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Virtual Attract ive-Repulsve Potentials for Cooperative Control of
Secord Order Dynamic Vehicles on the Caltech MVWT

Bao Q. Nguyert, Yao-Li Chuang, David Tung®, Churg Hsiett,
Zhipu Jir*, Ling ShP, Danid Marthalef, Andrea Bertozzf, Richad M. Murray?

Abstract—We conside a motion planning method based on
cooperaive biological swarming models with virtual attractive
and repuldve potentials (VARP). We derive a map between the
modd and fan speed for the Kelly, a secord order vehicle on
the Caltech Multi Vehicle Wireles Testbed The motion plan-
ning map results leads to the developmert and implementation
of a point to point controller which is subsequenty usel as
part of a cooperaive seaching algorithm. The VARP control
method is scalabke and can be used to organize a swarm of
robotic vehicles.

. INTRODUCTION

Virtual potentiab provide a conveniert framework for
autonomos vehicle contrd and pah planning Recent
contrd applicatiors include coordinatel group motion with
artibcid leades [9], obstact avoidane [12], distributed
gradient climbing [11], and maintaining an automobilé
lane position on a highway [15]. Ther are severd math-
ematicé frameworks propose for the constructio of the
artibcid potentid peld They include harmont functions
and Laplaceéd equatio [2, 3] strean functiors from Ruid
dynamics [17], artibcid gyroscopt forces [1], ard pair-
wise virtual attractve-repul$ve potentias (VARP) for point
masses We are intereste in the lag type of potentials
for two reasonsFirst, their representatio as virtua force
laws make them straightfoward to port on secomnl order
vehicles propell@ by mechanism tha directy impat a
force to the vehicle Secondy, sud pairwise interactions
can yield compkx grouy behavior using very simple scal-
able algorithms thus making thes method very interesting
for cooperate motion problens involving many vehicles.
Sud virtual potentias arise in swarming modek in biology
[5, 7, 10, 13] ard lead to interestilg patterrs including
milling and Rocking for collecive motion The testbed
implementatio her is a brd step towards bringing ideas
from thes biologicd applicatiors to coordinaé motion of
large groups of vehicles.
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Fig. 1. The vehicle Kelly at the Caltedhy MVWT.

In this pape we demonstrat experimentaly, with second
orde contrd vehicles tha it is very straightfoward to map
virtual potentiad laws directly to onboad vehicle propulsve
functiors and tha sud contrd algorithms can be used
for motion planning This approab is quite scalabé and
thus could be usa for platforms of many robots Our
experimens are carried out on the Calted Multi Vehicle
Wireless Testbel [6] which offers a group of vehicles,
namel KellyQ driven by ducted fans We descrite our
methal for mappirg the virtual potentid cooperatve motion
equatiors directly to fan controk for the Kellys. The VARP
methal allows us to dePre an open loop point to point
controlle for the Kelly by placing a virtual potentid at
the new target point for the vehicle We show experimental
resuls of cooperatve searchig with two Kellys using the
VARP controlle.

Il. THE CALTECH MVWT

The Calted Multi- Vehicle Wireless Testbel (MVWT) is
a platform designé for experimens involving cooperaive
multi-vehicle control The MVW T consiss of vehicles with
the ability to communicas over awireles network, an arena
for multi-vehicle operations a Lab Positionirg System
using overhea camerasand an offboard compute netvork.
Eadc vehicle in the MVWT has an onboad compute,
onboad sensorsamd an 802.1Db wireles Etherne card.
There is a smooh Boa with dimensiors of approximately
6.5 m x 7.0 m with a cente pole The vehicles are maked
with binaly symbok on their hats which the vision system
uses to identify ead vehiclegd position ard orientation.
Reades are referrad to [6] for detaik of the Caltedh MVWT.

