
ApproachingUrban DisasterReality:
The ResQFir esimulator

Timo A. Nüssle,AlexanderKleiner,andMichaelBrenner

Institut für Informatik
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Abstract. TheRoboCupRescueSimulationprojectaimsatsimulatinglarge-scale
disastersin order to explore coordinationstrategieshelpful for real-life rescue
missions.This canonly beachieved if thesimulationitself is ascloseto reality
aspossible.In this paper, we presenta new �re simulatorbasedon a realistic
physicalmodelof heatdevelopmentandheattransportin urban�res. It allows
to simulatethreedifferentwaysof heattransport(radiation,convection,direct
transport)and the in�uence of wind. The protective effects of sprayingwater
on non-burningbuildingsis alsosimulated,thusallowing for morestrategic and
precautionarybehavior by therescueagents.A new directcommunicationinter-
facebetweensimulatorsenablesthemto accesstheirmoredetailedinternalmod-
els,thusallowing thesimulationof complex interactions,e.g.collapsingbuilding
causing�re, andvice-versa.Our experimentsshowed thesimulatorto createre-
alistic �re propagationsbothwith andwithout in�uence of �re brigadeagents.

1 Intr oduction

TheRoboCupRescueSimulationLeagueaimsatsimulatinglargescaledisastersandex-
ploringnew waysfor theautonomouscoordinationof rescueteams[7]. Thesegoalsare
sociallyhighly signi�cant andfeaturechallengesunknown to otherRoboCupleagues,
like long-termplanningof rescuemissionsinvolving heterogenousagents.Moreover,
the environmenttheseagentsact in is a large-scalesimulationwhich is both highly
dynamicandonly partiallyobservableby a singleagent.

It is due to the latter featuresof the environmentthat real disastersituationssel-
domly can be predictedand, in turn, are often not adequatelydealt with when they
actually occur. Therefore,it must be one of the main goalsof the RoboCupRescue
SimulationLeagueto developrealisticdisastersimulatorsthatallow agentsto develop
realisticmissionplans.In this paper, we describea new �re simulatorthatprogresses
towardsthis goalwhile not exceedingtherun-timelimitationsof theRoboCupRescue
simulationsystem.

TheRoboCupRescuesimulationsystemis a modularframework basedon a Geo-
graphicInformationSystem(GIS) describinga city map,anda kernelwhich actsasa
communicationhubandintegratorof changesto theworld modelasproposedby the
variousagentsandsimulatorsconnectedto thekernel.On theonehand,this architec-
tureallows to simulatespeci�c phenomenaindependentlyof eachother. On theother



hand,it forcessimulatorsto interactvia thekernel,therebylosingpartsof theircomplex
internalphysicalmodels.Thereforethenew �re simulatoris designedto alsocommuni-
catedirectlywith othersimulators,thusallowing to describemorerealisticinteractions
like causinga houseto collapsefrom �re or, conversely, �res beingtriggeredby the
collapseof a house.Thustheself-reinforcingdynamicsof thesimulationand,in turn,
its realismis extended.

Someof thenew featuresof theintroducedsimulatorarethecalculationof heatde-
velopmentin burninghousesaswell asthesimulationof threesigni�cant waysof heat
transportationbetweenbuildings.Especially, thein�uence of wind on thespreadof �re
is takeninto account.Anothersteptowardsgreaterrealismis achievedby thepossibil-
ity to limit �re spreadby “preemptive extinguishment”,i.e. the sprayingof wateron
non-burning buildings in order to temporarilyprotectthemfrom catching�re. These
new featuresdonotonly addto therealismof thesimulation,but will alsoallow rescue
agentsto actmorestrategically andprecautionarythanbefore.Interactingwith anade-
quateearthquake/collapsesimulator, eventhestartingof �res canbesimulatedwithout
needfor arti�cal “ignition points” asusedin thecurrentsimulation,hencesupporting
theautomatedgenerationof realisticdisastersituationsof variyingdif�culty .

