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Abstract

The opensource ight simulator FlightGearis developed
from contributionsby mary talentedoeoplearoundtheworld.

The main focusis a desireto “do thingsright' andto min-

imize shortcuts. FlightGearhasbecomemore con gurable
and e xible in recentyearsmakingfor a hugeimprovement
in the users overall experience.This overview discusseshe
project,recentadvances someof the new opportunitiesand
newer applications.

Intr oduction

Theopensourceight simulatorFlightGearhascomealong
way since rst beingshavcasedat LinuxWorld in SanJose.

In April 1996,David Murr proposedanen ight simulator
developedby volunteersover the Internet. This ight simu-
lator wasto be distributedfree of chagevia the Internetand
similar networks. Curt Olsonmadea multi-platformrelease
of FlightGear[] in July 1997.

Sincethen, it hasexpandedbeyond ight aerodynamics
by improving graphics,addinga shadedsky with sun,moon
and stars correctly dravn, automaticallygeneratedworld-
wide scenerycloudsandfog, headup displayandinstrument
panel, electronicnavigation systems airportsand runways,
network play, andmuchmore.

Recentchangedo the simulatorhave simpli ed the cus-
tomizationof thosefeaturesy the user asdiscussedh more
detail below. Insteadof beingin the sourcecode,the con-
guration datais now speci ed on the commandine and/or
accessibleisingmenuitemsand/orloadedfrom simple les.

Simulator Portability

FlightGearaimsto be portableacrossmary differentproces-
sorsand operatingsystems as well as scaleupwardsfrom
commoditycomputers.The sourcehasto be cleanwith re-
spectto addresavidth andendiannesgwo issueswhich in-

corveniencanostopensourceprojects,in orderto to runon
Intel x86, AMDG64, PowverPCandSparcprocessors.

In addition to running the simulation of the aircraft in
real time, the applicationmust also use whatever peripher
als are available to deliver an immersive cockpit erviron-
mentto the aircraft pilot. Thoseperipheralssuchassound
throughspealers,areaccessethroughoperatingsystemser
viceswhoseimplementatiommay be equivalent,yet very dif-
ferent,underthe variousoperatingsystems.FlightGearcur-
rently supportsWindows, FreeBSD Linux, Solaris,MacOS
Irix andOS-X.

For thoseserviceswhich are commonacrossmostvideo
games,the independenproject PLIB offers a simple API
that actsasa PortableLibrary[2]. Comparedto Windows,
MacOSandthe Unix's, the variousdistributionsandreleases
of Linux-basedperatingsystemsarevery similar. Thereare
importantdifferencesmost of which causeproblemswhen
trying to build andtest PLIB, sotheserarelyimpact Flight-
Geardirectly. Oncethefacilitiesrequiredby videogamesare
availablethroughthe PortableLibrary, the remainderof the
codeactsasa corventionalapplication.

Any Linux usercandownloadthe source,compileit and
safelyexpectit to run. FlightGearandotherapplicationswvith
extensve 3D visual effectsasin gure 1, may usedifferent
librariesunderthe samelinux distribution sothatthe binary
maynotbeportablebetweercomputersSomehardwareonly
hasaccelerate@D underXFree86version3, otherhardware
requiresversion4, andtheir GLX APIs differ. Thisis being
addressely theLinux OpenGLApplicationBinary Interface
(ABI)[4] but continuesto be a sourceof frustrationfor new
would-beusers.

Oncetheissuesassociatedvith runningthesimulationpro-
gramon a speci ¢ computerareresoled, everythingelseis
portable. The con guration informationcanbe freely trans-
ferredacrossprocessorandoperatingsystems.Eachinstal-
lation canbene t from the broadrangeof sceneryaircraft
models,scenarioandotheradaptationshathave beenmade
availableby any user
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Figure 1: Pilot's view from a Cessnal72 makinga poor approachfor landingat SanFranciscolnternationalAirport. The
“Time of Day” popup menuis partially visible, with sevenquick selectandanadditionalbuttonfor typingin thetime. Seven
consecuiie screerdumps,from awide screerdisplay have beencombinedo demonstratéhe simulators lighting model

Simulator Structure

UnlikeproprietarycommerciaPC ight simulatorstheOpen
Sourcenatureof the FlightGearprojectpermitsmodi cation
andenhancementSincethe projectwishesto encouragéts
usercommunityto embracegxtendandimprove the simula-
tion, the FlightGearsourceoffersa e xible framawork.

The FlightGearsourcetreeis only onelevel deep,except
that all the ight datamodelsare eachin their own sub-
directory locatedunderthe FDM directory Eachdirectory
containsa few headerles thatexposeits objectde nitions.
Othersource les refer to the headerdirectly, without the
frustrationsof path globbing or multiple include pathsfor
the compiler The directory namesare mostly pretty self-
explanatory:

AlModel, Aircraft, Airports, ATC, Autopilot, Cockpit, Con-

trols (in the aircraft cockpit), Environment,FDM (only one
constituenis in use),GUI (menusandthelike), Include(for

compiler con guration), Input (joysticks etc), Instrumenta-
tion, Main (initialization andcommandine parsing),Model

(3D aircraft), MultiPlayer, Navaids, Network (datasharing),
Objects(dynamicallyloadedandchangingscenery)Replay

Scenery(static), Scripting (remote script control), Sener,

Sound,SystemsandTime (in the simulatedworld).

