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Abstract. In this paper, we presentthe designandimplementationof POSSE,
a new, lightweight computationalsteeringsystembasedon a client/server pro-
grammingmodel.We demonstratethe effectivenessof this softwaresystemby
illustrating its usefor a visualizationclient designedfor a particularlydemand-
ing real-timeapplication—wake-vortex simulationsfor multiple aircraftrunning
on a parallel Beowulf cluster. We describehow POSSEis implementedas an
object-oriented,class-basedsoftwarelibrary andillustrateits easeof usefrom the
perspective of both theserver andclient codes.We discusshow POSSEhandles
the issueof datacoherency of distributeddatastructures,datatransferbetween
differenthardwarerepresentations,andanumberof otherimplementationissues.
Finally, we considerhow this approachcould be usedto augmentAVOSS(an
air traf�c controlsystemcurrentlybeingdevelopedby theFAA) to signi�cantly
increaseairportutilizationwhile reducingtherisksof accidents.

1 Intr oduction

Parallel simulationsareplaying an increasinglyimportantrole in all areasof science
andengineering.As the areasof applicationsfor thesesimulationsexpandand their
complexity increases,thedemandfor their�e xibility andutility grows.Interactivecom-
putationalsteeringis oneway to increasetheutility of thesehigh-performancesimu-
lations,asthey facilitatethe processof scienti�c discovery by allowing the scientists
to interactwith their data.On yet anotherfront, the rapidly increasingpower of com-
putersandhardwarerenderingsystemshasmotivatedthecreationof visually rich and
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perceptuallyrealistic virtual environment(VE) applications.The combinationof the
two providesoneof the most realisticandpowerful simulationtools available to the
scienti�c community.

As anexampleof suchanimportantapplicationhereis theproblemof maximizing
airport ef�ciency. NationalAeronauticsandSpaceAdministration(NASA) scientists
predictthatby theyear2022,threetimesasmany peoplewill travel by air asthey do
today[1]. To keepthenumberof new airportsandrunwaysto a minimum,thereis an
urgentneedto increasetheiref�ciency while reducingtheaircraftaccidentrate.Today,
the biggestlimiting factor for airport ef�ciency is the wait betweenaircraft take-offs
andlandingswhicharenecessarybecauseof thewake-vorticesgeneratedby themoving
aircraft.Moreover, accordingto thepredictionsby theUnitedStatesFederalAviation
Administration(FAA), if by theyear2015,thewake-vortex hazardavoidancesystems
do not improve in any signi�cant way, thereis the potentialfor a signi�cant increase
in thenumberof aviation accidents[2]. Theultimategoalof thework presentedin this
paperis to createa wake-vortex hazardavoidancesystemby realisticallysimulatingan
airportwith real-timevisualizationof thepredictedwake-vortices.If implemented,such
a systemhasthepotentialto greatlyincreasetheutilization of airportswhile reducing
the risks of possibleaccidents.In this work, we utilize an easy-to-use,yet powerful
computationalsteeringlibrary to dealwith the complexities of real-timewake-vortex
visualization.

To enablesuchacomplex simulation,wewill requireacomputationalsteeringsys-
tem.A signi�cant amountof work hasbeendoneon computationalsteeringover the
pastfew years.Reitinger[3] providesa brief review of this work in his thesis.Some
of the well known steeringsystemsareFalcon from Georgia Tech[4], SCIRunfrom
Scienti�c Computingand Imagingresearchgroupat University of Utah [5], ALICE
MemorySnooperfrom ArgonneNationalLaboratory[6], VASE(VisualizationandAp-
plicationSteering)from Universityof Illinois [7], CUMULVSfrom OakRidgeNational
Laboratory[8], CSE(ComputationalSteeringEnvironment)from theCenterfor Math-
ematicsandComputerSciencein Amsterdam[9], andVirtue from Universityof Illinois
at Urbana-Champaign[10]. While they areall powerful, themajordrawbackof these
systemsis that they are often too complex, arenot object-orientedandhave a steep
learningcurve.To beproductivewith thesesystemsby usingthemin existingscienti�c
codesis not aneasytask,andmaytake a signi�cant amountof time,especiallyfor the
largenumberof computationalscientistswith no formaleducationin computerscience
or softwaresystems.

