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Abstract. In this paper we presentthe designandimplementationof POSSE,
a new, lightweight computationakteeringsystembasedon a client/serer pro-

grammingmodel. We demonstratehe effectivenessof this software systemby

illustrating its usefor a visualizationclient designedor a particularlydemand-
ing real-timeapplication—veke-vortex simulationsfor multiple aircraftrunning

on a parallel Beowulf cluster We describehow POSSEis implementedas an

object-orientedcglass-basedoftwarelibrary andillustrateits easeof usefrom the

perspectie of boththe sener andclient codes We discusshow POSSEhandles
theissueof datacohereng of distributed datastructuresdatatransferbetween
differenthardwarerepresentationgnda numberof otherimplementationssues.
Finally, we considerhow this approachcould be usedto augmentAVOSS (an

air traf ¢ control systemcurrentlybeingdevelopedby the FAA) to signi cantly

increasairportutilization while reducingtherisks of accidents.

1 Intr oduction

Parallel simulationsare playing an increasinglyimportantrole in all areasof science
and engineering As the areasof applicationsfor thesesimulationsexpandand their
compleity increaseghedemandor their e xibility andutility grows. Interactvecom-
putationalsteeringis oneway to increasethe utility of thesehigh-performanceimu-
lations, asthey facilitatethe processof scienti ¢ discovery by allowing the scientists
to interactwith their data.On yet anotherfront, the rapidly increasingoower of com-
putersandhardwarerenderingsystemshasmotivatedthe creationof visually rich and
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perceptuallyrealistic virtual ervironment(VE) applications.The combinationof the
two providesone of the mostrealisticand powerful simulationtools availableto the
scienti c community

As anexampleof suchanimportantapplicationhereis the problemof maximizing
airport ef ciency. National Aeronauticsand SpaceAdministration(NASA) scientists
predictthatby the year2022,threetimesasmary peoplewill travel by air asthey do
today[1]. To keepthe numberof new airportsandrunwaysto a minimum, thereis an
urgentneedto increaseheir ef ciency while reducingtheaircraftaccidentate. Today
the biggestlimiting factorfor airport ef ciency is the wait betweenaircraft take-offs
andlandingswhicharenecessarpecausef thewake-vorticesgeneratedy themoving
aircraft. Moreover, accordingto the predictionsby the United StatesFederalAviation
Administration(FAA), if by theyear2015,the wake-vortex hazardavoidancesystems
do notimprove in ary signi cant way, thereis the potentialfor a signi cant increase
in thenumberof aviation accidentg2]. Theultimategoal of the work presentedh this
paperis to createa wake-vortex hazardavoidancesystemby realisticallysimulatingan
airportwith real-timevisualizationof thepredictedvake-vortices If implementedsuch
a systemhasthe potentialto greatlyincreasahe utilization of airportswhile reducing
the risks of possibleaccidentsin this work, we utilize an easy-to-useyet powerful
computationakteeringlibrary to dealwith the compleities of real-timewake-vortex
visualization.

To enablesucha comple simulation,we will requirea computationasteeringsys-
tem. A signi cant amountof work hasbeendoneon computationakteeringover the
pastfew years.Reitinger[3] providesa brief review of this work in his thesis.Some
of the well known steeringsystemsare Falcon from Geogia Tech[4], SCIRunfrom
Scienti c Computingand Imaging researchgroup at University of Utah [5], ALICE
Memory Snoopeiffrom ArgonneNationalLaboratory{6], VASE(VisualizationandAp-
plicationSteering¥rom Universityof Illinois [7], CUMULVSfrom OakRidgeNational
Laboratory[8], CSE(ComputationaBteeringenvironment)from the Centerfor Math-
ematicsandComputeiSciencan Amsterdani9], andVirtue from Universityof lllinois
at Urbana-ChampaigfiL0]. While they areall powerful, the major drawbackof these
systemss that they are often too comple, are not object-orientecand have a steep
learningcurve. To be productive with thesesystemsy usingthemin existing scienti ¢
codesis not aneasytask,andmaytake a signi cant amountof time, especiallyfor the
largenumberof computationascientistawith no formal educatiorin computerscience
or softwaresystems.

