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Abstract—This paper addresses the extension of collision of collision avoidance methods without taking into account
avoidance methods to address any vehicle shape as.well as thehe vehicle characteristics [71, [3], [11], [10]. However, when
kinematic and dynamic constraints. The new concept is to build dealing with real applications, this problem remains and soon
an abstraction layerbetween the inputs of the reactive layer and . ' .
the collision avoidance method. The vehicle characteristics are ©' later the type of vehicle has to be addressed. This is the
incorporated in the abstraction layer, but in such a way that reason why some methods have been developed to extend
when the avoidance method is used the constraints have beencollision avoidance methods to comply with the vehicle con-
already taken into account. The contribution of this strategy is straints [9], [2], [19]. Their advantage is that they widen the
to widen the scope of application of collision avoidance methods scope of application of existing techniques, since the design

that do not address the vehicle constraints. The advantage with . . d dent of th i thod. H h dd
respect to existing techniques is to address all the vehicle aspectd> 'Ndépenaent or tne reactive method. However, they aadress

together and, in particular, to provide a closed form solution pPartially the vehicle aspects and the difficulty of complex
for any vehicle shape. This strategy has been validated using an shapes persists.
standard collision avoidance method in a real robot. This paper addresses this last problematic: how to extend a
given collision avoidance method to address any vehicle shape
as well as the kinematic and dynamic constraints. The new
Autonomous motion generation is a fundamental skill resoncept is to build arabstraction layerbetween the inputs
quired to build a complete autonomous robot. Many systerofthe reactive layer and the collision avoidance method. The
have successfully demonstrated to achieve robust motion \shicle characteristics are incorporated in the abstraction layer,
integrating navigational planning and reactive collision avoidut in such a way that when the avoidance method is used
ance [18], [4], [12], [17], [15]. In these systems, navigationdhe constraints have been already taken into account (Figure
planning provides with the long term planning and is cort). From the outside, the reactive layer is the abstraction
cerned with global issues such as to assure convergencédai@r plus a given collision avoidance method. This reactive
the goal. Reactive collision avoidance is the short term paldyer computes the motion commands that comply with all the
which is used as a robot protection in execution adaptinghicle aspects. The contribution of this strategy is to widen
the motion to the changes gathered by the sensors. In the scope of application of collision avoidance methods that do
mentioned motion systems, the reactive layer is the naturadt address the vehicle constraints. The advantage with respect
place to address local aspects of the motion execution. Sotexisting techniques is to address all the aspects together and
of them are the constraints imposed by the type of vehiclie. particular to provide a closed form solution for any vehicle
In other words, the motion commands executed have to bleape. With respect to our previous work [14], [13], this paper
collision-free with the vehicle shape while taking into accourgresents the abstraction of all the vehicle aspects in a unified
its kinematics and dynamics. This is the scope of the papeframework.
Focussing in this local aspect of the motion, on one hand, Il OVERVIEW
there are collision avoidance techniques that address the type :
of vehicle while designing the reactive layer [6], [16], [5]. For vehicles with motion constraints (whose elementary
The idea behind these techniques is to build from scratch tp@ths are circles), the construction of the abstraction layer has
collision avoidance technique by taking into account the shaff#ee parts:
as well as the kinematic and dynamic constraints. Althoughe First, we construct (centered on the robot at each time)
they are widely used as reactive layers, it results difficult to the bidimensional manifold of the tridimensional config-
borrow these methodologies to extend other existing collision uration space defined by elementary circular paths. This
avoidance techniques. In addition, they cannot address some manifold contains the configurations that can be reached
complex vehicle shapes due to the lack of closed form at each step of the collision avoidance. Furthermore, in
solutions [14]. On the other hand, it is common the design this manifold we compute the exact collision region for

I. INTRODUCTION
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(sensors) Motion command collision for a heart-shaped robot that move over circular paths. (Left) Robot

and obstacle®©;; (Right) each obstacle point creates a region of collision
Fig. 1. The abstraction layer abstracts the shape, kinematics and dynartdcationsCO® 1., ,, whose union iSCO sarns. The free space is the space
of the vehicle from the avoidance method. The idea is to understand tigiside these regions and all locations within these regions are in collision.
method as a “black-box” and modify the representation of its inputs, so
that they implicitly have information about these restrictions. The method is
applied naturally, however its solutions consider the restrictions (the method . . . .
is “unaware” of it). q = (z,y,0). The kinematic model of both robots is equivalent
up to a variable change [8].

