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Extending Reactive Collision Avoidance Methods
to Consider any Vehicle Shape and the Kinematics
and Dynamic Constraints

Javier Minguez and Luis Montano

Reactive L ayer

Abstract—Many collision avoidance methods do not consider
the vehicle shape and its kinematic and dynamic constraints, i
assuming a point-like and omnidirectional robot without acceler- Absiraction L
ation constraints. The contribution of this paper is a methodology ! fentlstise s
to consider the exact shape and kinematics as well as the effects i

of the dynamics in the collision avoidance layer, although the
original avoidance method at hand does not address them. This Goal q

is achieved by abstracting these constraints from the avoidance
methods in such a way that when the method is applied, the
constraints have been already taken into account. This work is F :
a starting point to extend the domain of applicability of a wide
range of collision avoidance methods.

Index Terms— Reactive Collision Avoidance, Mobile Robots. (()bstacle)s
Sensor's,

I. INTRODUCTION Fig. 1. The abstraction layer abstracts the shape and the kinematics and
; ; ; namics of the vehicle from the avoidance method. The idea is to understand
NE fundamental Sk!“_Of aUtonom_ous vehlc_les is to b e method as a “black-box” and modify the representation of its inputs, so
able to execute collision-free motion tasks in unknowmkat they implicitly have information about these restrictions. The method is
unstructured and evolving environments. Under these congpplied naturally, however its solutions consider the restrictions (the method
tions, the techniques widely used to generate motion are the'maware” of it).
collision avoidance methods. A collision avoidance method

is a procedure that works within a perception-action process:

sensors collect information of the state of the environmerii€ roPot can be regarded as a holonomic point. The projection
which is then processed to compute the collision-free gc)(,gg:counts for collision constraints and kinematic and dynamic
oriented motion. The vehicle executes the motion and t otion constraints (the trajectories are restricted to the family

process restarts (Figure 1). The result is an on-line motiGh cireular arcs). In the new space, many reactive collision

sequence that drives the vehicle to the goal while avoidir??fo'dance methodsl can be applled'to the holonomic point
collisions with the obstacles perceived with the sensors. since all the constraints are encoded in the obstacles and space

An essential aspect of collision avoidance methods is f§elf- The motion command computed is projected back and

consider the restrictions imposed by the vehicle used: tAgplied to the robot. Therefore, the proposed approach is a

shape, the kinematics and the dynamics. This consideratRfineral method to extend a whole set of well-known obstacle

is important, since if the shape of the robot is simply aF5';1voidance approaches to consider vehicle shape, kinematic and

proximated, collisions will occur or the vehicle will invadedynamic constraints. This technique has been demonstrated in

prohibited zones of the space. If the kinematics are ignord§2!-World experiments byrappinga potential field method to
the planned movements will not correspond with the actug?rform obstacle avoidance on a differential-drive wheelchair.

motions, putting the security at risk. In addition, if dynamics

are ignored, the planned motions could not be feasible, thereby 1

once again putting the motion mission at risk. These issues

are thus relevant in robot collision avoidance and especiallyClassically, the mobility problem has been addressed by

in the application at hand: a robotic wheelchair for humacomputing a geometric path free of potential collisions with

transportation. obstacles [21]. Nevertheless, when the surroundings are un-
The work described here centers on this problem: to cokmown or evolve, these techniques fail, since a precomputed

sider the shape and both the kinematic and dynamic constraysh will almost certainly hit obstacles. Reactive collision

during the application of a collision avoidance method. Thevoidance is an alternative way to compute motion by intro-

idea is to project distance measurements into a space in whitlting sensor information within the control loop (Figure 1).

o , _ , ___The main cost of considering the reality of the world during
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collision avoidance techniques are mandatory to deal with], [23]. The advantage of these strategies is the generality,
mobility problems in unknown and dynamic surroundings. since they can be used by many avoidance methods. However,
In collision avoidance, there is no exact procedure to takiee generated motions only take into account the shape of the
into account any shape and the kinematics and dynamicsvehicle, but only approximately. This is because, although the
the vehicle simultaneously. The shape and kinematics lestthpe of the vehicle is addressed in the avoidance technique,
to a geometric problem: to compute an elemental path fréee computed motion is next modified to satisfy the kinematics
of collisions (and the command that generates this patljnd dynamics. Thus, the final command does not guarantee
Dynamics is a complex problem since it involves factors su@voidance with the exact shape. This leads to problems when
as accelerations, maximum torque, inertia, slipping, etc. Alse holonomic solution cannot be approximated or when
usual in collision avoidance, we consider here the scope of tmaneuverability is a determinant factor [5].
dynamics derived from the maximum vehicle accelerations:
() motion commands rea_chable in a short period of timg \arview and Contributions
(reachable commands), afid) commands that assure that the . . . .
vehicle can be always stopped before collision by applying the ' '€ majority of collision avoidance methods do not consider
maximum deceleration (admissible commands). the vehlc.Ie_ coqstralnts menthned. They assume a pomphke
The collision avoidance problem with these constraints hd8d omnidirectional vehicle without acceleration constraints.
been taken into account from two perspectives: taking infg'€ Mmain contribution of this work is a scheme to consider
account the constraints in the design of the collision avoidan%ga exact shape and _k|n_emat|cs, and the _effects of t_h? dynamlcs
method, or modifying the commands computed by a giv feachable and e_ldm|s.3|ble commands) in the col!|S|on avoid-
method to comply with the constraints. In the first class GH1C€ layer. The idea is to abstract these constraints from the
methods, some have been designed to solve the problenf'§?9€ Of the avoidance methods (Figure 1). This technique