The remainderof this paperis structuredasfollows. Section2 givesan overview
on approachesto �re simulation.Section3 introducesthe physicaltheoryunderlying
the simulation,whereassection4 shows its implementation.Section5 demonstrates
someof thenew featuresof thesimulatorandsection6 providesanoutlookto further
developments.

2 RelatedWork

Approachesto �re simulationhavebeenasmanifoldastheirmotivations,rangingfrom
thesupportof decision�nding for �re �ghters duringwild land �res over estimations
of therisk of industrialinstallationsto interactiveeducation.Wild land�re simulations
usingmathematicalmodelsbasedonempiricaldata,knownasoperationalmodels,have
madegreatprogress.FARSITE is oneof the mosthighly developedrepresentative of
thesemodels[9]. BerjakandHearnedescribedasimulatorbasedonamodi�ed version
of theRothermel'smodel[10], implementedasacellularautomatonmodelfor spatially
heterogeneoussavannaenvironments[2].

Hamadaintroducedthesocalled“Hamadaformula” for simulatingurban�re spread[5].
Theunderlyingmodel,however, is limited to climatic conditionsandspeci�c building
types,andthusnotapplicableto ourdomain.

In urbanenvironmentsfuel (�ammablematerial)is not ascontinuouslydistributed
asit is in wild land,thereforediscreteelementsrepresentingtheobjectsareappropriate
asmentionedin an articleby Rehmandhis collegues[9]: “In thesecommunity-scale
�res, buildings aswell aslarge individual trees,mustbe regardedasdiscretefuel el-
ements”.At this point, methodsof �re predictionof wild land and urbanscenarios
differ. While wild land �res usually have only low energy releaseratesand can in
approximationbe seenasa �eld of properties,urban�res behave ratherlike discrete
elementswith small extentandhigh energy releaserates.Hencesimulationsof urban
or industrial�res arebasedonentitiesde�ned by their shapeandpropertiesratherthan



distributions.Tanakahascreatedasimulationof urban�res utilizing physicallawscon-
sideringvaluessuchasradiation,wind,oxygenconcentrationandgas�o w [5]. Further-
moresimulationsof industrialoutdoor�res have beencreatedfollowing comparable
approaches[1].

3 Fir e Simulation

3.1 PhysicalTheory

In orderto enablethe readerto understandthe problemof �re simulation,a short fa-
miliarizationwith a selectedtheoryis advised.This sectionintroducessomeimportant
relationsin thecontext of combustionand�re spreadwhichwill helpto understandthe
approachto urban�re simulationutilized.A deeperunderstandingcanbeachievedby
thelectureof booksaboutthermodynamics[4] andphysicallaws [6].

For our purpose,�re canbe seenasan exothermalreactionoxidizing theburning
substanceby theusageof oxygenfrom thesurroundingair while creatingcombustion
gases,suchasCO2, andheat.To igniteasolidobject,two conditionsmustbeful�lled;
atemperatureabovetheignition pointaswell asasuf�cient oxygenconcentrationin the
surroundingair. If oneof theseconditionsis no longersatis�ed,the�re extinguishes.

(a) (b) (c)

Fig. 1. Threewaysof heattransportation:direct heat transport(a), two bodies(B andC) ex-
changingheatby areaA, radiation (b), the receiver absorbsthe energy from beamshitting it' s
surfaceandconvection(c), heatis transportedby air

Fromthethermodynamicalviewpointheatis bestdescribedasdisorganizedmolec-
ular movement.Temperatureis a measurefor averageheatenergy. ThetemperatureT
of a substancein dependencefrom it' s heatenergy Q is describedby

T =
Q
�

(1)

where� is theheatcapacity. Whenever theaggregatestatechangesduringheating,an
extraamountof energy is required.This extraenergy is transformedbackinto heaten-
ergy whentheprobehascongealedor condensed.This extra energy is not considered
in formula1, sincethe introducedsimulationwill not dealwith changesof theaggre-
gatestate,exceptfor thesimulationof waterusedfor extinguishing.Thespeci�c heat
capacity
 of a probewith themassm , which wasfoundto bea materialconstant,is
de�ned as:


 =
�
m

(2)



