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Abstract

This paper presents the devel oped practical approach to
reactive motion control for the omnidirectional mobile
vehicle of the Karlsruhe Autonomous Mobile Robot
(KAMRO). The reactive control is based on the ultrasonic
sensory information processing and is a supplement to the
usual motion control of the vehicle. The geometrical path
planner on the base of the environmental model generates
global subgoals which define the coarse global path to a
goal. To redlize the planned motion within an
environment where unknown obstacles may occur, the
reactive control operates with the introduced preference
functions of the vehicle and its global subgoal. The
preference functions combined with the processing of
sensory information provide the computation of the local
subgoals leading the vehicle to its global subgoals o
providing an obstacle avoidance. The developed approach
is discussed and illustrated by the obtained experimental
results.
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1: Introduction

Real-time reactive behaviour is a substantialy
necessary feature of mobile robots. This provides their
autonomous operation within an environment which may
be dynamically changed from initial conditions described
in an environmental model [1-3]. In the recent years,
various research groups have been developing methods of
reactive control for mobile robots. Mainly, these methods
may be divided into two groups in dependence of whether
they operate within a fully known environment or in the
cae of a partialy known (or totaly unknown)
environment [3-5]. In the latter case the mobile vehicle
does not posses enough information from its
environmental model to generate a path to a goa without
collisions with obstacles which are not included in the
model. To avoid collisions, the sensory information about
the environment is gathered and processed. Various vision
systems were developed and are being studied to solve this
task [6]. Such methods require significant computations
and are complex for an on-line implementation. For
practical redizations of reactive control ultrasonic sensor
systems are mostly used [7, 8]. The ultrasonic sensor
information is processed in different waysto obtain, e.g. a

orid representation of the free space [7]. Then, the
potential field method [9] or its modifications [10-13] are
applied to compute a free path. The approaches within the
frameworks of the potential field method have two main
problems - undesired local minima and the necessity to
generate arbitrarily large repulsive potential at boundaries
of obstaclesto avoid collisions. To solve both problems,
the navigation functions were consdered [10]. The wave
propagation technique [14], diffusion method [15],
distance field algorithm [16, 17] or probability approach
[18] ae used for navigation of the mobile robots.
Navigation of mobile robots is carried out with the use of
an environmental map [19] or without creation of such a
map [4]. Architectural concepts regarding the integration
of a high-level motion planning with low-level reactive
behaviours [22] alow to improve the robustness ad
capabilities of autonomous mobile robots. The reactive
behaviours provide a reasonable means to develop a
reactive motion control for mobile robots. In our paper
the reactive motion control along a preplanned coarse
global path is considered. The global path is computed
off-line on the base of the environmenta model. The
reactive control operates with the ultrasonic sensory
information and provides the collision-free motion of the
vehicle in a partially known environment.

2:  Mobile Robhot KAMRO

The KAMRO mobile robot is being developed to solve
transport and assembly operations within a manufacturing
environment. The robot's hardware consists of the mobile
vehicle, two manipulators, a vision system to carry out
comprehensive assembly operations and an ultrasonic
sensor system used for reactive motion control. The
KAMRO mobile vehicle moves by means of its four
omnidirectional MECANUM-wheels which are position
controlled. There are al'so two PUMA 200 manipulators in
ahanging configuration on the vehicle. The manipulators
are under position/force control. The vision system
includes three CCD-cameras and the ultrasonic sensory
system consists of 16 ultrasonic sensors situated on the
sides and corners of the mobile platform. The hardware ad
control architecture of the KAMRO mobile robot is
described in [1, 2, 20, 21].

The overal structure of the KAMRO navigation
system is designed as a hierarchical planning systemand is
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shown in Fig. 1. The central module is running on a
SUN-Workstation and serves as a user interface for
monitoring and control as well as an interface to the task
level planner of the KAMRO [20]. For atask given to this
module by the user or the task level planner, an integrated
off-line global path planner computes a sequence of global
subgoals. The corresponding algorithm is based on a
convex polygon description of free space which is
computed within a world model editor. A heuristic search
algorithm provides a coarse global path in this graph of
convex polygons. In afinal step this path is refined where
distances to edges in the neighbourhood of objects ae
maximized and the feasibility to pass a region is ensured.
If the fine planner notices that the path is not feasible, the
coarse planner is called again to replan the global path.
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Figure 1: Overall structure of the navigation system

The vehicle's interface transmits implicit commands to
the reactive motion control and receives status information
concerning the current position and orientation as well as
the velocity and the sensory data. The monitoring module
displays this current information in a top view to inform
the user on the current location and sensor image of the
vehicle. The reactive motion control receives the implicit
motion commands and executes them based on the current
sensor information. The execution can be described as a
transformation from implicit motion commands to explicit
motion commands which completely specify the trgjectory
of the vehicle. Examples for implicit motion commands
are move and dock. The move command specifies the
position of the global subgoal that has been computed by
the off-line planner. The dock command specifies the
geometry of a bay, where the vehicle has to arrive a
definite position and orientation relative to this bay.