the velocity space [13], [35]. They first compute the set ézlould be applied to many vehicles with arbitrary shape (we
reachable commands in a short period of time, which apglstrate the approach with a differential-drive and rectangular

free of collisions and allow for stopping the vehicle safel;fObOt)'

Next, one command is selected with an optimization processThe construction of this abstraction layer has three parts

that favors progress, safety and convergence to the taré@ﬁt correspond with thpartial contributions of this study:
The elegance and simplicity of these methods have lead to First, we construct — centered on the robot at each time
extensions and applications to different vehicles [30], [10], — the two-dimensional manifold of the three-dimensional
[3], [18], [6], [33]. Other techniques pre-compute a set of arcs ~ configuration space defined by elemental circular paths.
of circles (elemental paths), free of collisions and resulting This manifold contains all the configurations that can
from reachable commands. Next, they select one arc based on be reached at each step of the obstacle avoidance. The
obstacle avoidance and convergence to the goal criteria [39], contribution is the exact calculation of the obstacle rep-
[16], [12], [15]. In general, all these methods take into account  resentation on this manifold for any vehicle shape (i.e.
the shape, kinematics and dynamics of the vehicle, but only the configurations in collision). In this manifold, a point
approximately. This approximation is due to a discretization represents the vehicle.
of the space of solutions (motions), or due to the fact that,» Second, we describe the exact calculation of the admissi-
depending on the vehicle shape, it could necessitate use of a ble configurations, which result from the obstacle regions
numerical method or a dynamic simulation (projecting vehicle =~ computed previously (with the assumption that the path of
positions over admissible paths) to check collisions. That is breaking is a circular elemental path, typical in obstacle
why these methods are used on basic vehicle shapes (circular @voidance). Furthermore, we also represent the reachable
[30], [10], [18], [6], [39] or polygonal [33], [16], [12], [3]). configurations by reachable commands in the manifold.
These techniques are not generic in the sense that it seems The effect of the dynamics is represented in the manifold.
difficult to extrapolate these strategies to be used over other Finally, we propose a change of coordinates of the man-
existing methods (ad-hoc methods). ifold so that the circular paths become straight segments.
In the second class of methods, the solution of the obstacle With the manifold represented in these coordinates, the
avoidance technique is converted in a command that complies Mmotion is free of kinematic constraints.
with the constraints. For instance, the output of the avoidanceAs a result, we transform the three-dimensional collision
method is modified with a feedback action that aligns the velavoidance problem with shape, kinematics and dynamic con-
cle with the avoidance direction in a minimum squares fashiatraints into the simple problem of moving a point in a two-
[22], [5]. A similar solution is proposed by breaking down thelimensional space without constraints (usual approximation in
problem into subproblems (collision avoidance, kinematics andllision avoidance). Thus, existing methods become applica-
dynamics, and shape) and dealt with sequentially [24]. Anothale.
approach is based on the command filters [40]; after usingWith this technique, many existing or future avoidance
the avoidance method, the commands that are not reachabkthods could be applicable to a wide class of hon-holonomic
or do not avoid collisions are filtered out and converted intmbots with arbitrary shape without any redesign. For example,
commands that are reachable and free of collisions. Othhis result could be used with the Potential Field methods [17],
works in this direction proposed a simple model of the vehic[@0], [37], [8], the Vector Field Histogram [9], [38], or the
and use control theory to compute the collision-free commanigarness Diagram Navigation [26]. To validate the technique,
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Fig. 2. This Figure shows the computation of the region of configurations in collision for a heart-shaped robot that moves in circular paths. (a) Robot and

obstaclesD;; (b) each obstacle point creates a region of collision locati@ex, ,,,, that all together ar€'O 4 ras. The free space is the space outside these

regions and all locations within these regions are in collision; and (c) superposition of both the workspace AfdVihend some robot locations and the
paths that lead to them. Notice how locations out of @@ 4 g, are not in collision with the obstacle points.

we used a potential field method [17] integrated in a red@he robot orientatior tangent to this circle afz, y) is:
platform (rectangular and differential-drive). .

