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Abstract. TheRoboCupRescuBimulationprojectaimsatsimulatinglarge-scale
disasterdn orderto explore coordinationstrateies helpful for real-life rescue
missions.This canonly be achieved if the simulationitself is ascloseto reality
aspossible.In this paper we presenta nenv re simulatorbasedon a realistic
physicalmodelof heatdevelopmentandheattransportin urban res. It allows
to simulatethreedifferentways of heattransport(radiation,convection, direct
transport)and the in uence of wind. The protectve effects of sprayingwater
on non-hurning buildingsis alsosimulated thusallowing for morestrateyic and
precautionarpehaior by therescueagentsA new directcommunicatiorinter
facebetweersimulatorsenableshemto accessheir moredetailedinternalmod-
els,thusallowing thesimulationof comple interactionse.g.collapsingbuilding
causingre, andvice-versa.Our experimentsshaved the simulatorto createre-
alistic re propagationdothwith andwithoutin uence of re brigadeagents.

1 Intr oduction

TheRoboCupRescugimulationLeagueaimsatsimulatinglargescaledisasterandex-
ploring new waysfor theautonomousoordinatiornof rescugeamq7]. Thesegoalsare
socially highly signi cant andfeaturechallengesinknownn to otherRoboCupleagues,
like long-termplanningof rescuemissionsinvolving heterogenouagents Moreover,
the ervironmenttheseagentsact in is a large-scalesimulationwhich is both highly
dynamicandonly partially obsenableby a singleagent.

It is dueto the latter featuresof the ervironmentthat real disastersituationssel-
domly canbe predictedand, in turn, are often not adequatelydealt with whenthey
actually occut Therefore,it mustbe one of the main goals of the RoboCupRescue
SimulationLeagueto developrealisticdisastesimulatorsthatallow agentgo develop
realisticmissionplans.In this paper we describea new re simulatorthatprogresses
towardsthis goalwhile not exceedingthe run-timelimitations of the RoboCupRescue
simulationsystem.

The RoboCupRescusimulationsystemis a modularframewnork basedon a Geo-
graphiclnformation System(GIS) describinga city map,anda kernelwhich actsasa
communicatiorhub andintegratorof changego the world modelasproposedy the
variousagentsandsimulatorsconnectedo the kernel.On the onehand,this architec-
ture allows to simulatespeci ¢ phenomenandependentiyof eachother On the other



handit forcessimulatordo interactvia thekernel ,therebylosingpartsof theircomplex

internalphysicalmodels.Thereforehenew re simulatoris designedo alsocommuni-
catedirectly with othersimulatorsthusallowing to describemorerealisticinteractions
like causinga houseto collapsefrom re or, corversely res beingtriggeredby the

collapseof a house . Thusthe self-reinforcingdynamicsof the simulationand,in turn,

its realismis extended.

Someof the new featuresf theintroducedsimulatorarethe calculationof heatde-
velopmenin burninghousesswell asthe simulationof threesigni cant waysof heat
transportatiorbetweerbuildings.Especiallythein uence of wind onthe spreadf re
is takeninto account Anothersteptowardsgreaterrealismis achievedby the possibil-
ity to limit re spreadby “preemptive extinguishment”,i.e. the sprayingof wateron
non-hurning buildings in orderto temporarilyprotectthemfrom catching re. These
new featureddo notonly addto therealismof the simulation,but will alsoallow rescue
agentdo actmorestratgically andprecautionaryhanbefore.Interactingwith anade-
quateearthquak/collapsesimulator eventhe startingof res canbesimulatedwithout
needfor arti cal “ignition points” asusedin the currentsimulation,hencesupporting
theautomatedjeneratiorof realisticdisastessituationsof variying dif culty .

The remainderof this paperis structuredasfollows. Section2 givesan overview
on approacheso re simulation.Section3 introducesthe physicaltheoryunderlying
the simulation,whereassection4 shaws its implementationSection5 demonstrates
someof the new featuresof the simulatorandsection6 providesan outlookto further
developments.