3: Reactive motion control

To execute the planned motion, the control system of
the KAMRO mobile vehicle receives its subgoals and the
final goal position from the global path planner [2]. The
planner operates off-line on the base of a two-dimensional
environmental model. The path planner generates positions
of the vehicle in the (x)y)-plane as a sequence of

(Xsi+Ys,;) - points where s denotes "subgoal” and i

denotes "number of subgoal”. These positions, further
caled "global subgoals’, are presented as a list of global
subgoals. The last global subgoal in this list is the fina
goal position for the vehicle. In this sense, computed
global subgoals correspond to coarse paths. The control
system of the vehicle, using the sensory information about
its position/orientation and distances to the surrounding
objects, has to carry out reactive control including the
local path planning within such a coarse path to compute
the local subgoals leading to the current (or next) global
subgoal. This is substantially necessary if the vehicle can
not follow the global path because of the proximity of
objects. In the case of unexpected obstacles which were not
primarily included in the environmental model, the use of
reactive control with the ultrasonic sensory information
processing and local path planning is especially necessary.

The reactive motion control was designed to provide
the mobile vehicle with a feature of the fast and robust
reaction if unexpected obstacles appear onits path or in its
proximity. To get this feature, the control system of the
vehicle uses the ultrasonic sensory system and the local
path planning. The latter resultsin the additional subgoals,
further called "local subgoals' for the vehicle; they lead the
vehicle to its current subgoal or, in the case of obstacles,
provide an obstacle avoidance. Thus the control system of
the vehicle deals with two kinds of subgoals - global
subgoals computed off-line by the global path planner ad
local subgoals computed on-line by the local path planner
operating within the reactive motion control. If there ae
no obstacles, the local subgoals lead the vehicle to its
current global subgoal. When the vehicle has achieved the
neighbourhood of radiusr to its current global subgoal, the
control system receives the new global subgoal taken from
the list of global subgoals. The value of this radius
depends on the necessary accurecy of following the
precomputed global path.

The reactive motion control is caried out with a
sampling period defined by the period of renewing the
ultrasonic data. It is not necessary to recompute the local
subgoals, if the ultrasonic sensor data are not renewed yet.
This aso means that the technical specifications of the
ultrasonic sensor system impose hard limitations on the
velocity of the vehicle. The reactions of the control system
depend on the receiving the correct range information from
the ultrasonic sensors. The current ultrasonic sensory
system of the KAMRO is able to renew the sensory data
with a frequency of 1 Hz and the local subgoals of the
vehicle are generated with the same frequency.

If obstacles are on the path of the vehicle so that it can
not achieve its current global subgoal (i.e. an obstacle is
situated at this position or very near to it), this subgoal is
deleted from the list of global subgoals. Then, the next
global subgoal is taken from this list. If the globa
subgoal to be deleted is the final goa position, i.e. if the
goal position is occupied, the vehicle signals this event to
thetask level planner. Then, the adequate correctionsin the
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goal position/orientation or in sequence of operations will
be made.

Since the control system of the vehicle receives the
global subgoas as (Xs;,Ys;)-points, the orientations

a; of the vehicle at the global subgoals must be

computed. These angles are used to keep the velocity
vector of the vehicle being directed to its current global
subgoal. During the motion to the current global subgoal
the vehicle has such a reference orientation that it moves
like a car keeping its orientation near tangent to the
trajectory [21]. If there is not enough space available to
hold such an orientation, the vehicle can move to its left
or right side directions keeping its current orientation.
This is possible because of the omnidirectional
MECANUM wheels. To move through a sequence of
narrow passages, this capability is used within the reactive
motion control.