Partial and previous results of this research were presenteg B | arctan2(z, © o v if y>0
in [29], [28], [25]. This work describes the complete study of © = /(#:¥) =1 _ arctan 2(z, — =) otherwise
the shape, kinematics and dynamics in a unified framework. ’ i

The present manuscript is organized as follows: in Sectignction f is differentiable inR?\ (0, 0). Thus (z, y, f(z, 1))
I, we describe the computation of the manifold. In Sectiongefines a two dimensional manifold R? x S*. We calledArc
IV and V, we show how to abstract the shape and th€eachable Manifold ARM (qo) = ARM, since it contains
dynamics. Section VI outlines the change of coordinates # the configurations attainable by elemental circular paths
abstract the kinematics. We discuss the abstraction layerfigm the current robot configuratia (i.e. all configurations

results, and in Section IX, we draw the conclusions of our Let g(A) = (g:()),g,()\)), the piece-wise function that
- xT ' JY 1

work. describes the robot boundary wit) a parameter defined in a
finite interval. We then assume that the obstacle information
is given in the form of a cloud of points (typical metric

[1l. THE ARC REACHABLE MANIFOLD (ARM) AND information from the range sensors). For each obstacle point
CONFIGURATIONS INCOLLISION pr = (xr,yy), there is a region of configurations in collision
in the configuration space and a part of it liesARRM (we

We focus our attention on syncro-drive robots moving ogall this regionCO?, ,,,). To compute it, we develop Equation
a flat surface, where the worksparg and the configuration (2) and use some geometric properties of the problem (see [29]
spaceCS areR? andR? x S*, respectively. A configuration for details) leading to:
contains the location and the orientatiqn= (x,y,6). LetU
be the control space and= (v, w) a control vector (where h(X) =la- (x5 + g2(N),a- (yr — gy(N))] (3
is the linear and> the angular velocity). We assume that during
the execution of a constant control, the motion is constrain¥¢nere
op a circular glemental path (see [13] for a charac.terization of (52 — 9y (N2) + (@2 — g (V)] - [(y5 — 95 (V)2 + (25 — g2 (V)2
this assumption). We then show how the paths lie on a two= W =0 O T 222 T 92007 — 9902 T (@2 — 92 (VD)2
dimensional manifold of S and how it is possible to compute ;o £ s £
the mapping of the obstacles to this manifold.

Let the reference be the robot system of reference. AnFunction h is the piece-wise function that describes the
admissible circular path from the orig{, 0) to a given point collision region boundary for a given obstagle The obstacle
(z,y) has the instantaneous turning center onYthexis. The region isCOarym = |J; COY ), for all obstacle pointsp;.
radius of that circle is: The important point is that, for an arbitrary robot shape, one

can compute the exact obstacle regi@® 4z, in the ARM

2% 4+ 92 (manifold of the configuration space reachable by circular

2y @) paths). Figure 2 shows an academic and illustrative example

T =
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Fig. 3. These figures show the computation of the region of unsafe configuraidigry;, given a pointp € R2. (a) Of the four limit points,
{rY,p¥, p‘f_, p% }, the two points farthgr in terms of distanpe over the circle in both directions of the circle leadingr®the border points AU ras-
(b) TranslationapY, p¥} and (b) rotationalpy, p% } velocity cases.

of a heart-shaped robot, whose boundaf¥) is given by: possibleCU s rar boundary: two limit pointspy and py for
decelerating the translation velocity in both directions of the

—9ainT
{ Ir : 2sin’ () N N 10y circle, and two points for decelerating the rotational velocity
yr = —4.5cos(A)(1 + 1.2cos(A)) + cos® () +2.5 @) p$ andpy (Figure 3a). We describe the computation of these
with A € [0, w]. Replacing this expression in Equation (3), Wgomts next.

Letp = (x,y), a point of theCO 4 g boundary. Let- and
0 be the radius and orientation of the tangent to the circle in
p [Equations (1,2)], and leL be the arc length of the circle:

obtain theCO?, ,, for one obstacle poinp; and respectively
the CO srar for all obstacles.

The complexity of this calculation i& x M, where N is
the number of obstacle points aid is the number of pieces lz|, ify=0
of function g. For instanceM = 1 for a circular robot or the L= { Ir- 6|, otherwise
heart-shaped robot, and’ is equal to the number of sides for
a polygonal robot (in this case, there is one parametrizationlsft (a,,a,) be the maximum robot accelerations afida
each segment). Notice that the calculation computes the reg@iven time interval (in practice, the sample period).
in collision for any vehicle shape without approximations (a&ranslation
long as the robot boundary can be described by a piece-wise'he objective is to compute the two point§ and py of
function). The collision avoidance problem is now transformeghe border of CU4r; for a given pointp of the COzrur

(6)

to a point moving in a two dimensional space. boundary. The translational velocity contributes to the distance
traveled within the circle (arc length). Thus, in one direction
IV. NON-ADMISSIBLE CONFIGURATIONS of the circle defined by, the pointpY is given by:
We describe here the computation of the non-admissible (sign(z) - L2, 0) if y=0
configuration regiorC N A 4rys in the ARM. This region is v . sign(z)-L?
the union of two regions: b1 = (r sin ==—mes sig&’) g (7)
r(1 — cos 22~ =maz))  otherwise
CNAarym = COarm UCUaRM (5) ( " )
. . . , . . .. whereL? . isthe maximum arc length that the vehicle travels
Region CO sy is the region of configurations in collision max

(previous section); andC'l/ is the region of unsafe (during T' and atv constant) that then allows deceleration of
P ’ ARM 9 the vehicle before collision witlp (traveling an arcL?

