (in
module and direction). This is normally due to the trend of the
moving object not being clear.

• To_pass_in_front: Here, the robot attempts to pass before the
moving object by turning and accelerating.

An example rule of this knowledge base is the following.
“IF collision_time is highAND the obstacle’s trend is to_give_way

THEN the robot’s behavior is to_pass_in_front.”
For obtaining the behavior in this kind of rule, first, one has to pay

attention to the trend. If the trend isto_give_way,as a general norm, the
behavior will beto_pass_in_front,while if the trend isto_pass_in_front
the behavior will beto_give_way. For anindifferenttrend the behavior
will be selected taking into account the collision time. For high col-
lision times the robot will act “aggressively,” and hence the corre-
sponding behavior will beto_pass_in_front while for low collision
times the robot will act in a more conservative manner, realizing a
to_give_way behavior. Lastly, for medium collision times, the robot
will adopt intermediate tactics, and the behavior pattern will beob-
serve,in which the robot will be waiting for future changes in the trend
of the moving object.

Besides these basic behavior patterns, there are other situations in
which there is alimit_situation.In those, the trajectories of the robot
and of the moving object are fairly parallel and it is essential for the
robot to turn in order to move out of the path of the moving object. The
behavior patterns forlimit_situationsare characterized by their aim of
leaving the path of the moving object as quickly as possible. In order
to do so it will need to accelerate (as braking will not take it out of the
moving object’s path) and turn sharply.

Sometimes it may occur that collision cannot be avoided with the
selected behavior (e.g., when the robot cannot turn, or its speed has
reached the maximum limit and cannot be increased). For these cases,
the behavior patterns obtained in this block are modified accordingly.

D. Behavior Implementation Module

The aim of this block is to obtain the angular velocity and the linear
acceleration, which are the commands that will be sent to the robot.
The input variables in this module arecollision time, robot’s velocity,
behavior, deviation, and vertical component index (vci).

The robot travels to its goal along a path. Any turn that lead the robot
to that path is assumed as favorable, while a turn that takes it away
from this path would be unfavorable. Variabledeviationis defined for
measuring how favorable a turn in a determined direction is for the
robot. It may take the following values:negative, null, andpositive.

Negativedeviations describe favorable turns that will approach the
robot to the path.Null values will also permit the turn, although this
may also suppose moving slightly away from the path while for posi-
tive ones the turn will only be implemented in situations in which it is
imperative to avoid a collision.

The sign of thedeviation is selected taking into account the fol-
lowing. If the robot is moving toward a point situated to the left of
the goal point, any turn to the right will be considered favorable since
it will take it toward the goal, while a turn to the left will be consid-
ered unfavorable since it will take it away from the goal. The behavior
to_pass_in_front will imply a turn to the right,5 due to which, when the
robot is moving toward a point situated to the right of the goal, the turn
will not be favorable in this case, and due to this the sign is positive.
For the same behavior, if the robot is moving toward the left of the goal,

5Remember we are describing LHS incidences.
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that turn is considered favorable and thus the sign of thedeviationis
negative(for a to_give_waybehavior the sign of deviation will be the
opposite).

The vci indicates whether the incidence of the obstacle is frontal,
transversal, or from the rear. It is necessary to differentiate between
these situations, as the optimal manner of avoiding the collision is dif-
ferent. The vci is derived from the angle formed between the velocity
of the robot (�!v robot) and the relative velocity between the robot and
the moving object (�!v ). The set of values for the variable is made up
of rear, transversal, andfrontal.

