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Abstract: Collision avoidance is amost relevant issue in mobile robot navigation. The most efficient
approach is to track or predict the short-term situations of imminent collision. Thisis usually done
using sensors to detect obstacles that may be hit by the moving robot. When navigating in cluttered
environments, the frequency of those situations may lead the robot to many interruptions, possibly
unnecessary ones, as well. Abrupt accelerations generated by emergency stops can degrade
odometry systems used for dead reckoning. Therefore, there is the need to efficiently detect the
imminence of collision and to minimise the number of stops. This paper addresses this problem of
imminent collision detection by proposing a generic solution for mobile robots using ultrasonic or
similar ranging devices to sense the nearby obstacles. On the other hand, no obstacle avoidance or
path recovery is proposed at this level. Copyright CONTROLO 2000
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1. INTRODUCTION

The problem of detecting obstacles and issuing a suited
command to avoid imminent collison is ancient,
common and used by most, if not al, mobile robots. The
underlying principle is somehow simple and therefore
seldom described: if a sensor measurement is too short
(below a given threshold, even if dynamic) stop the
vehicle as the simplest action, or possibly invert or
modify its motion. The problem addressed in this paper
concerns the situations where only collision is to be
avoided; no escape solutions are to be designed at this
time. This means that, if for some reason (e.g., the
motion generation systems failed), the robot is lead to
face a situation of imminent collision, then the first
priority isto stop. Eventual further motion is to be dealt
as a second phase!

When the sensors point to the direction of motion
there is a clear correspondence between short
measurements and the presence of an obstacle in the
path. However, when a mobile robot has a set of sensors
placed around its body, the evaluation whether they
point to the current direction of the robot motion cannot
be done without further analysis. A second issue
concerns the usual limited measuring capability of
sensors, such as minimal measurable distances, asis the
case with some ultrasonic devices.

Traditional research on mobile robot navigation
with ultrasound rarely mentions the problem of
imminent collision detection and also does not describe

it as a problem on its own. This is true for many of the
classical works such as those of J. Crowley [1], A. Elfes
[2], A. Zelinsky [3], M. Drumheller [4], J. Borenstein
[5] [6], J. Leonard [7], among many others. The reason
might be that the imminent collision detection was not
considered as a problem separable of the navigation
itself. This paper specificaly addresses this particular
issue. The proposed method has been integrated in the
lowest level of a navigation architecture [8], where
higher levels manage to avoid entering in an emergency
situation, such as an imminent collision. Nonetheless,
the system has the tools to detect and to handle this last
condition, should it occur.

The problem of imminent collision detection can
be stated as the question: knowing that the vehicle has a
current velocity and that some sensor detects a nearby
obstacle ("short" measurement), is there an imminent
collision situation?

The problem can be decomposed into three parts:
i) detection of the obstacle, i.e., a“short” measurement,
ii) evaluation of the need to stop, and iii) efficient
stopping upon detection. The first part depends on the
efficiency of the sensors, the second is the actual
motivation of this work, and the latter represents the
expected results.

In summary, the main objective of this paper is the
efficient use of raw sensoria data (in this case
ultrasonic) for the detection of collison imminence
based on the instantaneous robot dynamics. The
efficiency stands both for the absence of collisions and
for the false detection that will unnecessarily stop the
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robot. There is only the intention to address the
detection of imminent collisions in an efficient way.
Other navigation concepts, such as obstacle avoidance,
path recovery, or path replanning, which we have been
proposing as separable but hierarchically related unitsin
the last few years [8], [9], [10], [11], are not mentioned.
This strategy emphasi zes the importance we place on the
modularity as far as mobile robot navigation
architectures are concerned.

