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Abstract—This paper discusses a greedy decentralized co- done with all targets being initiallyavailable Each vehicle
operative search algorithm and its implementation and results  also keeps track of itaext targef which its current target
on the Caltech Multi-Vehicle Wireless Testbed (MVWT). The  yagtination. In field applications such as underwater search-

algorithm uses inter-vehicle communication as a performance th hicles h limited icati th
accelerator and is robust against vehicle loss. Testbed vehicles Ing, the venicles have a limited communication range, thus

search a list of spatial targets. Two different types of vehicles We explore the algorithm performance with both fixed and
are used for this experiment: the Steelebot, a first order control  unlimited communication range.

vehicle that drives itself with wheels, and the Kelly, a second

order control vehicle that propels itself with fans. Il. ALGORITHM

A. Description
I. INTRODUCTION escriptio

. . : The following is a description of one iteration of the
Cooperative searching by autonomous vehicles through a . . . . .
) ) ; X .2 greedy search algorithm loop. This loop is continued until
field of potential target sites has a wide range of applicatio :
” ; X all targets are marked agone Each vehicle selects the
from military scouting to automated trash collection [1].

: ; . . nearestavailable target as itsnext target If there are no
The problem considered here is motivated by mine coun- _. .
. : . - . availabletargets, a vehicle selects the neasstectedarget

termeasures (MCM), involving locating, visiting, and iden-__". : . .
as its next target The vehicles then communicate their

tifying mines from a list of possible target sites. Becauseosition information anchext targetselection with other

this task can be very hazar_dous, It Is quite appropriate f(sl)rehicles within communication range. If they share the same
the use of autonomous vehicles.

The problem of cooperative target searching has be next targetselection, the vehicle that is farther away from

. . : e target marks this target awlectedso that it would
discussed theoretically in many recent papers, e.g. | )
L . e able to select anothawvailable target. If they do not
[4], [6], [8], [14], [15]. Topics include path planning, task . .

. ; . share the sameext targetselection, in the case that the
allocation, and target assignment. The current work involves . S . o
. : . . eceivednext targetselection isavailablg it is upgraded to
implementing the Fractional Bandwidth approach from [4 . o L .

. elected Vehicles within communication range share their
on the Caltech MVWT testbed. There are several highly; ; : )
. T . : done target lists and accordingly upgradevailable and
coupled layers involved in this implementation that include

. . . Selectedtargets todone Each vehicle travels to itmext
network architecture, software structure, vehicle dynam|c§arget selection target location. If a vehicle is within the
and point to point control. '

The Fractional Bandwidth approach [4] to the |\/lc:Msearch radius of the target, the vehicle marks the target as

. . : ) n
problem is a decentralized algorithm for a group of vehlcles0 €
to go to a set of possible target locations. Each vehicle B. Structure

capable of accomplishing the entire mission, which makes 1o greedy algorithm is implemented using the following
this approach robust against vehicle loss and communicatiQg,cture:

failure. Inter-vehicle communication prevents them from |nisiajization: Each vehicle has the target locations and

going to the same target sites, making communication & responding target flags aefvailable selectedanddone

performance accelerator. o _ All targets are initiallyavailable Each vehicle also has a
The Fractional Bandwidth approach is implemented usingey; targetvariable for the target to which it travels.
a greedy search algorithm [4]. In this algorithm, each Program Loop

vehicle keeps track of targets @wailable selected or 1 geject closest target: Each vehicle selects the nearest
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away marks this target aelectedso that it would be able
to select another target thatasailableat step 2 of the next
iteration.

b) Communicatenext targetselection: If two vehicles do
not share the samaext targetselection and the current
status of the receivedext targetselection isavailable it is
upgraded tcselected
3. Communicatalonetarget list: Each vehicle within com-
munication range share their target lists for all targets they
have asdone If the receiving vehicle’s target status is
available or selectedt is upgraded tadone
4. Travel to thenext targetselection target location: This is
done for each vehicle using a point to point controller.

5. Mark located target adone For each vehicle, if the
vehicle is within the search radius of the target, it is marke
off as done

6. Return to step 2 until all targets adene

Ill. TESTBEDIMPLEMENTATION

The greedy search algorithm is implemented on th
Caltech Multi-Vehicle Wireless Testbed (MVWT) [3], a
platform designed for experiments involving cooperative
multi-vehicle control. The MVWT consists of vehicles that
can communicate over a wireless network, an arena for tl
vehicles to run in, an overhead camera system called tl
Lab Positioning System (LPS), and an off board compute
network. Each vehicle in the MVWT has an onboard com
puter, onboard sensors, and an 802.11b wireless Etheri
card [3]. The vehicles wear hats that the vision system us
to identify each vehicle, its position, and its orientation. The
greedy search algorithm is implemented on two different
types of vehicles, the Steelebots and the Kellys.

