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Abstract. Thispaperpresentsanew multi-agentphysics-basedsimulationframe-
work (DISCOVERY), supportingexperimentswith self-organizing underwater
sensorandactuatornetworks.DISCOVERY modelsmobileautonomousunder-
watervehicles,distributedsensorandactuatornodes,aswell asmulti-agentdata-
to-decisionintegration.Thesimulatoris areal-timesystemusingadiscreteaction
model,fractal-basedterrainmodelling,with 3D visualizationandan evaluation
mode,allowing to computevariousobjective functionsandmetrics.Thequanti-
tative measuresof multi-agentdynamicscanbeusedasa feedbackfor evolving
theagentbehaviors.An evaluationof a simplesimulatedscenariowith a hetero-
geneousteamis alsodescribed.

1 Introduction
Thispaperpresentsasoftwaresimulationsystemfor self-organizingunderwatersensor
andactuatornetworks.The simulationsystemprovidesa test-bedfor co-evolution of
distributedandmobilesensorsandactuators,andrequiredcommunicationtopologies.
Thebroadaim is to developsymbioticsensor/actuatornetworkswhich includeagents
recognizingandforming relationshipsof mutualbenefitacrossvarioustypes:e.g.,net-
work nodesmay assistnavigation of submersiblerobots,while beingpoweredby the
robots.

Theunderwatersensor/actuatornetworksareintendedto protectcritical marinein-
frastructureandwaterresources.Examplesof suchsafety-criticalstructuresincludeoff-
shoreoil platforms,deep-oceanwell heads,tankers,dams,bridges,pipelines,etc.Typ-
ical protectionandresponsetaskscomprisetrackingoil spills to their sources,source
identificationand diagnostics(e.g.,measurementof oil slick thickness),and actions
suchasburning,skimming,anddispersing.Offshorehydrocarbonexplorationby sen-
sor arraysfor the identificationof petroleumsystemsis anotherpotentialdomainof
interest.

Simulationof the underwater sensor/actuatornetworks shouldaccountfor possi-
ble off-shoredeploymenton demandor in advance,asautonomousdevices(nodesor
submersiblerobots)with compound-specificchemicalsensing,propulsionandactua-
tion, acousticand optical communication,and multi-agentself-organizing teamwork
capabilities.An importantscenarioconsideredin this studyis thedeploymentof a het-
erogeneousteamwith someprimaryagents(leaders)having differentor moreadvanced
sensors,andsecondaryagentswith morepowerful actuatorsfollowing theleader(s)asa
backupteamuntil thereis a needfor distributedactuation.A prey-and-predatorvariant
of thisscenariois asearchandcontainmenttaskwith theprimaryagentbeingthetarget



pursuedby thesecondaryagents.In eithercase,theemployedagentshaveto dealwith a
problemthatchangesconcurrentlywith theproblem-solvingprocesses,andcooperate
in solving taskswhich aredistributedover space(3D) andtime, acrosscomplex un-
derwaterterrains.Thedevelopmentof self-organizingstrategies,whenan incremental
lossof a portion of the network leadsto an incrementalloss in quality, ratherthana
catastrophicfailure,is ourmainfocus.

Thefollowing Sectiondescribesthesimulationsystemcreatedby theCSIRO DIS-
COVERY1 project,developedtostudysymbioticbehavior in underwaterself-organizing
sensorandactuatornetworks.It is followedby preliminaryexperimentalresults(Sec-
tion 3) andconclusions.

2 Simulation Platform
2.1 Architecture

Themainrequirementsof thephysics-basedsimulationof distributedmulti-agentsys-
temsinclude simulationof mobile autonomousunderwater vehicles,as well as dis-
tributedsensorandactuatornodes,andmulti-agentdata-to-decision(D2D) integration,
rangingfrom datavalidation by individual agentsto decisionintegration and action
coordinationby self-organizing sub-networks and networks of agents.An important
partof theD2D integrationis quantitativemeasuresof multi-agentdynamics[13,14,6,
17] which canbeusedasa feedbackfor evolving theagentbehaviors acrossmultiple
runs.Suchmeasurescanuseeither full informationon agents’statesandtheir inter-
connectionsor work with partial information,obtainedlocally: localizablemeasures
[16]. Of course,localizablemeasurescanbeembeddedin theagentsthemselvesandbe
accessibleto local “hierarchs”(e.g.,cluster-heads[10,15]), controllingagentbehaviors
duringrun-timevia anadaptive feedback.