FlightGear exposesthe internal state of the simulation

throughthe propertydatabasepartof the genericsimulation
infrastructureofferedby SimGeaf6]. Thisdynamicallymaps
a name(suchas/position/latitude ) into an object
with getterand settermethods. If the propertywill be ac-
cessedrequently the pointerto the objectcanbe storedso
thatthe stringlookup of the nameonly occursonetime. The
single pointerindirectionis still somavhat slover thanhard
linkage, but enhanceshe modularity of the codebase. For

example,the userinterfacede nitions in XML les (panels,
instruments3D animationsoundgetc)areableto referto ary

propertyofferedby any subsystem.

The simulator state is also accessibleon the network.
Adding the commandine option --telnet=5555 allows
anothercomputer(such as the instructor console)to inter-
act with the simulator computerusing a commandsuchas
telnet  simulator 5555. This network interfaceal-
lows ary propertyin the databaseo be viewed or modi ed
andincludesremoteenumeratiorof all the propertynames.
Thishasbeenusedto implementacompletesxternaloperator
GUI andfor automating=AA certi cation tests.

Many taskswithin the simulatorneedto only run periodi-
cally. Thesearetypically tasksthatcalculatevaluesthatdon't
changesigni cantly in 1/60thof asecondput insteadchange
noticeablyon the orderof secondsminutes,or hours. Run-
ning thesetasksevery iterationwould needlesslegradeper



Figure2: Panoramicscenerycon gured by CurtOlson

formance. Instead,we would like to spreadtheseout over
time to minimize the impactthey might have on framerates,
andminimizethe chanceof pausegndhesitations.

We do this usingthe EventManagerandSchedulerwhich
consistof two parts. The rst partis simply a heapof regis-
teredeventsalongwith any managemerinformationassoci-
atedwith thatevent. The secondpartis a run queue.When
eventsare triggered,they are placedin the run queue. The
systemexecutesonly one pendingevent per iterationin or-
derto balanceheload. The managemlsoacquiresstatistics
abouteventexecutionsuchasthetotal time spentrunningthis
event,the quickestrun, the slowestrun, andthetotal number
of timesrun. We canoutputthelist of eventsalongwith these
statisticsin orderto determinef ary of themareconsuming
an excessive amountof time, or if thereis ary chancethata
particulareventcould run slow enoughto be responsibldor
apercevedhesitationor pausdan the o w of thesimulation.

FlightGearitself supportsthreadsfor parallel execution,
which distributes tasks such as scenerymanagemenbver
mary iterations, but someof the library dependenciesre
notthemselesthreadclean.Thusall accesse® non-thread-
cleanlibraries(suchasloadinga 3D model)needto be made
by a singlethread,so that otheractiities wishing to usethe
samdibrary mustbedelayed.Thesesmalldelayscanleadto
minor uservisible hesitations.

Simulator Execution

FlightGearis packagedy all major distributions and most
otherstoo, sothatinstallationof pre-huilt binariescanusually
be completedin a few minutes. Almost all customization,
including adding new aircraft and scenery occursthrough
XML andthrougha structureddirectorytree.Most userscan
now simply usethe prepackagediistributedbinariesandno
longerneedto recompilethe simulatorto addnew features.
However, thisis a rapidly changingprojectandnew func-
tionality is addedto the sourcecode on an continuing ba-
sis. If a userwishesto take advantageof a newv capability
or function, when customizingthe simulationfor their indi-
vidual needs that sourceversiondoesof courseneedto be

compiled.

Installing andrunning FlightGearis relatively easyunder
Linux, especiallycomparedo otheroperatingsystemswith
weaktool automation.

1. Install Linux normallyandtestinternetaccess.

2. Add video card support,using a maximumof 25% of
memoryfor the 2D display as3D usesheremainder

3. Enablehardware accelerateddpenGLsupportandtest
for speedusinggl/Tron[5] for example.

4. Install[2] PLIB 1.8 or above, which is alreadyin mary
distributions,andtestwith all the suppliedexamplesto
ensureall the API featuresareworking.

. Verify thatheaderdor zlib andsimilar arepresent.
. Download[q, compileandinstall SimGear
. While thatcompiles downloadthe FlightGearsource.

. With SimGealrinstalled,compileandinstall FlightGear
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. While compiling, downloadFlightGears basepackage.
This containsdata les thatarerequiredatruntime.

10. Typerunfgfs  andenjoy.

Startingfrom a blankharddrive with no operatingsystem,
FlightGearcanberunningin lessthananhour

Simulating the Pilot' s view

The new FlightGearpilot will probablynot wantto remain
within the SanFranciscdayareawhichis thesmallscenery
patchincludedin the Basepackage.The scenerysener al-
lows the selectionand retrieval of ary region of the world.
Joiningotherusersn the sky is anothempossibility.

Dueto limited monitorsize,theview thatis availableona
normalcomputeiis apoorsubstitutegfor thewraparoundvin-
dows of generabviation aircraft. Thisis especiallytruewhen
thesimulatedaircrafthasanopencockpitandanunrestricted
view in almostall directions.

FlightGearcanmalke useof multiple monitorsto provide a
nicerexternalview, possiblyevenwraparound without spe-
cial cabling. The additionalcomputersand monitorsneed
not be dedicatedto this purpose. Oncethe commandines
and elds of view (relative to the pilot) for eachof the ad-
ditional computershave beenestablishedthe maincomputer
will makethenecessargataavailableirrespectve of whether
thoseother computersare actually running FlightGear In
consequencegachof the additional computerscan change
from a"cockpitwindow' to a of ce softwareworkstation(for
someoneelse)and, when available again,rejoin the Flight-
Gearsimulationsession.