A. Steelebot Implementation

The greedy algorithm is implemented on the Steelebots
because their first order dynamics make them the easiest
vehicle on which to implement a point to point controller.
The algorithm is implemented using a centralized computer
network and point to point controller that sends velocity
commands to the Steelebots.

Steelebot.The Steelebot, see Fig. 1 (top), was produced
at the University of West England [9]. It has a two wheel
differential drive system with an independent actuator for
each wheel. This makes it useful for experiments that
require a vehicle with the ability to make sharp turns and
to brake. The Steelebot is based on two main systems. The
first is a tiny Amporo PC that runs the Linux operating
system. The second is a large motherboard that provides
power for operation and communication among the various
devices on the robot [11]. The Steelebot has an 802.11b
wireless Ethernet card that it uses to communicate on the
MVWT wireless network.

Centralized Network Structure and Software. The Fig. 2. The MVWT API architecture [7], which is used in the Steelebot

Fig. 1. Steelebot picture (top). Kelly picture (bottom)
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Steelebot implementation of the greedy algorithm uses tteedy algorithm implementation.

MVWT Application Programmer Interface (API) [7] and
its centralized computer network, shown in Fig. 2. The




APl was derived from the RoboFlag architecture [5] and F,
developed for users to control robots on the MVWT testbed. :

RoboFlag is a robotic capture the flag game involving J"‘

multiple vehicles and humans in the loop. The MVServer e
is a communication interface from RoboFlag between off ¥ A

board computers, the vision system, and robots in the field. f’\ Fr fl
The MVWT API was designed to allow users to develop i""

application programs that interface with the MVServer.
Programmers would write custom code that interfaces with
the API functions, forming the Client. The MVWT API has
been tested to work on computers running Windows XP, and
the MVServer runs on Linux. Fig. 3. An overhead representation of the MVWT vehicle Kelly [3].

In the Steelebot implementation of the greedy algorithm,
the Client program receives position information for the ‘
vehicles in the field and stores the target status lists and
next targetselection for each vehicle. The inter-vehicle Kelly 1 position Kelly 2 position
communication is simulated in the Client by storing and
communicating the target information for each vehicle in
the field. The Client is also used to limit the communication &
range between vehicles. The experiments are carried out ' _.
using either one or two Steelebots, and easily scale to *°
multiple robots.

Point to Point Controller. The MVWT API provides
the point to point controller used on the Steelebots [7]. Thﬁg. 4. The computer network architecture of the Kelly greedy algorithm
controller calculates the x-position error and the y-positioimplementation.
error, which are the coordinate differences between the
vehicle’s current position and target position, respectively.

It sets the x-velocity and y-velocity commands proportiona;s.s friction coefficient and rotational viscous friction

to the x-position error and y-position error. These Veloc'%oefficient arey and 1, respectively. See Fig. 3 for an
commands are sent to the Steelebots, which run a controllg\;erhead representatio,n of the Kelly showingy, 0, Fr

Lab Positioning System ‘

EE—
SR _ Kelly 1 position, i
target list, &
next target

—
Kelly 2 position,
target list,

Kelly 1 next target Kelly 2

from RoboFlag that translate these velocity commands intpL andr;
a magnitude and direction. Decentralized Network Structure and Software.The
B. Kelly Implementation greedy algorithm implementation on the Kellys uses a

The greedy algorithm is implemented on the Ke"ysdecen:ra:!zeg cotmpult(er nﬁ_t;/votrk, as.tshhowg In dFIg. 4. This
because their second order dynamics are closer to a typi centralized network architecture with onboard processing
and peer to peer communication is true to the intended

underwater vehicle used for MCM applications. This imf_ d licati The Kell ted to the visi
plementation uses a decentralized computer network whefg'd applications. The Rellys areé connected to the vision
the processing is done onboard each Kelly computer system and to each other via the Local Wireless