2 RelatedWork

Approachego re simulationhave beenasmanifoldastheir motivations,rangingfrom

the supportof decision nding for re ghters duringwild land res over estimations
of therisk of industrialinstallationsto interactive educationWild land re simulations
usingmathematicamodelshasedn empiricaldata known asoperationamodels have

madegreatprogressFARSITE is one of the mosthighly developedrepresentatie of

thesemodels[9]. BerjakandHearnedescribeda simulatorbasecon amodi ed version
of theRothermels model[10], implementedasa cellularautomatormodelfor spatially
heterogeneousavzannaernvironmentgq?2].

Hamadantroducedhesocalled*Hamadaformula”for simulatingurbanre spread5].
Theunderlyingmodel,however, is limited to climatic conditionsandspeci ¢ building
types,andthusnotapplicableto our domain.

In urbanervironmentsfuel (ammable material)is not ascontinuouslydistributed
asit isin wild land, thereforediscreteelementsepresentinghe objectsareappropriate
asmentionedn an article by Rehmandhis collegues[9]: “In thesecommunity-scale

res, buildings aswell aslarge individual trees,mustbe regardedas discretefuel el-
ements”. At this point, methodsof re predictionof wild land and urbanscenarios
differ. While wild land res usually have only low enegy releaseratesand canin
approximationbe seenasa eld of propertiesurban res behae ratherlike discrete
elementswith small extentandhigh enegy releaserates.Hencesimulationsof urban
orindustrial res arebasecbn entitiesde ned by their shapeandpropertiegatherthan



distributions.Tanakahascreateda simulationof urban res utilizing physicallaws con-
sideringvaluessuchasradiation,wind, oxygenconcentratiorandgas o w [5]. Further
more simulationsof industrial outdoor res have beencreatedfollowing comparable
approachefl].

3 Fire Simulation

3.1 Physical Theory

In orderto enablethe readerto understandhe problemof re simulation,a shortfa-
miliarizationwith a selectedheoryis advised This sectionintroducessomeimportant
relationsin the context of comhustionand re spreadvhichwill helpto understandhe
approacho urban re simulationutilized. A deepemunderstandinganbe achieved by
thelectureof booksaboutthermodynamic§4] andphysicallaws [6].

For our purpose,re canbe seenasan exothermalreactionoxidizing the burning
substancéy the usageof oxygenfrom the surroundingair while creatingcomhustion
gasessuchasCO,, andheat.To ignite asolid object,two conditionsmustbeful lled;
atemperatur@abovetheignition pointaswell asasufcient oxygenconcentratiorin the
surroundingair. If oneof theseconditionsis nolongersatis ed,the re extinguishes.

Body C Body C

A sample point
of the emitting body

(b)
Fig. 1. Threeways of heattransportationdirect heattransport(a), two bodies(B andC) ex-

changingheatby areaA, radiation (b), the receiver absorbghe enegy from beamshitting it's
surfaceandcorvection(c), heatis transportedy air

Fromthethermodynamicabiewpoint heatis bestdescribedsdisoganizedmolec-
ular movement.Temperaturés a measurdor averageheatenegy. Thetemperaturel
of asubstancén dependencéom it's heatenegy Q is describedyy

T== @)

where is theheatcapacity Whene&erthe aggrejatestatechangesluringheating,an
extraamountof enegy is required.This extra enepgy is transformedackinto heaten-
ergy whenthe probehascongealedr condensedThis extra enegy is not considered
in formula 1, sincethe introducedsimulationwill not dealwith change®f the aggre-
gatestate exceptfor the simulationof waterusedfor extinguishing.The speci ¢ heat
capacity of a probewith the massm , which wasfoundto be a materialconstantjs
de nedas:

= @)

m



Eventhoughscientistshave createdmachinerythattransportheatenegy from cool to
hot at the expandof enengy, for instancerefrigerators heattransportin naturetakes
only placealongthe heatgradient dJX(X) , andthusfrom warmto cold. Heatcanbe

transportedn threeways:

DirectHeat Transport
The rst kind of transportations the directtransportwhich alwaystakesplaceif two
bodieswith differenttemperaturesre physically connected gure 1a). The cross-
sectionalareaof the of the connectionwill be called A. If B and C aretwo bodies
with constantemperature3g andT¢ which areconnectedy alayerD thefollowing
equationapplies:

do(t) _ (Ts  Tc) A

dt - ID Sp

3)

Ip is calledthe heatresistancenddependsn the usedmaterialwhile sp is thewidth
of D. In orderto calculatethe amountof enegy transportedvithin the discretetime
stept, if B andC have alimited capacity a differentialequatiorhasto be solved.

Heat Radiation

Anotherway of emitting heatenepy is by radiation( gure 1b). The higherthe tem-

peraturethe higherthe amountof transferrecenepy. As aresultof collisionsbetween
moleculesphotonswhicharethecarrierof theradiationenegy, areemitted. Thewave-

lengthof thesephotonds in mostcaseswithin theinfraredspectrumThosewith shorter
wave-lengthis what we seeif anobjectis glowing. The total radiationenegy output
Q(t) of abodyis calculatedasfollows:

Q)= AT* (4)

whereA is the surfaceareaof the emittingobject, is the Stefan-Boltzmanrconstant,
T is the temperatureof the probe,A is the surfacearea,t is the durationand the
degreeof emissionfor the surfacewhich is a constantspeci c to the materialof the
surface.Most materialsabsorblight in the infraredandvisible spectrumPhotonghat
areemitteddeepinside the probeare absorbedy the probeitself andthusnotin u-
encingobjectsoutside.Thereforeit is, in this contet, a valid assumptiorto consider
only photonsemittedfrom the surfacethatareableto reachotherobjects.The quantity
of transferrecenegy Qi ans (t) is thuslimited to the sumof enegy transferedy the
photonsdepartingrom the surfaceof the emittingbodyandhitting thereceviing body.
If H(t) is the setof photonshitting thereceving bodyandK (t) is the setof thetotal
emittedphotonsthen

_ JH(V)j
Qtrans (1) = KM Q(t) )

Noticethatthattheseconsiderationslo only applyonidealizedblackbodies.

Convection
The last kind of spontaneousransportations called corvection ( gure 1c). As the



volumeV (T) of ideal gasesncreaseswith rising temperaturel the massdensity
decrease@undertheassumptiorof aconstanpressure)lf m is themassof thevolume
then:

V(T)=Vo(1+ v T) (6)
- m
=V (7)
_ m
) (M= Y%a+ v 1) (8)

Notice thatthe coefcient of expansion y is alwaysgreaterthanzero.With the prin-
ciple of Archimedesit follows that if the volumeV is surroundedby a mediawith
massdensity s, it will experienceaforceopposedo thegravitationforce.Theforceis
quanti ed by:

F(T)=9g V(s (T)) ©)

Thereforethe corvectionantagonizeshe gravity andresultsin vertical movementor

o w. At largescale res, heatradiationis the dominatingin uenceto re spreadince
it transportdargeamountsof enegy within a closedistance Transferby corvectionis
smallerbutin combinatiorwith wind shift ableto alterthespreadirection.Corvection
causedoss of heatin the air by rising hot air outsidethe areaof interestandis an
importantfactorattheverticalaxisof re spread.