2. FRAMEWORK

This work has been developed within the RESOLV
project (REconstruction using Scanned Laser and
Video) aiming at 3D environment reconstruction using
laser and video data, where a robot is supposed to
navigate within environments partially or totaly
unknown [12] to support the reconstruction operation.
This robot, altogether with the laser scanner and the
video camera, is caled the AEST (Autonomous
Environment Sensor for Telepresence), and is shown in
Figure 1. A multi-loop navigation architecture for the
mobile robot has been developed to fit the sought
requirements [8].

er of rotation

Figure 1 - The AEST (left)
and atop view
of the oval shape
robot base
(above)

Within the navigation architecture, and integrated in its
lower level (reflexive loop), there is a module named
Emergency Handling, which, among other roles, is
responsible for efficient Imminent Collision Detection
(ICD). It counts mainly on raw ultrasound data, the
current velocities of robot wheels and the layout of
sensors around the robot base.

The emergency procedures should rarely be active
since higher-level navigation modules, namely the local
navigation mode [9] [10], are expected to detect and to
drive the robot away from the obstacles. However,
environments can be unknown and obstacles around the
robot may change very rapidly. Also, the density or
shape of obstacles may induce the local navigation to
failure since it uses integrated sensorial data, and it may
not act as promptly as required. Another reason for this
inefficiency is the fact that the local navigation
component requires fair computational costs, and
sometimes its output may not be fast enough to avoid
more demanding situations of cluttered environments or
navigation near obstacles. Therefore, the navigation
architecture should provide an efficient detection of the
need to stop. Furthermore, the particular geometry of the

robot (Figure 1), tailored by constraints imposed by the
perception and the 3D reconstruction modules with
obvious consequences on the platform weight
distribution and dimensions, claims for caution
dynamics, namely limited accelerations and
decelerations.

3. KINEMATICS MODEL

A solution for the problem is supported on the model of
the robot's instantaneous motion, mainly at the
kinematics level as described in this section.

The derivation will be based on an oval-shaped
robot, such as the AEST developed for the RESOLV
project. However, as it will be clear, the method can be
extended to vehicles of any shape, in particular those
having two motorised wheels. Extensions to other types
of driving are also possible since only the velocity of the
sensor relative to world frame is needed at any time.

The reasoning is based on the kinematics of the
rigid body, which is the robot structure. Each sensor
attached to the structure is characterised by the
geometric parameters Py(S, S, b) where S, and S, are
the co-ordinates of the sensor on the robot reference
frame and b is the angle of sensor orientation in that
frame (Figure 2). The robot reference frame is chosen is
such a way that one axis fits upon the line that connects
the two wheels, but thisis arbitrary.

The ICD agorithm requires information on the
sensor velocity, which is related to the robot wheel
velocities, as described further. Moreover, and as
expected, the importance of a measurement depends also
on the direction it has been made. Therefore, the sensor
velocity is decomposed in two components, one that
points to the direction of measurement and sets the
importance of the sensor in the imminent collision
detection, and an orthogona component. The
algorithm’s main principle is the following: if the robot
is moving too fast in a direction where measurements
are too short, then collision preventing actions have to
be carried on.
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Figure 2 - Velocity components of one sensor

The first step of the algorithm is to determine the
sensor velocity in the world frame (observer frame) and
to decompose it into components relative to the
instantaneous frame located along the longitudinal axis
of the sensor beam (Figure 2):

The component along the sensor axis will be
called the radial velocity of the sensor, 'vs. It isthe



component of sensor's current velocity that points
the same direction as the sensor beam.

The orthogonal component, 'vs, can be ignored
since its physica meaning is of reduced
importance in this approach.

For a robot with two parallel motorised wheels
with velocities (v, vr), the entire body (robot) will move
around a fixed point, C. In general, if two points rigidly
linked travel with linear values v and v, those points
will both describe arcs of circumferences with a
common centre. Let the centre be the mentioned point C
with co-ordinates (C,, C,).
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Figure 3 - Centre of rotation (C) of two rigid points
moving with parallel velocity, and sensor co-
ordinates (S, S)).