Kelly. The Kelly, see Fig. 1 (bottom), slides on threeNetwork. They each receive their own position information

omni-directional casters and is driven by two ducted fangrom the'Lab Ppsitioqipg system. .Each Kelly periodiga}ly
Its processing is done by an onboard 700 MHz lapto ommunicates its position mformatlon,targetIlsF containing
computer that runs QNX, a real time operating syste _e_g,tatu_s of ea_ch t_arget, amrd»_(t targetse!ec_tlon. The
Kellys can communicate with each other and with a centrd)°Sition. information is communicated to limit the com-
command computer via the Local Wireless Network [1O]Imun|ca_1t|o.n range between _KeIIys. If the gommun!catmn
The Kelly is a second order dynamic vehicle whaseg range 1s limited, the targe§ I|st.ar'ntbxt targetmforr'ngtlor} .
coordinate positions and orientatiérare described by the received from another vehicle is ignored unless it is within

following equations of motion [3], [10]: communicatio_n range. _ .
Point to Point Controller. The point to point controller

mi = —ut + (Fr + Fp) cos(9), (1) on each Kelly is implemented using the Virtual Attractive
L . Repulsive Potential control method [13]. A virtual attractive
my _ Hy + (FR + Fp) sin(0), (2) potential is located at the target site and removed once the
JO = =0 + (Fr — Fp)ry. (3) vehicle reaches that point. The virtual potential attracts the

vehicle according to the force law [12]:
In the above,Fr and Fy, are the right and left fan forces, g [12]

respectively. The fans are separated by the le@ggh The did A2z L -
mass ism and mass moment of inertia i§. The linear ~ M =My = ot — [ —Vz|—Coe To |, (4)
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Fig. 5. One vehicle, three targets. The x’s represent the target location:
the circle represents the vehicle starting point, the dotted line shows tt
simulation vehicle path, and the solid line shows the live run vehicle patt
The axes are labeled in meters.

0 0 4
whereZ, « represent the position and velocity of the vehi- /
cle; ¢ is the unit vector in the direction af}, Z; represents g

the position of the target; is a self-propulsion force in the Al
direction the vehicle is headeg;is the friction coefficient;
C, defines the strength of the attractive potential, whicl 35 5B p 75 5 55 B

decays exponentially according to the characteristic lengtl _

l,. Refer to [13] for a discussion of how equation (4) maps. _ - .
Fig. 6. Two vehicles, two targets, unlimited communication range. The

onto equations (1-3) in order to directly set the fan Speed?s represent the target locations, the circles represent the vehicle starting

points, the dotted lines show the simulation vehicle paths, and the solid
IV. EXPERIMENTATION RESULTS lines show the live run vehicle paths. The axes are labeled in meters.

A. Steelebots distance of 0.2 m is larger than the simulation threshold
Experiments are conducted using the Steelebots to veriflistance of 0.02 m.

that the algorithm is producing expected results. Each Tyo Vehicles, Two Targets, Limited Communication

experiment is first run on a numerical simulation, and therange. Fig. 7 (top): With communication range limited to

its results are compared with those from the testbed usiRghe meter, each vehicle travels to its nearest available target,

the Steelebots. _ _ and then moves towards the other target. They move within
One Vehicle, Three Targets.Fig. 5: The vehicle con- communication range, share target lists, and complete the

sistently travels to the next closest available target in botfission.

the simulation and in the testbed implementation and endsrig. 7 (bottom): Communication range is limited to one

its mission when all three targets are found. Notice that ifheter. Both robots start off traveling to their nearest target
the live run, the vehicle goes through the first and secongdcations, and they arbitrate theiext targetselections once
targets, and not the third target. This is because the live '¥Rey are within communication range. When this happens,
uses a threshold distance of 0.2 m between the target af vehicle that is further away begins moving towards the
the vehicle to consider a targdone while the simulation gther target. As in previous runs, the live run has a larger
uses only 0.02 m for this threshold. threshold distance than the experimental run.

Two Vehicles, Two Targets, Unlimited Communication Two Vehicles, Three Targets, Limited Communication
Range.Fig. 6 (top): With unlimited communication range, Range. Fig. 8: With communication range limited to one
the vehicles go to their nearest available target. Once th‘ﬁé{eter, the vehicles start off 0.75 m from each other.
get to their targets, they communicate their target lists anfhey go to their closest targets, while communicating their
stop moving since all the targets are found. next targetselection and target lists. As a result of their

Fig. 6 (bottom): Even though both vehicles are initiallycommunication, they then travel toward the target at (0.5,

closer to the same target, they successfully arbitrate the 5y and finish when the first robot reaches this target.
next targetselection with unlimited communication range.