Fig. 1 shows the Kelly with two ducted fans which propel
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Fig. 2. Two Cartesia coordinaé systens usel to descrike the position
and velocity of the Kelly. Thex S y coordinats are bxed on the ground
whilethe S coordinats are attache to the vehicle; points to the
direction of the vehicle® linear motion and is perpendiculato . The
rotation angke betwea the® two coordinaé systens is denotel by .

the vehicle The controlle goverrs the Kelly@ motion
throuch the fan force generatig subroutinesFor a pair of
specile left and right fan forces,F_ and Fg, the Kelly®@
equatiors of motion [8] are:

m%l: = Spu+ (Fr + F_)cos , (1)
mY = Suv+ (Fr+ Fsn | @)
J%t = S + (FRSF.)rs. (3)

In the above equationsFr andF_ are the outpu forces
of the right ard left fans which are separatd by a distance
of 2r¢. The mas of the vehicle is m. The linea and
angula friction codpbciens arep and , respedtely. The
componert of the linear velocity of the vehicle areu = ‘é—i‘
andv = ‘é—i’ wherex andy are the position coordinate of
the vehicle respedtely. The angula velocity relaive to
thex Sy coordinatgis = ?Tt where is the orientation
of the vehiclg as shown in Fig. 2. If the vehicle in Fig. 2
is labelled as the i-th vehicle then we write as ;, as

i, etc The two coordinae systens describirg the Kelly®
motion are shown in Fig. 2.

Equation (1) ard (2) are specibd on the x-y frame,
which is bPxed on the testb&l and does not depem on the
orientation of the vehicle On the othe hand the rotation
equatia (3) describe a force that is perpendiculato the
direction of the vehicle® velocity. Therefore it requires a
secom Cartesia system - tha rotates with the vehicle.
The unit vector points in the direction of the vehicle®
motion while the unit vector is perpendiculato it. Any
secom orde modd tha is intendal to directly acces the
fan force generato to drive the vehicle has to projed its
force law onto thes two coordinaé systens in orde to
link the modd parametes to the controlling factors.

I1l1. VARP THEORY

Given N agens labelledi = 1,...,N at positionz =
(Xi,Yi), conside the following gener& couplal equations
of motion

dt - [}
dw; . - .
m(T,[I = iS wiS [SVa( zj )
iGi=1)
+Vi (0 z )], (4)
where z; = z S zj; zi, w; represetthe position and

velocity of the i-th agent; is the magnitue of a self
propulsio force; is a friction codbcient and V,(x),
V; (x) are the attractve and repulsve potentid functions.
This modd is proposd in [10] for collecive motion in
biology armd has some things in commam with recently
proposé contrd method involving virtual potentias [9,
12, 15, 17]. In [10] the potentiab sewve to organize a group
of self-propell@ particles into a mill-li ke formation In
the testbel examples presentd here we use equation (4)
with attractve potentias as to dired vehicles towards way
points and attractve/repuléve potentiat to kegy vehicles
from avoiding eat othe and stationay obstaclesThus the
Oagen@labelledj in the above modé will correspod to
Pxed way points or obstacls insteal of othe vehicles.

Leonad ard Fiorelli [9] use similar artibcid potentials
to dired the motion of the vehicles However, they use
a bxed referene velocity with a dissipatiom modd to
contrd overal direction of Right The virtual potentials
in their modd then sewe to creat and maintah group
formation In our mode there is no bPxed referene velocity.
Without potentials the vehicle® direction is uncontrolled
ard the vehicle speel equilibrates to —. Such motion can
be subjet¢ to compoundd noise and errors when acting
alone however, as we demonstra below, with additional
potentias the orientation of the vehicle is automatically
correctel to hea towards the point of interest Also this
allows us to use potentiat to dired motion from a distance
instea of using a referene velocity.

Our god is to implemern the swarming equatia on the
Kellys. Thus we nedal to Prd a map from equatio (4) to
the Kelly® motion (1-3), which allows us to determire the
fan speed basel on the propulsi;n and drag parameters
ard locatiors of artibcid potentials In orde to do this,
we nedl to projed equatia (4) onto the coordinae system
adoptel by the Kelly@ controlla. Equation (1) and (2) are
in x-y coordinats while equatio (3) involves motion in an
internd referene frame Writing the force law in equation
(4) as a combinatia of two componentsone perpendicular
to w;, which correspond to equation (3); and the other
is parallé to it, which is further separaté into x andy
componentscorrespondig to equatia (1) ard equatian (2)
respedtely.
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The x-parallé componehis

mciui = cos;iS vy
+ {Va( z5 )SV, ( z5 )]
j(=M
(xi Sxj)cos® i+ (yi Syj)cos isin '
Zjj '
(5)
while the y-parallé componehis
% = sin ié Vi
+ {MaC z)SVe (75 )]
iG="1
(xiSx)cos isin i+ (yi Sy;)sin? )
Zjj '
(6)

whereV, andV, representhe brg deivatives of V, and
V;, respedtvely. The remainirg perpendiculacomponent:
mdw;