Figure3: Looking eastfrom Mount Sutro,just southof GoldenGatePark. Thesceneryshavs the shoreline variationsin land
usefrom scrublandnthehill andurbanbeyond,randomlyplacedtreesin thescrublandandbuildingsin theurbanareacustom
createdadditionalobjectsfor the tower, downtown buildings andthe Bay Bridge,andaninterstatefreevay. The sky shovsthe
limited visibility dueto hazeandsomescatteredlouds.



FlightGearhasbuilt in supportfor network socket com-
municationandthe display synchronizingis built on top of
this support. FlightGearalso supportsa null or do-nothing
ight modelwhich expectsthe ight modelparameterso be
updatedsomeavhereelsein the code. Combiningthesetwo
featuresallows youto synchronizealisplays.

Hereis how Curt Olsonsetup theexamplein gure 2:

1. Con gure threenearidenticalcomputersandmonitors.

2. Pickoneof thecomputergi.e. thecenterchannel}o be
themaster Theleft andright will beslavess1ands2

3. Whenyou startrunfgfs  on the mastey usethe com-
mandline options
--native=socket,out,60,s1,5500,udp
--native=socket,out,60,s2,5500,udp

respectiely to specifythatwe are sendingthe “native”
protocolout of audpsocletchannekt60 Hz, to aslave

machineon port5500.

4. Oneachslave computerthe commandine option
--native=socket,in,60,,5500,udp shaws
that we expectto receve the native protocolvia a udp
soclketon port5500.Theoption --fdm=external
tells the slave notto runit's own ight modelmath,but
insteadreceie thevaluesfrom an“external” source.

5. You needto ensurethatthe eld of view onthescenery
matchesthe apparentsize of the monitor to the pilot.
--fov=xx.x allowsyouto specifythe eld of view in
degreeson eachcomputedisplayindividually.

6. --view-offset=xx.x allows you to specify the
view offsetdirectionin degrees.For instance,
--view-offset=0 for thecenterchannel,
--view-offset=-50 for slave 1, and
--view-offset=50 for slave 2.

Thereis no built in limit to the numberof slavesyou may
have. It wouldn't betoo hardto implementa full 360° wrap
arounddisplayusing6 computersaand6 projectorsgachcov-
ering6C® eld of view onacylindrical projectionscreenlde-
ally, the mastercomputershouldbe chosernto be whichever
visual channelhas the lightest graphicalworkload. This
might be the dedicatednstrumentpanel,for example. If the
mastercomputerhasa heavy graphicalworkload, the other
channelswill usuallylag oneframebehind.Selectthegraph-
ics realismparameterso ensurethatall the visual channels
consistentlyachieve a solid andconsistenframerate(30H z
for example)and, if your video card supportsit, lock the
buffer swapsto the verticalrefreshsignal.

For optimalresults,make surethe FOV eachdisplaysub-
tends,matcheshe actualFOV that display coversfrom the
pilot's perspectie. Fromthetop view, draw a line from the
pilot's eye to eachedgeof thedisplay Measuraheangleand

usethat for your visual channelcon guration. Draw a line
from the eye to the centerof the display Measurethe angle
from thatline to the deadcenterstraightaheadine. Usethat
anglefor theview offset. This ensureshatall objectsin your
simulatorwill be exactly life size.

Simulating the Air craft

The aerodynamisimulationmay be only one constituentof
the whole ernvironmentbeing simulatedfor the user but its
performancas critical to the quality of the users simulation
experience Errorsin this Flight DynamicsModel (FDM) are
distractingto the pilot. Othersimulatorcomponentssuchas
the autopilot,aredesignedo expecta realisticaircraft, may
respondincorrectly as a result of FDM errorsand provide
additionalpilot distractions. Thesefactorscanruin the im-
mersvie experiencahattheuseris seeking.

As aresultof this concern FlightGearabstractsll of the
codethatimplementsan FDM behindan objectorientedin-
terface.As futureapplicationsnd thatexisting FDM choices
do not meettheir requirementsadditionalFDM codecanbe
addedto the projectwithoutimpactingthe consistenperfor
manceof existing applications.

The original FlightGearFDM was LaRCsim, originally
modelingonly a Navion, which currently modelsa Cessna
172 usingdedicatedC sourcethat hasthe necessargoef-
cientshard coded. It is sufcient for most ight situations
thatapassengewould chooseto experiencen arealaircraft.
Unusualmaneuersthatareoftenintentionallyperformedor
training purposesare poorly modeled,including deepstalls,
incipientanddevelopedspinsandsteepturns. The codealso
supportsa Navion anda Cherolee,to a similar quality.

A researchgroup at the University of lllinois createda
derivative of LaRCsim,with simpli ed the modelssuchthat
they are only really useful for cruise ight regimes. They
enhancedhe codewith a parametriccapability suchthat a
con guration le could be selectedat simulationstartto de-
termine how the aircraft will y. Their usefor this modi-

cation wasto investigatethe effect on aircraft handlingof
progressie accumulation®f ice.

Anothergroupis developingacompletelyparametric-DM
codebasewhereall the informationis retrieved from XML
format les. Their JSBSimproject[7] canrunindependently
of a full ervironmentalsimulation,to examineaerodynamic
handlingand otherbehaior. An abstractionayer links the
objecternvironmentof FlightGearto the objectcollectionof
JSBSimto provide anintegratedsystem.Among mary oth-
ers,thisFDM supportgheCessnd 72andthe X-15 (aexperi-
mentalhypersonicocket propelledresearclvehicle),provid-
ing the contrasthetweeranaircraftusedfor teachingstudent
pilots andanaircraftthatcould only be o wn by trainedtest
pilots.

