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1 The Problem

This work preserts three algorithms for solvinga mine-countermeasuregrob-
lemwith multiple autonomousvehicles,and the resultsof simulations demon-
strating the e ect of the number of targets, the number of searters, range
of comnunication, and other parameterson e ciency. The goal is to visit

a large number of underwater targets at known locations, for purposesof
identifying potential mines. Targetsare assumedo be randomly distributed

in a two-dimensionalregion. The question,then, is how to direct the motion

of the vehiclesto ensureead target is visited in minimal time. Sincethe
reliability and range of underwater communication are poor and the energy
costsare high, it is essetial to dewelop an algorithm that doesnot rely heav-

ily on intensive comnunication. For this reason,and for robustnessagainst
indiviual vehiclefailure, we consideronly decenralized strategies. That is,
the algorithm must succeedf any number of seartersare removed, aslong
asat leastoneremains. Then ead searder in the absenceof communication
must completea traveling-salesmarproblem (TSP), and any comnunication
should have the e ect of shorteningthe TSP.

| made a number of assumptionsto specify the problem further, sothat

guartitativ e information is meaningful. The seart is said to last until one
searter knows that ewvery target has beenreaded. The seart areais as-
sumedto be a square, and the distribution of targets is random over the
square. Seartersare assumedo move at a constart speedtoward a chosen



target, and to have accurateknowledgeof their position and the locations of
the targets. Seartersare alsoassumedo beginfrom a random distribution
over the square,while this is not realistic this justi cation is o ered: sim-
ulations with a variety of initial seardier deployment patterns show a large
increasein time for anything other than an ewven distribution, becausethe
searters tend to remain clustered and therefore more redundart. Further
simulations by Daniel Marthaler suggesta simple, e ective way to dealwith
other deployment patterns, deliberately spreadingthe searders out by ini-
tially sendingead searter to a randomly choseninitial target. After the
rst target is readed, the seartersare distributed randomly.

Eadh algorithm dealswith a di erent form of commnunication, but com-
monto all is unlimited commnunication within a nite range. Communication
is assumedto be instantaneous,and bandwidth is not considered,although
none of the algorithms involve large bandwidths. The relevant information
being communicated includes the searter's coordinates, the target which
the searter is headingtowards, and targets known to be searded.

The following parametersare necessaryto de ne the problem:

T number of targets

N number of searters

R radius of commnunication

L sideof the squareregionin which the seart occurs
v speedof the searders

Seartersare always moving at the speedv, sothe seard time scaledinearly
with both v and L. Sincethe e ect of theseparametersis known, | gave them
the constant valuesL=100 and v=1.

2 Benchmark

For a rst analysisl reducedthe number of parametersby assuminguniversal
commnunication ( R = 1 ), a homogeneousandom initial formation, and
no dwell time. The free parametersare then T, N, and S. Since both the
searters and targets are homogeneousit would be reasonableto propose
a model giving the required seart time as a function of the two locally



meaningful parameters: the averagedistance betweentargets, L:p T; and
the averagenumber of targets ead searter must visit, T/N. This model
thegn predicts a seart time proportional to the product of theseparameters,
ﬁ T, and canbe expectedto be accurate,provided two criteria are satis ed:
all the seardersvisit appraximately the samenumber of targets, and most
trips consistof travelling from onetarget to one of its nearestneighbors. It
is statistically unlikely that the former will be be grosslyviolated, sowe shall
be mainly concernedwith the latter. This condition is satised for N = 1
but not necessarilyfor large N, so this model can be consideredan ideal
e ciency with respect to increasingthe number of searders.

3 The Greedy Strategy

The Greedy strategy is the simplest reasonablestrategy. Every searter
moves directly to nearesttarget. When two searders are within comnu-
nication range, they chedk to make sure they are not both approading the
sametarget, if they arethe moredistant searter must chooseanothertarget.
All three algorithms presened in this paper usethe greedystrategy.

4 The Strict Case

This represems the absoluterestriction of comnunication to searders with
a distance of R. Sinceit is not universally known which targets have been
readed, ead seardier must keepits own list, K, of targets it knows have
beenreaded. This list is sharedwith any other searter within communi-
cation range, and updated upon cortact with a searder that carries new
information. The greedyalgorithm also involves broadcastingwhich target
a searter is headingto, and the strict casemakes use of that information
aswell in a secondlist, P. Targetsin the list P are suspectedto have been
searted, becauseunlessthe senderbreaksdown en route to the target, it
will soon be readed. This is possiblehowever, and it is crucial that no target
is missed,so the information is kept on a separatelist. To avoid spreading
\gossip," this list is not shared. Target selectionthen rst chooseshe closest
target that is on neither P nor K, and if no suc targets are available a target
is chosenfrom P. If atarget that is on P is discoveredto be readed, then it
is removed and placedin K; if K includesall the targets then the seart is



nished.