configurations. This latter region contains the configurations . . . . ; brake
reached with a control after a time interval that cannot bdsmng breaking), see Figure 3b. This arc is computed by:

cancelled by applying maximum deceleration before colli- LY. =L—LY e 8)
sion with CO agrp. In fact, the CU gy region covers the ’

CO gy boundary. To comput€Uagps, We assume that where Ll = oT, and LY, . = % Expanding and
the vehicle remains on the elemental path during breakagestiving: !

reduce the complexity of all possible trajectoties point 5T,

p of the CO gy boundary results in four points of the LY e = ayT?(1/1+ 72 1) 9)

lwith this assumption, it is possible to compute the linear and angulfjotice that if the distance traveled with a command in

braking distances independently for both controls (translati@md rotation . . .
w, which are independent for the vehicle considered). The implications of wheriod T is Ly < Ly,,,, then the velocity can be cancelled

assumption and relation to prior work will be discussed in Section IX.  before reaching.
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12

= wT andg¥

where6, b ale

max

= % Expanding and solving:
2|0

GUJ
a,T?

max — szgn(é)) ! a’wT2(

1+ ~1) (12

The angleds ... is the limit angle increment. If the angle in-

crement under command,; in 7' is 6, < 6%, ., the rotational
velocity can be cancelled before reaching the orientafion
(this is not true if¢; > 6%,,.).

Again, locationp can be reached within the same circle in
the opposite direction (Figure 3c). The other limit poinpig,
computed as before, but substitutiigoy sign(0)(2m — |0|)
in Equation (11). The result is the two border poiptg and
pg of the CUaRpM-

From these four limit points{py, py,p%,p%}, the two
points farther in terms of distance over the circle in both
directions of the circle leading tp are the borders points
of the CU4srn region (Figure 3a). Finally, by applying
this procedure to all the border points &fO 4y, We
get theCU4 gy and thus the non-admissible configurations
CNA gy (Equation (5)). Figure 4 depicts an example. It is
easy to demonstrate that the region of unsafe configurations
CU g contains the bounds of the obstacle regio® 4z -

In fact, if we ignore the dynamicsa,,a, — oo, then the
CUarum tends to be the bounds 61O 4gzas. In other words,
there are no unsafe configurations since the braking distance
approaches zero (infinite accelerations are assumed).

Fig. 4. These figures show the regiGhV' A 4 zas for an obstacle pointin 1€ CNAary is computed without additional algorithmic
(7,6) and the “heart’-shape robot for two acceleratiens Figure (a), and complexity whenCO 4y, is computed, and the procedure
T derived here is valid for any vehicle shape.

12

10+

7 Figure (b). RegiorC'U 4 pas contains the”'O 4 gy boundary acting as a
security zone. The size is larger in the second case, since the acceleration is . .
lower (as the vehicle needs more space to break). The region of non-admissiblén summary, we have described a calculation to compute the

configurationsC'NA 4 g, is the union of both regions. non-admissible configuration region in the manifel& ! for
a vehicle with arbitrary shape, a given dynamics and a fixed
time interval (the sampling period).
Locationp can also be reached by the circle in the opposite
direction (Figure 3b). Then, the other limit poipt is com-
puted as before but substitutidgwith 27|r| — L in Equation
(8). This calculation results in the two border poipt¥ and
p; of CUARrMm-
Rotation

V. REACHABLE CONFIGURATIONS

The remaining aspect of the vehicle dynamics is the reach-
able commands: commands reachable in a short period of

o ) time given the system dynamics and the current velocity. The
The objective is to computg the two pointg and py of set of reachable commands &' = [v, % a,T,w, + a,T],
the border ofCUara for a given pointp of the COarnm where (v,, w,) is the current velocity(a.,, a,,) is the vehicle

boundary. The rotational velocity contributes to the orientatiaf}. o |eration and” is the sample period. The set of reachable
of the tangent to the circle (angt® over the circle defined configurationsRC agar in ARM is:

by p. The pointpy is given by:
RCarv ={a€ ARM | q = h(v,w), V(v,w) € RC}

PT = (r sin(sign(y) '_Q%am)a . . whereh (v, w) is the function that computes the configuration
r(1 — cos(sign(y) - 054,))), Otherwise reached after executing a commandw) during timeT:

where 6y, ... is the maximum angular increment (obtained at h(v,w) =

constant rotational velocity in time T'), that then allows (vT,0), if w=0

for cancellation ofw before reaching the angle at locatipn = { (2 sin(wT), 2(1 — cos(wT))) otherwise
w w ’ )

(the angular increment during the deceleratiods . ), see
Figure 3c. The angléy .. is:

G%az =0- eg)rake (11)

(14)
Notice thatRC 4 r)s contains all the configurations reachable
in ARM in a time T given the system dynamics and the
current velocity.
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V1. THE EGO-KINEMATIC COORDINATE (incorporation of the shape, kinematics and dynamics) and
TRANSFORMATION one subsequent (motion computation) to the application of