Eventhoughscientistshave createdmachinerythat transportheatenergy from cool to
hot at the expandof energy, for instancerefrigerators,heattransportin naturetakes
only placealongthe heatgradient � dT (x )

dx , andthusfrom warm to cold. Heatcanbe
transportedin threeways:

Dir ectHeat Transport
The �rst kind of transportationis thedirect transportwhich alwaystakesplaceif two
bodieswith different temperaturesare physically connected(�gure 1a). The cross-
sectionalareaof the of the connectionwill be called A. If B and C are two bodies
with constanttemperaturesTB andTC whichareconnectedby a layerD thefollowing
equationapplies:

dQ(t)
dt

=
(TB � TC ) � A

lD � sD
(3)

lD is calledtheheatresistanceanddependson theusedmaterialwhile sD is thewidth
of D. In order to calculatethe amountof energy transportedwithin the discretetime
stept, if B andC havea limited capacity, a differentialequationhasto besolved.

Heat Radiation
Anotherway of emitting heatenergy is by radiation(�gure 1b). The higherthe tem-
perature,thehighertheamountof transferredenergy. As a resultof collisionsbetween
molecules,photons,whicharethecarrierof theradiationenergy,areemitted.Thewave-
lengthof thesephotonsis in mostcaseswithin theinfraredspectrum.Thosewith shorter
wave-lengthis what we seeif an objectis glowing. The total radiationenergy output
Q(t) of a bodyis calculatedasfollows:

Q(t) = � �AT 4t (4)

whereA is thesurfaceareaof theemittingobject,� is theStefan-Boltzmannconstant,
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 spectrum.Photonsthat
areemitteddeepinsidethe probeareabsorbedby the probeitself andthusnot in�u-
encingobjectsoutside.Thereforeit is, in this context, a valid assumptionto consider
only photonsemittedfrom thesurfacethatareableto reachotherobjects.Thequantity
of transferredenergy Qtr ans (t) is thuslimited to thesumof energy transferedby the
photonsdepartingfrom thesurfaceof theemittingbodyandhitting thereceiving body.
If H (t) is thesetof photonshitting thereceiving bodyandK (t) is thesetof thetotal
emittedphotons,then

Qtr ans (t) =
jH (t)j
jK (t)j

� Q(t) (5)

Noticethatthattheseconsiderationsdoonly applyon idealizedblackbodies.

Convection
The last kind of spontaneoustransportationis called convection (�gure 1c). As the



volumeV (T) of ideal gasesincreaseswith rising temperatureT the massdensity�
decreases(undertheassumptionof aconstantpressure).If m is themassof thevolume
then:

V (T) = V0(1 + 
 V � T ) (6)

� =
m
V

(7)

) � (T ) =
m

V0(1 + 
 V � T )
(8)

Noticethat thecoef�cient of expansion
 V is alwaysgreaterthanzero.With theprin-
ciple of Archimedesit follows that if the volume V is surroundedby a mediawith
massdensity� s , it will experienceaforceopposedto thegravitationforce.Theforceis
quanti�ed by:

F (T) = g � V (� s � � (T )) (9)

Thereforethe convectionantagonizesthe gravity andresultsin vertical movementor
�o w. At largescale�res, heatradiationis thedominatingin�uence to �re spreadsince
it transportslargeamountsof energy within a closedistance.Transferby convectionis
smallerbut in combinationwith wind shift ableto alterthespreaddirection.Convection
causesloss of heatin the air by rising hot air outsidethe areaof interestand is an
importantfactorat theverticalaxisof �re spread.