An additionalFDM codebase,YASim, generateseason-
ableand yable modelsfor aircraft from very limited infor-



mation. This is especiallyvaluablewhena new aircraftis
being addedinto FlightGear Initially, thereis often insuf-
cient public datafor a fully parametricnmodel. This FDM
allows the aircraft to be madeavailableto the usercommu-
nity, therebyencouragingts usersto nd sourcesof addi-
tional datathatwill improve the modelquality.

The restof FlightGears con guration les are now also
XML, suchasthe enginemodels,the instrumentpanellay-
outsandinstrumentdesign.the HUD layout,the userprefer
encesand saved state. The real bene t of using XML here
is that peoplewith no software developmentexperiencecan
easilyandeffectively contritute. Pilots, instructors,mainte-
nancetechniciansand researchergachhave in-depthtech-
nical knowledgeof how a speci ¢ subsystenof an aircraft,
andhencethe simulator shouldbehave. It is critical thatwe
allow themdirectaccesdo the internalsthatde ne their re-
spectve subsystemwithout burdeningthemwith having to
dig throughothersubsystendatato getthere.We have made
hugeprogreson achieving thisin thelasttwo years.

Simulating the Cockpit

In orderto simulatethe cockpit ervironmentaroundthe pi-
lot, additionalinformationis includedfrom subsidiaryXML
les. Theseincludea 3D modelof the cockpitinterior, as-
sociationsof keyboardkeysto panelswitchestheinstrument
panellayoutand position, visual representationsf the indi-
vidual instrumentsmappingdetweerjoystick channelsand
ight controls,parametricddescription®f theheadup display
elementsa 3D model of the aircraft exterior, animationof
moving aircraftsurfacesandotherreferencedata.

In the sameway that aircraft manugcturersreusemuch
of their designsand instrumentsacrossproductlines, mary
XML les areincludedby multiple aircraft models. Once
loaded thisinformationis integratedinto the simulation.

For example,one canlook into the cockpit from outside,
asshovnin gure 4, andseetheliveinstrumenpanelindica-
tions. Thisis thesameexactinstrumenfpanelbeingshovn to
the pilot wheninsidethe cockpit,demonstratinghat Flight-
Gearhasa fully working 3D animatedcockpitthatis visible
from insideor out.

Someaircrafttypeshave “glasscockpit' displays.asshavn
in gure 7. Theindependenproject OpenG(8] is a multi-
platform, multi-simulator open-sourceool for developing
andimplementinghigh quality glasscockpitdisplaysfor sim-
ulated ightdecks. Dueto the resolutionandsizelimitations
of computemonitors,the OpenGOmagesarebeston a sep-
aratemonitorfrom FlightGear

Theheadup displayof arealaircraftusescomputergener
atedgraphics,sothe software cangenerallydetect,and cor
rect for, the aws and inaccuraciesn the sensorghat are
feedingit data. As a result,theinformationpresentedo the
pilot is generallyaccurate Simulatingthatis relatively easy

Figure4: Closeupof anA4 with theanimatedtockpitinterior

sincethe actualstateof the aircraft(in the propertiescanbe
retrievedanddirectly displayed.

An importantaspecbf learningto y anaircraft (without
computerassistance)s understandingvhat the limitations
anderrorsof the variousinstrumentsare,andwhentheir in-
dicationscanbe trustedasuseful ight data. Unfortunately
the informationfrom panelinstrumentshaserrors,which in
generabnly readasinglesensowaluewith negligible correc-
tion for the limitations of the sensordeingused. Whenthe
FlightGeamaneladvancedrom no errorsto having only two
of thelimitationsimplementedVSI lag andcompassurning
errors),thenon-pilotdevelopersventfrom trivially ying in-
strumentpproachew frequentgroundimpacts.Many more
limitations have beenrealisticallyimplementedsince.

Considerablesffort is neededto write this code. Gyro-
scopescan slov down and wobble, their rotation axis can
drift, they canhit gimbal stopsandtumble and their power
sourcecanbeweakor fail. Air-basednstrumentsarewrong
in certainweatherconditions,tend not to respondimmedi-
ately, can be blocked by rainwaterin the lines, or become
unusablevhenicedover. Radionavigationis subjectto line-
of-sight, signalsbounceoff hills andbendnearlake shoresor
whereanotheraircraftis in the way and distantstationscan
interfere. Still more errorsareassociateavith the magnetic
compassandotherinstrumentghatseen trivial'.

Currently thecommunicatiorradiosarenotimplemented,
sothat pilots cannotusetheir microphoneinputsto interact.



Radiousages alarge part of the compleity in operatingat
large andbusy airports. Unfortunately this oftenencourages
pilotsto y themicrophoneandforgetabouttheairplaneoc-
casionallywith disastrousesults.We hopeto implementthis
featuresoon,to provide anothersourceof challengingdis-
tractionsto thepilot.

Although voice communicatiorbetweenpilots is not yet
supportedthereis an arti cial intelligence(Al) subsystem
thatseekgo make the airspacdeel lessempty This subsys-
temmovesotheraircraftaroundthesky asasourceof distrac-
tion, issuesATC style instructionsandresponsesand ATIS
messagesSomeavhatsurprisingly everywherein the world,
the ATIS alwayshasa British accent.

Simulating the World

The purposeof the TerraGearproject[q is to develop open-
sourcetools andrenderinglibrariesandcollect free datafor
building 3D representationgor maps)of the earthfor use
in real time renderingprojects. Thereis muchfreely avail-
able Geographidnformation System(GIS) dataon the In-
ternet. Becausehe coredatafor FlightGearhasto be unre-
stricted,the default useof the projectonly usessourcedata
that doesnt imposerestrictionson derivative works. Three
categyoriesof dataareused.