_ - V
gt - {[Va(
1g=n 5
S(xiSxj)sin i+ (yi Syj)cos

Zjj

zi )SV, ( zj )]

H

can be re-written as the chang of angula momentum:
d

Jdt

= Iy {[Va(
0= V
S(XiSxj)sin i+ (yi Syj)cos

Zjj

z; )SV, ( zj )]

b

Note tha ther is a lengh of r¢ multiplied on the right
hard side This is because the turning radiuws is the half-
width of the vehicler; by utilizing the spinnirg to change
the direction of the vehicle® motion.

Comparirg the Kelly® equatios (1, 2, 3) and those of
the swarming modé (5, 6, 7) we can immediatey relate
their parameters.

Ho= )
(FR+FL) = + {Va( 2z )SV, (75 )]
iG=1
(xi S xj) cos i;(yiéy;)sin 9
J
= 0 (20)
(FRSFL) = S {Va( 2 )SV, ( zj )]
j(i=1)
(xi Sxj)sin iSﬂ(yi Syj) cos .11

Zjj

The equatiom (10) has no rotation and thus we ignore
the rotationd friction in equation (10). This discrepany

Fig. 3. Simulations Mappirg of virtual attractve and repulsve potentials
for autonomos vehicula contrd and_guidance Parametes for: (i) the
vehicle: = 0.0 N, =5.05K gs°1, (ii) the attractve point: Ca =
3 Nm, Iz =35 m, C, =0 Nm; (iii) the repuldve points: Ca = 0 Nm,
Cr =5Nm, |y =0.15m. (a) Potentid map vehicle is driven from high
potentid to low potentia) indicated by the darker curve, and the contour
of the potentid map in R3, the peals are the repulsve potentia points the
well is the attractve point (b) The trajectoy of vehick in R2, solid black
dots represeh obstacles startirg point is indicatel by *, the destination
point is indicatel by a square.

does not appea to adversey effect the performane on the
testbed.

Finally, the specite VARP fan force controlle is obtained
by solving equatia (9) and (11) for Fr andF_; the results
are:

Fr = §+ (cos ; Ssin {)Fy;i+ (sin ; + cos ;)Fa;,

FL = 5% (cos ; + sin j)Fy; + (sin ; S cos ;)Fa,,

where

Fii = Va2 ISV (2 )]@ ’
iG=1) -

Fai = VaC oz )SV (2 )](yiszijyj)

iG=0
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IV. VARP PROPERTIES

The VARP controlle has the following properties:

1) Sef propulsion controlled by
2) Virtua attractve potential controlled by C, andl,.
3) Virtual repulsve potential controlled by C, andl,.

An attractve potentid point is the analg of a valley,
where a vehicle prefes to go to. Similarly, a repulsve
potentid point is the analay of a mountain which a vehicle
avoids The potentid mountairs can be usel to guide the
vehicle in a desirel pah while navigating to the target
location For example Fig. 3 shows a simulatian with four
repulsve potentiat and one large attracive potentid at a
target point Making the attractve characteristi lengh long
enoudn allows the vehicle to go to it while avoiding the
repulsgve points Fig. 3(a) shows the vehicle on the potential
magp and Fig. 3(b) shows the vehicle on a plane.

In this pape we use the VARP contrd methal to move
vehicles from one point to anothe while avoiding obstacles.
The velocity of the vehicle can be controlled by (@) speci-
fying the dept of the valley, which is controlled by varying
the attraction gain and attraction characterist lengh and
(b) changirg the sefF propulsion force . The repulsve
characteristi lengthl, mug be less than the characteristic
distane betwe the obstaclesotherwie alocd well may
form tha traps the vehicle The constah sef propulsve
force in this simulation causs the vehicle to orbit the
target point once it arrives there.