In the robot system of reference, an admissible circular path
any vehicle shape (i.e. obstacle representation). In tiimt leads to a pointz, y), contains the origir(0,0) and the
manifold a point represents the vehicle (section Ill). instantaneous turning center is on thieaxis. The radius of

« Second, we compute the admissible configurations, whithat circle is:

result from the obstacle regions computed previously , a? 4y @

Furthermore, we also represent on the manifold the 2y
reachable configurations by reachable commands. TFﬁe robot orientatior tangent to this circle atr, y) is:
effect of the dynamics is represented in the manifold ’

(sections IV and V). { atan2(z, =) if y>0

« Finally, we propose a change of coordinates of the man- ¢ = f(z,y) = § ran2( Q_ywz_yz) otherwise
ifold so that the circular paths become straight segments. AraTELT,

2y
On f[h_e m_amfold m_these coordinates the motion iBunction f is differentiable inR2\(0,0). Thus(z,y, f(z,y))
omnidirectional (section VI). defines a two dimensional manifold iR? x S'. We call
As a result, we transform the tridimensional obstacle avoithis manifold Arc Reachable ManifoldARM (qo) = ARM,
ance problem with shape, kinematics and dynamic constraisigce it contains all the configurations attainable by elementary
into the simple problem of moving a point in a bidimensionatircular paths from the current robot configuratiqg (i.e.
space without constraints. These are the assumptions malleconfigurations attainable at each step of the obstacle
by the methods that do not address the vehicle constrairagoidance).
Thus, many existing methods become applicable (Section VII).For each obstacle point there is a region of configurations
Finally, in sections VIII and IX we discuss the experimentah collision in configuration space (that depend on the vehicle

results and draw our conclusions. shape) and some of them lie iRM. Let be(x;,y;) = g(N),
where g is the piece-wise function that describes the robot
[1l. THE ARC REACHABLE MANIFOLD (ARM) AND boundary and\ a parameter defined in a finite interval. Then,
CONFIGURATIONS INCOLLISION the function(zs, ys) = h(zi, vi, T, yy):

In this section we show how for the vehicles considered s s ) )
here (elementary paths are arcs of circlé); the vehicle (g +2)l(y; —wi) + (@5 —27)] - [(yr —wi)” + (w7 — 2)7] 3)

configurations are constrained on a two dimensional manifold (yr —wi)* +2(2F +27)(yr — i) + (27 —27)?
of the configuration space, aiéi) the C-obstacle regions can yo = (yr — vyl —vi) + (@F — a])] - [(yr — vi)* + (x5 — 2:)?]
be exactly computed in this manifold for any vehicle shape.”” (yr —yi)* +2(aF +27)(yy — vi)? + (27 — 27)?

We focus our attention on a syncro-drive or differential-, . , : . - .
. . is the piece-wise function that describes the collision region
drive robot moving on a flat surface, where the Workspace

! . oundary for a given obstacie see [14] for details). In
W and the Configuration spac&s areR? andR2 x S! re- Y 9 stacle s, yy) (see [14] )
. ; o . : . other words, for an arbitrary robot shape, one can compute the
spectively. A configuratiomy is the location and the Or'ematlonobstacle regiorCO 4 s, in the manifold of the configuration
1 . . . space reachable by circular paths ARM. Figure 2 shows
We assume that the vehicle remains on the elemental path during breaks%. d ic but ill . | fah h d rob
This assumption is widely accepted in collision avoidance to reduce compléx- academic but illustrative example of a heart-shaped robot,

ity [6], [16]. where the robot boundamy(\) is given by:



x; = 2sin’ (\)
{ y; = —4.5cos(A)(1 + 1.2 cos(N)) + cosa (A) + 2.5 il
4)

with A € [0, 7). Substituting this expression in Equation (3) o
we obtain theCO?, ,,, corresponding to one obstacle point
pi. The obstacle region i€Osry = |J; COY Ry, for all o
obstacle pointg; (Figure 2).

