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Abstract—We consider a motion planning method based on
cooperative biological swarming models with virtual attractive
and repulsive potentials (VARP). We derive a map between the
model and fan speeds for the Kelly, a second order vehicle on
the Caltech Multi Vehicle Wireless Testbed. The motion plan-
ning map results leads to the development and implementation
of a point to point controller which is subsequently used as
part of a cooperative searching algorithm. The VARP control
method is scalable and can be used to organize a swarm of
robotic vehicles.

I. INTRODUCTION

Virtual potentials provide a convenient framework for
autonomous vehicle control and path planning. Recent

control applications include coordinated group motion W'.tr{/irtual potential laws directly to onboard vehicle propulsive

ar_tif_icial leaders [9]2 obstacle avp?dance [11].' and MaIN nctions and that such control algorithms can be used
taining an automobile’s lane position on a highway [14]for motion planning. This approach is quite scalable and

There are several mathematical frameworks proposed fﬁ{us could be used for platforms of many robots. Our

the con§truct|or_1 of the artificial po,tentlal f'?ld' They InCIUdeexperiments are carried out on the Caltech Multi Vehicle
harmonic functions and Laplace’s equation [1, 2] strea

funci f fluid d i 16 d pairwi ot IrWireIess Testbed [5] which offers a group of vehicles,
unctions from fluid dynamics [16] and pairwise virtua named “Kelly”, driven by ducted fans. We describe our

attractive-repulsive potentials (VARP) for point masses. W ethod for mapping the virtual potential cooperative motion

are interested in the last type of potentials for two reasor]t§t1uations, directly to fan controls for the Kellys. The VARP
First, their representation as virtual force laws make the ethod allows us to define an open loop point to point
Straightforward to port on sec_:ond order vehicles pmp?"e’-&ntroller for the Kelly by placing a virtual potential at

by mechanisms that directly impart a force to the Veh'dethe new target point for the vehicle. We show experimental

Secondly, su_ch pairwise interactions can yield Co.mple?(esults of cooperative searching with two Kellys using the
group behavior using very simple, scalable algorlthmgyARP controller

thus making these methods very interesting for cooperative
motion problems involving many vehicles. Such virtual Il. THE CALTECH MVWT

potentials arise in swarming models in biology [4, 6, 10, ] ) i ]
12] and lead to interesting patterns including milling and 1€ Caltech Multi-Vehicle Wireless Testbed (MVWT) is

flocking for collective motion. The testbed implementatiorft Platform designed for experiments involving cooperative
here is a first step towards bringing ideas from thes@ultl—vehlcle control. The MVWT consists of vehicles with

biological applications to coordinate motion of large group&€ ability to communicate over a wireless network, an arena
of vehicles. for multi-vehicle operations, a Lab Positioning System
In this paper we demonstrate experimentally, with secorigfing overhead cameras, and an offboard computer network.

order control vehicles, that it is very straightforward to mag=ach vehicle in the MVWT has an onboard computer,
onboard sensors, and an 802.11b wireless Ethernet card.
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where AZ;; = 7, — Z;; Z;, w; represent the position and
velocity of the i-th agent;« is the magnitude of a self
Fig. 2. Two Cartesian coordinate systems used to describe the positigtopulsion force;3 is a friction coefficient; andv, (z),
and velocity of the Kelly. Ther — y coordinates are fixed on the ground . . . .
while the £ — ¢ coordinates are attached to the vehidepoints to the Vr(x) are th_e attractive a_nd repulsive pOte_nt'al fur_]Ctlo_nS'
direction of the vehicle's linear motion arglis perpendicular t¢. The ~ This model is proposed in [10] for collective motion in
rotation angle between these two coordinate systems is denotéd by  pjology and has some things in common with recently
proposed control methods involving virtual potentials [9,
11, 14, 16]. In [10] the potentials serve to organize a group
of self-propelled particles into a mill-like formation. In

du the testbed examples presented here, we use equation (4)
e (Fp + FL) cos, (1) with attractive potentials as to direct vehicles towards way

dv ind 2 points and attractive/repulsive potentials to keep vehicles
Moy = THUT (Fr + F)sind, () from avoiding each other and stationary obstacles. Thus the

ds) ‘agents’ labelled; in the above model will correspond to
JE = Q4 (Fr—Fo)ry. ®) fixed way points or obstacles instead of other vehicles.