This section deals with the vehicle kinematics. The origint® method (Figure 1). At each iteration, given the sensor
idea of this transformation is to present the motion probletiformation (obstacles) and a target location, the process is:
in a parameterized space, in which the paths depend orl) Shape and dynamics: Computation of the non admissible
parameters that identify the admissible paths and the distance configuration regionC’NA gy and reachable region
traveled over these paths [29]. In the case at hand, we apply RCarm (Sections IV and V).

a change of coordinates ofRM so that the elemental paths 2) Kinematics: change of coordinates ofRM, where
become straight segments in the new coordinates (motion is CNAL R, andRCY ., are the previous regions in the
omnidirectional). The change of coordinates transforms the new coordinates (Section VI).

domain of the manifoldR? into R x S'. We call ARM?T to 3) Obstacle avoidance: application of the obstacle avoid-
ARM in the new coordinates, where given a configuration ~ ance method iMRM” to compute the most promising

q = (xz,y) € ARM, the corresponding configuration is motion directionf;;.
q¥ = (L,a) € ARMP. 4) Motion: computation of the closest configuratieg,,
The first coordinate of® is the arc lengtt. over the circle to Bso that is reachable and admissible, i@S;I €
that leads tog (Equation (6)). The second coordinateis a RCERM_ andqy,, ¢ CNAﬁ_RM- OnCquol_ is obtained,
parameter that uniquely represents the circle: the motion command is given by Equation (17).
1 To computeg’,;, we first obtain the set of configurations
arctan(: ), x>0 )
= . r 1 . (15) Sso1 Closest t05,.;:
sign(y)m — arctan(:;), otherwise

. . ; Ssol = arg min HqP - pP” (18)
wherer is the radius of the circle. aPERCE . . qP¢CNAL,

One important property oARM is that given a configu-

ration and a time period’, there is one command that leads . Wherep" is the configuration projection ef” over the
the vehicle to this configuration &. This is also valid for unitary vector in the direction of,;. When|Sq,| =1,
ARMP, since a directionn uniquely determines a turning there is only one possible configuration that we select
radius: as solutiongf ;. Otherwise, we select ifi;,; the closest
{ tan—! q, o€z, 1] 16 to the targelqy,  gei:
r= R .
tan~!(sign(sina) - ™ — a), otherwise &, = arg min ||qF — qgrget” (19)
q €Ssol

Furthermore, given a tim&, one can compute the command

(v,w) that preserves and moves the vehicle a distanée Figure 5 shows this process using a rectangular vehicle with
over this circle: differential traction and a generic obstacle avoidance method

I I (assumes a robot without constraints, that is point-like and
(v,w) = (sign(cos 04)? sign(sin a)| tan Ot|f) (17) omnidirectional). At a given time, the robot collects the sensor
o o o ] information about the obstacles and a target location (Figure

A location in ARM" is given by a direction and a distancesg). The objective is to compute a motion command free of
on this direction. The elemental paths RN " are thus cqjiisions that moves the vehicle towards the target (taking

rectilinear (omnidirectional motion), whereas they represeplo account shape, kinematic and dynamic constraints). The
circular paths inARM (kinematic admissible paths in thesteps are:

workspace). That is, we represefiRM in a new coordinate
system where the motion is omnidirectional. Furthermore,

’ b P .
given a Iocat.|orq < A.RM aqd atimeT’, one can compute (Figure 5b). In this manifold, the robot is a point and the
the kinematic admissible motion command that moves the effects of the dynamics are represented in the manifold

vehicle a distancd. over the circle of radius: (defined by 2) Change of coordinates ofRM (Figure 5¢). INARMP,
o) in the workspace. the robot is a point and the motion is omnidirectional
(straight paths), which are the applicability conditions
VII. ABSTRACTION OF THESHAPE, KINEMATICS AND of many obstacle avoidance methods.
DYNAMICS FROM THE OBSTACLE AVOIDANCE METHODS 3) Application of the obstacle avoidance method to obtain
In this section we describe how to use the previous results the motion direction3,,; that avoids the non-admissible
to abstract the vehicle shape, kinematics and dynamics from regions C N A% ,,, while moving the vehicle towards
the obstacle avoidance methods. These methods follow a the targetqf,,,.. (Figure 5c).
cyclic process: given an obstacle description and a targe#d) This direction is used to select a configuration
location they compute a target-oriented collision-free motion.  qf, € RC%,,,, which results in a motion command
The motion is executed by the vehicle and the process restarts. (vg,;,ws0;) USiNg Equation (17). Figure 5d shows this
The idea behind the abstraction is to include two steps prior command in the vehicle velocity space.