The angular velocity that is sent to the robot in an order is obtained
as

Angular velocity=

� 

1=3
(9)

where

 one of the fuzzy variables of the consequent part of

the rules of this module, represents the quantity of the
turn that is going to be realized (very little, a littleor
quite a lotof turn);

1/3 s is the time between the control orders;
 maximum number of degrees that it is possible to turn

without colliding with the walls.
The other output variable, the linear acceleration, is calculated as

Linear acceleration=
� � kvobjective � vnowk

1=3
(10)

where� is the other fuzzy output of the controller, which represents the
percentage in which the velocity of the robot is going to vary (reduce
very little, reduce a little, reduce quite a lot, reduce a lot, increase very
little, increase a little, increase quite a lotand increase a lot), vnow
(cm/s) is the current robot’s velocity,vobjective (cm/s) is the velocity
that is desired to reach, and 1/3 is the time between two consecutive
cycles. The objective velocity may take only two values:vobjective = 0

when the aim is to make the robot brake (� < 0) or vobjective = 61

cm/s (maximum attainable robot’s velocity) when� > 0 and the robot
accelerates.

The rules in this block (a total of 72) can be grouped according
to the behavior (to_pass_in_front, to_give_way, and limit_situation)
and the incidence (rear, transversal, and frontal). Thus, a rule for a
to_pass_in_front behavior and transversal incidence could be the fol-
lowing.

“IF the robot’s behavior is to_pass_in_front AND the collision time
is mediumAND the robot’s velocity is mediumAND the deviation is
null AND the incidence is transversalTHEN increase velocity quite a
lot AND turn a little.”

The three variables that are going to introduce modifications to the
implementation of behavior are the collision time, the robot’s velocity
and thedeviation.For high collision times, the reactions should be
gentle (light turns and accelerations) while for low collision times the
system usually applies maximum turn and acceleration with the aim
of avoiding collision. In general, in the behavior implementations the
aim is to avoid turns (in order to not move away from the trajectory
that the robot was following) except when these are favorable (nega-
tive deviations). For low collision times, this is not fulfilled (there is no
other solution for avoiding the collision), and for positive deviations
there will be a turn, although less than those implemented for negative
or null deviations.

IV. A NALYSIS AND DISCUSSION OFRESULTS

The system has been subjected to a large number of simulations with
the aim of verifying its validity and effectiveness. These tests have in-

Fig. 7. Characteristics of the simulations carried out.

Fig. 8. Example 1. A, B, and C are the positions that the robot and the obstacle
occupy in three time instants of the time interval represented.

cluded the whole range of possible velocities, both for the robot and the
moving object, as well as different angles of incidence (frontal, rear, left
transversal, right transversal, etc.) as shown in Fig. 7.

Furthermore, with the objective of making the simulations as real-
istic as possible, the tests were carried out with randomly introduced
noise in the position of the moving object received by the robot, in an
attempt to simulate the imprecision of the robot’s real ultrasound sen-
sors. This noise is a function of the distance between the robot and the
moving object (the greater the distance the higher the noise) and tests
were carried out for a maximum percentage of 10% error.

The examples are given with graphical representations in which the
trajectories of the moving object and the robot are described. Those
of the former were chosen in order to show a selection of changes in
module and direction of the velocity that face the robot with varied
scenarios. A high concentration of marks indicates a lower velocity (of
the obstacle or of the robot) whilst a low concentration is a reflection
of a greater velocity.

In the first example (Fig. 8), the initial state is one in which the robot
finds itself in a state of collision. Up until this moment, the trend de-
tected by the obstacle course evaluation module wasindifferent,since
thenci had not varied.

At point A, there is an increase in the velocity of the moving object of
approximately 25% (speed increases from 25 to 31 cm/s). Immediately
the following rule is triggered:

“IF collision_time is mediumAND collision_status_change is
neutral in the_last_3_secondsAND nci_trend is decreasing_a_lot in
the_last_3_secondsTHEN obstacle_aim is to_pass_in_front.”