The one closer to this target goes to it while the otheé
vehicle immediately goes to the other target. As in the single’
vehicle case, the vehicle paths from the live runs do not Experiments are conducted using the Kelly to test the
fully cover the targets because the experimental threshatdgorithms with vehicles that have second order dynamics.

Kellys
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Fig. 9. Two Kellys performing the greedy search algorithm with four
targets. The solid colored triangle and solid colored circle represent
the vehicle current locations, and the solid lines that follow them are
their paths. The radii of the circles around the vehicles represent half
the distance over which the vehicles can communicate; thus the vehicles
communicate when the circles intersect. The vehicle communication range
is 1.5 m, so the circles have radii of 0.75 m. The squares with x’s in them
represent the target locations. The axes are labeled in meters.

Fig. 7. Two vehicles, two targets, limited communication range. The x’s
represent the target locations, the circles represent the vehicle starting

points, the dotted lines show the simulation vehicle paths, and the solid Two Vehicles, Four Targets, Limited Communication

lines show the live run vehicle paths. The axes are labeled in meters.

25

Range. Two Kellys are used to search four targets. Com-
munication range is limited to 1.5 m. The run is shown
in Fig. 9. The starting positions of the Kellys put them
out of communication range and they start moving toward
the same target. The Kellys then move into communication
range and arbitrate themext targetselection (Fig. 9a). The
one that is further away selects a different target. After the
next targetarbitration, the Kellys attempt to locate their
selected targets (Fig. 9b). Having located their first targets,
the Kellys select new targets and move towards them (Fig.
9c). When one of the Kellys locates the last remaining
target, the other Kelly has moved within communication
range and they communicate their target lists (Fig. 9d). At
this point, the vehicles have accounted for all the targets,
and they stop moving since their mission is complete.

Note that the second order dynamics give the Kellys’
trajectories considerable amounts of oscillation. As a result,
the live runs with the Kellys use a threshold distance of 0.3
m between the target and the vehicle to consider a target
done

Fig. 8. Two vehicles, three targets, limited communication range. The . - .
X's represent the target locations, the circles represent the vehicle starting 1WO Vehicles, Four Targets, Unlimited Communica-

points, the dotted lines show the simulation vehicle paths, and the soltion Range. Two Kellys are used to search four targets.
lines show the live run vehicle paths. The axes are labeled in meters. Communication range is unlimited. The following is a

description of the run at each point in time shown in Fig.
10.
Fig. 10a (27 seconds): The Kellys are traveling to the
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Fig. 10. Two Kellys performing the greedy search algorithm with four

targets. The solid colored triangle and solid colored circle represent the
vehicle current locations, and the solid lines that follow them are their
paths. The communication range is unlimited. The squares with X's in
them represent the target locations. The axes are labeled in meters.

(5]
(6]

same target. The one that is closer to the target beging,
oscillating and does not reach the target.

Fig. 10b (32 seconds): The Kelly that was closer to thel®]
target at 27 seconds continues to oscillate and does not
reach the target. The other Kelly moves towards this target,
reaches it, and the mission is complete. This demonstratd$!
the algorithm’s robustness against vehicle failure. [10]

V. CONCLUSION

The live run data from both the Steelebots and Kelly
demonstrate the greedy search algorithm performing well
in a physical environment. This validates the greedy sear¢ts]
algorithm’s structure and effectiveness. It also demonstrates
that the algorithm can be successfully adapted to different
vehicle types, network architectures, and software struc-
tures. The fact that the simulation data and the data frof*
the Steelebot runs match up very closely can be attributed
to the accurate point to point control on vehicles with first15]
order dynamics.

The Kellys, with their second order dynamics, have less
accurate point to point control than the Steelebots and thus
require a larger threshold distance between the target and

(1]

vehicle to consider a targedbne Fig. 10 shows the

algorithm’s robustness against vehicle failure. The live run
data showing the greedy search algorithm working well
on the Kellys is particularly significant as it indicates the

algorithm has promise for underwater or aerial vehicles that
have second order dynamics.

The greedy search algorithm is a simple and effective
approach that is useful for developing the implementation
framework for more sophisticated algorithms. Future work
could involve the testbed implementation of different algo-
rithms for task assignment and might also handle dynamic
target generation as in [6].
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