To addresgheseproblems,we have developeda new lightweight computational
steeringsystembasedon a client/sener programmingmodel. In this paper we rst
discusscomputationasteeringn section2, thenthe detailsof wake-vortex simulations
in section3, and nally someexperimentakesultsin sectior4.

2 Computational Steering

While runninga complex parallelprogramon a high-performanceomputingsystem,
oneoftenexperienceseveralmajordif culties in observingcomputedesultsUsually,
the simulationseverely limits the interactionwith the programduring the execution
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andmakesthe visualizationand monitoring slow andcumbersoméif at all possible),
especiallyif it needgo be carriedout on a differentsystem(saya specializedyraphics
workstationfor visualization).

For our simulations,it is very importantfor the predictionsby the wake-vortex
codeto be knawn in real-timeby the Air-Traf ¢ Control (ATC) in orderfor it to take
appropriateaction. This actiity is referredto as“monitoring,” which is de ned asthe
obsenationof a programs behavior at speci ed intervals of time duringits execution.
Ontheotherhand theweatherconditionsattheairportmaykeepchangingandboththe
numberandthetrajectoriesof the aircraftcanchangeasthey take-off andland. Thus,
thereis a needto modify the simulationbasedon thesefactorsby manipulatingsome
key characteristic®f its algorithm.This actvity is referredto as“steering; which is
de ned asthemaodi cation of aprogramsbehaior duringits execution.

Softwaretoolswhich supportheseactiities arecalledcomputationasteeringervi-
ronmentsTheseervironmentaypically operatén threephasesinstrumentationmoni-
toring, andsteeringlnstrumentatioiis the phasevheretheapplicationcodeis modi ed
to addmonitoringfunctionality. The monitoringphaseequireshe programto runwith
someinitial input data,the outputof which is obsened by retrieving importantdata
aboutthe programs statechange Analysisof this datagivesmoreknowledgeaboutthe
programsactivity. During the steeringphasetheusermodi es the programs behavior
(by modifying the input) basedon the knowledgegainedduring the previous phaseby
applying steeringcommandswhich are injectedon-line, so that the applicationdoes
not needto be stoppedandrestarted.

Our steeringsoftware,the Portable Object-orientedscienti ¢ Steeringervironment
(POSSE]11], is very generaln natureandis basedbn a simpleclient/sener model.It
usesanapproactsimilarto Falcon[4] (anon-linemonitoringandsteeringoolkit devel-
opedat Geogia Tech)and ALICE Memory Snoopel[6] (an applicationprogramming
interfacedesignedo helpin writing computationasteeringmonitoringanddehugging
toolsdevelopedat ArgonneNationalLab). Falconwasoneof the rst systemgo usethe
ideaof threadsandsharednemoryto sene registereddataef ciently . POSSEconsists
of a steeringsener on the target machinethat performssteering,anda steeringclient
that providesthe userinterfaceand control facilities remotely The steeringsener is
createdas a separatexecutionthreadof the applicationto which local monitorsfor-
ward only those“registered”datathat are of interestto steeringactivities. A steering
client recevvesthe applicationrun-timeinformationfrom the application,displaysthe
informationto the user acceptssteeringcommandgrom the user andenactschanges
that affect the applications execution.Communicatiorbetweena steeringclient and
seneraredonevia UNIX socletsandthreadingis doneusingPOSIXthreadsPOSSE
hasbeencompletelywritten in C++, usingseveral of C++'s advancedobject-oriented
featuresmakingit fastand powerful, while hiding mostof the compleities from the
user Fig. 1 shavs a schematicview of how POSSEcan be used.An on-goingsci-
enti ¢ simulationis runningon a remoteBeawulf computingcluster Any numberof
numberof remoteclientscanquery/steeregistereddatafrom the simulationfrom the
DataSerer thread.Two clientsareshown, a visualizationclient anda GUI client that
providesa simpleuserinterfaceto all registeredsimulationdata.
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DataClient DataClient
thread thread