4 Implementation

Dueto practicalreasonstheamountof computingpowerin theRoboCupRescueeague
is limited on boththe sener andthe client side.Eachsimulationconnectingo the ker-
nelhasto nish all calculationsandnetwork communicatiorwithin adiscretetime step
of 500 milliseconds.Thereforeef cient algorithmsare a necessaryequirementPar-
ticularly, if simulatorsmutually dependon the resultsof their calculationsthe worst
casecostmust never exceedthe given time constraint.Computationacomplexity of
a simulationis usually reducedby an appropriatediscretizationof the world. In the
RoboCupRescudomainthe discretizatioris alreadygivenby thelevel of detail of the
provided GIS data. This datais distributedin entities,suchas buildings, streetsand
civilians (of which currentlyonly buildings arerelevantfor the re simulation).Build-
ingsarede ned by a polygondescribingtheir footprint, the numberof oors, the area
atgroundlevel aswell asthetype of constructionj. e. steelframe,reinforcedconcrete
orwood.As globalpropertiesthewind directionandspeedareprovided[8]. Sincethis
modeldoesnotsufce for the simulationof all physicaleffects,the simulatoraddition-
ally implementsa discretemodel of the air temperaturethatwill be describedn the
subsequergection.

4.1 Discrete Model

The high compleity of urban res, i.e. dueto unpredictablair streamsandan inho-
mogeneousdistribution of fuel, canonly besimulatedwith strongrestrictionsComplex



gas ux calculationsarebeyond questionaswell asair- o0 w patterncomputationcon-
sideringthein uence of buildings. We restrictedthe modelto two dimensionslike the
rescuedomainitself. The O, concentratiorievel is assumedisconstantandassuf-
ciently availablefor comtustion.

Thesimulationof heatradiation is carriedoutby anef cient approximationlf the
totalamountof heatenegy emittedby radiationfrom onebuilding to anothelis known,
asimpleandfastto procesequationcanbe used:

|

P
Ti(t+1)=T(t)+ radiation (j ) + pij radiation (i) ‘—J (10)
i2B;i6]

whereT; (t) is thetemperaturef buildingj , pi; thepercentagef radiationfrom build-
ingi thatcontributestoj, ; theheatcapacityofj,andt isthedurationof atimestep
in the simulatedworld. Table1 providesreasonablealuesof massdensitieswhereas
thespeci ¢ heatcapacityvaluesfor differentconstructiortypesarecurrentlysetby the
userin the con guration le. Fromthesevaluesthe building speci ¢ heatcapacity
is calculatedwith equation2.

Equation10 is basedon the assumptiorthat the temperaturés constantduring a
simulationinterval andthattransportationakesplaceonly betweencycles.The value
of eachp;; is not calculatedcompletelybut randomlysampledwith a Monte Carlo
method.Eachbuilding is brokendown into its outerwalls asthey are providedby the
GIS. For eachwall a numberof randomraysoriginatingfrom this wall aregenerated.
Thepercentagef raysemittedfrom building i thathit buildingj is takenasastochastic
approximatiorfor p;; (see gure 2). Sincethe mappingof p;; is assumedo be con-

Footprint of Footprint of
source building target building

Random rays

Fig. 2. Randomlyemittedrays: The percentagef rayshitting the tamgetbuilding determineghe
amountof transferedenegy by radiation

stant,thesecalculationsaaredoneof ine duringthe simulationstart-up.To enhancehe
performanceafew improvementdave beenimplementedThep;; datafor theloaded
mapis writtento harddiscandlinkedwith ahashcodethatis calculatedrom the build-
ing's uniquelongitudeand latitude. Buildings with a distanceexceedinga threshold,
which canbe setin the con guration le, areleft out of the calculation.The expected
errorfrom this simpli cation is comparablylow, sincethe enegy densityfrom a point
sourceat distancer is proportionalto riz andthus neggligible. The radiationfunction
radiation (i) is calculatedutilising the Stefan-Boltzmann-La presentedh equatiord.



[Typeof Fuel [FuelLoad (GJ/hectardMassDensity(Kg/hectare)

Dwellings, of ces, schools 3,700-9,400 202,000-504,000
Apartments 8,900 N 490,000 N

Shops 9,400-18,800 500,000-1,010,000
Industrial& Storage 5,700-57,00@r more {300,000-3,000,006r more

Table 1. Typical enegy releaseratesfor city buildingstaken from Chandlers investigation[3].
N denoteghenumberof oors in abuilding.