Digital Elevation Model (DEM) datais typically a setof
elevation pointson a regular grid. Currently 30 arcsecond
(aboutlkm = 0:6mi) datafor the whole world, and 3
arcsecond90m) datafrom the Shuttle RadarTopography
Mission (SRTM) for the United Statesand Eurasia,is avail-
ablefrom the U.S. GeologicalSurney (USGS).Althoughthe
SRTM datawas originally recordedin February2000, the
signal processingyy the JetPropulsionLaboratory(JPL) is
beingcontinuouslyimproved. The recentreleasesvith even
ner grids, including 1 arcsecondwould offer much better
resolutionof landscapdeaturesbut still suffer from artifacts
aroundlarge buildings. Futureimprovementsin thesedata
sourcesarehopedfor.

Irrespectve of which datasourceis selectedfor a given
areaanoptimizingalgorithmseekgo nd thesmallestnum-
berof at trianglesthatprovide afairly smoothandrealistic
terrain contour This algorithm reducesthe numberof tri-
anglesneedto renderan areawhile preservingall the detail
within somespeci ed errortolerance.

Othermorespecializeddatasuchasairportbeacon/ight-
houselocations,radio transmissiortowers and the like are
availablein listingsfrom variousgovernmentgenciesThese
generallyprovide a shorttext descriptionof the item andits
geographicoordinatesThe challengés to corverteachen-
try into arealisticvisual objectwhich canbeinsertednto the
scenendatabase.

Polygonaldatasuchaslandmassutlines, lakes, islands,
ponds, urban areas,glaciers, land use and vegetationare
available from the USGSand other sources.Unfortunately

the land use datais mary yearsold and thus may not be
currentwith a pilot's local real world knowledge and this
is not expectedto changein the nearfuture. The GSHHS
databaserovidesa highly detailedandaccurateglobal land
massdataso we canmodelprecisecoastlines for the entire
world. Basedon the sourceof the dataandfactoringin the
landusedata,we canselectanappropriateéexture which will
be paintedonto the individual triangles. Where necessary
trianglesare subdvided to get the effect correct. Runways
andtaxiwaysaregeneratedy corvertingthe list of runway
segmentsnto polygons paintedwith appropriatesurfacetex-
tureandmarkings,andthenintegratedinto the scenenyin the
sameway.

Clearly, someonecangain accesdo datasourceghatare
under more restrictve licenses,use the TerraGearproject
toolsto generateenhancedceneryandthendistribute those
les asthey choose. Both the FlightGearand TerraGear
projectsencouragehiskind of enhancemenbecaus¢heba-
sic opensourcepackagesannotdothis.

Thereis atrade-of betweerthe quality of the sceneryand
the speedat which it canbe renderedby the graphicscard.
As cardsgetfaster it becomedeasibleto placemoredetail
into thescenerywhile maintainingausefulandsmoothvisual
effect. Therearemary techniquedor adjustingthe level of
detailaccordingto the altitudeandattitudeof the aircraft, to
optimize the visual quality, but noneof them are currently
implementedasthey causevisualartifacts.

The scenerysystemaddstrees,buildings, lights (at night)
andotherobjects.The choiceof object,aswell asthe cover
agedensity is determinedy thelandusedata.Theseobjects
arerelatively slow to displayin large quantities,so the user
musttradeoff thereductionin displayresponsienessgainst
the improved cuesfor height, speedand underlyingterrain.
Lik e othersettingsthis propertymaybeadjustedn realtime.
Figure 3 showns randomlyplacedbuildings andtrees,with a
maximumrangeof abouthalf way to downtown SanFran-
cisco,togethemwith the manuallyplaceddowntown areaand
baybridge.

Airports have runwaysandtaxiwaysthatareautomatically
createdrom thebestavailableinformationto ensurehattheir
locations,dimensionsand markingscorrespondo real life.
This is not trivial, sincethereare dozensof differentlevels
of paintingcompleity in use. This informationis alsoused
to determinethe patternof lighting, if ary - sincesomeair-
portshave nolights, thatis showvn atnightandduringtwilight.
Somelights aredirectional,multicolored, ashing or arede-
ned to have a speci c relative brightness.Figure 1 shovs
thelights andmarkingsfor KSFO.

Currently the visual effect is clearly synthetic,ascanbe
seenin gures 3 and4, but it hassufcient informationto
readily permit navigation by pilotage (i.e. comparingthe
view out of the window to a chart). The compressediata
requiresaboutonekilobyte persquarekilometer All thein-
formationinside the scenerydatabasés arrangedn a four-



Figure5: World scenery

level hierarchyeachlevel changingscaleby afactorbetween
10and100:

1. Oneplanet,currentlyonly the Earth
2. 10° 10° rectangleasshovnin gure 5,

3.1° 1° 70mi 50mi = 100km 60km,

4. 50mi? = 100km? approximately

Oneof the dif culties facingthe TerraGeardevelopersis
that most information sourcesare only generatedat a na-
tional level. It is easyto justify writing specialcodeto read
andprocesglata les for the largestten countries sincethey
covermostof thelandsurfaceof the planet,but thisapproach
rapidly reacheghe point of diminishingreturns.

There are alreadymary organizationsthat painstakingly
collectandtransformthe datainto standardizeformats,pre-
cisely for thesekinds of applications. However, the huge
amountof effort involved requiresthemto keepthe prices
extremelyhigh in orderto fund the corversions. Therefore,
in themediumterm, it is possiblethattheseorganizationgor
oneof theirlicenseesinaystartselling TerraGeacompatible
sceneryles thatis derivedfrom their dataarchive. You can
expecta high pricetagfor suchreliabledatathough.