TheDISCOVERY multi-agentphysics-basedsimulationplatformsupportsthefol-
lowing components:1) Simulator;2) Visualizer;3) Agent;4) Metric-Analyzer. A sim-
ulation sessionis carriedout in client-server style.The Simulator(server) providesa
domain(a virtual environment),simulatesall theactionsof objectsin this domainand
controlsascenarioaccordingto asetof rules.This is awell-known approachto simula-
tion,used,for example,in theRoboCupSimulationLeague[9,2,1]. Thecharacteristics
of the Simulatorarespecifiedby a setof server parameters,e.g.,the amountof noise
addedto sensoryperceptionsandthemaximumspeedof anagent.

Agentsarecontrolledby autonomousclient programswhich connectto theserver
througha specifiedport. Eachclient programcancontrol a singleagent.All commu-
nication betweenthe server and the clients is donevia TCP/IP sockets.Using these
sockets,clientprogramssendrequeststo theserver to performanaction(e.g.“thrust”).
Whentheserverreceivessuchamessageit handlestherequestandupdatestheenviron-
mentaccordingly. Upon an agent’s request,the server alsosendssensoryinformation
aboutthe agent’s neighbourhoodto the agent.Clients communicatewith eachother
indirectly, via theserver, usingmessagingprotocolswhich restrictthecommunication.

The server is a real-timesystemusinga discreteactionmodel,i.e., working with
discretetime intervals (cycles)of a specifiedduration,e.g.,10 ms.During this period

1 CSIRO: CommonwealthScientificandIndustrialResearchOrganisation,Australia.
DISCOVERY: DistributedIntelligence,SensingandCoordinationin VariableEnvironments.



clientscansendrequestsfor agentactionsto theserver. At theendof acycle theserver
executesthe actionsandupdatesthe stateof the world. Sendingno requestduring a
givencycle meansthat theagentmissesanopportunityto affect its currentdynamics.
Sensingandactingareasynchronous:clientscansendactionrequeststo theserveronce
every cycle, but they receive informationon requests.This informationis fragmented,
limited anddegradeswith thedistance.

Simulatoralsosupportsan evaluationmode,allowing to computeobjective func-
tions andmetrics.In this mode,eachagentregularly updatesSimulatorwith a prede-
finedsetof agent’s internalparameters,enablingcalculationson both local andglobal
levels.For example,it is possibleto computeentropy of agents’statesandcharacterize
diversity of their behaviors. In addition,the evaluationmodeincludescomputationof
spatiotemporaldistribution of agents,etc. The collecteddatacanbe usedby Metric-
Analyzeroff-line, andcontributeto geneticalgorithmsevolving agentsbetweenexper-
imentalruns.

Visualizerdisplaysthevirtual world, beingconnectedto theSimulatorvia TCP/IP.
Although similar to an agent,it hasno physical representationin the simulatedenvi-
ronmentandusesa differentsetof commands.TheSimulatorsendsinformationto the
Visualizereachcycle or uponrequest,containingthecurrentstateof theworld. Visu-
alizeralsoprovidesa visual interfaceto theserver in orderto specify, start,pauseand
stopascenario.

TheenvironmentSimulatoris themostcomputationally-intensive partof our soft-
waresystemwherethe performanceis critical. Thereis a rangeof librariesavailable
for physicalsimulations,however, wewerenotableto identify any library or simulator
thatwould adequatelycover a requiredcombinationof fluid dynamicsandkinematics,
aswell asthe right balancebetweenthe precisionandperformanceof the simulation
system.While weadoptedsomedesignandimplementationideasfrom theavailable3D
simulationsystemssuchasODE,Gazebo/Stage,Juice,Webots,theSimulatorwasde-
velopedbasedonourown setof routinessatisfyingown codingrequirementsandstan-
dards.A socket-basedmulti-agentsever-clientcommunicationsuite(DBP-MAP:Deep
Behaviour ProjectionMulti-Agent Platform),developedearlierby CSIRO [11,12],was
our startingpoint in developingcommunicationarchitecturefor thesimulationsystem.
Theprojectalsobuildson theexpertisedevelopedwithin CSIRO UnderwaterRobotics
[5], CSIRO DirectedSelf-Assemblyin Multi-Agent Networks [8], andCSIRO-NASA
AgelessAerospaceVehicles[17,13,14] projects.Consideringtherequirementof cross-
platformcompatibility, Java3Dis agoodchoicefor thedevelopmentof thecombination
of the renderingengineanduserinterface.As theVisualizerrelaysthedataincoming
from the Simulatorto the native graphicsenginewithout any significantcalculations,
Javaperformancepenaltyis not significant.