4: Reactive control based on the
ultrasonic sensory information

The ultrasonic sensors are situated at the sides and
corners of the vehicle as shown in Fig. 2. To examine
only those aress that are relevant for collision avoidance
and in order to decrease the influence of the noisy sensor
data, the maximal measured distance is defined as rp, . If
the measured values exceed this maximal one, i.e.
I} 2 ' Where j denotes a sensor number, then it is set:

I =Tmax- Then, using the measured distances to objects

around the vehicle, the weights of measurements ae
computed:

weight_of _measurement(j) = W =T Maxs OSW; <1

The deviation between the global subgoal and current
position of the vehiclein the (x, y)-planeis found as
d

X X

subgoal — Xsubgoal ~ Xvehicle: @

Where Xgpgoa @0 Xyenige &€ vectors of the subgoal and

current positions of the vehicle in the world coordinates
respectively. The vector dg .., gives the direction to the

subgoal relative to the current position of the vehicle. The
current direction of the vehicle in the (x, y)-planeis

dyenice = (COS, sina)T, @

where a iscurrent orientation angle of the vehicle in the
world coordinates. From (1) and (2) one can receive the
deviation angle & between dg;yqqy aNd dygge- Thisangle

is conddered as an orientation error which has to be
compensated in order to direct the vehicle to its current
global subgoal and thus dg g0y and dyege Will coincide.

subgoal

® subgoal

yworld

subgoal

Xworld
Figure 2: Representation of the coordinate systems

Basad on the ultrasonic sensors configuration, eight
possible directions of the vehicle's motion are consdered,
as it is shown in Fig. 3. The processing of the sensory
information results in the weight_of measurement(k);
kO{or & 2+ 3+ 4 computed for each of these
directions. The weights of measurements provide the
normalized distance information about the free space
around the vehicle. This information is used for the
reactive motion control including two contradictory tasks -
path following and obstacle avoidance. Mainly, the two
tasks ded with the same problem of computing the
direction of the vehicle's motion. In the case of path
following the necessary direction is automatically
computed by means of a spline-interpolation. But in the
case of obstacles a preferable direction of the motion hasto
be computed.

To find the most preferable direction from the possible
directions, shown in Fig. 3, the following preference
functions of the vehicle and its global subgoal ae
introduced:

foenicie (K) = exp(—k?/ 8),

©)
k=0,+1+2 +3, £4,

faungoa (K, €) = exp{=(krr+4¢)? / (81%)},

@

k=0,%1 £2, £3, +4,
where k denotes "number of direction”; values of these
functions are between 0 and 1. The directions for
k=0,+1 £2 +3, 4 ae conddered relative to the
current position/orientation of the vehicle and are shown in
Fig. 3. The preference function (3) gives weights of the
possible directions of the motion relative to the current
vehicle's direction so that:
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e current direction (k=0) is the most preferable ("very
large preference”),

e directions of +45° (k=#1) ae preferable ("large
preference”),

e directions of +90° (k=#2) are not very preferable
("middle preference”),

e directions of +135° (k=£3) are not very desrable
("small preference"),

e directions of +180° (k=+4) are not desirable (backward
motion) but possible ("very small preference”).

Figure 3: Interpretation of directions for the vehicle

The same explanation is used for the preference
function (4) of a subgoal. In the case of € =0, the both
preference functions coincide. From (4) it follows that

fvenicle has always the same values for the same directions
relative to the vehicle's current direction. But the values for

fabgoal e dependent on the angle € between Gabgoal gy
dueice. The both preference functions with a deviation
€=45 are shown in Fig. 4.
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Figure 4: Preference functions

Theweight_of _measurement(k); k O{0f I 2+ 3t 4
computed on the base of the ultrasonic sensory data,
"modulate” the preference functions (3), (4) and this results
in the following weights of directions:

weight _of direction(k) =
Oweight _of _ measurement(k) O

E fougoal (K, €), if path is free, 5
SNeight_of _ measurement (k) (I

B fenige(k), if path is not free.

The resulting direction, i.e. its number_of direction, is
found as anumber corresponding to the maximal value of
the weight_of_direction(k) for all k:

number _of _direction=i  with
weight _of _direction(i) = (6)
max(weight _of _ direction(k))
k

If an obstacle is detected in any direction, the weight of
this direction is being decreesed when the vehicle is
approaching the obstacle. Since the direction with the
maximal value of the preference function is always taken
as the further direction of motion, the decresse of the
weight for the current direction because of the obstacle
will cause the vehicle to rotate and change its current
direction to avoid collisions with the obstacle.

