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Decentralized & prioritized Navigation and
Collision Avoidance for Multiple M obile Robots

Giannis Roussos and Kostas J. Kyriakopoulos

Abstract We present an algorithm for decentralised navigation oftiplal mo-
bile robots. Completely decentralised Navigation funasiduild a potential field
for each robot that is employed in a feedback control law. pbntial field in-
corporates limited sensing and explicit prioritisationnén-circular sensing area
creates asymmetrical sensing by reducing the influenceboftsand obstacles be-
hind each robot, introducing implicit priorities resenmigi‘rules of the road”. Static
and moving obstacles are taken into account, as well as nwifuming robots. A
decentralised feedback control law based on the gradigieopotential field en-
sures convergence and collision avoidance for all robotdewespecting a lower
speed bound. Simulation results demonstrate the efficatyeqfroposed algorithm.

1 Introduction

Decentralised navigation has become popular in a wide tyaorobotic appli-
cations involving multiple mobile robots, while it is alseihg investigated from
the point of view of multi-agent systems. In most multi-rblapplications an in-
creased level of decentralisation is desired to allow featgr performance, flex-
ibility and computational efficiency. Moreover, a propedgcentralised approach
can offer some level of robustness with respect to singletrédilures, limiting
their effect on the rest of the robots.

A wide variety of methods for navigation has emerged, enipbpyarious tech-
niques. One class of methods handles the problem in a twaast@mach [8]: the
workspace is initially divided into cells, which are theredgo formulate the navi-
gation problem as a graph search problem. Artificial po&toti vector fields guide
the robots between cells, following the sequence providetthé graph search. An
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extension to multi-robot navigation is presented in [2}Walugh this approach is in-
tuitive, it requires considerable pre-calculations angsth-priori knowledge. More-
over, performing the cell decomposition in the combinedestpace of all robots
and solving the graph search problem can become challefmjimgany robots.

Another class of methods uses artificial potential fieldsd@lirectly derive feed-
back controllers steering the robots over the entire wartkspA common weakness
of these methods is the appearance of local minima away fhengoal that can
prevent convergence. A special class of potential fieldgjdédion Functions (NFs)
[7], can ensure the existence of a single, global minimune. R methodology has
been developed for a wide class problems, offering formdbpmance guarantees
and computational efficiency, while its real-time feedbaekure can compensate
for measuring and modeling errors. NFs have been applieditt-agent problems
ranging from robotic navigation [3] to Air Traffic Control {&C) applications [11].

In this paper we further refine the concept of limited sengmnthe proven NF
methodology, which combined with a feedback control lawigiesd on the prin-
ciples of [11] yields a completely decentralised solutionrhulti-robot navigation
and collision avoidance in a workspace with obstacles. @pra@ach requires no a-
priori computation or knowledge and does not rely at all omidised controllers.
The only information that each robot needs is its positiothinithe workspace and
knowledge about other robots and obstacles within a sers#maround it. Thus,
our algorithm is completely distributed and its computagibcost does not depend
on the total number of robots.

The construction of the potential fields incorporates ities, both in explicit
and implicit form. The former is achieved by assigning gtioclasses to the robots
and allowing high priority ones right of way. Moving and stabbstacles are as-
signed the highest priority. Moving obstacles have beem @ssidered in [1], but
their motion is assumed to be known a-priori, as the algorigre-calculates the
complete trajectories of the robots. Malfunctioning raboan also be treated as
moving obstacles, thus offering some fault tolerance. ioitgdriorities resembling
“rules of the road” are introduced by using a non-circularsseg area, so that the
potential of each robot is mostly influenced by robots andaaibss in front of it.

The rest of this paper is organised as follows: Section 2 defthe problem
considered, followed by Section 3 where the proposed patdigld is described.
In Section 4 the feedback control scheme is presented andation results are
given in Section 5. The conclusions of the paper are sumethiizSection 6.

2 Problem Statement

We assume a scenario involvibgmobile robots modeled as kinematic unicycles:

g = [;(:] =Ji-uj,

@ =,
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whereq; = [>q yi}T is the position vector of robatwith respect to a global frame
&, @ its heading angle, i.e. the angle between the robot’s ladgial axis and the

globalx axis, andJ; = [ cog@) sin(qq)]T. Each circular robatof radiusr; is driven
via the linear velocity; and the angular velocitsg. For the linear motion a desired
speeduy; is assumed, acting as a lower bound for the absolute lindacitse All
robots are operating within a common workspace around igeaf & with radius
R.1, while the information available to each of them is restitto other robots
and/or obstacles within its sensing arga

The objective here is to drive each rolbt its destinatiorgg; while avoiding all
collisions. We want to enforce some form of prioritizatien, that robots with high
priority can maintain right of way versus lower priority aneéOur aim is a com-
pletely decentralised solution that will also considetistand moving obstacles.