To addresstheseproblems,we have developeda new lightweight computational
steeringsystembasedon a client/server programmingmodel. In this paper, we �rst
discusscomputationalsteeringin section2, thenthedetailsof wake-vortex simulations
in section3, and�nally someexperimentalresultsin section4.

2 Computational Steering

While runninga complex parallelprogramon a high-performancecomputingsystem,
oneoftenexperiencesseveralmajordif�culties in observingcomputedresults.Usually,
the simulationseverely limits the interactionwith the programduring the execution
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andmakesthevisualizationandmonitoringslow andcumbersome(if at all possible),
especiallyif it needsto becarriedout ona differentsystem(saya specializedgraphics
workstationfor visualization).

For our simulations,it is very important for the predictionsby the wake-vortex
codeto beknown in real-timeby theAir-Traf�c Control (ATC) in orderfor it to take
appropriateaction.This activity is referredto as“monitoring,” which is de�ned asthe
observationof a program'sbehavior at speci�ed intervalsof time duringits execution.
Ontheotherhand,theweatherconditionsattheairportmaykeepchangingandboththe
numberandthetrajectoriesof theaircraftcanchangeasthey take-off andland.Thus,
thereis a needto modify thesimulationbasedon thesefactorsby manipulatingsome
key characteristicsof its algorithm.This activity is referredto as“steering,” which is
de�ned asthemodi�cation of aprogram'sbehavior duringits execution.

Softwaretoolswhichsupporttheseactivitiesarecalledcomputationalsteeringenvi-
ronments.Theseenvironmentstypically operatein threephases:instrumentation,moni-
toring,andsteering.Instrumentationis thephasewheretheapplicationcodeis modi�ed
to addmonitoringfunctionality. Themonitoringphaserequirestheprogramto runwith
someinitial input data,the outputof which is observed by retrieving importantdata
abouttheprogram'sstatechange.Analysisof thisdatagivesmoreknowledgeaboutthe
program'sactivity. During thesteeringphase,theusermodi�es theprogram'sbehavior
(by modifying theinput) basedon theknowledgegainedduringthepreviousphaseby
applyingsteeringcommands,which areinjectedon-line,so that the applicationdoes
notneedto bestoppedandrestarted.

Oursteeringsoftware,thePortableObject-orientedScienti�cSteeringEnvironment
(POSSE)[11], is verygeneralin natureandis basedonasimpleclient/servermodel.It
usesanapproachsimilarto Falcon[4] (anon-linemonitoringandsteeringtoolkit devel-
opedat Georgia Tech)andALICE MemorySnooper[6] (anapplicationprogramming
interfacedesignedto helpin writing computationalsteering,monitoringanddebugging
toolsdevelopedatArgonneNationalLab).Falconwasoneof the�rst systemsto usethe
ideaof threadsandsharedmemoryto serve registereddataef�ciently . POSSEconsists
of a steeringserver on the targetmachinethatperformssteering,anda steeringclient
that providesthe userinterfaceandcontrol facilities remotely. The steeringserver is
createdasa separateexecutionthreadof the applicationto which local monitorsfor-
ward only those“registered”datathat areof interestto steeringactivities. A steering
client receivestheapplicationrun-timeinformationfrom theapplication,displaysthe
informationto theuser, acceptssteeringcommandsfrom theuser, andenactschanges
that affect the application's execution.Communicationbetweena steeringclient and
server aredonevia UNIX socketsandthreadingis doneusingPOSIXthreads.POSSE
hasbeencompletelywritten in C++, usingseveralof C++'s advancedobject-oriented
features,makingit fastandpowerful, while hiding mostof thecomplexities from the
user. Fig. 1 shows a schematicview of how POSSEcan be used.An on-goingsci-
enti�c simulationis runningon a remoteBeowulf computingcluster. Any numberof
numberof remoteclientscanquery/steerregistereddatafrom thesimulationfrom the
DataServer thread.Two clientsareshown, a visualizationclient anda GUI client that
providesa simpleuserinterfaceto all registeredsimulationdata.
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Fig.1. A schematicview of POSSE