: . R By construction, this command is goal-oriented, free of col-
2From a physical point of viewy is the angle of a free wheel, located at

a distancel from the origin on theX-axis, which aligns tangent to the circle lisions, complies V‘_’ith_ the kmemaﬂc;, aqd is dynamically
of motion with radiusr. reachable and admissible. Notice that in this methodology, the

1) Computation of the reachable and non-admissible con-
figuration regions,RCsryr and CNAsppr, in ARM



SUBMITTED AS A REGULAR PAPER TO THE IEEE TRANSACTIONS ON ROBOTICS 7

) o Target ot
RC ARM .

o -1
-1 o © o
o
o o b

. e
V3, Wo
(Voo Vo1 )
- X arctan Lot -
_Vmax Vmax
_Wmax

y

(©) (d)

Fig. 5. These figures show the usage of the abstraction technique to take into account the shape, kinematics and dynamics of the vehicle in the applicati
of the avoidance method. (a) Rectangular vehicle and obstacle distribution. (b) The reachable configutétippsy, and the non admissible region,

CNA g, inthe ARM. (c) Change of coordinates of RM to ARMY. In ARMP, the robot is a point and the motion is omnidirectional. Then, the
avoidance method is applied to obtain the most promising diregigp (that avoids the obstacles while moving the current location towards the target). In

the example a potential field method is used: the most promising motion diregtign= K, is obtained byFtot = Frep + Fatt, Where the obstacles

exert a repulsive forc®ep and the target an attractive ol ¢¢. This direction,3s,;, is then projected to thRCf:RM to obtain the configuration solution

qfol. (d) Finally, givenqF |, the solution commanetse; is computed by Equation (17), which can be shown in the velocity space.

sol’

modification introduced with respect to the direct applicatioand the collision avoidance method, and then we discuss the
of the method is a change of spatial representation. Howevexperimental results.
the method solutions working in this representation take into

account the vehicle constraints. In other words, the collisign Vehicle, Sensor and Collision Avoidance Method
avoidance method has been extended to address the vehiclfah L . . .
e vehicle is a robot built from a commercial wheelchair in

constraints. This is the main contribution of this work. our laboratory (Figure 6). The vehicle is rectanguiagm x

In the next section, we show how we have used this sche .gm) and differential-drive with drive wheels in the back. We

to apply a given obstacle avoidance method in a real vehic Sve installed two computers, In®O0M H z, on board, one

for control and the other for higher-level purposes (in which
the collision avoidance technique is executed). The sensor is
a planar laser that works &t > with a field of view of 180°

In this section, we validate the proposed methodolognd0.5° resolution 861 points) placed in the front. We put a
with a collision avoidance method working on a real vehicleeight of 60kg on the wheelchair to simulate a seated person.
with rectangular shape, kinematic and dynamic constraintsin all the experiments, the scenario was unknown, dynamic
(differential-drive). First, we describe the vehicle, the senswith an unpredictable behavior and unstructured. Under these

VIII. EXPERIMENTAL RESULTS
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conditions, a collision avoidance method is the correct choige gxperiments
to reactively move the vehicle. We selected a potential field . , : .
. . L : In the experiments, we fixed the sampling periddto
method (PFM in short) [17], since it is a formal method wide . . o
. 2sec fHz is the frequency of the laser). This period is a
known and used. In the PFM, the robot is modeled as a partlcl% . . ; .
moving in the configuration space affected by a field of forceg o bound for the computation Gme of the algoritam
The tagr] et Iocationgexertsafc?rce that attract: the particle whils maximum accelerations of the vehicle 4w, a.,) =
9 . nep 06 m_0.6-24) and we fixed the maximum velocities to
the obstacles exert repulsive forces. The motion is compuped e S)eg (0.30.874), that are not very high due
to follow the direction of the artificial force resulting from the "%’ “ma®/ = ¢ ’ ! y g

sec’ sec
composition of these forces (most promising motion direction?.

the robotic application (human transportation).
In the experiments, there were three aspects to tgpt:

This method cannot be applied to a differential-drive robte collision avoidance task is carried out with the method
without approximations. This is because the direction of tH&ind the abstraction layer. That is, the vehicle is driven to the
force does not satisfy the non-holonomic constraint. In ottfgf9et whilst collisions with the obstacles are avoided). The
words, the structure of the potential field does not represent fi&ion computed takes into account the shape, kinematics and
fact that not all the motions are allowed in the configuratigy"@mics of the vehicle(iii) If the abstraction is not used,
space. Furthermore, to take into account the vehicle geomdiiy PFM method computes solutions that cannot be executed

would imply construction of the obstacle representation in {fifnout lapgrom:natlong. K with ab .
three-dimensional configuration space, which would be diﬁ,}er_\era 0 stac_e avoldance t'°_‘5 With & _stractlon_ )
Figure 7 depicts two experiments carried out in scenarios

cult to execute in real time. Finally, although the generation of hich a h domlv placi bstacles i d
reachable commands could be done with a force control [1't \rl]v 'g at‘h um;m lvvr?s_ ran t(_)my P i\cmg ods acles in order
[37], including the braking distance (admissible commands) inder the wheelchair motion (unknown, dynamic, unpre-

the formulation of a PFM has only been done in works relat &table a_md unstructured s_cenarlos). '_I'he difference between
t 3 experiments are the settings. Experimehad more obsta-

to the abstraction layer presented here [28]. Due to these facts, . e ;
the usage of a PFM for obstacle avoidance usually assumé: eadensny (more difficulty to manoeuver), while the second