Client 1 Client N

Fig. 1. A schematiview of POSSE

POSSEis designedo be extremely lightweight, portable(runson all Win32 and
POSIX-compliantUnix platforms)andef cient. It dealswith byte-orderingandbyte-
alignmentproblemsinternally and also provides an easyway to handleuserde ned
classesinddatastructuresilt is alsomulti-threadedsupportingseveral clientssimulta-
neously It canalsobe easilyincorporatednto parallelsimulationsbasedon the Mes-
sagePassinginterface (MPI) [12] library. The biggestenhancemenvf POSSEover
existing steeringsystemss thatit is equallypowerful, yet extremelyeasyto use,mak-
ing augmentatiomf ary existing C/C++ simulationcodepossiblein a matterof hours.
It makesextensve useof C++ classestemplatesand polymorphismto keepthe user
Application Programmingnterface(API) elegantandsimpleto use.Fig. 2 andFig. 3
illustrate a simple, yet complete,POSSEclient/serer programin C++. As seenin
the gures, registereddataon the steeringsener (which are marked read-write are
protectedusingbinary semaphoresshenthey arebeingupdatedn the computational
code.Userde ned datastructuresarehandledby a simpleusersuppliedpackandun-
packsubroutinghatcall POSSHlata-packindunctionsto tacklethebyte-orderingand
byte-alignmenissues.The programmedoesnot needto know arnything aboutthein-
ternalsof threadssocletsor networking in orderto use POSSEeffectively. POSSE
alsoallows a simulationrunningon ary parallel or serial computerto be monitored
andsteeredemotelyfrom ary machineon the network usinga cross-platformGraph-
ical UserInterface(GUI) utility. Among otherapplicationswe have successfullyused
POSSEo enhanceur existing parallelComputationaFluid Dynamics(CFD) codeto
performvisualizationsof large-scaleo w simulationg13].

3 Wake-Vortex Simulation

Oneof the main problemsfacingthe ATC todayis the “wake-vortex” hazard.Justas
amoving boator a ship leavesbehinda wake in thewater anaircraftleavesbehinda
wake in the air. Thesewake-vortex pairsareinvisible to the naked eye andstretchfor
severalmilesbehindthe aircraftandmaylastfor severalminutes.The aircraftwake is
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#include  "dataserver.h”

int  dummylnt = 0, nl, n2;
double  **dyn2D;

REGISTER_DATA_BLOCH // Register global data

REGISTER_VARIABLE("tes tva ", "rw",  dummylnt);
REGISTER_DYNAMIC_2DARRAY('d yn2D", "ro", dyn2D, nl, n2);

}
int  main(int argc, char *argv[])
{ DataServer  *server = new DataServer,
if ~ (server->Start(4096 ) = POSSE_SUCCESS)/ Start Server thread

delete  server;
exit(-1);

}
nl = 30; n2 = 40;
ALLOC2D(&dyn2D, nl1, n2);

for (int iter = 0; iter < MAX_ITER; iter++) {
server->Wait("dyn2 D"); /I Lock DataServer access for dyn2D

Compute(dyn2D); /I Update dyn2D with new values
server->Post("dyn2 D"); /I Unlock DataServer access for dyn2D

}
FREE2D(&dyn2D, nl1, n2);
delete  server;

Fig. 2. A simple,completePOSSEsener applicationwritten in C++
#include  "dataclient.h"

int main(int argc, char *argv[])

{

DataClient  *client = new DataClient;
double  **dyn2D;

if  (client->Connect("c ocoa.i hpca. psu.ed u", 4096) != POSSE_SUCCESS)/ Connect to DataServer

delete  client;
exit(-1);

client->SendVariabl e(" tes tva r", 100); // Send new value for “testvar"
int nl = client->getArrayDim (" dyn2D", 1);

int n2 = client->getArrayDim (" dyn2D", 2);