POSSEis designedto be extremely lightweight, portable(runson all Win32 and
POSIX-compliantUnix platforms)andef�cient. It dealswith byte-orderingandbyte-
alignmentproblemsinternally andalsoprovidesan easyway to handleuser-de�ned
classesanddatastructures.It is alsomulti-threaded,supportingseveralclientssimulta-
neously. It canalsobeeasilyincorporatedinto parallelsimulationsbasedon theMes-
sagePassingInterface(MPI) [12] library. The biggestenhancementof POSSEover
existingsteeringsystemsis thatit is equallypowerful, yet extremelyeasyto use,mak-
ing augmentationof any existingC/C++simulationcodepossiblein a matterof hours.
It makesextensive useof C++ classes,templatesandpolymorphismto keepthe user
ApplicationProgrammingInterface(API) elegantandsimpleto use.Fig. 2 andFig. 3
illustrate a simple, yet complete,POSSEclient/server programin C++. As seenin
the �gures, registereddataon the steeringserver (which are marked read-write) are
protectedusingbinary semaphoreswhenthey arebeingupdatedin thecomputational
code.User-de�ned datastructuresarehandledby a simpleuser-suppliedpackandun-
packsubroutinethatcall POSSEdata-packingfunctionsto tacklethebyte-orderingand
byte-alignmentissues.Theprogrammerdoesnot needto know anything aboutthe in-
ternalsof threads,socketsor networking in order to usePOSSEeffectively. POSSE
also allows a simulationrunningon any parallel or serial computerto be monitored
andsteeredremotelyfrom any machineon thenetwork usinga cross-platformGraph-
ical UserInterface(GUI) utility. Amongotherapplications,we have successfullyused
POSSEto enhanceourexistingparallelComputationalFluid Dynamics(CFD) codeto
performvisualizationsof large-scale�o w simulations[13].

3 Wake-Vortex Simulation

Oneof the main problemsfacingthe ATC todayis the “wake-vortex” hazard.Justas
a moving boator a ship leavesbehinda wake in thewater, anaircraft leavesbehinda
wake in theair. Thesewake-vortex pairsareinvisible to thenakedeye andstretchfor
severalmilesbehindtheaircraftandmaylast for severalminutes.Theaircraftwake is
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#include "dataserver.h"

int dummyInt = 0, n1, n2;
double **dyn2D;

REGISTER_DATA_BLOCK() // Register global data
{

REGISTER_VARIABLE(" tes tva r", "rw", dummyInt);
REGISTER_DYNAMIC_2D_ARRAY("d yn2D" , "ro", dyn2D, n1, n2);

}

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

DataServer *server = new DataServer;

if (server->Start(4096 ) != POSSE_SUCCESS)// Start Server thread
{

delete server;
exit(-1);

}
n1 = 30; n2 = 40;
ALLOC2D(&dyn2D, n1, n2);

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

Compute(dyn2D); // Update dyn2D with new values

server->Post("dyn2 D") ; // Unlock DataServer access for dyn2D
}

FREE2D(&dyn2D, n1, n2);
delete server;

}

Fig.2. A simple,completePOSSEserver applicationwritten in C++

#include "dataclient.h"

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

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

if (client->Connect("c oco a.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 n1 = client->getArrayDim (" dyn 2D" , 1);
int n2 = client->getArrayDim (" dyn 2D" , 2);
ALLOC2D(&dyn2D, n1, n2);
client->RecvArray2D ("d yn2 D", dyn2D);

Use(dyn2D); // Utilize dyn2D

FREE2D(&dyn2D, n1, n2);
delete client;