4 Implementation

Duetopracticalreasons,theamountof computingpowerin theRoboCupRescueLeague
is limited on boththeserverandtheclient side.Eachsimulationconnectingto theker-
nelhasto �nish all calculationsandnetwork communicationwithin adiscretetimestep
of 500 milliseconds.Thereforeef�cient algorithmsarea necessaryrequirement.Par-
ticularly, if simulatorsmutually dependon the resultsof their calculations,the worst
casecostmustnever exceedthe given time constraint.Computationalcomplexity of
a simulationis usually reducedby an appropriatediscretizationof the world. In the
RoboCupRescuedomainthediscretizationis alreadygivenby thelevel of detailof the
provided GIS data.This datais distributed in entities,suchasbuildings, streetsand
civilians (of which currentlyonly buildingsarerelevantfor the�re simulation).Build-
ingsarede�ned by a polygondescribingtheir footprint, thenumberof �oors, thearea
at groundlevel aswell asthetypeof construction,i. e.steelframe,reinforcedconcrete
or wood.As globalproperties,thewind directionandspeedareprovided[8]. Sincethis
modeldoesnot suf�ce for thesimulationof all physicaleffects,thesimulatoraddition-
ally implementsa discretemodelof the air temperature,that will be describedin the
subsequentsection.

4.1 DiscreteModel

The high complexity of urban�res, i.e. dueto unpredictableair streamsandan inho-
mogeneousdistributionof fuel,canonly besimulatedwith strongrestrictions.Complex



gas�ux calculationsarebeyondquestionaswell asair-�o w patterncomputationcon-
sideringthein�uence of buildings.We restrictedthemodelto two dimensions,like the
rescuedomainitself. The O2 concentrationlevel is assumedasconstantandassuf�-
cientlyavailablefor combustion.

Thesimulationof heat radiation is carriedoutby anef�cient approximation.If the
totalamountof heatenergy emittedby radiationfrom onebuilding to anotheris known,
a simpleandfastto processequationcanbeused:

Tj (t + 1) = Tj (t) +

 

� r adiation (j ) +
P

i 2 B ;i 6= j
pi;j � r adiation (i )

!

� �t
� j

(10)

whereTj (t) is thetemperatureof building j , pi;j thepercentageof radiationfrom build-
ing i thatcontributesto j , � j theheatcapacityof j , and�t is thedurationof atimestep
in thesimulatedworld. Table1 providesreasonablevaluesof massdensities,whereas
thespeci�c heatcapacityvaluesfor differentconstructiontypesarecurrentlysetby the
userin thecon�guration �le. Fromthesevaluesthebuilding speci�c heatcapacity� j

is calculatedwith equation2.
Equation10 is basedon the assumptionthat the temperatureis constantduring a

simulationinterval andthat transportationtakesplaceonly betweencycles.Thevalue
of eachpi;j is not calculatedcompletelybut randomlysampledwith a Monte Carlo
method.Eachbuilding is brokendown into its outerwalls asthey areprovidedby the
GIS. For eachwall a numberof randomraysoriginatingfrom this wall aregenerated.
Thepercentageof raysemittedfrom building i thathit building j is takenasastochastic
approximationfor pi;j (see�gure 2). Sincethemappingof pi;j is assumedto becon-

Fig. 2. Randomlyemittedrays:Thepercentageof rayshitting thetargetbuilding determinesthe
amountof transferedenergy by radiation

stant,thesecalculationsaredoneof�ine duringthesimulationstart-up.To enhancethe
performance,a few improvementshavebeenimplemented.Thepi;j datafor theloaded
mapis writtento harddiscandlinkedwith ahashcodethatis calculatedfrom thebuild-
ing's uniquelongitudeandlatitude.Buildings with a distanceexceedinga threshold,
which canbesetin thecon�guration �le, areleft out of thecalculation.Theexpected
error from this simpli�cation is comparablylow, sincetheenergy densityfrom a point
sourceat distancer is proportionalto 1

r 2 andthusnegligible. The radiationfunction
radiation (i ) is calculatedutilising theStefan-Boltzmann-Law presentedin equation4.



Typeof Fuel FuelLoad(GJ/hectare)MassDensity(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 5,700-57,000or more 300,000-3,000,000or more

Table 1. Typical energy releaseratesfor city buildingstaken from Chandler's investigation[3].
N denotesthenumberof �oors in a building.