2.2 Terrain and Collision Modelling
Terrainof theseabedis modelledusingarectangularmesh.Theterraincanberandomly
generatedor user-definedby creatingaHeightMap,agrayscalerasterimagefile (pixel,
not vectorbased),in which theRGB valueof eachpixel is mappedto a corresponding
vertex height,thuscreatinga threedimensionalmeshwhich representstheseabed.

In our terrain model verticesare equidistantalong the � and � axis, while the
height,or � , coordinateis eitherderived from a heightmap,or generatedwith frac-



tals,or producedasa combinationof both thesemethods.The fractal techniqueused
is the Diamond-Squarealgorithm[7], which is a form of mid-point displacementus-
ing a squarebase.Startingwith theoutsidecornervertices,theheightof themid-point
verticesis generatedby averagingthe surroundingverticesandaddinga randomdis-
placement,first in diamondandthensquarestep.Thealgorithmwasmodifiedto allow
theseedingof thegrid with valuesfrom a heightmap,thusresultingin a userdefined
terrain,smoothedandmodifiedby noise.Therearethreemethodsof loadinga terrain
into theSimulator:a user-definedheightmap,a smoothedheightmapanda randomly
generatedterrain.

A user-definedheightmapcanbeof any width andheightin pixelsandis stretched
to a fixed sizein the Simulator. The RGB valuesarescaledby a factorof ��� � , with a
valueof ���	� indicatingsealevel. For example,avalueof � will be �	
 metersbelow sea
level, while avalueof ���
� will be � metersabove sealevel.

A smoothedheightmapmusthave a width andheightof theform � ����� , where�
is aninteger, i.e.,heightmapswith odd-numberedwidthsandheightswouldbevalid.A
smoothedheightmapis handledsimilarly to a user-definedheightmap,exceptthatthe
numberof verticesusedin theterrainmeshis expanded.Theheightsof theseadditional
pointsarethengeneratedusingthe Diamond-Squarealgorithm[7]. Figure1 shows a
resultingterrain.Finally, a randomterrain can be generated,by taking four random
verticeswhichareusedasinput into theDiamond-Squarealgorithm.

Fig. 1. An exampleunderwaterterrainobtained
with asmoothedheightmap.

Terraincollision detectionis implementedusingColdet,an OpenSource(LGPL)
Collision Detectionlibrary [3]. The library provides a numberof collision detection
techniques:intersectingpolygons,spheresandrays.Wemodeltheterrainasasetof tri-
angles(polygons),andpredictcollisionsbetweenagentsandtheterrainusinga sphere
centeredon theagent’s centreof mass.

Whena collision is detected,thephysicalmovementof theagentis altered.Colli-
sionscanbemodelledaseitherelastic,wherekineticenergy is preservedor non-elastic,
wheresomeof thekinetic energy of thecolliding objects,is transformedinto another
form duringthecollision. In DISCOVERY collisionsaremodelledaselastic,although
thiscanbemodifiedto providemorerealisticbehaviour in thefuture.

Theagent’svelocity is thencalculatedattheimpactpoint,consideringthereduction
in time taken to reachit. The agent’s velocity is reflectedagainstthe surfaceplaneof
theterrainpolygonwheretheimpacttookplace.