5 The Global Case

This casedealswith communication with limited range,as stated above, and
alsoaddsan elemen of globalcommunication. Every time atarget is reated,
that information is allowed to read every searder. This global comnunica-
tion doesnot involve any other information, sudt as searder coordinates or
intendedtargets; everything elseis tranmitted through local commnunication.
This could represen a relay station that is able to sendoccasionalbursts of
information over long distances,but lacks the energyor bandwidth to am-
plify all the commnunication that occurs. Global communication assureghat
no searder will choosea target that hasalready beenreaded, soead target
is only visited once. If there are fewer targets remainingthan searters,some
searterswill not nd any allowed targets. In this casethe searder is no
longer able to cortribute to the mission,and may aswell return to base.

6 Surfacing

An additional medanism for communication involves searters travelling
to the surface,where economicaland long-rangecommunication is possible
by radio. This caseoperateslike the strict case,with the addition of this
surfacecommunication. Surfacecommunication is di erent from underwater
communication in that rangeis not an issue,and only vehicleson the surface
may participate. It is assumedto take a certain amourt of time to surface
and return to depth. A single vehicle is assumedto remain at the surface
at all times, to ensurethat there is somethingto talk to. Thus any searter
that readesthe surfacehasaccesdo any information that hasreaded the
surfaceat an earlier time.

The question of when a searter will surfaceis critical in this situation.
It is most advantageousto surfacewhen one hasinformation to share,and
is not in contact with another that hasrecerily surfaced.Out of simplicity,
I chosethe following algorithm: a searter requires a certain number of
targets of new information in order to surface. A courter represeting this
new information is thereforeincremened when a target is readed, or when
a target is learnedto have beenreaded. The counter is resetto zerowhen



the seardier makesa trip to the surface,or cortacts another seartier who
just returned from the surface. This single parameter therefore de nes how
often searderswill surface.

7 Implemen tation

I have implemerted thesethree algorithms in C++ programs,and donesta-
tistical simulations of the seart time relative to the de ning parametersT,
N, and R. | have useda time step of 1 in ead case,aswell as xing the pa-
rametersL and v at 100and 1. In most cased have found an approximate
functional form for the variation of the averageseart time with the relevant
parameters.

8 Performance in the Global Case

First the dependenceon N and T is measured,so the communication range
hasbeensetto 1 . Figure 1 shows the results of running the simulation with
di erent valuesof T, while N is xed at 10. The dependenceof seart time
on T is clearly a power law, and approximately a squareroot, just as the
idealizedmodel predicts.

Figure 2 shaws the results for di erent valuesof N, while T is xed at
50. Again the relation is a power law, but the exponert, -0.779,falls short of
the ideal 1=N dependence.This is to be expectedbecauseas more searters
are added,the potertial for wastedresourceqi.e. having to pursuea distant
target becausenearer targets are already claimed and/or readed by other
searters) increases.Howewer, this exponert is still fairly closeto the ideal
case, demonstratingthat adding more seartersis an e ective way to reduce
seart time.

In gures 1 and 2 the standard deviation in seart times is large enough
to make suspect any trends in seard time. Howewer, examination of the
individual simulation results shonvs a smaoth, approximately Gaussiandis-
tribution of seard times for a given set of parameters,con rming that the
averageseard time is meaningful. Figure 3 shovs an exampleof the distri-
bution. Greaterdeviationsareto be expectedwhenfew seartersare presen
becausetheir random starting positions are more likely to e ect the seart
time.



Next the algorithm is studied with no comnunication. Figures 4 and
5 show results of simulations varying T and N, respectively, with R=0 (no
communication betweenseartersexceptuniversalknowledgewhen a target
is reached). While of courseslowing the seart, the time dependenceon these
crucial parametersis largely the samewhen commnunication is removed.