Thesimulationof dir ectheat transport andconvection is limited to asinglelayer
situatedabove theground.Higher layersareignoredbecausewe assumethemto have
a small effect regardingthe emitting building. The layer is implementedby a two di-
mensionalgrid thatdiscretizestheair's continuousheatdistribution.Theresolutionof
thegrid is currentlysetto � vemeters,but maybesetdifferentlyin thecon�g �le of the
simulator. Thestandardambienttemperatureis 20� Celsiuswhich is the initial default
valuefor all cells.

The updateof a the temperaturesi (t) of air cell i with respectto set of cells R
within theair transmissionrangeof cell i , andbuildingsB i intersectingwith cell i , is
calculatedby:

si (t + 1) = si (t) +

0

B
@

P

j 2 R;j 6= i
sj (t) � wi;j +

P

u2 B i

Tu (t) � au;i

P

j 2 R;j 6= i
wi;j +

P

u2 B i

au;i
� si (t)

1

C
A � la � �t (11)

wherewi;j weighsthetemperaturein�uenceoncell i from surroundingcellsaccording
to their distance,au;i weighsthe in�uence of buildingsB i intersectingwith air cell i ,
Tu (t) is thetemperatureof building u andla is theheatexchangecoef�cient. In orderto
keeptheoriginal temperaturevaluesfrom timestept in memory, theimplementationof
formula11 is carriedoutby employing two arraysthatareswappedaftereachupdate.

Besidestheair-to-airandbuilding-to-airtemperatureexchange,alsotheair-to-building
exchangehasto be considered.Thereforean equationsimilar to equation11 is intro-
ducedthataccountsfor thedifferentheatcapacitiesof buildings:

Tu (t + 1) = Tu (t) +

0

B
@

P

i 2 Su

si (t) � au;i

P

i 2 Su

au;i
� Tu (t)

1

C
A �

lb � �t
� u

(12)

whereTu (t) is thetemperatureof building u, � u is theheatcapacityof u, lb is theheat
exchangecoef�cient andSu is thesetof all air cellsintersectingwith u.

Furthermoreevery air cell losesheat to the atmospheredue to convection.The
amountof heatlossfor eachcell si (t) is approximatedby:

si (t + 1) = T0 + (si (t) � T0) � closs �t (13)

whereT0 denotestheambienttemperatureandcloss is aconstantapproximatinga real-
istic averagedegreeof heatloss.



The effect of global wind is simulatedby shifting air cells accordinglyto wind
velocityanddirectiononthegrid.However, sinceit is possiblethatthenewly calculated
positionwill notmatchthegrid discretization,grid values,intersectingtheshiftedcell,
have to berecalculatedaccordingly. Thenew valueof a grid cell is calculatedfrom the
weightedaverageof all cellsoverlappingdueto theshift.

Every building with a temperatureabove the ignition point andsuf�cient fuel is
consideredasburning.Then,duringeachcycle,acertainpercentageof its initial fuel is
transformedto energy andaddedto thebuilding'senergy value.Empiricaldataof fuel
densities,aspresentedin table1, is utilized for thecalculationof theinitial fuel values.

4.2 Extinguishing �r es

The action extinguishbuilding in the RoboCupRescuedomain is realized,for both
extinguishingandpreemptive extinguishing,by increasingan internalvaluefor each
building thatrepresentstheamountof waterusedonit by �re brigades.The�re simula-
tor ensuresthatall necessarypreconditionsfor thisactionaremet,whichareasuf�cient
amountof waterin the�re brigade'stank,apositioncloseenoughto the�re andamax-
imum amountof waterthatmaybeemittedperround.

Fromtheamountof waterin a building a fraction,linearly proportionalto thetem-
peratureof thebuilding, is consideredto bevaporizingandby this coolingthebuilding
duringeachcycle.Theheatenergy reductionis calculatedby theproductof theamount
of vaporizingwaterandits vaporizationconstant.

Like in reality, preemptive cooling will protectbuildings from catching�re tem-
porarily but will not make themcompletely�re-proof as long assurroundinghouses
areburning.Thus,preemptiveextinguishmentoffersnew strategic possibilitiesfor �re
brigadesbut doesnot relievethemof theduty to stop�res completely.