ALLOC2D(&dyn2D, n1, n2);

client->RecvArray2D ("d yn2D", dyn2D);

Use(dyn2D); /I Utilize  dyn2D

FREE2D(&dyn2D, nl1, n2);
delete  client;

Fig. 3. A simple,completePOSSEclient applicationwrittenin C++
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generatedrom the wings of the aircraftandconsistsof two countefrotatingswirling
rolls of airwhicharetermed‘w ake-vortices”.In Fig. 4, we shov aphotograpidepicting
the smole o w visualizationof wake-worticesgeneratedy a Boeing727. 1t is to be
notedthatthesearenotcontrails(i.e.,condensatiotrail left behindby thejet exhausts).
The strengthof thesevorticesdependson several factors,including weight, size and
velocity of theaircraft. The strengthincreasesvith theweightof theaircraft. Thelife of
thevortex depend®n the prevailing weatherconditions.Typically, vorticeslastlonger
in calm air andshorterin the presenceof atmospherid¢urbulence.The studyof these
vorticesis very importantfor aircraft safety[14]. The rapid swirling of air in a vortex
can have a potentially fatal effect on the stability of a following aircraft. Currently
the only way to dealwith this problemis the useof extremelyconserative empirical
spacingbetweernconsecutie take-offs andlandingsfrom the samerunway, which has
beenlaid down by the InternationalCivil Aviation Organization(ICAO) andFAA. In
instrumentying conditions,aircraft may follow no closerthanthreenauticalmiles,
anda small aircraft mustfollow at leastsix nauticalmiles behinda heavy jet suchas
a Boeing 747.But, despitethesespacingsbeing extremely conserative, they are not
alwaysableto preventaccidentowing to the severalunknonnsinvolved, primarily the
exactlocationandstrengthof thevortices.TheUS Air Flight 427 (Boeing737)disaster
which occurredon Septembe8, 1997nearPittshurghis attributedto this phenomenon,
whereintheaircraftencounterethe wake-vorticesof aprecedingBoeing727[15]. The
morerecentAirbuscrashon Novemberl2,2001in New York is alsobelievedto be, at
leastpartially, aresultof wake-vortex encountefrom a precedingdoeing747.

Fig. 4. B-727vortex studyphoto(CourtesyNASA DrydenFlight ResearciCenter)

To tacklethis problemof reducedairportcapacitywhich is a directfallout of these
overly conserative spacingregulations,andto addresshe concernsof the aircraftin
circumstancesvhentheseregulationsfail to meetthe safetyrequirementsNASA re-
searcherbave designeda systento predictaircraftwake-vorticeson nal approachso
thatthe aircraft canbe spacedmore safely and ef ciently . This technologyis termed
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AVOSSor Aircraft VOrtex SpacingSystem(AVOSS)[16]. AVOSS,in spite of per
forming arigoroussimulationof thewake-vortices,doesnotimplementary systenfor
their visualization It only providesthe ATC with theaircraftspacingiime for eachair-
craftwhichis all the currentATC systemscanhandle.Thus,at presentjt is unableto
provide alternaterajectoriesor thetake-off andlandingof aircraft.

This work attemptsto Il in the gapsleft by AVOSShy creatinga wake-vortex
hazardavoidancesystemby realistically simulatingan airport with real-time3D vi-
sualizationof the predictedwake-vorticesgeneratedy the moving aircraft. Aircraft
will beableto adjusttheir ight trajectorybasedon theinformationobtainedfrom the
visualizationsystento avoid thewake-vorticesandoperatenoresafelyandef ciently .