Thesimulationof dir ectheattransport andconvectionis limited to asinglelayer
situatedabove the ground.Higher layersareignoredbecausave assumeahemto have
a small effect regardingthe emitting building. The layeris implementecby a two di-
mensionalrid thatdiscretizeghe air's continuousheatdistribution. The resolutionof
thegrid is currentlysetto ve metersput maybesetdifferentlyin thecon g le of the
simulator The standardambienttemperaturés 20 Celsiuswhichis theinitial default
valuefor all cells.

The updateof a the temperatures;(t) of air cell i with respectto setof cellsR
within the air transmissiorrangeof cell i, andbuildings B; intersectingwith cell i, is
calculatedoy:

0 P
Sj (t) Wi;j + Tu (t) Ay
' - e j2Rj 61 o uzpi '
st+1)=s)+ B R i sOX 1. t@1)
j2R;j 6i uz2B;

wherew;; weighsthetemperaturén uence oncelli from surroundingeellsaccording
to their distancea,; weighsthein uence of buildingsB; intersectingwith air cell i,
Ty (t) isthetemperaturef building u andl, is theheatexchangecoefcient. In orderto
keeptheoriginaltemperaturealuesfrom time stept in memory theimplementatiorof
formulallis carriedout by employing two arraysthatareswappedaftereachupdate.
Besidegheair-to-airandbuilding-to-airtemperaturexchangealsotheair-to-building

exchangehasto be consideredThereforean equationsimilar to equationl1 is intro-
ducedthataccountdor thedifferentheatcapacitief buildings:

0P 1
si(t) au;
Tt D= T+ B TR b (12)
25

whereT, (1) is thetemperaturef building u,  istheheatcapacityof u, | is theheat
exchangecoefcient andS, is thesetof all air cellsintersectingwith u.

Furthermoreevery air cell losesheatto the atmospheredue to corvection. The
amountof heatlossfor eachcell s; (t) is approximatedy:

Si (t + 1) =To+ (Si (t) TO) Cioss t (13)

whereT, denotegsheambienttemperatur@ndciyss iS aconstanapproximatingareal-
istic averagedegreeof heatloss.



The effect of global wind is simulatedby shifting air cells accordinglyto wind
velocityanddirectiononthegrid. However, sinceit is possiblehatthenewly calculated
positionwill notmatchthe grid discretizationgrid values,intersectinghe shiftedcell,
have to berecalculatediccordingly The new valueof agrid cell is calculatedrom the
weightedaverageof all cellsoverlappingdueto the shift.

Every building with a temperatureabove the ignition point and sufcient fuel is
considered@sburning.Then,duringeachcycle, a certainpercentagef its initial fuelis
transformedo enegy andaddecto the building's enegy value.Empirical dataof fuel
densitiesaspresentedh tablel, is utilized for the calculationof theinitial fuel values.

4.2 Extinguishing r es

The action extinguish building in the RoboCupRescudomainis realized,for both
extinguishingand preemptve extinguishing,by increasingan internal valuefor each
building thatrepresenttheamountof waterusedonit by re brigadesThe re simula-
tor ensureghatall necessarpreconditiongor this actionaremet,whichareasufcient
amountof waterin the re brigadestank,apositioncloseenougho the re andamax-
imum amountof waterthatmaybe emittedperround.

Fromthe amountof waterin a building a fraction, linearly proportionalto thetem-
peratureof thebuilding, is consideredo bevaporizingandby this coolingthe building
duringeachcycle. Theheatenegy reductionis calculatedyy the productof theamount
of vaporizingwaterandits vaporizationconstant.