The complexity of this calculus i& x M, whereN is the o
number of obstacle points antl the number of pieces of
function g. For instance M = 1 for a circular robot or the o
heart-shaped robot, and is equal to the number of sides for COARM
a polygonal robot (in this case there is one parametrization o CNS,gm
of each segment). Notice that the calculus computes without o 2 p s s 10 12

approximations the region in collision for any vehicle shape

(as long as the robot boundary can be described by a pietig- 3. This Figure depitcs the regiadNAapys for an obstacle point
wise function) r € W, and a heart-shaped robot. Regi®® 4 s is the collision region in

e ) . ARM. RegionCN S o is an enlargement of th€ O 4 gy boundary that
The collision avoidance problem is transformed now to @pends on the braking distances. The region of non admissible configurations

point moving in a two dimensional space. CNAapwm is the union of both regions.

IV. CONFIGURATIONSNON ADMISSIBLE

We describe here the computation of the non admissibliehicle travels (during” and atv constant) that allows next

configuration regionC NA gy in the ARM. This region to decelerate the vehicle before collision with(traveling an
is the union of two regionsyi) region of configurations arc Ly, ;. during breakage) is [13]:

in collision CO4grps (previous section); andii) region of

configurations that once reached, the vehicle cannot stop by LY .. =a,T* (/1 + 27L2 —1) (8)
applying maximum deceleration before collision (configura- a,T
tions not safeC’ NS arn): Notice that if the distance traveled with a command in

periodT' is L; < LY, ..., then the velocity can be canceled
before reaching. Locationp can also be reached over the
The not safe configuration regiod; NS4y, contains the circle in the opposite direction. Then, there is another limit
configurations reached after executing a velocity commagp@int py computed as previously but on the other side of the
during a time interval, whose velocity cannot be canceladrcle. The result is the two border pointg and p3 of the
by applying the maximum deceleration before traversing tf&N S r,,. The case of the rotational velocity is analogous,
bounds ofCO 4y (What implies collision). This region is a but it contributes to the orientation of the tangent to the circle
cover of theCO oy boundary since there are two directionganglet). The result iSCN Sy, ;.
of travel over the same circle. The set of not admissible configuratio68V A 4y, is the
The computation of th€' NS 4z region is based on com- union of the configurations in collisio®O 4ry; and the set
puting the linear and angular braking distances independenfynot safe configuration§’N'S4ras (Equation (5)), which is
for both controls (translationn and rotationw, which are the union of bothCNSY ,,, and CNSY,, (Equation (6)).
independent for the vehicle considered). Then,@€S ), Notice that the computation of th€ N A 4ry does not add
is the union of the not safe configurations for translatioomplexity to the calculus presented in the previous section.
CN S @nd rotationCN Sy, In summary, we have described a calculus to compute the
: w non admissible configuration region in the manifeld& A/ for
CONSarm = CNSapy UCNSSpy ®) 4 vehicle with arbitrary shape, a given dynamics and a fixed
Let (a,,a,) be the maximum robot accelerations afida time interval (the sampling period).
given time interval (in practice the sample period). Let be
p = (z,y) a point of the piecewise function that describes the
CO 4rp boundary (computed in the previous section). Let The remaining aspect of the vehicle dynamics is the reach-
andé be the radius and orientation of the tangent to the circtdble commands: commands reachable in a short period of time
in p (Equations (1,2)), and, be the arc length of the circle: given the system dynamics and the current velocity. The set
2|, y=0 of reachable cpmmands BC = ['vo + a,T,w, + a,TY,
L= { |r'9’|’ Y0 (7) where (v,,w,) is the current velocity. The set of reachable

configurationsRC agp in ARM is:
The translation velocity contributes to the distance traveled

within the circle (arc length). The maximum ak¢, .. thatthe  RCary = {q € ARM | q = s(v,w), Y(v,w) € RC}

CNAspm = COARM UCNSaARM %)