The e ect of the rangeparameter,asseenin gure 6, is most pronounced
at low values. This can be explained by noting that comnmunication has an
e ect only when two searters are approading the sametarget: searders
on opposite sidesof the grid are not likely to approad the sametarget, so
very long-rangecomnunication is not particularly useful. The form of searh
time asa function of R is an exponertial decg from the R = 0 valueto the
R=1 value:

t(T;N;R) = p? A(N) + B(N)e R=c(T:N) (1)

Here A(R) is the unlimited comnunication case,and A(R)+B(R) is the case
with no communication, and C(T,R) is a length represeting the critical
communication range,beyond which long-rangebehavior is obsened. At dis-
tancesmuch larger than C communication is unnecessanbecausesearters
at that distance are not likely to approad the sametarget. This suggests
that with greatertarget densities,C will be smaller, becausesearters have
more nearby targets to choosefrom. Figure 7 shows the dependenceof C on
T. While C do%sgecrease/vith T, it is not proportional to the averagetarget
separation(L="T).

Thereis no compelling reasonto expect C to dependonN. Two searters
will bene t from commnunication if their closesttargets coincide,regardlessof
the presenceof other searters. Figure 8 shows the valuesof C for di erent
valuesof N, and appearsto be just random noise.

Figure 9 shows resultsfor A, B, and C from larger simulations.

The following expressionfor the seart time represems the above data.

0:89|_pT 0:69|_pT RT0:63

N 0:80 + N 0:86 € it 2)

9 Strict Results

The analysisof the strict caseis more complex, becauseinformation about
which targets have beenreatedis spreadonly through local communication.



Howewer, the results are very similar to the global case. In fact, the same
functional form is obtained.

fime = L” T A(N)+ B(N)ecttr 3)

Figure 10 demonstratesthe dependenceon N, which has not changedvery
much with the elimination of global communication. This indicates that
the presenceor lack of global communication doesn't alter the fact that the
greedyalgorithm works e ectively in responseto adding more searders.

Figure 11 shows the no-comnunication limit, givenby A+B, dependson
N only slightly. With no communication, this algorithm becomesa traveling
salesmarproblem with N salesmarbeginningfrom di erent locations. Hav-
ing more seardersincreaseghe chancesof one being better positionedthan
the others, which speedsup the seart slightly.

Figure 12 showsthe parameterC, which represefts the approximate range
neededin order to gain the long-rangee ects. This is between3 and 10 for
L=100, indicating that local communication is still mostimBo_rtant. Now this
parameterdependson N, nearly inversly proportional to . The average
distance betweensearders is also inversely proportional to © N. This may
indicated that this is the actual physical parameterthat causeshe e ect.

In generalthe seard time agreeswith the following formula.

P— 101 101, RPi-i41

L' T Josi+ (083 000040 e

(4)

10 Surface Results

This algorithm involvestwo extra parameters,the time required to surface,
and the amourt of information searters wait for before surfacing. The
correspnding model is considerablymore complex,and quartitativ e models
have not yet been proposed. Howewer simulations have been carried out,
and the results can be descriked qualitativ ely. Figure 13 shows the results of
simulations with no local comrunication, and N and T xed at 30 and 80,
while the time required and the information required to surfaceare varied.
The peakon the graph represeis the worst case whensurfacingtakesa long
time and searders surfacewith every pieceof new information. The right
cornerrepresems surfacingfrequertly and quickly, which producesthe fastest
seardies. The absolute minimum is with the quickest surfacing, of course,



and searters surfacing after around 2 piecesof information. The upward
slope towardsthe bottom cornerindicatesthe bene ts of the commnunication,
becauseasthey comnmunicate lessfrequertly the e ciency drops.

11 Conclusion

The above results demonstratethat a simple algorithm exists to direct ar-
bitrary numbers of autonomousseartersto quickly reach a known set of
targets. Becausethe method is decenralized, it is not sensitive to vehicle
failure, and canoperatein limited comnunication conditionsor without com-
munication ertirely. Scalingwith N 0:8, its speedcomparesvery favorably
to the single-\edile alternative, fairly closeto the ideal 1SN e ciency. The
algorithm is simpleto implemert oncethe requiremerts are satis ed: a priori
knowledgeof target locations, basicnavigational ability, and the appropriate
communication ability. Also preserted are models of expected seart times,
capable of predicting the averagetime required so sear® a set of targets
under given conditions.
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Figure 1: Mean and std. deviation of seard time for various valuesof T.
N=10, S=100,R=1 , log-log plot, 1000simulations per point.
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Search Time vs. Communication Range
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Figure 6: Mean and standard deviation of seart time with various valuesof
R, the comnunication range parameter. N=10, T=50, S=100, 1000simula-
tions per point.
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Figure 7: decy rate obsened for di erent valuesof T. N=10, S=100, 1000
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Figure 9: Parametersfrom simulations of the global casewith 80 targets.
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Figure 11: A+B, the limit of no commnunication, asa function of N
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Figure 13: The results of simulations involving surface communication.
N=30, T=80, R=0.
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