}

Fig.3. A simple,completePOSSEclient applicationwritten in C++
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generatedfrom thewings of theaircraft andconsistsof two counter-rotatingswirling
rolls of airwhicharetermed“wake-vortices”.In Fig.4,weshow aphotographdepicting
the smoke �o w visualizationof wake-vorticesgeneratedby a Boeing727. It is to be
notedthatthesearenotcontrails(i.e.,condensationtrail left behindby thejet exhausts).
The strengthof thesevorticesdependson several factors,including weight, sizeand
velocityof theaircraft.Thestrengthincreaseswith theweightof theaircraft.Thelife of
thevortex dependson theprevailing weatherconditions.Typically, vorticeslast longer
in calm air andshorterin the presenceof atmosphericturbulence.The studyof these
vorticesis very importantfor aircraftsafety[14]. Therapidswirling of air in a vortex
can have a potentially fatal effect on the stability of a following aircraft. Currently,
theonly way to dealwith this problemis theuseof extremelyconservative empirical
spacingbetweenconsecutive take-offs andlandingsfrom thesamerunway, which has
beenlaid down by the InternationalCivil Aviation Organization(ICAO) andFAA. In
instrument�ying conditions,aircraft may follow no closerthanthreenauticalmiles,
anda small aircraft mustfollow at leastsix nauticalmiles behinda heavy jet suchas
a Boeing747.But, despitethesespacingsbeingextremelyconservative, they arenot
alwaysableto preventaccidentsowing to theseveralunknownsinvolved,primarily the
exactlocationandstrengthof thevortices.TheUSAir Flight 427(Boeing737)disaster
whichoccurredonSeptember8, 1997nearPittsburghis attributedto thisphenomenon,
whereintheaircraftencounteredthewake-vorticesof aprecedingBoeing727[15]. The
morerecentAirbuscrashonNovember12,2001in New York is alsobelievedto be,at
leastpartially, a resultof wake-vortex encounterfrom a precedingBoeing747.

Fig.4. B-727vortex studyphoto(Courtesy:NASA DrydenFlight ResearchCenter)

To tacklethis problemof reducedairportcapacitywhich is a directfallout of these
overly conservative spacingregulations,andto addresstheconcernsof the aircraft in
circumstanceswhentheseregulationsfail to meetthe safetyrequirements,NASA re-
searchershavedesignedasystemto predictaircraftwake-vorticeson�nal approach,so
that the aircraft canbe spacedmoresafelyandef�ciently . This technologyis termed
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AVOSSor Aircraft VOrtex SpacingSystem(AVOSS)[16]. AVOSS,in spite of per-
formingarigoroussimulationof thewake-vortices,doesnot implementany systemfor
their visualization.It only providestheATC with theaircraftspacingtime for eachair-
craft which is all thecurrentATC systemscanhandle.Thus,at present,it is unableto
providealternatetrajectoriesfor thetake-off andlandingof aircraft.

This work attemptsto �ll in the gapsleft by AVOSSby creatinga wake-vortex
hazardavoidancesystemby realistically simulatingan airport with real-time3D vi-
sualizationof the predictedwake-vorticesgeneratedby the moving aircraft. Aircraft
will beableto adjusttheir �ight trajectorybasedon theinformationobtainedfrom the
visualizationsystemto avoid thewake-vorticesandoperatemoresafelyandef�ciently .

3.1 Wake-Vortex Theory

For the wake-vortex simulationsdescribedin this paper, we usepotential theory to
predictthestrengthof thewake-vortex elements[17]. Thecirculationgeneratedby the
lift is assumedto be containedin two vorticesof oppositesignstrailing from the tips
of thewing. Thewake is assumedto consistof apairof vorticeswhichareparalleland
thelongitudinalaxisof thetrackedairplaneis assumedto beparallelto thevortex pair.
Thecentersof thevorticesareonahorizontalline separatedby adistanceof bs �

p
4bg,

a resultof assumingan elliptic distribution, wherebs is the separationof the vortices
in the wake-vortex pair, andbg is the spanof the airplanewing generatingthe wake
vortex [18]. Themagnitudeof thecirculationof eachvortex is approximately

�

G
�

�

4
p

Lg

r Vgbg �

whereLg andVg arethelift andthevelocityof theaircraft,respectively. References[19,
20,17] dealwith moredetailson thenumericalsimulationof theseaircraftvortices.