V. EXPERIMENTAL RESULTS

To implemen the idea of the VARP metha on the
testbed specilke potentid functions are chosa in the ex-
periment:

Caeé z/ 14 ,
C Szl ,

Va (2)
Vi (2)

whereC, and C, represehthe potentid strengh respec-
tively while I, andl, are their characterit lengtts corre-
spondingy.

A. Attractive Point

We place a virtua attractve potentia at (5, 5) ard place
the vehicle approximate} four metes from the target We
compae the dynamics for differert initial orientation angles

with respetto the vector from the initial vehicle location
to the target site Fig. 4 shows four casswith = 0,45,
80 , 166 , respedtely. The vehicle sef propulsia force is

= 0.6 N, thedrag = 5.05 K gs®?, and the attracive
potentid parametersC, = 0.06 Nm,l, = 4m,C; = 0. In
all four case the vehicle automaticaly oriensitself towards
the target and reachs its goal.

It is interestiry to note in Fig. 4(a), despit the starting
angke of 0 the vehicle® pah is not a straigh line. This
phenomeno is mainly causéd by the offset betwea left
fan and the right fan We verify this in a simulation Fig.
5, which shows: (a) the vehicle runs straigh to the target

Fig. 4. Trajectoy of Kelly running to the target location at (5, 5), indicated
by a square from arbitray points approximatel 4 metes away, starting
with differert angles from facing the target point (a) O , runtime t =
7.8 seqg (b) 45 , runtime t = 8.9 seg (c) 80 , runtime t = 9.1 se¢ (d)
166 , runtime t = 105 sec Parametes for: (i) the vehicle: = 0.6 N,

= 5.05 Kgs®1; (i) the target: Ca = 0.06 Nm, I = 4 m, C, = 0.
Grid is 1x1 mete, o represert the Kelly® path a squae represert the
target.

site unde ided conditions (b) the vehicle deviates from the
ided pah unde the fan force offset condition Unde both
ided and non ided conditions the vehicle reachsiits target
site. In practice the fan offset varies amorg the vehicles
ard from time to time; the VARP contrd metha shows its
robustnes againsg a reasonald magnitua of fan offset.

B. Avoiding stationay Obstacle

The Caltech MVWT has a centrd pole tha mug be
avoided in pah planning We put a repulsve artibcial
potentid at the pole location to ke vehicles from running
into it. Variatiors in the repulsve strengh and characteristic
length correspod to changs in magnituc of repulsion and
radius of repulsion respedwvely. With just a repulsve force
the vehicle motion is pushel too far off course Thisis also
noted in [17]. By using a combination of attractve and
repulsve forces the vehicle avoids the pog ard returrs to
its plannal trajectoy as shown in Fig. 6. This is a simple
alternatve to the strean function methal [17]. Fig. 6 shows
the Kelly@® trajectoy, and Fig. 7 is the probPk of the Kelly @
fan forces.

C. Avoiding Multiple Obstacles

On the Caltecn MVWT, four obstacls are placel be-
tween the Kelly ard its target site We se the attraction and
repulsion so tha the potentid spa@ has no locd minimato
trap the Kelly. In Fig. 8 shows the Kelly® trajectoy while
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Fig. 5. Simulations The trajectoy of one ager running from (1, 1),
indicated by *, with O degree from facing the target site at (5, 5), indicated
by a square Parametes for: (i) the vehicle: =10N, =5.05K gs°1;
(ii) the attractve point: Ca = 1.0, Ia = 3, C; = 0. (a) Ided case left fan
and right fan are identical (b) Offse model@l case imitating the offset
betwee left fan and right fan of the red vehicle by 0.6 N.

avoiding the obstacles This experimenté resut is similar
to the matleb simulation in Fig. 3.