3 Completely Decentralised Navigation Functions

Decentralisation in the Navigation Functions (NFs) metilody has been intro-
duced by allowing each robot to ignore the targets of othentggand navigate
independently using its own NF-generated potential fielthited sensing is a key
factor for decentralisation: it takes into account the éimdnge of real sensors and
greatly limits the information that each robot needs to &egand process, signifi-
cantly improving the applicability and scalability of thigarithm in large scenarios.
In [3] limited sensing range has been introduced in NFs@? &ashion, assuming
a priori knowledge of the total number of agents. This regmient has been elimi-
nated in [4], where a switching sensing graph is used, liagut a hybrid system.
However, this approach does not ensure global stabilithj@sking situations may
be reached. Thus, convergence occurs only if the switchinfgeosensing graph
eventually stops. A completely locally computable NF hasrbpresented in [9],
but only for single-agent problems and with the assumptiahat each time instant
there is at maximum one visible obstacle. This effectivebams that the algorithm
solves one collision at a time, which is not optimal in a maljient scenario.

A completely decentralised scheme for a NF has been preseyntbe authorsin
[10], incorporating limited sensing range and expliciopities in an absolutely lo-
cally computable potential field that can take into accoumnitiple robots according
to their priorities, as well as static and moving obstacld® work presented here
further develops this concept, by using non-circular senareas for each robot (see
Figure 1a). Each robot can use its full sensor range in thvesfiat direction in order
to acquire as much information as possible to plan its ttajgcwhile the effective
sensing range is reduced in the rear direction. Such a gpssireme introduces im-
plicit prioritisation, as it can create situation with “asgnetrical” sensing between
robots (see Figure 1b). In graph theory terms, this mearighkacommunication

1 In the case of a non-circular workspace the algorithm ptesehere can still be applied by
employing an appropriate transformation to a sphericakemaice, as shown in [12]
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graph is no longer undirected. Moreover, the shape of theirsgrarea improves
the computational efficiency of the algorithm, as it allowfrer selection of the
neighboring obstacles and robots that contribute to therpiat field.

The potential field presented here can be combined with aa@theme similar
to the one in [11] to provide decentralised, non-coopeeatavigation for multiple
robots. In fact, any controller that can ensure a decreasitegfor the potential’s
value over time is applicable. Thus, the use of the potefitlal presented here is not
limited to unicycle-like robots but can also be applied tbesttypes of kinematics
(holonomic or non-holonomic), if combined with an apprapeicontrol scheme.

The decentralised Navigation Function (NF) we use is of thif[5]:

¥+ fi
(y+ fi)k+Gi 'Bi)l/k’

wherey; is the target functionf; the cooperation functior; the obstacle function
and finally3; is the workspace boundary function. The potentiahttains its max-
imum value of 1 on the boundary of collisions and has a singtémum of 0 at the
destination. Our contribution focuses in the constructbthe obstacle function
Gi, where we incorporate the non-circular sensing schemepted in section 3.2,
which combined with the priority classes described in sec8.1 allows the use of
both explicit and implicit prioritisation between the rabo

¢i:

1)

3.1 Priority classes

Explicit prioritisation is introduced in the Navigation Retions (NFs) algorithm
by assigning each robati € {1,...,N} a priority classc; € N. Lower values of
¢i represent higher priority robots, with = 0 denoting either uncontrolled or mal-
functioning robots, or obstacles (stationary or movindpe Bissignment of priorities
can be performed independently of the navigation algorihesented here, based
on task classification, robot capabilities, etc. We defireetitheat set T; of roboti
as the set of all obstacles and robots of the same or highmtprelass, i.e. with
the same or lower;: T £ {j € {1,.,N}\ {i} ]cj < ¢ }. Priorities define the sensing
relations between neighboring robots: each robghores any other robots that be-
long to lower priority classes, i.e. any robot j with> ¢;, and only considers robots
and obstacles belonging to its threat $etThus, robots performing high priority
tasks can maintain right of way, while lower priority robsteer around them.
Moving and static obstacles are handled like uncontroltdibts; they are as-
signed the maximum priority clasg,= 0 and are avoided by all normally operating
robots. Moreover, if a robatis known to experience a degradation of its navigation
and collision avoidance capabilities it is assigned thdnédg priority class; =0
and is treated as an obstacle by other robdthis classification scheme means that