In the above equationg;r and F;, are the output forces  Leonard and Fiorelli [9] use similar artificial potentials
of the right and left fans, which are separated by a distande direct the motion of the vehicles. However, they use
of 2r;. The mass of the vehicle is:. The linear and a fixed reference velocity with a dissipation model to
angular friction coefficients arg and1), respectively. The control overall direction of flight. The virtual potentials
components of the linear velocity of the vehicle are- ‘é—f in their model then serve to create and maintain group
andv = ‘j—? wherex andy are the position coordinates of formation. In our model there is no fixed reference velocity.
the vehicle, respectively. The angular velocity relative tdVithout potentials, the vehicle’s direction is uncontrolled
the z — y coordinates i) = %, whered is the orientation and the vehicle’s speed equilibrates3o Such motion can
of the vehicle, as shown in Fig. 2. If the vehicle in Fig. 2be subject to compounded noise and errors when acting
is labelled as the i-th vehicle, then we wrifeas 6;, é as alone, however, as we demonstrate below, with additional
&, etc. The two coordinate systems describing the Kelly’potentials the orientation of the vehicle is automatically
motion are shown in Fig. 2. corrected to head towards the point of interest. Also this

Equation (1) and (2) are specified on they frame, allows us to use potentials to direct motion from a distance
which is fixed on the testbed and does not depend on tlistead of using a reference velocity.
orientgtion of the \(ehicle. On the other hand, ?he rotation Our goal is to implement the swarming equation on the
equation (3) descnpes,a force_ that is perpen_dlcular_ to ﬂ?@ellys. Thus we need to find a map from equation (4) to
direction of the_ vehicles velocity. Therefqre, It requires g, o Kelly’s motion (1-3), which allows us to determine the
second_Cartesmp SYSte‘ﬁ.{ that rptatgs with the veh|cle. fan speeds based on the propulsion and drag parameters
The unit vector¢ points in the direction of the vehicle’s

i hile th it tof i dicular to it. A and locations of artificial potentials. In order to do this,
motion while the unit vectog is perpendicular to it. Any we need to project equation (4) onto the coordinate system

second order model that is intended to directly access ”&%opted by the Kelly's controller. Equation (1) and (2) are

fan force generator to drive the_veh|cle has to_prolect ", x-y coordinates while equation (3) involves motion in an
f_orce law onto these two coordinate sy_stems in order fAternal reference frame. Writing the force law in equation
link the model parameters to the controlling factors. (4) as a combination of two components: one perpendicular
to @;, which corresponds to equation (3); and the other
Il VARP THEORY is parallel to it, which is further separated intoand y
Given N agents labelled = 1,..., N at positionz; = components, corresponding to equation (1) and equation (2)
(z,y:), consider the following general coupled equationsespectively.



The x-parallel component is

du;
mdtu = «acost; — Pu;
+ > AV UIAZ]) = Vi (1AZ5)]
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(x; — xj) cos? 0; + (y; — y;) cos B; sin Gi}
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dv; .
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whereV, and V! represent the first derivatives &f, and

V., respectively. The remaining perpendicular component:

mdwz = -
= S VL (1A% — V (18%1)]
+ 3(i#9)
— (z; — x;)sinb; + (y; — y;) cosb;

&),

187
can be re-written as the change of angular momentum:
dQ; - -
J= = > AVa (18550 — Vi (182])
J(G#1)
—(x; —x;)sinb; + (y; — y;) cos 0;
1AZ]]

Note that there is a length of; multiplied on the right

Fig. 3. Simulations. Mapping of virtual attractive and repulsive potentials
for autonomous vehicular control and guidance. Parameters for: (i) the
vehicle: « = 0.066 N,3 = 5.05 Kgs—1, (ii) the attractive point:C, =

3 Nm, l, = 3.5 m,C, = 0 Nm; (iii) the repulsive pointsC, = 0 Nm,

Cr =5 Nm, [, = 0.15 m. (a) Potential map: vehicle is driven from high
potential to low potential, indicated by the darker curve, and the contour
of the potential map i3, the peaks are the repulsive potential points, the
well is the attractive point. (b) The trajectory of vehicleRd, solid black

dots represent obstacles, starting point is indicated by *, the destination
point is indicated by a square.