point-like vehicle (the shape is ignored) that can move in aﬂge is more dynamic (unpredictable). In both cases, the vehicle
direction (omnidirectional without dynamics) reached the target location without collisions (see the vehicle

trajectory and laser points gathered). That is, the introduction

Notice that these assumptions are very relevant for the k@fdhe abstraction layer did not penalize the work of the method
of vehicle. The approximation of a rectangular geometry Byoiding obstacles. The shape, kinematics and dynamics of
a point or a circle is not realistic, because the motor-whe#}§ vehicle were taken into account at all times during the
are in the back (when the vehicle turns, it sweeps a la@jPeriment. As a result, the vehicle successfully achieved
area that must be taken into account). Due to the kinemati€§, avoidance task. Notice that ignoring these constraints,
the vehicle moves on arcs of circles, and therefore, to assififidld heavily penalize the obstacle avoidance with this vehicle
omnidirectional motion is a gross approximation that could g@uPsection VIII-A), and it is doubtable that it would reach
the safety at risk. The dynamics play an important role becaff}@ target otherwise. The durations of the trials wéseec
if they are ignored{i) the motion planned cannot be feasiblé‘,”d‘ﬂjec’ the mean velocities wei@ 182 and0.127 and
again putting the safety at riskji) shaking behaviors will 0-245;; and0.14<5% (see in Figure 8 the velocity profiles of
arise, making it uncomfortable for the end user; &id) the the reference commands and the real vehicle behavior).

vehicle slips in detriment of the odometry and of the system$f#@Pe, kinematics and dynamics in obstacle avoidance

general. In other words, the wheelchair vehicle leads to work/Vé next describe how the vehicle restrictions were taken
conditions where it is very important to take into account tH&© account during the experiments. The commands computed

vehicle constraints.

by the method are always kinematically admissible, because
they result from admissible circular paths. This is because the
avoidance method is applied in th&RM” manifold, where
directions correspond to turning radius. The motion command
solution is the command that performs this turn. For instance,
Figure 9 depicts one step of the application of the PFM in the
ARM?T during one trial.
In order to address the vehicle dynamics, the method
computes commands that are reachable in a short period of
vaemy time and that take the braking distance. On the one hand,
the commands computed are reachable since the avoidance
method computes a direction solutigh,; in the ARM?,
which is used to then select a location RC%,,, (that
contains the configurations that can be reached in filna

3The computation time is very variable because it depends on the number
Fig. 6. (a) The robot is a rectangular wheelchair vehicle with differentiabf obstacle points measured (ranging framto 361). Experimentally, we
drive traction and equipped with a SICK laser. (b) Scheme of the distributiabserved that this period was closely an upper bound of the computation
of the wheels and sensor in the vehicle. time.
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Experiment 1 Experiment 2

Fig. 7. Experimentl and Experimen®. The path executed by the vehicle, the laser points gathered during the execution and a snapshot of the experiment.