After the strengthof thesevorticesare computed,the effect due to the prevail-
ing weatherdatais appliedto theprediction.The vortex �laments propagatewith the
freestreamwind conditionsandthe inducedvelocity dueto theothervortex elements.
Thedecayof thevortex strengthis basedonasimpli�ed versionof themodelsuggested
by Greene[21]:

Gt � Dt �

Gt �

1 �

DtVt

8bg

�

�

whereVt is thevortex velocityat timet andis givenby

Vt
�

Gt

2pbg 	

HereGt representsthestrengthof thevortex elementat timet andGt � Dt representsthe
strengthof thevortex at timet 
 Dt (next time-step).

3.2 Simulation Complexity

Thewake-vortex predictionfor anentire�eet of aircrafttaking-off andlandingatabusy
airport is anextremelycomputationallyintensive problem.As such,a parallelsolution
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for thesameis requiredto maintaina real-timeresponseof thesimulation.For exam-
ple,atypicalmetropolitanairportin theUSis extremelybusywith severaltake-offsand
landingsoccurringeveryfew minutes.Dallas/Fort Worth,thecountry'sthirdbusiestair-
port,hassevenrunwaysthathandlenearly2

�

300take-offs andlandingseveryday. For
thewake-vortex codeto trackthevorticesshedby anaircraftfor 5 milesaftertake-off,
assumingthata vortex coreis storedevery 5 meters,5 � 1

�

600� 5 � 2
�

3
�

200vortex
�laments haveto betracked.For 2

�

300take-offs andlandingseveryday, it impliesthat
3

�

200 � 2
�

300� 24
�

306
�

667vortex �laments haveto betrackedeveryhour. Sincethe
vorticesmaytakeaslongas15minutesto decaysigni�cantly, vorticesdueto typically
half the take-offs andlandingsevery hour needto be tracked at any given time. This
amountsto roughly 153

�

333 vortex �laments. While this may not seemto be a very
large numberon its own, the problemgetscomplicatedby the presenceof an O

�

N2 �

calculationfor the inducedvelocity of every vortex elementon every othervortex ele-
ment,whereN representsthenumberof vortex elements.Evenif theinducedvelocity
effect dueto vorticesfrom theotheraircraftareignored,this still amountsto asmuch
as3

�

200 � 3
�

200
�

10
	

24million computationsfor eachairplaneateverytimestep.For
2

�

300planes/day, this comesout to 10
	

24 � 2
�

300� 24� 2
�

490
	

7 million calculations
per timestepfor the inducedvelocity, a very large numberindeedfor a conventional
uniprocessorsystem.And with eachtimestepbeing,say0

	

2 seconds,this amountsto
2

	

45billion calculationspersecond.Althoughthis numbercanbereducedby asmuch
asa factorof 100by makingsimplifying assumptionsfor the inducedvelocity calcu-
lations (wherein,we say that any vortex elementis only affectedby a �x ed number
of neighboringelements,sayk, ratherthanall the otherelements),this still amounts
to a large computationconsideringthat eachinducedvelocity calculationconsistsof
200 � 300 �oating point operations.This takesour net computationalrequirementto
approximately5 � 8 Giga�ops, necessitatingthe needof a parallelcomputer. Hence,
ourwake-vortex predictioncode,basedon thepotential�o w theorydescribedabove,is
written in C++ with MPI for parallelization.