As the original situation was one of collision, there is nocolli-
sion_status_change,but due to the acceleration of the obstacle, there
is a decrease in thenci (“nci_trend is decreasing_a_lot”). Thus the
trend will be that the moving object wants to pass first. Faced with this
trend, the robot implementsto_give_waybehavior, which is reflected
in a slight deceleration and a turn toward the left. In the two following
cycles the same situation is repeated, the robot finally managing to
avert the collision situation. In order to do so, the robot has had to turn
and vary its velocity from 25 to 19 cm/s.
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Fig. 9. Trajectory of the moving object. The actual path is represented by
symbolsx � �x and the one sensed by the robot by symbolso-o.

At point B, the robot is in a situation in which there is no danger of
a collision. At this instant, the moving object significantly reduces its
speed (from 31 to 8 cm/s). Due to the deceleration, thencihas increased
and the robot has passed from a situation in which there is no collision
to one in which collision is possible. The trend that is determined in
this situation for the moving obstacle is that it is now giving way to
the robot, since there has been acollision_status_change(it has passed
into a collision situation) and furthermore, thenci in the last second
has increased or been constant. With the aim of avoiding the collision
the robot selectsto_pass_in_front behavior. This behavior pattern is
implemented by accelerating quite a lot and turning a little toward the
right (since the collision time is medium). In the three following cycles
the situation is analogous but with low collision time, due to which
robot accelerates and makes a right turn with greater intensity, thus
succeeding in avoiding the collision, having increased its velocity from
19 to 50 cm/s.

In the second example the moving object moves toward the robot
in a zigzag fashion. The moving object uses the whole width of the
environment, and furthermore its linear velocity is 61 cm/s (which is
the maximum speed that can be obtained by the robot). Thus, in this
situation we are faced with a critical situation for the robot, as it will
not be sufficient to vary its velocity, rather it will have to choose its
trajectory with the utmost care. Moreover, the robot is working with
an untrue position of the moving obstacle, due to the noise introduced
into the system (because of the imprecision of the ultrasound sensors).
Fig. 9 shows the actual trajectory of the moving object and the one that
is handled by the robot due to the random noise introduced.

A simulation of this example is shown in Fig. 10. It can be seen
how, due to the turns that it makes, the moving object’s incidence
changes. Once the robot has located the moving object (point A), it
detects that thenci decreases sharply and thus the obstacle course eval-
uation module indicates that the moving object is attempting to pass
first (this is due to the incidence being from the left, and the turn that the
moving object is making is toward its left). With this trend the behavior
that is decided for the robot isto_give_way, however, given that the
robot is within the trajectory of the moving object, and in the previous
cycles the behavior of the robot wasobserve(since it was not in a col-
lision situation), the selected behavior is changed toto_pass_in_front.

The command that is sent to the robot (various rules contribute to
the implementation of this behavior) implies a turn to the right (the
robot attempts to pass first, and the incidence is from the left) and an
acceleration, both with the maximum intensity possible.

Fig. 10. Example 2. A, B, and C are the positions that the robot and the obstacle
occupy in three time instants of the time interval represented.

In the second cycle the same situation is repeated, although the colli-
sion time is now extremely low. The situation changes in the following
cycle, since due to the moving object’s turn, the robot leaves its path
and thus the selected behavior is nowto_give_way.For transversal in-
cidence and low collision time, maximum deceleration is applied to the
robot for three cycles (at this moment the moving object has stopped
turning) succeeding in avoiding the collision, even when in order to do
so the robot has had to come to a halt (point B).

When the moving object reaches the RHS of the environment (point
C) it turns and starts to approach the robot once again, which is now
stationary. The situation is now one of incidence from the right, and as
the moving object is turning to its right the obstacle course evaluation
module interprets that the object wants to pass. Due to this change in
the incidence, which is now from the right, it is necessary to transform
the problem to an equivalent one, but with incidence from the left.

Although the object is attempting to pass, as the robot is faced with
a limit situation, the behavior that is chosen islimit_situation.This
behavior pattern produces a turn to the left, since greater margin to
avoid collision exists at this side. The implementation will be a sharp
acceleration and a pronounced turn to the left which will be maintained
until the robot leaves the collision situation three cycles later.