D. VARP Contoller in Multi-Agert Seachers

The VARP controlle is easily scalabé to more than one
vehicle We use the VARP controlle in the implementation
of a greeq seart algorithm [4, 16], in which the Kellys
cooperately seart a list of spatid targets In this algo-
rithm, ead Kelly selecs the closes available target on the
list and moves to that target If two Kellys have selecte the
sane target, the one that is further away will selet¢ another
target The Kellys also communicag the list of target that

they have alread searchd to prevent redundah searches.

The VARP metha moves the vehicles from point to point.
Thevirtual attractve potentidis placel at the selecte target
site ard is removed once the vehicle reachs that point.
Fig. 9 shows the trajectories of two Kellys performing
the greed seart algorithm with four targets and limited
communicatio range of 1.5 m. The Kellys run toward the
closes target and arbitrak their target selection when they
are within communicatio range as shown in Fig. 9(a) The
Kellys then move to their selectd targets shown in Fig.
9(b) ard Fig. 9(c), until the lag onre is reachd ard their
target lists are communicatedas shown in Fig. 9(d).

V1. SUMMARY AND FUTURE WORK

This pape presens a decentralizd contrd methal for
nonlinea secom orde dynamt vehicles We also show
that the virtua attractve-repuléve potentiat provide a
mechanim for the vehicle to guide itself to atarget location
or to avoid obstaclesThis decentralizd contrd methd is

Fig. 6. Kelly avoids objed while running to its target location Parameters:
(i) for the vehicle: = 0.6 N, = 5.05K gs®?; (ii) for the target point:
s°1,Ca = 1.01 Nm, la = 4m, C; = O; (i) for the obstacleCa = 0.5
Nm,C; = 1.0 Nm,la = 05m,I; = 0.3 m.

Fig. 7. ProPk of the Kelly® fan forces in obstack avoidane in Fig. 6.

Fig. 8. Kelly navigates throudh the obstacls (solid bladk circleg to
the target site (the square) Parametes for: (i) the vehicle: = 0.6 N,

= 5.05 Kgs>1; (i) the target: Cqa = 1.01 Nm, la = 4 m; (i) the
obstaclesCay = 0.5 Nm,la = 0.5m, C; = 1.0 Nm, |; = 0.3 m. Grid
is 1x1 mete.
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Fig. 9. Using the VARP controller. two Kellys performirg the greedy
seart algorithm with the VARP controlle. Four square with the x marks
represen four targets The circle and triangle represen the vehiclesO
currert locations The solid lines that follow them are their paths The
communicatio range is 1.5 m, so the circles arourd the vehicles have
radii of 0.75 m. Grid is 1x1 mete. Parameters(i) for the vehicle: = 2.6
N, = 5.05Kgs®?!; (ii) for the attractve point: Ca = 1.01 Nm, l5 = 4
m, C; = 0 Nm; (iii) for the moving obstacé (othe Kelly): Ca = 0 Nm,
Cr=25Nm,l; = 1m;

similar to Leonad and Fiorelli [9] and Rossette[15] in that
all of thee method use artibcid potentials While [15] uses
virtual potentias to corred the vehicle to the referenced
pah and [9] uses artibcid potentias to dired the group of
vehicles in formation this pape uses the virtual attractve
ard repulsve potentiat to dired the vehicles towards way
points while avoiding obstacleslin future work we propose
to implement the modd (4) on a collection of vehicles
in which attractve-repul$ve potentiab betwee& moving
vehicles will allow them to self-arganiz into patterns.
Preliminay resuls show anti-collision betwee two moving
vehicles can be efbciently achieved by assigniig the right
repulsve and attractve potentias for their interaction This
anti-collision can be extendal to not only two vehicles but
to a groy of vehicles This work will likely involve a new
generatia of vehicles the OB&l[8], which has a hovercraft
desigqn capabé of motion over roughe suffaces than the
curret MVWT lab Boa. Porting the testbel to a larger
area will allow the study of groy formation in an arena
tha is nat restrictal by the large centrd pod obstacé or
nea by side walls. Finally we note tha the mappirg from

the motion laws in equatia (4) to the Kelly equatiors (1-
3) is straightforwvard ard is portabk to othe platforms with
secom orda dynamt vehicles.
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