2.3 Physics-based Simulation
A physically realisticdynamicmodellingof volumeof water, both solubleandinsol-
uble contaminantspresentin water (crudeoil, salts,etc.), insolublecontaminantson
watersurface(crudeoil), andunderwaterrobotscanbeachievedonly asa balancebe-
tweenphysical accuracy andcomputationalperformance.We selectedan appropriate
adjustablescaleof the model, including the simulationgrid step,the time step,and
anoptionof selectively disablingcertainsimulationfeaturesto speedup someexperi-
ments:e.g.,a purelyunderwatersimulationcanbedonewithout watersurfacecalcula-
tions.If anexperimentdoesnot requireprecisewaterdynamics,thesystemcanassign
constantparameters,suchascurrentdirectionandrotation,to the watervolumegrid.
At the moment,insolubleliquid contaminantsmoving in the water are simulatedas
solidobjectsaffectedby buoyancy, gravity, andcurrentsin anormalforce-momentum-
positioncycle. The watersurfaceandsurface-boundcontaminants,suchascrudeoil
slicks,canbe eitherlinked to the watergrid or simulatedseparately(the methodcur-
rentlyusedin DISCOVERY) from thebodyof waterasweight-springmeshes(updated
in anormalforce-momentum-positioncycleof thephysicalsimulation).

2.4 Simulator-Agent Sensor Protocol
In principle,every environmentvariablemaintainedby theSimulatormaybeperceiv-
ableby an agent.Oneof the DISCOVERY objectives is to design,selectandverify
a correctsetof relevant sensorssuitablefor a multi-agenttask,andcouplethemwith
availableactuators.In theinitial setup,anagenthasanumberof sensors:e.g.,achemi-
calsensor, a temperaturesensor, apressuresensor, aconductancesensor, aflow sensor,
aninternalbatterysensor, anaccelerometer, a compass,a collision sensor, a sonarsen-
sorandacommunication(acousticandoptical)sensor. TheSimulatorprovidessensory
datato agentsuponrequest.

Actuatorsincludethrusts,fins, a sonar, andcommunicationdevices(acousticand
optical).As a resultof experiments,new sensorsandactuatorsmaybeaddedandsome
of thelistedsensorsandactuatorsmaybesuppressed.Thrustallows theagentto accel-
eratebothpositively andnegatively in aparticulardirection.A specifiedforceprovides
accelerationin thedirectionof thethrustactuator. Threethrustactuatorsneedto becon-
structedfor movementwithin the � ��� � � ��� plane.Fin allows a moving agentto change
its currentdirection.Eachagenthasaparticularbuoyancy valuewhichallows it to float
towardsthesurfaceof thewaterwhenthereis nodownwardthrust.

3 Preliminary Experiments
Themaindifficulty in trackingandidentificationof anunderwatersourceof contami-
nationis that the insolublecontaminants(e.g.,oil bubbles)canbesensedmostlyonly
locally and may rise to the surfacequite a distanceaway, being shifted by currents,
winds,etc.Theproblemis complicatedby non-trivial dynamicsof underwaterplumes
and bubbles,in particulartracking of their gradients,as well as complexities of the
underwater terrain,and may requireheterogeneousteamsof agentswith distributed
sensingandactuation.

In thecontext of offshorehydrocarbonexploration,identificationof petroleumsys-
temspresentsan additionalchallenge.It is well-known that hydrocarboncanbe en-
trappedin sub-terrainreservoirs formedin non-porousrock. Exploring featuresof in-
terestin suchcomplex environmentsby a sensor/actuatornetwork is likely to require



heterogeneousteams:notonly to spreadacrossa largearea,but alsoto combinediffer-
entsensingandactuationmodalities(from sonarsto magneticandseismicsurveys).

Fig. 2. An emergent sphericalsurface around
theExplorer(asmallspherein thecenter),with
severalSupporteragents(conicallyshaped).