2 Online priority reassignment is outside the scope of thiskwas it is assumed that it will be
handled by an independent fault detection system
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two robotsi andj have mutual sensing between them, i.e. they both take eheh ot
into account to navigaté< T; andj € Tj, if and only if¢; = ¢j # 0, i.e. they belong
to the same priority class, other than the highest one. @tkerif one of the robots,
sayi, belongs to a higher priority class (even the highest ong)¢i0< ¢j, theni € Tj
butj ¢ Ti. Thus, at all combinations @f, c; where at least one of them is nonzero,
i.e. max(ci,cj) > 0, there is at least one-way sensing between robatsl j. This
ensures that all collisions are avoided, at least by oneetwlo involved robots.
Of course, in the unfortunate case that 2 rob@tisd j malfunction simultaneously,
i.e.c = cj =0, any collisions between them can not be avoided, thougbtladir
normally operating robots will still manoeuvre around boflthem.

3.2 Limited sensing

The effective sensing area used by each robot consists ofigisgle of radiusRg

in the rear semi-plane and a semi-ellipse with semimajorsamaiminor axe®ss,
Ry (with Rss > Ry ) respectively in the forward semiplane, as shown in Figare 1
RangeRss should be less or equal to the maximum range allowed by thet'sob
sensors. The boundary of the sensing area around the rahetigiven by:

Ry Rsf 9 c (_ )
Rs(8) = { \/(Rsc056))%+(Rys sind))” ’ )
Ry, otherwise

NIy
NIy

Angle 6 € (—m, 11 is measured from the forward direction of the robot, see Fg.

Fig. 1: Left: The non-circular sensing area used for eaclotraipnsisting of a semicircle in the
rear and a semi-ellipse in the front of the robot.

Right: Implicit prioritisation of robot 2 with respect tolvot 1: Robot 1 senses robot 2 but is outside
robot 2's sensing area, thus only robot 1 will manoeuvre.
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Similarly, for each neighboy of roboti we define the bearing anghy between the

relative position vectogij = gj — gi and the forward direction of robot see Fig.

1b. The effective sensing range of robat the direction ofg;; is Rs(8;), using (2).

In the special case th&; = Ry the sensing zone becomes a circle, as in [10]. The

elliptical shape offers a simple way for an adjustable fodhsensing range in@!

fashion, though otheZ® curves may be used if required by specific applications.
The contribution of robof to the potential field of robatis based on the basic

obstacle functiowy;j, which is defined as in previous NF approaches:

Gij = ||aij||> 2 3)

wherer;; L4+ rj. By the above definitiorg;j is zero when robof touches robot
i, i.e. when||qij|| =rij, and increases as the robots move away from each other.

Each robot can sense other robots or obstacles that are itgichbove sensing
area, i.e. whenevetqij|| < Rs(8). The effective sensing rang(;) is used, as
presented in [10], to derive the normalised obstacle fonajj;:

Gij
7&(6”_)2_“2]_ (4)

gij =

Finally, the contributiorm;; of robot (or obstacle) to roboti’s potential is derived:

L(@, il < Re(8j
g = (9ij) Hq'JH < R( IJ.) 5)
1, ||aij|| > Rs(61})
where the shaping functidr(x) is L(x) = x3 — 3x? 4 3x, chosen to satisfy:
L(0)=0 L) =1
L'(x) > 0Vx € [0,1) L'(1)=L"(1) =0
By the above definitiorg;; is zero when robotsandj collide, i.e. || gij|| = ri; and

increases up to 1 at the boundary of the sensing area, i.en Jjdng|| = Rs(6)).

Outside the sensing area of robag;; is constantly 1. Using the above properties of

L(x) it can be verified thagj is by constructior€? in the interior of the free space,

i.e. away from collisions, whemg; e [0, +). This allows the potentiap; to beC?,

as it is required for it to be a Navigation Function [7]. Fuantgi; = gij (||gij|)

is plotted in Figure 2. Sincg;j is constantly 1 Whel'MlIij H > Rs(6), each robot

i is only affected by other robotse T; inside its sensing area. It should be noted

here that althougty ;"= §;i, the nondimensional functiogs andg;; are not equal in

general, sincé; andgj; are different. This difference betwegn andgj; introduces

the asymmetrical sensing in the construction of the paiéfidilds of robots andj.
The complete obstacle functi@ is then constructed; = [ ] gij. The priority