Pseudocodefor thesimulationis givenin Fig. 5. Eachvortex elementhastwo main
propertiesassociatedwith it, strengthandposition.The initial strength(G) is calcu-
latedbasedon the potential�o w theoryandthe initial position is basedon the posi-
tion of the aircraft.The strengththendecaysasa function of time andthe prevailing
weatherconditions,andthepositionchangesdueto thevelocity inducedby neighbor-
ing vortex elementsandthe prevailing wind velocity. Fig. 6 depictsa diagramof the
completeclient/serversimulationsystem.Thesimulationsystemconsistsof theWake-
vortex Server, Airport Data Serverandthe SoundServer. The Wake-vortex Server is
theactualsimulationcodeenhancedusingPOSSE.TheAirport DataServer is another
POSSEserver that servesthe positionsof the aircraft in the vicinity of the airport as
well astheprevailing weatherconditions.TheSoundServer is anoptionalcomponent
in the systemfor simulatingthe noise-level at the airport.The wake-vortex codehas
beenparallelizedto track vortex elementsfrom eachaircraft on a differentprocessor
in sucha way that we get an almostreal-timesolutionto this problemwith tolerable
lag no more than the time-stepDt in our simulation.The �rst processoractsas the
masterdoing a round-robinschedulingof any new aircraft to be tracked amongthe
availableprocessors(including itself). The master, thereforedoestheadditionalwork
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of distributing andcollectingvortex datafrom the slave nodes.It is alsoensuredthat
themasteris alwaysrunningonaSymmetricMulti-Processor(SMP)nodewith at least
two processorssothatthePOSSEserver threadrunson anidle processoranddoesnot
slow down themasternodebecauseof theconstantmonitoringof thevortex databy the
visualizationclient.

V 
 /0
t 
 0
ForeachaircraftA on a differentprocessor

While (A in speci�edrangefrom airport)do
readupdatedaircraftpositionfrom airport data server
readupdatedweatherconditionfrom airport data server
V 
 V ��� newly createdvortex elementfrom wing usingpotentialtheory�

Foreachvortex element(vi �

V)
vi �

inducedvel 
 0
Foreachvortex element( � v j �

V ���

� vi & � j � i ��� k)
vi �

inducedvel 
 vi �

inducedvel � InducedVelocity � vi �

v j �

Endforeach
vi �

position 
 vi �

position � Dt � vi �

inducedvel
vi �

position 
 vi �

position � Dt � (prevailing wind velocity)
vi �

strength 
 vi �

strength � DecayFunction� Dt
�

WeatherConditions�

If (vi �

strength � threshold) then
V 
 V � vi

Endif
Endforeach
t 
 t � Dt

Endwhile
Endforeach

Fig.5. Algorithm for Wake-Vortex prediction

For thereal-timesimulation,theparallelwake-vortex codehasbeenaugmentedwith
POSSE,sothatit canremotelyrunonour in-house40processorPIII-800Mhz Beowulf
Cluster1 [22], theCOst-effective COmputingArray 2 (COCOA-2) [23]. For a steering
client,avisualizationtool hasbeenwritten in C++ usingtheOpenGLAPI for graphics
andCAVELib [24] API for stereo-graphicsanduserinteraction.Themonitoringcode
runsasaseparatethreadin thevisualizationclient retrieving new vortex datawhenever
the simulationon the remoteclusterupdates.A screenshotof the programdepicting
the Wake-Vortex simulationfor a singleaircraft is shown in Fig. 7. Anotherscreen-
shot(Fig. 8) showsseveralaircraft�ying abovetheSanFranciscoInternationalairport
(SFO).The colorsrepresentthe relative strengthof the vorticeswith red beingmax-
imum andblue beingminimum. The Recon�gurableAutomaticVirtual Environment
(RAVE) from FakeSpaceSystems[25] drivenby an HP VisualizeJ-classworkstation
is thenusedasthedisplaydevice.

1 A clusterof commoditypersonalcomputersrunningtheLINUX operatingsystem.
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Fig.7. Screenshotof theWake-Vortex simulationfor a singleaircraftfrom a visualizationclient
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Fig.8. Screenshotof theWake-Vortex simulationfor severalaircraft �ying above theSanFran-
cisco(SFO)airport

4 Experimental Results

POSSEhasbeenextensively testedusing variousplatformsfor stability and perfor-
mance.Testsdemonstratingboththesingleandmultipleclientperformancefor POSSE
arediscussedhere.