To illustratethesimulatorcapabilities,wedesignedascenariowith aheterogeneous
team(oneExplorerand ten Supporteragents).The Explorer is a task-orientedagent
which hasa goalof finding a proxy to a featureof interest(e.g,shallowestpoint in the
local terrain,a chemicalanomalysensedby a combinationof chemicalsensors,etc.).
While moving in theenvironment,it alsoemitsanomnidirectionalsignalwhichcanbe
usedby Supporteragentsto detectits direction,if thereis anunobstructedline of signal
betweentheExplorerandthereceiving agent.TheSupporteragentshavethesameactu-
atorsastheExplorer, with additionof sensorswhichareableto detectthesignalemitted
by theExplorer. TheSupportersfollow two simplerules:(i) movealongthedirectionin
which theExploreris senseduntil a specifiedrangeis reachedwithin a tolerancelimit;
(ii) whenthedistanceto theExploreris lessthanthespecifiedrange,move away from
theExplorer. If thesignalfrom theExploreris not received,aSupporteragenttreatsthe
lastdirectionasvalid,andmayuseextra-thrustin following thisdirection(“extra-thrust
behaviour”). We alsoexperimentedwith the third behaviour: (iii) within the tolerance
limit of thespecifiedrange,maintainit by moving orthogonallyto thedirectionof the
Explorer. The rules (i)-(iii) lead to emergenceof a sphericalsurfacearoundthe Ex-
plorer, on which the Supporteragentsrandomlymove in order to maintainthe range
(Figure2). Thereis a differencebetweentwo kinds of emergence:patternformation
andintrinsic emergence,distinguishedby Crutchfield[4]: a) patternformationrefers
to an external observer who is able to recognizehow unexpectedfeatures(patterns)
’emerge’ or ’self-organize’duringa process(e.g.,spiralwavesin oscillatingchemical
reactions)— thesepatternsmaynothavespecificmeaningwithin thesystem,but obtain
a specialmeaningto the observer whendetected;b) intrinsic emergencerefersto the
emergentfeatureswhichareimportantwithin thesystembecausethey conferadditional
functionality to thesystemitself, like supportingglobalcoordinationandcomputation
(e.g.,theemergenceof coordinatedbehaviour in aflock of birdsallowsefficientglobal
informationprocessingthroughlocal interaction,which benefitsindividual agents).To
verify whetherthe emergenceof a sphericalsurfaceis intrinsic andcontributesto the
qualityof thesupportingtask,we runanumberof experiments.

TheMetric-Analyzerautomatesthescenarioby settingsimulationparameters,re-
peatedlyrunning the Simulatorandagentsfor eachexperiment,logging the relevant
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Fig. 3. The actual/specified ratio: sphere-
tracing behavior (solid line), extra-thrust be-
haviour (dashedline), simple behavior with
rules(i) and(ii) only (dottedline).

information (velocities,distances,etc.), and collating the results(the overall experi-
mentrunsfor severaldays).In theExplorer-Supportersscenarioit is importantto have
theSupporteragentsmaintainingthespecifiedrangeover time, i.e. theactualachieved
rangeshouldbeascloseaspossibleto thespecifiedone.Theactual/specifiedratio,av-
eragedovertheteamof theSupporteragentsandovertimeafteracertaininitial interval,
is plottedin Figure3 againstdifferentspecifiedranges.Theresultsof multiple exper-
imentsdeployed in thesameterrainindicatethedifficulty of maintainingcloseranges
(within � �
� � ��� meters),for a teamof Supporteragents.The Supporteragentclosest
to theExploreralwaysattainsthespecifiedrange(theratio is closeto � � � ). It is worth
pointingoutthatit is notthesameagentbut rathertheonewhichis theclosestatagiven
time, i.e. thereis alwaysat leastoneSupporteragentdirectly observingthe Explorer.
We observed thata) theextra-thrustbehavior doesnot attainbetterquality, andb) the
emergenceof a sphericalsurfaceis not intrinsic: it doesnot contributeto thequality of
thesupportingtask,measuredin termsof theactual/specifiedratio.A sphericalsurface
may, however, bebeneficialif anequidistantspatialspreadis important.

4 Conclusions

Thispaperpresentedanew multi-agentphysics-basedsimulationframework (DISCOV-
ERY), supportingexperimentswith self-organizingunderwatersensorandactuatornet-
works. The simulationsystemprovidesa test-bedfor co-evolution of distributedand
mobile sensorsandactuators,andrequiredcommunicationtopologiesin challenging
scenarios.In orderto illustrateits capabilities,we briefly describeda simplesimulated
scenariowith a heterogeneousteam(theExplorer-Supportersscenario),andits evalu-
ation by Metric-Analyzer. Someof the tasksfor future experimentsinclude: identifi-
cationof hazardsto safety-criticalstructures;responseto contaminationof watersup-
pliessuchasoil spills;perimeterformationfor absorptionbarriersandtraffic exclusion
zones;collection,storage,transportationandanalysisof contaminateditems/evidence.
TheDISCOVERY Simulatoris intendedto beaflexible tool for simulation,quantitative
analysisanddesignof complex underwatersensorandactuatornetworks,with varying
degreesof autonomy, decentralizedcontrol,anddata-to-decisionintegration.
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