Considering the reference frame xy asillustrated in
Figure 3, C, becomes 0 and C, can be determined using
simple trigonometric rules:

VL - VR
C,-D/2 C,+D/2

where D is the distance between the motorised
wheels, and C,, vs, . are taken with their algebraic
values (negative, positive or null), ensuring therefore a
general formula. Using Y to dternatively designate C,,
it then comes successively that:

tanx =

@
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This is the well-known expression related to the radius
of the arc described by a mobile robot. It is clear that if
velocities have opposite signs (one positive and the
other negative) Y will fal in the region between the
wheels. Actually, as the robot is a rigid structure, all
points will describe circumferences with the centre in C,
but with radius R, which depends on the point
co-ordinates (S, §) on the robot reference frame
(Figure 3). We can aso derive the angular velocity (the
same for the entire robot), which is obtained using also
thevalue of Y from (3):
- Vi — VR — V- VL (4
Y-D/2 Y+D/2 D
We shall now derive the geometric and kinematics
relations for a generic point P«(S,, S, b) on the robot.

First, we identify from Figure 3 the following
points/vectors:
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It must be also noticed that the sensor velocity Vg isa
vector perpendicular to R=P,- C. R :HﬁH is the

radius of the rotation around C. The perpendicular
vector is obtained with a 90° rotation (clockwise or
counter clockwise depending on the sense of the angular
velocity). Furthermore, to obtain the correct length of
the vector Vg, appropriate rescaling has to be done. The

new vector must be divided by H@‘ and multiplied by

, that is WR,
which gives:
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Expression (6) is valid only when wt 0. In the
particular circumstance of w=0 we have Vg =V, =V, .

Now, by defining a reference frame located on the
sensor, but with the main axis along the direction of
sensor measurement (angle b), the sensor velocity can
be expressed in this reference frame whose canonical
base is defined by the vectors U, and G, (expressed in

the world or observer frame):
0, = Rot(b )elu écosby d, = Rot(b )eOu esnbum
Y esmbu' U &cosb {

The radial and tangential sensor velocities are obtained
as projections of the sensor velocity Vg on G, and a,

respectively. The radia component sensor velocity is
therefore:

‘ eY S,u éosby
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Since w =(vg - v, )/ D, for ve>v we get w>0, and the
centre of rotation is aways on the left side of the
vehicle. On the other hand, for vg<v,, the centre of
rotation is on the right side of the robot and w<0. This
yields the appropriate relations for the radia and
tangential components of sensor velocity.
rvS:VR%DVL[(Y— S, Jcosb +5, sinb 9
Knowing the expression for the radia velocity of
each sensor, that is, the component of velocity in the
direction of measurement, the ICD agorithm can be
formulated, based only on the robot physical properties
and the instantaneous velocity of its two wheels.



4. THEIMMINENT COLLISION DETECTION
ALGORITHM

The main idea of the ICD agorithm is to look for
sequences of adjacent sensors that have measurements
below a given threshold. The sequence may even consist
of one sensor only, thus making the system much safer,
but possibly too active.

The referred threshold should be a mere indicator
for a worst case. It serves solely to elect a sensor as a
candidate to trigger an emergency stop. It is therefore a
threshold of leve 0. Further analysis on sensor radial
velocity will decide whether it is a real emergency by
calculating the threshold of level 1. This level simply
verifies whether velocity satisfies a criterion of minimal
intensity. Beyond this level, there is the level 2
threshold, which will take into account relations between
velocities as explained further. Figure 4 illustrates the
main steps of the algorithm.

4.1. Level-0 threshold

Due to performance reasons, not all sensors are checked
in the ICD agorithm and a criterion is defined to elect
the sensors to be checked. This criterion evaluates the
maximal robot instantaneous velocity (in absol ute value)
and verifies, for that velocity, whether sensor
measurement is too short according to the values shown
in Table 1. This means that for each possible interval of
robot instantaneous velocity, there is a corresponding
minimal measurement for any sensor. The threshold is
defined for the sensor measurement; if for a given

Look for one or more sensors with
» short measurements for actual speeds
(level-0 Threshold)

Calculate sensor
radial velocity (vs)

¥
Calculate level-1
threshold for sensor
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found ?
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Calculate level-2
threshold for sensor
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Figure 4 - Algorithm to detect imminent collisions. (TL=
threshold level).

velocity the sensor threshold is reached then elect that
sensor for the next level.