Like in reality, preemptve cooling will protectbuildings from catching re tem-
porarily but will not make them completely re-proof aslong as surroundinghouses
areburning. Thus, preemptve extinguishmenbffersnew strateic possibilitiesfor re
brigadesbut doesnotrelieve themof the duty to stop res completely

4.3 Interfacing RoboCupRescue

The RoboCupRescuprotocolconsistsof messagebeingtransmittedn a de ned or-
der The simulatorsrequesta connectionto the kernelwith SK CONNECTto which
the kernelrespondswith the KS CONNECTOK messagéehat containsthe complete
GIS data.After all clientshave sentthe SK ACKNONLEDGEmessagethe simulation
loop starts.During eachcycle of the loop, simulatorsare supposedo processaction
commandemittedby theagentsj.e. AK EXTINGUISH andto computethesuccessor
stateof the world model. The resultof this updateis successiely transmittedbackto
thekernelby a SK UPDATE messageUpdateseportedby the re simulatorarebasi-
cally aboutthe currentstateof buildings concerningre. This stateis encodedy the
propertyFIERYNESSndcomputeddirectly from the percentagef remainingfuel of
eachbuilding.

The new simulatorextendsthe existing protocol by the featureof inter-simulator
communicationThe exchangeof informationbetweensimulatorsmakessensen par
ticular whenever their causesand effects dependfrom eachother For example, re
simulationandcollapsesimulationaremutuallydependentf buildingsareburningfor



sometime periodthey aresubjectto collapse Ontheotherhand,if buildingshave col-
lapsedthey mightignite or burn differently. Thereforethe protocolhasbeenextended
by thefollowing messages:

— SF.REQUEST and FS.UPDATE: Other simulators may send the message
SFREQUEST to which the re simulatorwill respondwith a FS UPDATE mes-
sageFS UPDATE deliversthestateof thecurrenttemperaturelistribution andfuel
consumptionParticularlythefuel consumptiorby re isimportantfor thecollapse
simulatorsinceit indicatesinstability of buildings.

— SC. REQUEST andCS_UPDATE: It is assumedhatthe collapsesimulatorpro-
videsasimilarinterfacein orderto getinformationaboutthefuel distribution after
a collapse Hence,a SC REQUEST messagéasto be acknavledgedby the col-
lapsesimulatorwith a CS. UPDATE messagehat containsthe currentdegree of
compressiorof buildings dueto collapse.This informationis importantfor re
simulation,sinceit indicatesthe percentagef fuel that hasbecomeinaccessible
for comhustion. Furthermorethe collapsesimulator can indicate that a building
shouldbeignited dueto collapsedamage.

A collapsesimulatorthatis conformto theseextensionds currentlyunderdevelopment
at our university In orderto not further load the kernelwith communicationtraf c,
thenew messagearerouteddirectelyto theothersimulatorsvia anadditionalUDP/IP
port.

5 Experiments

Dueto the factthatreal dataof urban res is hardly availableandif so,is specic to
aparticularfuel distribution andwind, a close-to-realityevaluationseemdo beimpos-
sible. Thereforewe present visualizationof thenew re simulators generabehavior
andcomparet to thatof theold one.ln comparisorto theold simulator whichtendsto
createa circularwall of re, thenew simulatorspreadsre in amorerealisticway (see
gure 3). The dynamic re propagatiormatcheshe complex behaior of real urban
res. Asshavnin gure 3, the re spreacbf the new simulatordepend®n thedensity
of buildingssituatedn thearea A high densityof buildingsleadsto arapid re spread,
whereadargeropenspacedehaeas re barriersThenew featureallows re brigades
to predictthe mostlikely re spreadby reasoningaboutthe re dangerof certaindis-
tricts. Predictionmakesit possibleto concentratdorceson jeopardizedocationsand
to naturallyexploit openspacesFor competitionsthe re barriereffectis not always
wantedsincean unextinguishedre shouldcontinueto grow in orderto make a differ-
encebetweensuccessfubnd unsuccessfuhgentsThis barriercanbe oversteppedy
theactivationof thewind featureincludedin the new simulator

In real disastersituations,it might happenthat the numberof re brigadesis not
sufcient for extinguishinga certain re but may be high enoughto controlits spread.
This is usually accomplishedby preemptvely watering non-burning buildings close
to the re border(“preemptive extinguishment”).In the new simulator the amountof
waterusedon a building will accumulatethenvaporizeandthuscool the building. If
the building is not yet burning this may even preventit from catching re. This new