3.1 Wake-Vortex Theory

For the wake-vortex simulationsdescribedin this paper we use potentialtheory to
predictthe strengthof the wake-vortex elementg17]. The circulationgeneratedby the
lift is assumedo be containedn two vorticesof oppositesignstrailing from the tips
of thewing. Thewake is assumedo consistof a pair of vorticeswhich areparalleland
thelongitudinalaxis of the trackedairplaneis assumedo be parallelto thevortex pair.
The centersof thevorticesareon a horizontalline separatedy adistanceof bs  §hyg,
a resultof assumingan elliptic distribution, wherebs is the separatiorof the vortices
in the wake-vortex pair, andbyg is the spanof the airplanewing generatinghe wake
vortex [18]. Themagnitudeof the circulationof eachvortex is approximately

4 Ly
p rVghy

wherel 4 andVgy arethelift andthevelocity of theaircraft,respectiely. Reference§l9,
20,17] dealwith moredetailson the numericalsimulationof theseaircraftvortices.

After the strengthof thesevortices are computed,the effect due to the prevail-
ing weatherdatais appliedto the prediction.The vortex laments propagatewith the
freestreanwind conditionsandthe inducedvelocity dueto the othervortex elements.
Thedecayof thevortex strengthis basednasimpli ed versionof themodelsuggested
by Greend21]:

DVt

G o Gt18—bg

whereV, is thevortex velocity attimet andis givenby

G

“ 2pby

HereG representshe strengthof thevortex elementattimet andG x representshe
strengthof thevortex attimet Dt (next time-step).

3.2 Simulation Complexity

Thewake-vortex predictionfor anentire eet of aircrafttaking-of andlandingatabusy
airportis anextremelycomputationallyintensve problem.As such,a parallelsolution
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for the sameis requiredto maintaina real-timeresponsef the simulation.For exam-
ple,atypicalmetropolitarairportin theUS is extremelybusywith severaltake-offs and
landingsoccurringeveryfew minutes Dallas/Fort Worth, thecountry'sthird busiestair-
port, hassevenrunwaysthathandlenearly2 300take-offs andlandingsevery day. For
thewake-vortex codeto trackthevorticesshedby anaircraftfor 5 milesaftertake-off,
assuminghata vortex coreis storedevery5 meters5 16005 2 3 200vortex
laments have to betracked.For 2 300take-offs andlandingsevery day; it impliesthat
3200 230024 306667vortex laments haveto betrackedeveryhour Sincethe
vorticesmaytake aslong as15 minutesto decaysigni cantly, vorticesdueto typically
half the take-offs andlandingsevery hour needto be tracked at any giventime. This
amountsto roughly 153 333 vortex laments. While this may not seemto be a very
large numberon its own, the problemgetscomplicatedoy the presencef an O N?
calculationfor the inducedvelocity of every vortex elementon every othervortex ele-
ment,whereN representshe numberof vortex elementsEvenif theinducedvelocity
effect dueto vorticesfrom the otheraircraft areignored,this still amountso asmuch
as3 200 3 200 1024 million computationgor eachairplaneateverytimestepFor
2 300 planes/daythis comesoutto 1024 2 300 24 2 4907 million calculations
per timestepfor the inducedvelocity, a very large numberindeedfor a corventional
uniprocessosystem.And with eachtimestepbeing,say0 2 secondsthis amountsto
2 45 billion calculationgpersecondAlthoughthis numbercanbereducedoy asmuch
asa factorof 100 by makingsimplifying assumptiongor the inducedvelocity calcu-
lations (wherein,we saythat ary vortex elementis only affectedby a x ed number
of neighboringelementssayk, ratherthanall the otherelements)this still amounts
to a large computationconsideringthat eachinducedvelocity calculationconsistsof
200 300 oating point operationsThis takes our net computationarequiremento
approximatelys 8 Giga ops, necessitatinghe needof a parallel computer Hence,
ourwake-vortex predictioncode,basednthe potential o w theorydescribedbove, is
writtenin C++ with MPI for parallelization.