4.3 Interfacing RoboCupRescue

TheRoboCupRescueprotocolconsistsof messagesbeingtransmittedin a de�ned or-
der. The simulatorsrequesta connectionto the kernelwith SK CONNECTto which
the kernel respondswith the KS CONNECTOK messagethat containsthe complete
GIS data.After all clientshavesenttheSK ACKNOWLEDGEmessage,thesimulation
loop starts.During eachcycle of the loop, simulatorsaresupposedto processaction
commandsemittedby theagents,i.e.AK EXTINGUISH, andto computethesuccessor
stateof theworld model.Theresultof this updateis successively transmittedbackto
thekernelby a SK UPDATE message.Updatesreportedby the�re simulatorarebasi-
cally aboutthecurrentstateof buildingsconcerning�re. This stateis encodedby the
propertyFIERYNESSandcomputeddirectly from thepercentageof remainingfuel of
eachbuilding.

The new simulatorextendsthe existing protocolby the featureof inter-simulator
communication.Theexchangeof informationbetweensimulatorsmakessensein par-
ticular whenever their causesand effects dependfrom eachother. For example,�re
simulationandcollapsesimulationaremutuallydependent:If buildingsareburningfor



sometime periodthey aresubjectto collapse.On theotherhand,if buildingshavecol-
lapsed,they might ignite or burn differently. Thereforetheprotocolhasbeenextended
by thefollowing messages:

– SF REQUEST and FS UPDATE: Other simulators may send the message
SF REQUESTto which the �re simulatorwill respondwith a FS UPDATE mes-
sage.FS UPDATE deliversthestateof thecurrenttemperaturedistributionandfuel
consumption.Particularlythefuel consumptionby �re is importantfor thecollapse
simulatorsinceit indicatesinstabilityof buildings.

– SC REQUEST andCS UPDATE: It is assumedthat thecollapsesimulatorpro-
videsasimilar interfacein orderto getinformationaboutthefuel distributionafter
a collapse.Hence,a SC REQUESTmessagehasto be acknowledgedby the col-
lapsesimulatorwith a CS UPDATE messagethat containsthe currentdegreeof
compressionof buildings due to collapse.This information is importantfor �re
simulation,sinceit indicatesthe percentageof fuel that hasbecomeinaccessible
for combustion.Furthermorethe collapsesimulatorcan indicatethat a building
shouldbeigniteddueto collapsedamage.

A collapsesimulatorthatis conformto theseextensionsis currentlyunderdevelopment
at our university. In order to not further load the kernelwith communicationtraf�c,
thenew messagesarerouteddirectelyto theothersimulatorsvia anadditionalUDP/IP
port.

5 Experiments

Due to the fact that real dataof urban�res is hardly availableandif so, is speci�c to
a particularfuel distributionandwind, a close-to-realityevaluationseemsto beimpos-
sible.Thereforewe presenta visualizationof thenew �re simulator'sgeneralbehavior
andcompareit to thatof theold one.In comparisonto theold simulator, whichtendsto
createa circularwall of �re, thenew simulatorspreads�re in a morerealisticway (see
�gure 3). The dynamic�re propagationmatchesthe complex behavior of real urban
�res. As shown in �gure 3, the�re spreadof thenew simulatordependson thedensity
of buildingssituatedin thearea.A highdensityof buildingsleadsto arapid�re spread,
whereaslargeropenspacesbehaveas�re barriers.Thenew featureallows�re brigades
to predictthemostlikely �re spreadby reasoningaboutthe �re dangerof certaindis-
tricts. Predictionmakesit possibleto concentrateforceson jeopardizedlocationsand
to naturallyexploit openspaces.For competitions,the �re barriereffect is not always
wantedsinceanunextinguished�re shouldcontinueto grow in orderto make a differ-
encebetweensuccessfulandunsuccessfulagents.This barriercanbe oversteppedby
theactivationof thewind featureincludedin thenew simulator.