@) (b) (c)
Fig. 3. Fromtopto bottom:progres®of re spreadf the new simulator displayedn theinternal
model (a), in the RoboCupRescugorld model (b) and comparedto the progressof the old
simulator(c).

featureis visualizedby the seriesof picturesin gure 4. As canbe seenby the lower
seriespreemptve extinguishingof the diagonalrow of buildingsin the centemprevents
theignition of all buildingsbehind.

In the RoboCupRescudomain re brigadesareallowedto usemorethanonenoz-
zle during one extinguishcommand By this it is possibleto distribute wateron more
thanonebuilding at the sametime®. Sinceextinguishingan ignited building requires
virtually morewaterthanasingle re brigadecanemit, this featureofferedno tactical
adwantageso far. Togetherwith the new featureof preemptvely extinguishing,how-
ever, it is possiblefor asingle re brigadeto protectmultiple buildings from ignition,
sinceto protecta building requiredesswaterthanto extinguishit.

! Note thatthe amountof watermaximally allowedto be emittedduring onecycle remainsthe
same.



Fig. 4. Fromleft to right: the new featurepreemptivesxtinguishing Upperrow: re spreadwith-

out prevention.Lower row: re spreadpreventiondueto wateringthe diagonalbuilding row in
thecenter(blue)in adwance
Map

| Compleity |AveraggStandardeviation| Max | Min |

kobe | 733buildings,5896cells | 10.6ms 7.8ms 73ms 6ms
virtual city| 1269buildings,6972cells | 12.8ms| 8.1ms 85mg 8ms
foligno [1085buildings,17214cells 24ms 9.6ms 85mg17ms

Table 2. Runtimemeasurementsf the new simulator The rst row providesthe employed city
map,whereashesecondow providesit' scompleity, denotedby thenumberof buildingsandair
cellsinvolved in the simulation.The otherrows provide average standarddeviation, maximum
andminimum of calculationtime within onecycle of the simulation.

Thesimulatorsruntimebehaior hasbeenevaluatecbnthethreestandardaity maps
usedfor the competition,which areKobe Virtual City andFoligno. On eachmap,we
simulated,underthe samesettingstentimesa re outbreakfor a durationof 300 cy-
cles.Thesimulationswherecarriedout within a Java virtual maching(Blackdovn Java
HotSpotl.4.1)onanAMD Athlon 700MHz computerrunninga Linux operationsys-
tem.Table2 summarizeshe averagecomputingtime for onecycle of the simulationon
all of thethreemaps Althoughthis measuremento notincludenetwork communica-
tion time, it canclearlybeseerthatthe new simulatorcomplieswith thedomainstime
constrainiof 500ms.

6 Outlook

Theintroducedre simulatormakesa clearsteptowardsclose-to-realitysimulationof
urbandisastersHowever, dueto the high complexity of urban re spreadthis stepis
justthebeginning.With increasingcomputingpowerwe will beableto contributemore
detailto the domain:Firstly, the simulationof re could be carriedout within entities



smallerthanhousessuchas oors androoms.Thisfeaturewould makeit easieffor re
ghters to decidewhich partof the building they shouldextinguishin orderto avoid re
trespassingo otherbuildings. Secondlythe air grid modelcould be realizedin three
dimensionsleadingto a morerealisticsimulationof re propagationespeciallyin the
caseof higherbuildings. Thirdly, the simulatorcould be extendedby the simulationof
smole trails, which have a physicalandpsychologicakffect on civilians.

Particularlythe rst andthird improvementarelik ewisefundamentato othersimu-

latorsin thedomain.Thecollapseandcivilian simulator for example mightimplement
morerealisticresponsesf buildingsandciviliansto re. Theintroducedre simulator
hasbeenpreparedor beingextendedowardsthoseimprovements.
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