Table 1 - Valuesfor level-0 thresholds: velocity ranges
VErsus minimum Sensor measurements.

Minimum Sensor

max (IVL |’|VR|) (m/s) M easurement (m)

<0.2 0.40
02-0.3 0.60
03-04 0.75
04-05 0.80

>05 0.90

The definition of Table 1 was based on the experimental
capacity of the robot to stop within its free space, since a
full model of robot dynamics was not possible to define.
This table also takes into account the worst cases of
sensor delay for the data rate performance. This
component of the algorithm is very fast, since only
simple comparisons are performed.

4.2. Level-1 threshold

After passing level 0, the sensor should now pass the test
of radial velocity as defined in Section 0. This test
compares the radial velocity component to a dynamic
threshold, named as level-1 threshold, according to the
following criteria. If the sensor radial velocity is below
or equal to a given value ('Vgun), then discard
measurement. Radial sensor velocities can be positive,
null or negative, meaning that the sensor is moving
towards its measuring target, perpendicular to it, or
moving apart from it. The two last situations imply that
no collision will, at any time, occur with that sensor. The
ICD implemented condition at thislevel is:

if "Vs £ "Varin then NO_COLLISION

The 'vgn, threshold parameter allows the
elimination of small velocities. It was set to zero in the
implemented version.

4.3. Level-2 threshold

At lagt, there is the level-2 threshold. If the sensor radial
velocity is too small when compared to the robot
"average" velocity (ra), the sensor measurement is
ignored as no imminent collision is occurring. The ry,
indicator is defined as the average of the magnitude of
both wheel speeds:

Mo = (IVL| +|vR|)/ 2 (10)
The r,, parameter is always positive unless the

robot is stopped. A threshold coefficient for sensor S
was defined as:
zg="vg /1y, (1)
if ZsE Zgynthen NO_COLLISION
This parameter (level-2 threshold) is a measure of
how important is the sensor radial velocity, when
compared to the robot velocity itself. It may serve
essentially for situations where the robot is moving very
slowly (typicaly 1 to 10 cm/s) and applies only to
sensors that are not pointing in the main direction of
motion. A value of zg,,= 0.5 was found as being too



reactive leading to the detection of non-existing
emergencies. On the other hand, zg,, = 0.75 yielded
better experimental results. This parameter can
disqualify a sensor as an imminent collision detector
even if the sensor has a positive radial velocity
component. The overall result is that this threshold
allows some movements that nonetheless present a small
amount of risk, but it overcomes some limitations of
level-1 threshold that states that radial velocity should
be equal or less than zero for no imminent collision.

4.4. System refinement

Taking into account the following issues the ICD
methodology can be further refined:
Number of adjacent sensors,
Conic nature of measuring beam,
Dynamic considerations—maximal accelerations,
Introduction of memory (data integration).

The first two issues were actually implemented by
changing the corresponding parameters. The first
concerns the possibility of considering imminent
collison only when two or more adjacent sensors
indicate an imminent collision. This can compensate for
eventual sensor failure or interference, but should be
avoided in environments where obstacles have very
small dimensions (<10 cm in the AEST robot) and
navigation has to be done often at close distances (<1 m)
from obstacles. That is why we used, most of the times,
one sensor only. The conic nature of ultrasound beamsis
also easy to implement and is explained below. On the
other hand, the introduction of dynamic considerations
could be done in order to smooth or optimise the
stopping procedure aming a minimising the
deceleration to impose to the robot. This was however
not explored on our robot due to some mechanical
limitations of the braking system. Finaly, the
introduction of memory could further refine data failure.
Each sensor could be monitored and the evolution of its
recent measurements would refine the decision of
detecting an imminent collision. That could be
associated to a further level of decision (such as a
level-3). To this date this feature was not implemented
since specia data filtering is necessary due to the
somehow unpredictable individual ultrasonic sensor
measurements, mainly  specularity in  unknown
environments.