J€Ti
classes defined in 3.1 are used here to allow rotmignorej whenc; < c;, forcing

robot j to manoeuver arourid Thus, only knowledge of those robotsTinthat are
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within the sensing area ofis requiredG; = [+, gij, where the “close threat” set
Ti = {j € Ti| ||@ij|| <Rs(8) } C Ti comprises threats in the sensing area of

& &

0

0 T

llaiil Rs(65) Re—Rst  laill Ru—ri

Fig. 2: Left: Obstacle function;; with respect to distancgq;;| | between robotsand j

Right: Workspace boundary functigh with respect td|q;||

Similarly to gij, B is designed to contain the effect of the workspace boundary
in a zone of widthRss. The normalised workspace boundary functiiis based on
its dimensional counterpaf:

B G
(Ru—r)2— (Rw—Rst)*’

The effective boundary functiof used in®; is then defined similarly tgi;:

B = (Rv—ri)%—[|ail®

ﬁ_{um lai] = Ru—Res ©

1, [lgil| < Rw—Ref

i becomes zero when robiatouches the workspace boundary, j|€:i|| = Ry —ri,
and varies in & fashion to exactly 1 when robois at a distance equal to or higher
thanRs; away from the boundary, i.e. whéjai|| < Ry — Rst, see Figure 2.

3.3 Potential Construction

For the target functiol we use the following nondimensional form:

2
| qui
Since the largest distance between afyqqi inside the spherical workspace of

radiusRy is 2Ry, ¥ is equal to or lower than 4 for any combinationgf qq;.
The cooperation functiofy is used here as in [3]:

14

fi(G) = {ao+2|3_1a4G!, Gi <X @®

0 G >X

)
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whereag =Y, a; =0, a, = =¥, a3 = 2% andX, Y are positive parameterX. sets
a threshold foiG;, so that the cooperation functidi is activated wherG; < X.
ParameteY defines the maximum value &f, attained wher@; = 0.

The final result of using the above defin@d B andy in (1) for a setup with 3
obstacles is shown in Figure 3. The targgtis set in the center of the workspace
and 3 obstacles are included. The potential field is showntbeeentire workspace,
along with the values o6, (i, y and @; along the positivex axis, that crosses
through the center of one of the obstacles that is placeddsstthe target and the
workspace boundary. In this example we have assumed thaddperation function
fi is not activated, i.ef; = 0 everywhere. Since we cannot plot the potential for all
possible robot orientations, we have use ) = Rst everywhere for simplicity in
the figure. As the figure demonstrat€s,.andf; become less than 1 only within the
sensing rangBs; of the obstacle and workspace boundary, respectively. dtiedl
blue line shows the value @b, for G; = 3 = 1 everywhere, i.e. without the effect
of any obstacles or the workspace boundary. As expected¢cthincides with the
actual®, outside the sensing area of obstacles and the workspacddgun

|l
<O

|
8

—Ti

&
[
=

Ry —Rst

Xj + Rst

—Ry "R,

Fig. 3: Left: Obstacle functior;, workspace boundary functiof§, target functiony and the
resulting Navigation Functio®; on the liney; = 0, % € [0, Rw].
Right: Navigation Function potential field in a workspaceha8 obstacles and local sensing.

It has been shown in [10] that the potential field construetiedve is a Navi-
gation Function, providing almost global navigation andlision avoidance for all
values ofk higher than a finite lower bouri@. Moreover, since in the construction
presented here only robots and obstacles inside the nonlaniisensing are#; af-
fect @, the number of);; that contribute to®; at any time is significantly reduced
with respect to [10] and previous approaches with globadisgn This significantly
boosts the computational efficiency of the algorithm, eslgdn scenarios involv-
ing many robots. Simulation experience with NFs indicatas the minimum value
of the exponenk required to eliminate local minima and render (1) a NF insesa
with the number of contributing robots and obstacles. Tthesexponenk needed
for the potential presented here is in most cases lower tiearte required in [4].
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4 Completely Decentralised Navigation

The proven navigation properties of the potential figiddescribed above can be
used to drive each robot to its destination while avoidintlisions. In fact, any
controller that can maintain a decreasing rate for eachiatdield @, i.e. @ <0
can be employed in combination with the potential field pnése previously to
stabilise each robot to its target, while also avoidingisihs. Such a controller
has been presented in [11] for unicycle-like vehicles mgvm3D space . We can
derive a similar controller for planar unicycles by negiegtthe vertical velocity
input. The resulting control scheme employs the projeatibtine gradient’; @, =

[ D Dy | " onrobotsi longitudinal (heading) directiom? = J;" - [; @ whereJ; =
[cogq) sin(qq)f. Moreover, we use the partial derivati\?ﬁ, which sums the
effect of all but thé™ robots’ motion on®;:

(9¢)| T
—— =) Uj® - Jju;
ot ; '

wherell; @ = g—g’; is the gradient ofp; with respect tag;.
The proposed control law for the linear velocityis:

T o <U(Rl-2) (9a)
i = Ue+ 22
—sgnP)=g2-, L2 > Ui(IR|-¢)
whereU; is the nominal velocity:
Ugi, |lgi — qail| > di A [1, ifx>o0
Ui:{qiq‘”'u' la—aall < 2™ ST k<o
di dis ql Qd| =Y ) .