In spite of the moving object’s behavior being so random in this
example, with unexpected turns made at high speed, the control system
succeeds in avoiding the collision.

V. CONCLUSION

A fuzzy temporal control system for the guidance of a robot in sim-
ulated dynamic environments has been described in this paper. The
moving object approaching the robot is not subjected to any type of
restriction in its movements, being able to vary its velocity and direc-
tion at any moment.

One of the three blocks in which the FKB has been divided has been
modeled by means of fuzzy temporal rules (FTRs) with the aim of
being able to explicitly handle a history of recent values for correctly
estimating the trend of the moving object. The FTRs’ model has been
an essential tool for an accurate evaluation of sudden and/or multiple
changes in the trend of the mobile object.

An exhaustive process of validation has been made, through simu-
lations in which all type of tests in the most varied conditions of ve-
locity and incidence angles, even for complicated trajectories, have
been done. For all of them adequate behaviors on the part of the robot
were obtained, even when confronted with sudden changes in the tra-
jectory and velocity of the moving object.

The implementation of the controller is robust, has a low execution
time, which is essential in a real-time application like this one, and
allows an easy design and tuning of the knowledge base.
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Adaptive Action Selection Without Explicit Communication
for Multirobot Box-Pushing

Seiji Yamada and Jun’ya Saito

Abstract—This paper describes a novel action selection method for
multiple mobile robots box-pushing in a dynamic environment. The
robots are designed to need no explicit communication and be adaptive
to a dynamic environments by changing modules of behaviors. The
various control methods for a multirobot system have been studied
both in centralized and decentralized approaches, however, they needed
explicit communication such as a radio though such communication is
expensive and unstable. Furthermore, though it is a significant issue to
develop adaptive action selection for a multirobot system to a dynamic
environment, few studies have been done on it. Thus, we propose action
selection without explicit communication for multirobot box-pushing
which changes a suitable behavior set depending on a situation for
adaptation to a dynamic environment. First, four situations are defined
with two parameters: the existence of other robots and the task difficulty.
Next, we propose an architecture of action selection which consists of a
situation recognizer and sets of suitable behaviors to the situations and
carefully design the suitable behaviors for each of the situations. Using the
architecture, a mobile robot recognizes the current situation and activates
the suitable behavior set to it. Then it acts with a behavior-based approach
using the activated behaviors and can change the current situation when
the environment changes. We fully implement our method on four real
mobile robots and make various experiments in dynamic environments.
As a result, we find out our approach is promising for designing adaptive
multirobot box-pushing.

Index Terms—Action selection, behavior-based robots, box-pushing, co-
operation, multirobot systems.

I. INTRODUCTION

For attacking a task which a single robot cannot achieve, many
studies on multiple mobile robots cooperation have been done. They
are categorized into two classes:centralized control[1]–[3] and
decentralized control[4]–[11]. In the centralized control, a central
system obtains global information on an environment including all the
robots by sensing or communication and determines actions for all the
robots. Then, the central system sends commands to all the robots and
they act according to the commands. Though this approach has the
advantage that robots act efficiently, it is less robust than decentralized
control because all the robots stop when the central system is down.
Thus, a multirobot system in decentralized control has also been
investigated. However, both of the two approaches have the following
significant issues.

1) Explicit Communication: Most multirobot systems [1]–[3], [9]
using centralized control need explicit communication using a
radio transmitter and a receiver. Even for decentralized control,
some systems need explicit communication [12], [13]. Such ex-
plicit communication may be expensive and unstable depending
on an environment. In contrast, a multirobot system without ex-
plicit communication is more robust and inexpensive.

2) Dynamic Environment: It is practical that an environment
changes due to a fault of a robot, introduction of new robots, or
task change, etc. However, most multirobot systems [1]–[11]
do not have an effective mechanism to deal with a dynamic
environment.
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