If the sensor beam covers an aperture a around the
main direction b, additional procedures can be taken,
since the obstacle can be located on a wider region, not
a single direction. Therefore, the radial component of
the sensor velocity can take a range of values given by
the following expression, which can be obtained after
expression (9):

Vg :%E(Y - Sy)cosga% i%%; stingf) i%%(ﬁ)

For the ultrasonic sensors used, a is about 20°.
That value did not affect considerably the variations of
previous expression, and this ability was disabled most
of the time to spare computing resources.

4.5. Virtual sensors

The described approach also copes with a multi-sensor
system by introducing the concept of virtual sensor. In
the particular case of this work, the robot has several
bumpers that in some specific navigation conditions may
be activated. To keep simplicity and generality in the
system software, each bumper was associated to a range
of influence overlapping the areas already covered by
ultrasound sensors. The sonar’s data is overridden by
bumper data before being used by the ICD algorithm.
Moreover, bumper data must be debounced (or
artificially delayed in time) so the robot has the chance
to refrain from remaining glued to a particular obstacle.
This leads to the definition of virtual sensors that are
sources of data obtained by merging sensorial
information. In our approach, the virtual sensors have
been placed exactly on the same postion as the
ultrasound devices, but their data takes into account both
the real ultrasound measurements and bumper state.

5. RESULTS

The results of the method are quite interesting especially
in the case where the robot does not stop upon visual
apparent imminent collisions, which is precisely what
was supposed to be since there is no real imminent
collision. The next three figures illustrate examples
extracted from real data where the robot only stops
when it is actually needed.

On each situation illustrated in Figure 5, Figure 6,
and Figure 7, the lines drawn from each sensor indicate
the radial component of sensor velocity in the world
reference frame. If the line points outwards of the robot
body, then it has a positive value, otherwise it is
negative or null if it is not illustrated at all. In each case
we indicate the wheels' speed, and the instantaneous
path that results thereof. Potentially emergency
triggering sensors are also indicated, that is, sensors that
measure a too short distance to alow the robot to
continue moving.

Only in the example shown in Figure 6 there is a
real imminent collision, and the robot was stopped. In
any of the three situations those sensors indicate the
same measurements (level-0 threshold) but the need to
stop exists only in one of those cases as mentioned. In
Figure 5 we can however verify that one of those sensors
(the 3" on the right of the enclosed group) has a positive
small value, which would trigger imminent collision
detection. The level-2 threshold helped to solve that
situation and alowed motion to continue. A path less
curved would not allow this to occur and imminent
collision would be notified.

With this method we achieved nearly zero collision
motion. Only two or three minor touches on the
obstacles occurred during a period of hundred of hours
of navigation in cluttered environments, but they were
caused by ultrasound occasiona failure.
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Figure 5 - No imminent collision detection.
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Figure 6 - Imminent collision detected.
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Figure 7 - No imminent collision detected

6. CONCLUSIONS

This paper described a general imminent collision
detection system applied to a real specific mobile robot.
The system is efficient since it detects imminent
collisions, but above al, it avoids unnecessary stopping
of the vehicle, which is important mainly when
navigating in cluttered environments or near obstacles.
The proposed solution is generic in the sense that it can
be easily adapted for other robot shapes as only few
geometric parameters are needed, such as the position of
sensors on the robot.

The computational cost of the algorithm is
perfectly within the requirements of the robot real time
system. Performance is only affected by the sensor data

rate, which in this case was normally not better than 2.5
Hz. This algorithm was run during the highest priority
“Emergency” real time process on the robot, and took
less than 1 real time clock unit (1 tick, 10 ms) every 10
ticks. The actual duration of the process was not directly
measurable, but some statistical tests pointed to even
less than 0.5 ticks (less than 5% of useful CPU time).

The concept of virtual sensor was successfully
introduced to allow the easy integration of several types
of sensors on a same algorithmic framework.

The structure of successive levels of decision (0, 1
and 2, so far), each more refined than the previous ones,
ensures robustness (very few collisions) and also the
mentioned efficiency (no unnecessary stops).

The globa conclusion is that this relatively simple
kinematics approach definitely improved collision
avoidance in our robot, and made it easier for the entire
navigation  procedure in  relatively  cluttered
environments.
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