hand side. This is because the turning radius is the half-

width of the vehicler; by utilizing the spinning to change

the direction of the vehicle’s motion. does not appear to adversely effect the performance on the
Comparing the Kelly’s equations (1, 2, 3) and those ofestbed.

the swarming model (5, 6, 7) we can immediately relate Finally, the specific VARP fan force controller is obtained

their parameters. by solving equation (9) and (11) fdrrz and F;; the results

are:
w o= 0, 8) Fr= % + (cosb; —sinb;) Fy ; + (siné; + cos6;) Fo,
(Fr+FL) = a+ Z {Va (1az51) = Vi (1AZ51)] Iy = % + (cosb; +sinb;) Fy ; + (sin; — cos6;) Fo,
J(#4)
(i —x;) cosb; + (y; — y;) sin Gi} ©) where
NZis ’ R . T; — T
o 141 1o Fi= 5 {wiasan - viaszn S,
’ J(i#) v
(Fr—F1) = — > AViUAZ0) =V (14%5])] —
a r o > Yi — ¥
= R (A AT =S
(z; — x;)sinb; — (y; — y;) cos Oi} 1) J(#) “
|AZl ' IV. VARP PROPERTIES

The equation (10) has no rotation and thus we ignore The VARP controller has the following properties:
the rotational friction in equation (10). This discrepancy 1) Self propulsion: controlled by.



2) Virtual attractive potential: controlled by, andl,. (a) 0 degree (b) 45 degrees

3) Virtual repulsive potential: controlled by, andi,.

An attractive potential point is the analog of a valley,
where a vehicle prefers to go to. Similarly, a repulsive
potential point is the analog of a mountain, which a vehicle
avoids. The potential mountains can be used to guide the
vehicle in a desired path while navigating to the target
location. For example, Fig. 3 shows a simulation with four
repulsive potentials and one large attractive potential at a
target point. Making the attractive characteristic length long
enough allows the vehicle to go to it while avoiding the
repulsive points. Fig. 3(a) shows the vehicle on the potential
map and Fig. 3(b) shows the vehicle on a plane.

In this paper we use the VARP control method to move
vehicles from one point to another while avoiding obstacles.
The velocity of the vehicle can be controlled by (a) speci-
fying the depth of the valley, which is controlled by varying
the attraction gain and attraction characteristic length and
(b) changing the self propulsion force. The repulsive
characteristic lengtlh. must be less than the characteristic
distance between the obstacles, otherwise a local well may
form that traps the vehicle. The constant self propulsive
force « in this simulation causes the vehicle to orbit the
target point once it arrives there.

V. EXPERIMENTAL RESULTS

To implement the idea of the VARP method on the
testbed, specific potential functions are chosen in the ex-

periment: Fig. 4. Trajectory of Kelly running to the target location at (5, 5), indicated
by a square, from arbitrary points, approximately 4 meters away, starting
V., (z) — C’aefz/l”, with different angles from facing the target point: @, runtime: t =
L 7.8 sec, (b}5°, runtime: t = 8.9 sec, (c30°, runtime: t = 9.1 sec, (d)
Vi(z) = Cre L 166°, runtime: t = 10.5 sec. Parameters for: (i) the vehiete= 0.6 N,

) B = 5.05 Kgs~1!; (i) the target:C, = 0.06 Nm, I, = 4 m, C, = 0.
where C, and C,. represent the potential strength respecerid is 1x1 meter, o represents the Kelly’s path, a square represents the

tively while [, and(, are their characteritc lengths corre-target.
spondingly.

A. Attractive Point and from time to time; the VARP control method shows its

We place a virtual attractive potential at (5, 5) and p|acéobustness against a reasonable magnitude of fan offset.

the vehicle approximately four meters from the target. W8. Avoiding stationary Obstacle
compare the dynamics for different initial orientation angles The caltech MVWT has a central pole that must be
¢ with respect to the vector from the initial vehicle locationggided in path planning. We put a repulsive artificial
to the target site. Fig. 4 shows four cases viith 0°, 45°,  potential at the pole location to keep vehicles from running
80°, 166°, respectively. The vehicle self propulsion force isq it. variations in the repulsive strength and characteristic
a =06 N, the drags = 5.05 Kgs~', and the attractive |ength correspond to changes in magnitude of repulsion and
potential parameter§’, = 0.06 Nm, I, =4 m, C. = 0. N 44iys of repulsion, respectively. With just a repulsive force
all four cases the vehicle automatically orients itself towardg,e venicle motion is pushed too far off course. This is also
the target and reaches its goal. _ _ noted in [16]. By using a combination of attractive and
It is interesting to note in Fig. 4(a), despite the startingen isive forces the vehicle avoids the post and returns to
angle of0° the; vehlple’s path is not a straight line. Thisjg planned trajectory as shown in Fig. 6. This is a simple
phenomenon is mainly caused by the offset between Ieffierative to the stream function method [16]. Fig. 6 shows