Pseudocod#or thesimulationis givenin Fig. 5. Eachvortex elementastwo main
propertiesassociatedvith it, strengthand position. The initial strength(GQ) is calcu-
lated basedon the potential o w theoryandthe initial positionis basedon the posi-
tion of the aircraft. The strengththendecaysasa function of time andthe prevailing
weatherconditions,andthe positionchangesiueto the velocity inducedby neighbor
ing vortex elementsandthe prevailing wind velocity. Fig. 6 depictsa diagramof the
completeclient/serer simulationsystem.The simulationsystemconsistsof the Wake-
vortex Server Airport Data Serverandthe SoundServer The Wake-vortex Sener is
theactualsimulationcodeenhancedisingPOSSE The Airport DataSeneris another
POSSEsener that senesthe positionsof the aircraftin the vicinity of the airportas
well asthe prevailing weatherconditions.The SoundSener is anoptionalcomponent
in the systemfor simulatingthe noise-level at the airport. The wake-vortex codehas
beenparallelizedto track vortex elementsrom eachaircraft on a differentprocessor
in sucha way thatwe getan almostreal-timesolutionto this problemwith tolerable
lag no more thanthe time-stepDt in our simulation.The rst processomactsasthe
masterdoing a round-robinschedulingof ary new aircraft to be tracked amongthe
available processorgincludingitself). The masterthereforedoesthe additionalwork
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of distributing and collectingvortex datafrom the slave nodes.lt is alsoensuredhat
themasteiis alwaysrunningon a SymmetricMulti-Processo(SMP)nodewith atleast
two processorsothatthe POSSEsenerthreadrunson anidle processoanddoesnot
slow down the mastemodebecaus®f the constanmonitoringof thevortex databy the
visualizationclient.

vV 0

t 0

ForeachaircraftA on a differentprocessor

While (A in speci edrangefrom airport)do
readupdatedircraftpositionfrom airport data sewer
read updatedveatherconditionfrom airport data sewer
V V  nenly createdrortex elementfrom wing usingpotentialtheory
Foreachvortex elementlv; V)
v inducedrel O

Foreachvortexelemenf( v; V  vi& j i K
v inducedrel  vj inducedrel Induced\élocity v vj
Endforeach

v; postion v; postion Dt v;inducedrel
v; postion v; postion Dt (prevailing wind velocity)
v; ¢rengh v; grengh DecayFunctionrDt WeatherConditions
If (v srengh  threshotl) then
V V
Endif
Endforeach
t t Dt
Endwhile
Endforeach

Fig. 5. Algorithm for Wake-\ortex prediction

Forthereal-timesimulation theparallelwake-vortex codehasheenaugmenteavith
POSSEsothatit canremotelyrun onourin-house40 processoPII1-800 Mhz Beowulf
Cluster [22], the COst-efective COmputingArray 2 (COCQA-2) [23]. For asteering
client, avisualizationtool hasbeenwrittenin C++ usingthe OpenGLAPI for graphics
andCAVELIib [24] API for stereo-graphicanduserinteraction.The monitoringcode
runsasaseparat¢hreadin thevisualizationclientretrieving new vortex datawhenever
the simulationon the remoteclusterupdatesA screenshobf the programdepicting
the Wake-Vortex simulationfor a single aircraftis shovn in Fig. 7. Anotherscreen-
shot(Fig. 8) shows severalaircraft ying abovethe SanFranciscdnternationakirport
(SFO).The colorsrepresenthe relative strengthof the vorticeswith red being max-
imum and blue being minimum. The Recon gurableAutomatic Virtual Environment
(RAVE) from FakeSpaceSystemq25] driven by an HP VisualizeJ-classworkstation
is thenusedasthedisplaydevice.

1 A clusterof commoditypersonatomputersunningthe LINUX operatingsystem.
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Fig. 6. Wake-\ortex SimulationSystem
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0, 54, 0)
plines.

Fig. 7. Screenshoof the Wake-\brtex simulationfor a singleaircraftfrom a visualizationclient
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Fig. 8. Screenshobf the Wake-\ortex simulationfor severalaircraft ying above the SanFran-
cisco(SFO)airport

4 Experimental Results

POSSEhasbeenextensiely testedusing variousplatformsfor stability and perfor
mance Testsdemonstratingpoththe singleandmultiple clientperformancdéor POSSE
arediscussedhere.