In real disastersituations,it might happenthat the numberof �re brigadesis not
suf�cient for extinguishinga certain�re but maybehigh enoughto control its spread.
This is usually accomplishedby preemptively wateringnon-burning buildings close
to the �re border(“preemptive extinguishment”).In thenew simulator, theamountof
waterusedon a building will accumulate,thenvaporizeandthuscool thebuilding. If
the building is not yet burning this may even prevent it from catching�re. This new



(a) (b) (c)

Fig. 3. Fromtop to bottom:progressof �re spreadof thenew simulator, displayedin theinternal
model (a), in the RoboCupRescueworld model (b) and comparedto the progressof the old
simulator(c).

featureis visualizedby theseriesof picturesin �gure 4. As canbeseenby the lower
series,preemptiveextinguishingof thediagonalrow of buildingsin thecenterprevents
theignition of all buildingsbehind.

In theRoboCupRescuedomain�re brigadesareallowedto usemorethanonenoz-
zle during oneextinguishcommand.By this it is possibleto distributewateron more
thanonebuilding at the sametime1. Sinceextinguishingan ignited building requires
virtually morewaterthana single�re brigadecanemit, this featureofferedno tactical
advantageso far. Togetherwith the new featureof preemptively extinguishing,how-
ever, it is possiblefor a single�re brigadeto protectmultiple buildings from ignition,
sinceto protecta building requireslesswaterthanto extinguishit.

1 Notethat theamountof watermaximallyallowedto beemittedduringonecycle remainsthe
same.



Fig. 4. Fromleft to right: thenew featurepreemptiveextinguishing. Upperrow: �re spreadwith-
out prevention.Lower row: �re spreadpreventiondueto wateringthediagonalbuilding row in
thecenter(blue)in advance

Map Complexity AverageStandardDeviation Max Min

kobe 733buildings,5896cells 10.6ms 7.8ms 73ms 6ms
virtual city 1269buildings,6972cells 12.8ms 8.1ms 85ms 8ms

foligno 1085buildings,17214cells 24ms 9.6ms 85ms17ms

Table 2. Runtimemeasurementsof thenew simulator. The�rst row providestheemployedcity
map,whereasthesecondrow providesit' scomplexity, denotedby thenumberof buildingsandair
cells involved in thesimulation.Theotherrows provide average,standarddeviation, maximum
andminimumof calculationtime within onecycleof thesimulation.

Thesimulator'sruntimebehavior hasbeenevaluatedonthethreestandardcity maps
usedfor thecompetition,which areKobe, Virtual City andFoligno. On eachmap,we
simulated,underthesamesettings,ten timesa �re outbreakfor a durationof 300cy-
cles.Thesimulationswherecarriedoutwithin aJavavirtual machine(Blackdown Java
HotSpot1.4.1)onanAMD Athlon 700MHz computerrunninga Linux operationsys-
tem.Table2 summarizestheaveragecomputingtimefor onecycleof thesimulationon
all of thethreemaps.Althoughthismeasurementsdonot includenetwork communica-
tion time,it canclearlybeseenthatthenew simulatorcomplieswith thedomain'stime
constraintof 500ms.

6 Outlook

Theintroduced�re simulatormakesa clearsteptowardsclose-to-realitysimulationof
urbandisasters.However, dueto thehigh complexity of urban�re spread,this stepis
just thebeginning.With increasingcomputingpowerwewill beableto contributemore
detail to thedomain:Firstly, thesimulationof �re couldbecarriedout within entities



smallerthanhouses,suchas�oors androoms.This featurewouldmakeit easierfor �re
�ghters to decidewhichpartof thebuilding they shouldextinguishin orderto avoid �re
trespassingto otherbuildings.Secondly, the air grid modelcouldbe realizedin three
dimensions,leadingto a morerealisticsimulationof �re propagation,especiallyin the
caseof higherbuildings.Thirdly, thesimulatorcouldbeextendedby thesimulationof
smoke trails,whichhaveaphysicalandpsychologicaleffectoncivilians.

Particularlythe�rst andthird improvementarelikewisefundamentalto othersimu-
latorsin thedomain.Thecollapseandcivilian simulator, for example,might implement
morerealisticresponsesof buildingsandcivilians to �re. Theintroduced�re simulator
hasbeenpreparedfor beingextendedtowardsthoseimprovements.
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