V. REACHABLE CONFIGURATIONS INARM
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Fig. 4. These Figures show the usage of the abstraction layer to use a generic obstacle avoidance method (assumes a robot without constraints, that i
punctual and omnidirectional) to work on a rectangular vehicle with differential traction. (a) Rectangular vehicle and obstacle distribution. (b) The reachable
configurations,RC 4 ras, and the non admissible regio@.N A 4 zas, in the ARM. (c) Change of coordinates of RM to ARMP . In ARMPF the robot

is a point and the motion omnidirectional (applicability conditions of the obstacle avoidance method). The avoidance method is applied to obtain the most
promising direction3s,; to avoid collisions with theCNAﬁRM while approaching to the target. Directigh,; is used to obtain the configuration solution

qfol in the set of reachable configuratioP&S‘ERM. Given this configuration, the motion command is then computed by Equation (12).

wheres(v, w) is the function that computes the configuraFurthermore, given a timé&, one can compute the command
tion reached after executing a commafidw) during time (v, w) that preserves and moves the vehicle a distande

T: over this circle:
q=s(v,w) = _ (e L cign(s L
(uT;0) w0 (v, w) = (sign(cos Q)T’ sign(sin «)| tana|T) (12)
- { (3 sin(wT), (1 — cos(wT))), otherwise. A location in ARMF is given by a direction and a distance

i . ) ) (9 on this direction. The elementary paths ARM7T are thus
Notice thatRCarar contains all the configurations reachyectilinear (omnidirectional motion), whereas they represent
able in ARM in a timeT" given the system dynamics and th&ircylar paths inARM (kinematic admissible paths in the
current velocity. Workspace). That is, we represefiR)/ in a new coordinate
VI. THE EGO-KINEMATIC COORDINATE system where the motion is omnidirectional. Furthermore,
TRANSFORMATION given a locatiog? € ARMT and a timel’, one can compute

This section deals with the vehicle kinematics. The origindl¢ kinematic admissible motion command that moves the

idea of this transformation is to pose the motion problem iYFh'CIe a distancd, over the circle of radius (defined by

a parameterized space where the paths depend on param&&g the Workspace.

that identify the admissible paths and the distance traveledVvll. A BSTRACTION OF THESHAPE, KINEMATICS AND

over these paths [14]. In the case here we apply a chand®&NAMICS FROM THE OBSTACLE AVOIDANCE METHODS

of coordinates tod RM so that the elementary paths become |, thjs section we describe how to use the previous results

straight segments with the new coordinates (motion is omniqs puild the abstraction layer between the vehicle shape,

rectional). The change of coordinates transforms the domgiRematics and dynamics, and the collision avoidance meth-

of the manifold R* into R x S', where the distance t0 aggs. These last methods follow a cyclic process: given an

point is_the arc Ie.ngtLL measured over t.he circle that reachegpgtacle description and a target location they compute a

that point (Equation (7)), and the anllis a parameter that target-oriented collision-free motion. The motion is executed

univocally represents this circle: by the vehicle and the process restarts. The idea behind the
B arctan(%), x>0 abstraction is to include two steps previous (incorporation of
o { sign(y)m — arctan(%), otherwise the shape, kinematics and dynamics) and one posterior (motion

computation) to the application of the method (Figure 1). At

; ; ; P
yvhtirer Is the r?;.j'u? of t?;PC[deL' We_caARMf_ to fRMI each iteration, given the sensor information (obstacles) and a
in the new coordinates angl” = (L, «) is a configuration. In target location the process is:

P e : ; : ]
ARM?*, a directiona univocally determines a turning radius: 1) Shape and dynamic<Computation of the non admis-

_{ tan_im_ ac€ -3, 3] (11) sible configuration regionCNAsry and reachable
tan™" (sign(sina).m — ), otherwise region RC s (Sections IV and V).

) _ _ o 2) Kinematics change of coordinates ofiRM, where
From a physical point of viewy is the angle of a free wheel located at a

P P ; ; ;
distancel from the origin on theX-axis, which aligns tangent to the circle CNAARM _andROARM_ are the previous regions in the
of motion with radiusr. new coordinates (Section VI).

(10)
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(a) Path executed by the vehicle, the laser points gathered during the execution and a snapshot of the experiment. (b) Translational and rotational
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velocity increment profile. (c,d) Translational and rotational velocity profiles: the commands computed and real behavior of the system.