4.1 SingleClient Performance

Fig. 9 shavs a plot of the effective network bandwidthachieved by varying the size
of a dynamic1-D array requestedy a steeringclient. Thesetestswere carried be-
tweenmachinesconnectedvia a Fast Ethernetconnectionhaving a peak-theoretical
network bandwidthof 100 Mbps. The communicatiortime usedto calculatethe effec-
tive bandwidthincludesthe overheadd$or byte-orderingdatapackingandotherdelays
introducedby the queryingof theregistereddata.The averagdateng for queryof ary
registereddataby the client hasbeenfound to be 38 ms. As canbe seen,thereis a
noticeabledecreasén the bandwidth(about10 Mbps) whencommunicatingbetween
machineswith differentbyte-ordering(i.e., Little Endianvs. Big Endian)asopposed
to machineswith the samebyte-orderingThis re ects the overheadnvolvedin dupli-
cating the requestedlataand corverting it into the byte-orderof the client machine
for communicationln the samebyte-ordercase asthe size of the requestediatain-
creaseso about5 MB, the effective bandwidthapproache80 Mbps,which is 80% of
the peak-theoreticabandwidth.

4.2 Multiple Client Performance

Fig. 10 shaws a plot of the effective bandwidthachiered by varying the numberof
clientssimultaneouslyequestinglata.ln this test,boththe clientsandthe senerwere
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machineswith the samebyte-ordering.The sener had a registered4-D array with

200 000 doubleelementy1 6 MB of data).All the clientswerethenrun simultane-
ouslyfrom two remotemachine®n the samenetwork andwereprogrammedo request
thel 6 MB 4-D arrayfrom the sener. The effective bandwidthin this caseis obtained
by dividing the total amountof datasenedby the senerwith thetotal wall-clock time

requiredto seneall therequestslt canbeseernthatthenetwork performancef POSSE
is verygood(84 Mbps)evenwhendealingwith over500clientrequestsimultaneously

For thewake-vortex simulationsystemthe amountof datacommunicatedo the client
afterevery updateis 420bytesfor every aircraftand56 bytesfor every vortex element.
For 10 aircraftseachhaving 2 000 elementgracked, thisamountgo 1 12 MB of data.
FromFig. 9, we canseethatthis correspondso a data-rateof approximately62 Mbps,
or 145msof communicatiortime. Thus,we cangetupdateddataat a rateof almost7
fps from the sener. The wake-vortex simulationrunswith a Dt of 0.2 secondswvhich
canbemaintainedor upto 2 000vortex elementgeraircrafton COCQA-2. The par
allel codehasvery goodscalabilityfor upto 15 processorgtracking15 aircrafts)after
whichit linearly deteriorateslueto the overheadcborneby the masterfor distributing
and collecting datafrom the slave nodes.At this point, the simulationhasonly been
qualitatvely checledandseemso be consistentvith the theory The simpli cation of
usingk neighborsfor induced-\elocity computationworks very well with an error of
lessthan1% whencomparedo the original O N? case Sincethe weatherconditions
play a substantiafole in the determinatiorof the vortex strengtha moresophisticated
weathemodellike the oneusedin AVOSSwill de nitely improvetheaccurag of the
simulations.
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5 Conclusions

The couplingof computationabkteeringto our parallelsimulationmakesthe real-time
visualizationof the wake-vortex simulationspossible It opensa new way for the ATC
to effectively dealwith thewake-vortex hazardproblemandto improvethecapacityand
safetyof largeairports.Our steeringsystem POSSE hasprovento be avery powerful,
yet easyto usesoftware with a high rate of acceptancendapproval in our research
group.If scientistsaaregivenaneasyto usesoftwaresystenwith amild learningcurve,
they will useit. At a morebasiclevel, this ability to interactandvisualizea complex
solutionasit unfolds and the real-time natureof the computationalsteeringsystem
opensawholenew dimensiorto the scientistdor interactingwith their simulations.
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