4.1 SingleClient Performance

Fig. 9 shows a plot of the effective network bandwidthachieved by varying the size
of a dynamic1-D array requestedby a steeringclient. Thesetestswere carriedbe-
tweenmachinesconnectedvia a Fast Ethernetconnectionhaving a peak-theoretical
network bandwidthof 100Mbps.Thecommunicationtime usedto calculatetheeffec-
tivebandwidthincludestheoverheadsfor byte-ordering,datapackingandotherdelays
introducedby thequeryingof theregistereddata.Theaveragelatency for queryof any
registereddataby the client hasbeenfound to be 38 ms. As canbe seen,thereis a
noticeabledecreasein thebandwidth(about10 Mbps)whencommunicatingbetween
machineswith differentbyte-ordering(i.e., Little Endianvs. Big Endian)asopposed
to machineswith thesamebyte-ordering.This re�ects theoverheadinvolvedin dupli-
cating the requesteddataandconverting it into the byte-orderof the client machine
for communication.In the samebyte-ordercase,asthe sizeof the requesteddatain-
creasesto about5 MB, theeffective bandwidthapproaches80 Mbps,which is 80%of
thepeak-theoreticalbandwidth.

4.2 Multiple Client Performance

Fig. 10 shows a plot of the effective bandwidthachieved by varying the numberof
clientssimultaneouslyrequestingdata.In this test,boththeclientsandtheserver were
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machineswith the samebyte-ordering.The server had a registered4-D array with
200

�

000 doubleelements(1
	

6 MB of data).All the clientswere thenrun simultane-
ouslyfrom two remotemachinesonthesamenetwork andwereprogrammedto request
the1

	

6 MB 4-D arrayfrom theserver. Theeffectivebandwidthin this caseis obtained
by dividing thetotal amountof dataservedby theserverwith thetotal wall-clock time
requiredto serveall therequests.It canbeseenthatthenetwork performanceof POSSE
is verygood(84Mbps)evenwhendealingwith over500clientrequestssimultaneously.

For thewake-vortex simulationsystem,theamountof datacommunicatedto theclient
aftereveryupdateis 420bytesfor everyaircraftand56bytesfor everyvortex element.
For 10 aircraftseachhaving 2

�

000elementstracked,this amountsto 1
	

12 MB of data.
FromFig. 9, wecanseethatthis correspondsto a data-rateof approximately62Mbps,
or 145msof communicationtime.Thus,we cangetupdateddataat a rateof almost7
fps from the server. The wake-vortex simulationrunswith a Dt of 0.2 secondswhich
canbemaintainedfor up to 2

�

000vortex elementsperaircrafton COCOA-2. Thepar-
allel codehasverygoodscalabilityfor up to 15 processors(tracking15aircrafts)after
which it linearly deterioratesdueto theoverheadborneby themasterfor distributing
andcollectingdatafrom the slave nodes.At this point, the simulationhasonly been
qualitatively checkedandseemsto beconsistentwith thetheory. Thesimpli�cation of
usingk neighborsfor induced-velocity computationworks very well with an error of
lessthan1% whencomparedto theoriginal O

�

N2 �

case.Sincetheweatherconditions
play a substantialrole in thedeterminationof thevortex strength,a moresophisticated
weathermodellike theoneusedin AVOSSwill de�nitely improvetheaccuracy of the
simulations.
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5 Conclusions

Thecouplingof computationalsteeringto our parallelsimulationmakesthereal-time
visualizationof thewake-vortex simulationspossible.It opensa new way for theATC
to effectivelydealwith thewake-vortex hazardproblemandto improvethecapacityand
safetyof largeairports.Oursteeringsystem,POSSE,hasprovento beaverypowerful,
yet easyto usesoftwarewith a high rateof acceptanceandapproval in our research
group.If scientistsaregivenaneasyto usesoftwaresystemwith amild learningcurve,
they will useit. At a morebasiclevel, this ability to interactandvisualizea complex
solution as it unfolds and the real-timenatureof the computationalsteeringsystem
opensa wholenew dimensionto thescientistsfor interactingwith their simulations.
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