3)

4)

Collision avoidanceapplication of the collision avoid-  Figure 4 shows an example of this process using a rectan-
ance method iMRM?* to compute the most promisinggular vehicle with differential traction and a generic collision

motion directiong;,,. avoidance method (assumes a robot without constraints, that
Motion: computation of the closest configuratiqff,, to is punctual and omnidirectional).

Bsor that is reachable and admissibtg,, € RC .., Notice how by using the framework, the reactive layer
and qf, ¢ CNALL,,. Onceql, is obtained, the (the abstraction layer plus the collision avoidance method)
motion command is given by Equation (12). computes motion commands that comply with the vehicle
To computeq®, ; we compute first the set of configura<constraints. In other words, using the abstraction layer, the
tions S,,; closest tof,,,;: collision avoidance method is extended to address the vehicle

constraints.
Sso = arg min lla” —p"l VIIl. EXPERIMENTAL RESULTS

quRchMv qP¢CNA}ZR1v1
In this section we use the proposed framework to ex-
wherep? is the configuration projection aff over the tend a given obstacle avoidance method to work in a
unitary vector in the direction of,,;. When|S;,;| =1 real vehicle with rectangular shape, kinematic and dynamic
there is only one possible configuration that we seleconstraints. The vehicle is a rectangular and differential-
as solutiong®,;. Otherwise, we select if,,; the closest drive wheelchair equipped with a SICK planar laser (fre-

sol*

to the targetqf,, ges: guency5Hz). The maximum accelerations of the vehicle are
(ay,aw) = (0.6525,0.6-2%) and we fixed the maximum
ab, = argmin [|q” — qFyge | velocities t0 (vVmas, Wimaz) = (0.42%,0.4524), that are not

aP €S0l very high due to the application (human transportation).



Since the objective is to validate the reactive layer we Our believe is that this technique could be very useful to
conducted all the experimentation in unknown, dynamic amdany researchers since it provides a framework to improve
unstructured scenarios. As motion method, we selectedthe robustness of the collision avoidance methods without
potential field method (PFM in short) [7]. This is becaussignificant modifications. In this work we have used the
when it is used as a reactive collision avoidance methoechnique proposed with a collision avoidance method (that
assumes a punctual or circular vehicle that can move in aagsumes a punctual and omnidirectional vehicle) to build the
direction (omnidirectional without dynamics) [1]. reactive layer that moved the wheelchair. The results confirm

Figure 5 shows one representative experiment that weat the obstacle avoidance task is successfully carried out
carried out in a scenario where a human was placing randortéking into account the shape, kinematics and dynamics. This

obstacles to hinder the wheelchair motion. The reactive laysas the objective of this work.

(abstraction plus PFM) correctly performed the avoidance task
avoiding the unforeseen obstacles and driving the vehicle io
the goal location (see the vehicle trajectory and laser poin
gathered during the run). The time of the experiment Was
sec and the mean velocities werd8-7 and0.24224. (2]
We discuss next in more detail how the vehicle shape,
kinematics and dynamics were taken into account during
the experiment. Regarding the vehicle kinematics, the avoid?!
ance method was applied in théRMT manifold, where
directions corresponded to turning radius. To address the]
vehicle dynamics, the avoidance method computed a direction
solution 3., in the ARMYT, used to choose a location in [5]
RC% s (that contains the reachable configurations in time
T in the ARMY given the system dynamics). Figure 5b
shows the command increments profile. Notice how all thgs]
commands are reachable, since given the current command,
the next command is always withiRC' (set of reachable []
commands). As a consequence, the vehicle closely execut@g
the reference commands, i.e. the planned motion (Figure 5c,
d). Furthermore, the command assured at all times that ﬂfs%
vehicle could be stopped without collision by applying the
maximum deceleration (the braking distance is taken into
account). This is because the commands are computed fréfh
admissible configurations, i.e. they are noGv A% ., , (that
is, an "enlargement" of th€-Obstacles that depends on thet1]
dynamics and computed from the exact vehicle shape, Figure
3). We did not observed any emergency stop in the experimey
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