As it follows from (5), only one of the preference
functions is applied at each moment to define a direction
of the further motion. Which function is used depends on
the results of the processing of the sensor data. If the
sensor data show that the path to the current global
subgoal is free, the preference function of a subgoal is
applied and the local subgoals lead the vehicle to its
current global subgoal. In the opposite case the preference
function of the vehicleis used, the current global subgoal
is not taken into account and the vehicle moves in the
direction which is not occupied by objects. After the
vehicle has moved around the obstacle and when the sensor
data shows that the path leading to the current subgoal is
free, the preference function (4) is applied to control the
vehicle. It results in a rotation of the vehicle to get the
orientation corresponding to the direction to this subgoal.
There are dso situations when the vehicle can achieve its
global subgoal with a specific orientation only because of
the environmental objects or obstacles. In this case the
appropriate orientation is obtained automatically by the
reactive control using the ultrasonic sensory data and the
vehicle moves to its current global subgoa keeping this
orientation.

Generaly, there are three areas to be considered within
the reactive control: far area, area of obstacle avoidance ad
near area. Objects situated in the far area do not produce
any influence on the vehicle's motion - they are too far and
are not consdered within the reactive control. Borders of
the obstacle avoidance area and the near area are dependent
on the current velocity and possible (or maximal)
acceleration of the vehicle. The reactive control operates
within the obstacle avoidance area and the near area. If an
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obstacle is situated in the near area of the vehicle, the
reactive control pushes the vehicle to the opposite side (if
it is free) or commands to stop the vehicle in order to
avoid acollision.

The velocity of the vehicle is a function of the
minimal measured distance between the vehicle and the
surrounding objects so that the vehicle speeds down in the
neighbourhood of objects to prevent possible collisions
and it speeds up while moving away from objects.

5: Experimental results

The developed practica approach to reactive motion
control is currently used to control the KAMRO mobile
vehicle within a manufacturing environment. A rather
simple example of the vehicle's motion in the case of an
unknown obstacle situated on the preplanned path, is
shown in Fig. 5 to illustrate the algorithms. The
preplanned reference trajectory was received from the global
path planner as a straight line. Because of the obstacle
detected by the ultrasonic sensor system, a segment of this
reference trajectory was modified into a curve to avoid a
collision with the obstacle. During this motion the
orientation of the vehicle was near tangent to its trgjectory.
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Figure 5: Motion during obstacle avoidance

The corresponding preference function of a subgoa is
shown in Fig. 6. It is obvious that during obstacle
avoidance this function has a shift to the right side. This
shift corresponds to the deviation € between the current
direction of the vehicle's motion d,q,4. @d the direction

to the subgoa dgjnq0y- Since the obstacle has been

detected on the way of the motion, the preference function
of the vehicle is used to compute the weight_of _direction
in accordance with (5). The vehicle movesto a free area so
that its direction of the motion minimally differs from the
current direction.

The computed values of the number_of direction
during this motion are presented in Fig. 7. First, the
number_of direction is changed from 0 to -1 when the
obstacle has been detected. This corresponds to the rotation
of the vehicleto the left side relative to the obstacle. This
rotation is caried out until no obstacles are detected in
front of the vehicle and it can move forward without

collisions. Then, the vehicle moves forward with the
number_of direction = O until the sensor data show that
the way to the subgoa is free. Now, the preference
function of the current global subgoal is used and the
number_of direction is changed from 0 to 1. This
corresponds to the rotation of the vehicle to the right side
relative to the obstacle. This rotation is made until the
vehicle's direction of the motion coincides with the
direction to the subgoal. Then, using number_of direction
= 0, the vehicle moves to the subgoal and the shift of the
preference function in Fig. 6 is eiminated. These results
give an example of operation of the developed reactive
motion control in the case of obstacle avoidance.
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Figure 6: Preference function of subgoal during the
obstacle avoidance
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Figure 7: Number_of_direction during the
obstacle avoidance

To guarantee the collision-free motion of the vehicle,
an accumulation of the ultrasonic measurements is used.
This means that a new direction istaken if it is confirmed
(sequentialy a few times) that the corresponding area is
free. At the same time, if the current direction of the
motion is not confirmed as free, a correction is done
immediately. This provides the reliable motion of the
vehicle.
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6: Conclusion

A practical approach to reactive motion control based
on the ultrasonic sensory information processing was
developed for an omnidirectional mobile robot. To control
the vehicle and provide its collision-free motion, the
preference functions of the vehicle and its globa subgoal
were introduced. These functions combined with the
ultrasonic sensor data were used to compute the reasonable
direction of the vehicle's motion. The developed approach
was experimentally verified and the obtained results were
presented and discussed. The results have proved
robustness and applicability of the considered reactive
control to increase the capabilities of autonomous
operation of the mobile robots. Currently, a loca map
based on the ultrasonic data and the environmental model
is being worked out to wide the developed approach for
the case of dynamic obstacles and complex manufacturing
environments.
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