A small positive constarg is used to ensure a decreasing rat@pénd sgifx) is:

1, if x>0

A
Sgrix) = {—1, if x < 0.

U; matches identically the reference signglaway from the targejq; and reduces
continuously to 0 inside a ball of radidsaroundggi. The angular velocity used is:

W= Qi-(l—%), 0<Mi<ég (10)
Qi, M;i <0,

where:M; 2 @un, (@ — Gany)s Qi 2 —Ko (@ — Gan,) + Gany- The nonholonomic
heading anglenn represents the heading of sgnU; &;:
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@hni = atan2(sgn(p;) Py, sgn(pi) Pix) (11)

where: atan@,x) £ arg(x,y), (x,y) € Candp; = Jj; - (ni1 — niig) is the position
vector with respect to the destination, projected on thgitodinal axis of the de-
sired orientation. Thus, sgpi) is equal to 1 in front of the target configuration and
—1 behind it. Finallyg, is a small positive constant akg a positive gain.

The principles of this control scheme can be found in detdil1]. The stability
analysis presented there does not rely on the specific Naigaunction used and
can be also applied to the algorithm here to formally gua@icbnvergence and
collision avoidance.

5 Simulation Results

In order to demonstrate the effect of the noncircular senarea to the performance
of the algorithm we present simulation results below. Ttet fiimulation scenario is
a simple example with a robot navigating around one statitamle. Although not
a challenging scenario, this can give a clear view of thequerince and efficiency
improvements that our algorithm achieves compared to ticeleir sensing scheme
in [10]. A maximum sensing range of®length unit is assumed, so for the new
sensing we have us&t, = 0.15,Rss = 0.5, i.e. the full sensor range is exploited in
the forward direction, but only 30% of it in the rear. Resfiitsn the same example
using circular sensing are included, using two differemisggy rangesRks = 0.5
andRs = 0.15. The resulting paths are shown in Figures 4a-4c, alortgstatistical
information in Table 4d. Compared to the full sensor rangéanthe new sensing
scheme path in 4b is less conservative. In both 4a and 4b tasesbot starts
turning at around the same position, ngar —0.3, as the forward sensing range is
the same. However, the significantly shorter sensing ramgieet sides and rear of
the robot with the new sensing scheme results in a much sandagation from the
straight line path. Using a reduced circular sensing ofumil5 in 4c results in
a more aggressive turn as the robot starts maneuveringdattieventually covers
longer distance to reach the target. The improvements oéld@ithm presented
here are reflected in the total length of the paths shown ile #db, as well as the
computation time, because of the reduced interaction egtvilee robot and the

obstacle. Finally the total absolute turning angle- /|oo| dt is reduced, as less

maneuvering is used.

The second simulation example is a multirobot scenariolainto the one used
in [10]: 4 low priority robots are moving in parallel, while ldgh priority one is
crossing their paths. Results are presented in Figure 6adocular sensings =
0.5 and in 6b for the noncircular sensing scheme Wh= 0.15 andRs; = 0.5. As
noted on the figures, the new algorithm results in much smaddieiations, allowing
the robots to reach their targets quicker.
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Fig. 4: Simulation results: Obstacle avoidance using vargensing schemes

Fig. 5: Simulation Results: A high priority robot crosses ffaths of 4 lower priority ones moving

in parallel
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(a) Circular sensingRs = 0.5. Path (b) Noncircular sensing,Rss = 0.5,
length: 23.89 Ry = 0.15. Path length: 29

6 Conclusions

We have presented an algorithm for multi-robot navigatioa eollision avoidance
using the Navigation Functions framework. A novel senstigese is implemented
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in the method, allowing implicit prioritisation in a ruled-the-road fashion. Explicit
prioritisation is also taken into account, as well statiecramving obstacles and un-
controllable robots. Simulation results show significaatfprmance and efficiency
improvements with respect to previous work using the NF &awork.
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