the ARM?T, given the system dynamics). Figure 8 depictwhich cannot be executed with this vehicle without approxi-
the translational and rotational velocity profiles of the trialsnations.
Notice how the commands were reachable, because givelbet us mention that the abstraction layer is a technique that
one command, the following one is always RC. As a allows for using some methods on vehicles, but it is does
consequence, the vehicle closely executes the planned motiwst. ameliorate the quality of one method in itself. If a given
On the other hand, the motion commands assured that thethod has some difficulties under certain conditions, they
vehicle could be stopped without collision by applying thaould also be present using the abstraction. For example, a
maximum deceleration (the braking distance is taken intbfficulty of the PFM is to drive a vehicle between very close
account). This is because the commands are computed usibgtacles or the instabilities and oscillations in the motion [19].
admissible configurations, i.e. configurations that are not We observed these difficulties when using the PFM with the
CN AL 5, We did not observe any emergency stop in thabstraction. However the opposite is also true, and if a method
experiments since the PFM avoided theV A% ,,,, regions as performs well under certain conditions, the abstraction does
obstacles with good safety margins. In fact, this is a desiraliet penalize it (see [29], [28] for a discussion on this topic
behavior, because the configurations in the vicinity of theith another collision avoidance method).
CN AL 5, are closed to become unsafe. This fact is much In summary, in this section, we have presented the integra-
more important in vehicles with slow dynamics, as reported tion of a PFM method with the proposed technique working
[28]. The selection of admissible commands makes the methaith a real vehicle. First, we have seen how the method
conservative. However, the method’s security is increasewith abstraction is able to solve the collision avoidance task.
because there is always the guarantee of stopping the vehidhe scenarios of application were unknown, dynamic with
safely. an unpredictable behavior, and moderately dense. Second,
The last aspect to address is the vehicle shape, which wes have seen how the shape, kinematics and dynamics are
taken into account jointly with the kinematics and dynantaken into account during the application of the method,
ics. This is because the method avoids collisions with ti@though the method does not address these issues in its
CN AL 5. Which is constructed taking into account the exadormulation. Third, we have discussed how the solution of
shape of the vehicle as well as the kinematics and dynamitd®e original method without the abstraction layer cannot be
As a result, the general effect of dealing with these threxecuted without approximations. The proposed solution has
aspects simultaneously is that the vehicle executes the plandethonstrated efficiency for the wheelchair application at hand.
motion that is collision-free. This allows the robot to maneuver
in scenarios with high density of obstacles (Figure 7). IX. DISCUSSION ANDCONCLUSIONS
Remarks about the abstraction In this work, we have presented a general scheme to
Another issue is to discuss is how, without the proposexktend collision avoidance methods for addressing the shape,
methodology, the PFM avoidance method computes solutidiisematics and dynamics of the vehicle. The most important
that approximately take into account the vehicle aspects (thispect of this work is the generality. This is because, with this
was already discussed theoretically in subsection VllI-Ajramework, existing methods could be reutilized on a wide
Figure 9 shows an example. The solution of the PFM obtaingdriety of any-shape non-holonomic vehicles without an extra
without abstraction is a motion direction in the workspace&esign or implementation effort.
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Fig. 8. This Figure shows for each experiment the translational and rotational velocity profiles: (first two rows) the commands computed and real behavic
of the system; (last row) the translational and rotational velocity increment profile.
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between the robot outline and the obstacle over a circular
path has a closed form solution [13], [3]. However, these
techniques do not generalize for arbitrary shapes. For instance,
in the example of the heart-shape vehicle, the aforementioned
techniques must solve the system formed by Equation (4) and
22+ (y — R)?> = (R — ¢)? (wherec depends on the obstacle
point andR is the radius of the inspected path); this system has
no closed-form solution. Although one could solve the system
by a numerical method or by projecting the robot position
onto the path checking collisions (dynamic simulation), both
strategies increase complexity (computation time) and would
lead to an approximate solution. To address the complexity and
efficiency issues, some researchers precompute the collisions
with a look-up table [33] (the complexity factor becomes
N x C since the M is computed off-line). However, the
continuous obstacle space is discretized and the problem of
the exact calculation for any arbitrary vehicle shape persists.
In this work, the procedure to compute the region of the
configuration space in collision over the manifold of circular
paths has & x M complexity. This complexity factor is lower
than existing methods, but more importantly, the solution is
exact and can always be computed (as long as the boundary
of the vehicle can be described by a piece-wise function).
Another important consequence is that this calculation allows
for maintaining a continuous representation of the space of
solutions (that is why the ternd’ does not appear in the
complexity factor). Existing methods could benefit from this
procedure to reduce complexity, to consider any vehicle shape
in a straight-forward way and to avoid discretization of the
Fig. 9. This Figure shows a time instant of the execution of the metho3Pace of solutions.
(Top) the workspace: robot and laser sensor measurements; and (bottom) thAn assumption made in this work (and in all works that
ARMP. The PFM is applied in thet RM " where §., = &, which ta1e into account the braking distance [13], [35], [10], [6],
represents a turning radius,,; in the workspace. Notice that if the PFM . . . .
would be applied in thel RM P, the direction solution could not be directly [3]) iS that the breaking is carried out on an elemental path.
executed by the vehicle (PFM in the figure). This assumption reduces the complexity of taking into account
all the trajectories derived from braking. Previous methods
compute an approximation of the bounds of the non admissible
A. Comparison with other Methods configuration region and have been used only over circular or
polygonal vehicle shapes [13], [35], [10], [6], [3]. However,
This generality is the advantage with respect to existinfle calculation presented here computes the exact bounds of

techniques, becausei) some have been constructed ad-hogis region (with the same assumptions) and is valid for any
to take into these constraints [13], [35], [12], [38], [15]. Thugehicle shape.

it appears difficult to reutilize these strategies to extend other

methods. Andii) some other techniques have been developed

with the same objective here, but they take into account tRe Final Remarks

constraints only after the method application [22], [5], [4], This work, as all works that compute admissible commands,

[24]. Thus, although the scope of application is broad, the conservative [13], [35], [33], [10], [6], [3]. This is because

solution is an approximation. only commands that allow the vehicle to stop safely are
Let us now discuss the benefits of this approach with respsefected. As a result, the motions obtained are smooth and

to some widely known collision avoidance techniques in thslow (since a subset of the control space is used). However,

oretical terms. The techniques that consider these restrictidhe motion gains security, because the possibility to safely stop

compute collisions either over a set of elemental circular pattige vehicle is always present (which is especially relevant in

[16], [12], [38], [15], or over a set of commands (wherepplications such as human or dangerous material transporta-

each one corresponds to a circular path) [13], [35], [33]. ThH®n, motion at high speeds or systems with slow dynamic

complexity of this process i&v x M x C, where N is the capabilities).

number of obstacle pointdy/ is the number of pieces of the One important choice in the paper is the focus on circular

piece-wise function that describes the robot boundary, @ndelemental paths. This is done to reduce the search space

is the number of pre-defined paths. The important point & all possible trajectories as in [13], [35], [10], [6], [3].

that, when the shape is circular or polygonal, the intersectibtowever, extensions of this research have explored the usage
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of combinations of different elemental paths (manoeuvres) [Bly spanish project DP12006-15630-C02-02, DP12006-07928 and EU
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