Downloading the World

The sceneryfor the entireworld currently requires3 DVD-
ROMs, whichis a signi cant downloadfor userswith broad-
bandaccessndanprohibitive barrierfor dial upaccessisers.

It washopedthat someonevould getaroundto writing a
utility for on-demandstreamingof sceneryto the user but
this hasnt happenedA signi cant factoris thatthis stream-
ing realtime bandwidthis muchmoreexpensve to hostthan
the existing bulk retrieval. Money aside,it isn't a dif cult
problem.

Supposewe considerthe pilot's viewpoint. Most general
aviationaircraftcruisebelonv 200knotsand ight visibility is
(in reallife) usuallybelowv 20 miles at their cruisealtitudes.
The databaseisesaboutone megabytefor 600 squaremiles
sothe peakstreamingatewould be 12 megabytes/hoytess
for areagreviously visited. A 56K modemis easilycapable
of 12 megabytes/hour

The utility for streamingscenerydownloaddoesnot need
to beintegratednto thecoreFlightGearsourcecode.Thelat-
itudeandlongitudeof theaircraftarealreadyexportedfor use
by independenprogramssothe centerof interestis trivially
available. Sincethe sceneryis storedin 100km? pieces,an
independenprogramneedonly generate list of the closest
elementghathave not beenfetchedyet, andissueawget to
ensurahatthey will beavailablebeforetheaircraftgetsclose
enoughfor the pilot to seethem.

Simulating the Charts

Laptop/PDA applicationsfor usein ight are becomingin-

creasinglypopularwith light aircraftpilots, sincethey assist
in situationalawarenessand in managing ight plan logs,
navigation data and route planning. While FlightMaster
CoPilotandotherapplicationsarevaluabletools,it is danger

ousfor pilotsto usethemin anaircraftwithout rst becoming
familiar with the userinterfaceandgainingsomepractice.

FlightGearoffersseveralspecialisinterfacespneof which
emitsa streamof NMEA compliantpositionreports(the for-
matusedby GPSunits)to serialportor UDP soclet. Thiscan
be fed directly into one of thoseapplicationswhich doesnt
notice that this isn't coming from a real GPS,enablingthe
userto practicerealistictasksin the context of the simulated
aircraftandall therealisticworkloadof piloting.

Datathatis releasednto the public domainis generallyof
reducedquality, or out of date,or doesnot give widespread
areacoverage.The TerraGearsceneryfrom suchdatais ac-
tually wrong,comparedo the realworld, but generallyonly
in waysthatarevisually unobtrusveto thecasualuser

Theseerrorsare muchmorevisible in electronicnaviga-
tion, such as neededfor instrument ight, since the route
tolerancesare extremelytight. Navigatingthe simulatedair-
craft aroundimperfectsceneryaccordingto currentJeppe-
sen(or NOS, etc) charts(or electronicdatabasesjanbe ex-
tremelyfrustratingandoccasionallyimpossiblevhenapiece
of scenenyis in theway.

To avoid the frustration,the Atlas project[1Q hasdevel-
opedsoftwarewhich automaticallysynthesizesviation style
chartsfrom theactualsceneryles anddatabasebeingused
by FlightGear Thesecharts,while inaccurateto the real
world andthereforeuselesdor ight in an aircraft, are ex-
tremelyaccuratdor the simulatedworld in which the Flight-
Gearaircraftoperate Thus,it is ofteneasietto make printouts
from the Map programof the Atlas project.



Figure6: Atlas chartof SanFranciscoCalifornia

The projectalsoincludesthe namesak Atlas application.
This canbeusedfor browsingthosemapsandcanalsoaccept
the GPSpositionreportingfrom FlightGearin orderto dis-
play aircraft currentlocationon a moving mapdisplay This
capability must be usedselectvely by the simulator pilot,
sincemostsmallaircraftdo not have built in mapdisplays.

The Atlas moving mapneednotrun onthesamecomputer
asthe simulator of course.lIt is especiallyvaluablerunning
ontheinstructorsconsolewherethepilot cannotseethepic-
ture,for gaugingthe studentperformancet assignedasks.

Simulating the Weather

Weatherconsistsof mary factors. Someitems, suchasair
temperatureand pressureareinvisible but have a strongef-
fect on aircraft performance Otheritems,suchassmoglay-
ering,have no effectontheaircraftor piloting dutiesbut con-
tributeto realism(in Los Angeles for example).In between
theselimits are mary otheritems, suchaswind and cloud,
that mustbe simulatedin orderto reproducehe challenges
facingthe aircraft and pilot. Somecomplec items, suchas
turbulence affect the simulationin mary waysandarecapa-
ble of makingtheaircraftrealisticallyun yable.

While FlightGearsupportsall theseitems, eachof which
canvary by location, altitude andtime, leadingto the dif -
culty of enablingthe userto explainthedesiredcon guration
withouttoomucheffort. Threemodesarecurrentlyavailable.

First,asinglesetof conditionscanbespeci edonthecom-
mandline whichwill beappliedto theentireplanetanddonot
changeovertime. This is very corvenientfor shortduration

andtaskspeci c usessuchas ying asingleinstrumentap-
proachfrom the IAF to the airport, wherethe sametaskwill
recurfor eachsuccessie studentsession.

Secondall theweathercon gurationis accessibléhrough
the propertydatabasandsocanbetwealedby theinstructor
(for example).This s usefulfor trainingon weatherdecision
making,suchaschoosingbetweenvVFR, SVFR, IFR during
deterioratingconditions.