fan and the right fan. We verify this in a simulation, Fig.qhe Kelly's trajectory, and Fig. 7 is the profile of the Kelly’s
5, which shows: (a) the vehicle runs straight to the targgl, torces.

site under ideal conditions; (b) the vehicle deviates from the o )

ideal path under the fan force offset condition. Under botfs- Avoiding Multiple Obstacles

ideal and non ideal conditions, the vehicle reaches its targetOn the Caltech MVWT, four obstacles are placed be-
site. In practice, the fan offset varies among the vehicldgsveen the Kelly and its target site. We set the attraction and
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Fig. 6. Kelly avoids object while running to its target location. Parameters:
(i) for the vehicle:a = 0.6 N, 8 = 5.05 K gs~1; (ii) for the target point:
Fig. 5. Simulations. The trajectory of one agent running from (1, 1)s—1, ¢, = 1.01 Nm, I, = 4 m, C,. = 0; (ii) for the obstacleC, = 0.5
indicated by *, with 0 degree from facing the target site at (5, 5), indicatedim, C,. = 1.0 Nm , I, = 0.5 m, [, = 0.3 m.
by a square. Parameters for: (i) the vehiele= 1.0 N, 3 = 5.05 Kgs~1;
(ii) the attractive pointCy, = 1.0,1, = 3, C = 0. (a) Ideal case: left fan
and right fan are identical. (b) Offset modeled case: imitating the offset (N)

between left fan and right fan of the real vehicle by 0.6 N. 3 : T : T -
25+ Left Fan |
repulsion so that the potential space has no local minima tc 1s- / \ E
trap the Kelly. In Fig. 8 shows the Kelly’s trajectory while  1- A
avoiding the obstacles. This experimental result is similar ost \\/
to the matlab simulation in Fig. 3. 0, : : L —3 e
Time (sec)
D. VARP Controller in Multi-Agent Searchers ('4\” , . , . ' ‘
The VARP controller is easily scalable to more than one Right Fan
vehicle. We use the VARP controller in the implementation ° u\
of a greedy search algorithm [3, 15], in which the Kellys =t | \/’\
cooperatively search a list of spatial targets. In this algo- 1 s
rithm, each Kelly selects the closest available target on the
list and moves to that target. If two Kellys have selected the o, . ) . % e

same target, the one that is further away will select anothe Time (sec)
target. The Kellys also communicate the list of targets that
they have already searched to prevent redundant Searcm&-?. Profile of the Kelly’s fan forces in obstacle avoidance in Fig. 6.
The VARP method moves the vehicles from point to point.
The virtual attractive potential is placed at the selected target
site and is removed once the vehicle reaches that point.
Fig. 9 shows the trajectories of two Kellys performing
the greedy search algorithm with four targets and limited
communication range of 1.5 m. The Kellys run toward the
closest target and arbitrate their target selection when the
are within communication range as shown in Fig. 9(a). Thefg
Kellys then move to their selected targets, shown in Fig.
9(b) and Fig. 9(c), until the last one is reached and their
target lists are communicated, as shown in Fig. 9(d).

VI. SUMMARY AND FUTURE WORK Fig. 8. Kelly navigates through the obstacles (solid black circles) to

. . the target site (the square). Parameters for: (i) the vehicle: 0.6 N,
This paper presents a decentralized control method fgr— 505 kgs—!: (i) the target: Cu = 1.01 Nm, lo = 4 m: (i) the

nonlinear second order dynamic vehicles. We also showbstaclesC, = 0.5 Nm, io = 0.5 m, Cr = 1.0 Nm, [, = 0.3 m. Grid
that the virtual attractive-repulsive potentials provide & Xt meter
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arena that is not restricted by the large central post obstacle
or near by side walls. Finally we note that the mapping
from the motion laws in equation (4) to the Kelly equations
(1-3) is straightforward and is portable to other platforms
with second order dynamic vehicles.
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