Third, a backgroundthreadcan monitor currentweather
conditions from http://weather.noaa.gov for the
closeststation. This is usefulwhen conditionsmay be too
dangerougo y into intentionally yetthe pilot seeksexperi-
encewith them. Suchtraining, often an opportunitywhena
training ight is canceledaddressethe situationwherethe
pilot hadtaken off beforethe weatherdeteriorated.Unfor-
tunately thetransitionsin weatherconditionsarenecessarily
harshbecauséhe of cial weatherreportsmay be issuedas
infrequentlyasonceperhour. In ary casewhen ying be-
tweenairports thethreadmustat somepoint switchfrom old
airport'sreportto theoneahead.

Noneof thoseis the "correct'approachAll of themarees-
pecially suitablefor speci ¢ situations. Otherweatheman-
agementpproachesanbe quickly createdjf neededsince
all the weathercon guration parametersre propertiesand
thuscanbemanagedndmodi ed acrosghe network from a
smallspecially-createdtility.

The FlightGearervironmentallighting modelseekso of-
fer the bestimage that can be achieved with the limited
dynamicrangeof computermonitors. For dusk and night
ights, asshawn in theleft sideof gure 1, it is bestto use
adarkenedroomin orderthatthe subtledifferencedbetween
thedarkgraysandblackscanbe seen.

Applications for the Simulator

We have a wide rangeof peopleinterestedand participating
in this project. This s truly a global effort with contrilbutors
from justaboutevery continent.Interestgangefrom building
arealistichomesimulatoroutold airplaneparts,to university
researctandinstructionaluse,to simply having a viable al-
ternative to commercialPCsimulators.

The Aberystwyth Lighter Than Air Intelligent
Robot (ALTAIR)

The Intelligent RoboticsGroup at the University of Wales,
Aberystwyth,UK is usingFlightGearaspartof their aerobot
research[1]Lto designaerialvehiclesthatcanoperatein the
atmospheref otherplanets.

For thoseplanetsand moonsthat supportan atmosphere
(e.g. Mars, Venus,Titan and Jupiter), ying robots,or aer
obots,arelikely to provide a practicalsolutionto the prob-
lem of extendedplanetarysurfacecoveragefor terrainmap-
pingandsurface/subsugcecompositiorsureying. Not only



could suchdevices be usedfor suborbitalmappingof ter
rain regions, but they could be usedto transportanddeploy
sciencepackage®r evenmicroroversat differentgeographi-
cally separatéandingsites.

The technologicakhallengegposedby planetaryaerobots
aresigni cant. To investigatethis problemthegroupis build-
ing a virtual ervironmentto simulateautonomousaerobot

ight.

TheNaSt3DGRcomputationaluid dynamicsCFD) soft-
ware packagegeneratesneteorologicalconditions, which
are 'loaded' into the FlightGearsimulatorto createrealis-
tic wind effects acting upon an aerobotwhen ying over a
giventerrain. Theterrainmodelusedby bothFlightGearand
NaSt3DGHs obtainedrom theMGS MarsOrbiterLaserAl-
timeter(MOLA) instrumentandthe Mars Climate Database
(MCD) is usedto initialize the CFD simulation.

University of Tennesseat Chattanooga

UTC hasbeenusing Flightgearas the basisof a research
projectstartedin August, 2001, with the goal of providing
the ChallengerCenterat the university (and hopefully other
centerdn the future)alow costvirtual reality computersim-
ulation.

The projectis using ightgear and JSBSim, speci cally
the shuttle module, to develop a shuttle landing simulator
They areaimingto contribute instructions,on how to inter-
facetheir virtual reality hardware with Flightgear back to
the OS community The projectis fundedby the Wolf Avi-
ation Foundation[12 Dr. Andy Novobiliski is headingthe
researclproject.

ARINC

Todd Moyer of ARINC usedFlightGearas part of an effort

to testand evaluateFlight ManagementComputeravionics
andthe correspondingyroundsystems.Certaincapabilities
of the Flight Managemen€omputerareonly availablewhen
airborne,which is determinedyy the FMC accordingto data
it recevesfrom GPSandINS sensors.

They wrote additionalsoftwarethat translateghe NMEA
outputof FlightGear(including latitude, longitude,and alti-
tude)into the ARINC 429 datawordsusedby GPSandINS
sensorsThesedatawordsarefed to the Flight Management
Computer the positioninformationfrom FlightGearis real-
istic enoughto corvincethe FMC thatit is actuallyairborne,
andallows ARINC to testentire™ ights' with theavionics.

MSimulation

MarcusBauerandothersworked on a simulatorcockpiten-
vironmentusingFlightGearasthe softwareengineto drive a
realcockpit,includingthreecockpitcomputers.

Spacelsland

Spacelsland[13 Spacelsland are using FlightGearas the
software for a moving cockpit entertainmensimulatorthat
supportdoth ight andspacesrvironments.

Other applications

Many applicationsstartedusingFlightGearyearsago:

1. Universityof lllinois at UrbanaChampaignFlightGear
is providing a platform for icing researcHor the Smart
Icing SystemdProject[14.

2. SimonFrasetUniversity, British ColumbiaCanadaPor
tions of FlightGearwereusedin simulationto develop
the needectcontrol algorithmsfor anautonomouserial
vehicle.

3. lowa State University A senior project intendedto
retro t someoldersim hardwarewith FlightGearbased
software.

4. Universityof Minnesota HumanFactorsResearch.ab.
FlightGearbrings new life to an old Agwagonsingle
seatsingleenginesimulator

5. Aeronautical Development Ageng/, Bangalorelndia.
FlightGearis usedasastheimagegeneratofor a ight
simulation facility for piloted evaluation of ski-jump
launchand arrestedrecovery of a ghter aircraft from
anaircraftcarrier

6. VeridianEngineeringDivision, Buffalo, NY. FlightGear
is usedfor the sceneryandout-the-windav view for the
Genesis8000 ight simulator

Con guration User Interfaces

Scriptinglanguagesuchas Pythonand Perl usea wrapper
API for the network interface,hiding the protocoland oper

ating system. This approachenablesnstructorinterfacesto

bedevelopedn accordancevith regulatoryrequirementsind
quickly customizedo meetspeci c local needs.

Simulating Flight Training

FlightGearcouldalsobehelpfulwhenlearningto y aircraft.
Flight training is carefully regulatedby the government,to
ensurethat aircraft generallystayin the sky until their pilot
intendsfor themto comedown safely Therearethussome
real concernswhich needto be addressedeforeauthorities
canapprose asystem.



1. Do the controlsfeel, and operate,sufciently like the
onesin theaircraftthatapilot canusethemwithoutcon-
fusion? Are they easierto useand/ordo they obscure
dangerouseal-life effects?

2. Doesthe software provide a forward view thatis repre-
sentatve for the desiredrainingernvironment?

3. Are the instrumentsdrawvn suchthat a pilot caneasily
readandinterpretthemasusual?Do they have the sys-
tematicerrorsthatoftencauseaccidents?

4. Are thecockpitswitchesandknobsintuitive to operate?

5. Operatingwithin the limited envelopeof ight con g-
urationsthat is appliedto the training actvity, doesit
matchthe manufcturers datafor aircraftperformance?

6. Are weathersettingsaccessibl¢o theinstructorandsuf-
ciently intuitive thatthey canchangehemquickly?

7. Arethereeasymechanism$or causingheaccuratesim-
ulationof systemfailuresandbrokeninstruments?

8. Canthe pilot conductnormalinteractionswith air traf-
¢ control?Cantheinstructoreasilydeterminevhether
the pilot is complyingwith the controlinstructionsand
recorderrorsfor subsequermneview?

9. Is thepilot's manualfor the simulatorsimilarin content
andarrangemertb thatof theaircraftbeingrepresented,
suchthatit canreadilybeusedin ight by thepilot?

10. Canall maneuersbe performedn the sameway?

In that (partial) list of concerns,the quality of the actual
ight simulation (which is really what FlightGearis offer-
ing) is aminortopic andandacceptabl@erformances easily
achieved.In contrastalargepackageof documentatiomust
be addedto the softwareto explain andteachpeoplehow to
useit correctly This hasled to anumberof separaterojects
whosegoalsareto meetor exceedthe standardsreatedby
the United States-ederalAviation Administration(FAA).

It is easyto suggesthat the FAA is beingunrealisticin
requiringthis documentationbut they arerespondingo im-
portanttraitsin humannaturethatwon't goaway justbecause
they'reincorvenient.

For example, the things learnt rst leave an almostun-
shaleable impressionand, at times of severe stress,will
overrule latertraining. Thus,ary falseimpressionghatare
learnedby a beginningstudenthroughusinga simulatorwill
tendto remainhiddenuntil adangerousindpotentiallylethal
situationis encounteredat which time the pilot may react
wrongly anddie. Pilots who usea simulatoron an ongoing
basisto honetheir skills will get an excessvely optimistic
opinion of their skills, if the simulatoris too easyto y or

Figure7: Exampledisplayfrom the OpenGC[§ project

doesnot exhibit common aws. As a result,they will will-
ingly y into situationsthatarein practicebeyondtheir skill
pro ciency andbeatrisk.

Clearly, a ight simulator(suchas FlightGear)can only
safely be usedfor training whenunderthe supervisionof a
quali ed instructor who canjudgewhetherthe learningex-
perienceis bene cial. The documentatiomaterialsare es-
sentialto supportingthatrole.

What'sin the futur e?

In mary area®f theproject,thesourcecodeis stableandary

ongoing programmingrarely affects the interfacesusedby

XML les. Themajority of the currentdevelopereffort cen-
tersaroundthecraftingof nicelooking 3D aircraft,animating
their controlsurfaces synthesizingppropriatesoundeffects,
implementinganinteractive cockpit,andaddingdetail to the
aerodynamicparameters.The aerodynamianodelsare not
(yet) accurateenoughfor usein all ight situations,sothey

don't re ect the challengesand excitementof acrobaticma-
neu\ering.

Surroundprojectors,head mounteddisplays, directional
soundand cockpit motion are rapidly cornverging into con-
sumettechnologiesMaybewe canimmerseheuserssowell
thatthey y consenratively becauseahey forgetthatthey're
notin realdanger

Aircraft wake is invisible, canlast ve minutes,descends
slowly or spreadsacrossthe ground,is blown aroundby the
wind andis extremelydangerouso following aircraft. A fu-
ture extensionto fgd could keeptrack of the hundredsof
miles of wake trailsin a givenareaandnotify individual air-
craftwhenthey areencounteringnvisible severeturbulence.

Replicationandscalabilityis only startingto take hold in
the desktopernvironment. A room of seseral hundredcom-
putersactingas X terminalsfor word processinganreboot
and, within a couple of minutes,all be running FlightGear
identically. They'rereadyfor the next classof studentpilots.



Conclusions

On the surface,FlightGearis a simple OpenSourceproject
thatbuilds on mary existing projectsin thecommunitytradi-
tions. Dueto the subjectit addressegnary issuesandcon-
cernsareraisedthatrarely incorveniencemostotherproject
teams.Theseelementsareproviding the exciting challenges
andvariety of associate@ctivities thatthe developerteamis

enjoying.
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