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Abstract

The open source�ight simulator FlightGear is developed
from contributionsbymany talentedpeoplearoundtheworld.
The main focus is a desireto `do thingsright' and to min-
imize shortcuts. FlightGearhasbecomemorecon�gurable
and�e xible in recentyearsmakingfor a hugeimprovement
in theuser's overall experience.This overview discussesthe
project,recentadvances,someof thenew opportunitiesand
newerapplications.

Intr oduction

Theopensource�ight simulatorFlightGearhascomea long
waysince�rst beingshowcasedat LinuxWorld in SanJose.

In April 1996,David Murr proposedanew �ight simulator
developedby volunteersover the Internet. This �ight simu-
lator wasto bedistributedfreeof chargevia theInternetand
similar networks. Curt Olsonmadea multi-platformrelease
of FlightGear[1] in July1997.

Since then, it hasexpandedbeyond �ight aerodynamics
by improving graphics,addinga shadedsky with sun,moon
and starscorrectly drawn, automaticallygeneratedworld-
widescenery, cloudsandfog, headupdisplayandinstrument
panel,electronicnavigation systems,airportsand runways,
network play, andmuchmore.

Recentchangesto the simulatorhave simpli�ed the cus-
tomizationof thosefeaturesby theuser, asdiscussedin more
detail below. Insteadof being in the sourcecode,the con-
�guration datais now speci�ed on thecommandline and/or
accessibleusingmenuitemsand/orloadedfrom simple�les.

Simulator Portability

FlightGearaimsto beportableacrossmany differentproces-
sorsand operatingsystems,as well as scaleupwardsfrom
commoditycomputers.The sourcehasto be cleanwith re-
spectto addresswidth andendianness,two issueswhich in-

conveniencemostopensourceprojects,in orderto to run on
Intel x86,AMD64, PowerPCandSparcprocessors.

In addition to running the simulation of the aircraft in
real time, the applicationmust also usewhatever peripher-
als are available to deliver an immersive cockpit environ-
ment to the aircraft pilot. Thoseperipherals,suchassound
throughspeakers,areaccessedthroughoperatingsystemser-
viceswhoseimplementationmaybeequivalent,yet verydif-
ferent,underthevariousoperatingsystems.FlightGearcur-
rently supportsWindows,FreeBSD,Linux, Solaris,MacOS,
Irix andOS-X.

For thoseserviceswhich arecommonacrossmost video
games,the independentproject PLIB offers a simple API
that actsasa PortableLib rary[2]. Comparedto Windows,
MacOSandtheUnix's, thevariousdistributionsandreleases
of Linux-basedoperatingsystemsareverysimilar. Thereare
importantdifferences,mostof which causeproblemswhen
trying to build andtestPLIB, so theserarely impactFlight-
Geardirectly. Oncethefacilitiesrequiredby videogamesare
availablethroughthe PortableLibrary, the remainderof the
codeactsasa conventionalapplication.

Any Linux usercandownloadthe source,compile it and
safelyexpectit to run. FlightGear, andotherapplicationswith
extensive 3D visual effectsasin �gure 1, may usedifferent
librariesunderthesameLinux distribution sothatthebinary
maynotbeportablebetweencomputers.Somehardwareonly
hasaccelerated3D underXFree86version3, otherhardware
requiresversion4, andtheir GLX APIs differ. This is being
addressedby theLinux OpenGLApplicationBinaryInterface
(ABI)[4] but continuesto be a sourceof frustrationfor new
would-beusers.

Oncetheissuesassociatedwith runningthesimulationpro-
gramon a speci�c computerareresolved,everythingelseis
portable.The con�guration informationcanbe freely trans-
ferredacrossprocessorsandoperatingsystems.Eachinstal-
lation can bene�t from the broadrangeof scenery, aircraft
models,scenariosandotheradaptationsthathavebeenmade
availableby any user.



Figure1: Pilot's view from a Cessna172 makinga poor approachfor landingat SanFranciscoInternationalAirport. The
“Timeof Day” popupmenuis partiallyvisible,with sevenquickselectsandanadditionalbuttonfor typing in thetime. Seven
consecutivescreendumps,from a widescreendisplay, havebeencombinedto demonstratethesimulator's lighting model

Simulator Structure

UnlikeproprietarycommercialPC�ight simulators,theOpen
Sourcenatureof theFlightGearprojectpermitsmodi�cation
andenhancement.Sincetheprojectwishesto encourageits
usercommunityto embrace,extendandimprovethesimula-
tion, theFlightGearsourceoffersa �e xible framework.

The FlightGearsourcetreeis only onelevel deep,except
that all the �ight data modelsare eachin their own sub-
directory locatedunderthe FDM directory. Eachdirectory
containsa few header�les thatexposeits objectde�nitions.
Other source�les refer to the headersdirectly, without the
frustrationsof path globbing or multiple include pathsfor
the compiler. The directory namesare mostly pretty self-
explanatory:
AIModel, Aircraft, Airports, ATC, Autopilot, Cockpit,Con-
trols (in the aircraft cockpit), Environment,FDM (only one
constituentis in use),GUI (menusandthelike), Include(for
compiler con�guration), Input (joysticks etc), Instrumenta-
tion, Main (initialization andcommandline parsing),Model
(3D aircraft),MultiPlayer, Navaids,Network (datasharing),
Objects(dynamicallyloadedandchangingscenery),Replay,
Scenery(static), Scripting (remotescript control), Server,
Sound,SystemsandTime(in thesimulatedworld).

FlightGear exposesthe internal state of the simulation

throughthepropertydatabase,partof thegenericsimulation
infrastructureofferedbySimGear[6]. Thisdynamicallymaps
a name(suchas /position/latitude ) into an object
with getterand settermethods. If the propertywill be ac-
cessedfrequently, the pointerto the objectcanbe storedso
thatthestringlookupof thenameonly occursonetime. The
singlepointerindirectionis still somewhatslower thanhard
linkage,but enhancesthe modularityof the codebase. For
example,theuserinterfacede�nitions in XML �les (panels,
instruments,3D animation,sound,etc)areableto referto any
propertyofferedby any subsystem.

The simulator state is also accessibleon the network.
Adding thecommandline option --telnet=5555 allows
anothercomputer(suchas the instructorconsole)to inter-
act with the simulatorcomputerusing a commandsuchas
telnet simulator 5555 . This network interfaceal-
lows any propertyin the databaseto be viewed or modi�ed
andincludesremoteenumerationof all the propertynames.
Thishasbeenusedto implementacompleteexternaloperator
GUI andfor automatingFAA certi�cation tests.

Many taskswithin thesimulatorneedto only run periodi-
cally. Thesearetypically tasksthatcalculatevaluesthatdon't
changesigni�cantly in 1/60thof asecond,but insteadchange
noticeablyon theorderof seconds,minutes,or hours. Run-
ning thesetasksevery iterationwould needlessdegradeper-



Figure2: Panoramicscenery, con�guredby CurtOlson

formance. Instead,we would like to spreadtheseout over
time to minimizethe impactthey might have on framerates,
andminimizethechanceof pausesandhesitations.

We do this usingtheEventManagerandScheduler, which
consistsof two parts.The�rst partis simply a heapof regis-
teredeventsalongwith any managementinformationassoci-
atedwith thatevent. Thesecondpart is a run queue.When
eventsare triggered,they areplacedin the run queue. The
systemexecutesonly onependingevent per iteration in or-
der to balancethe load. Themanageralsoacquiresstatistics
abouteventexecutionsuchasthetotal timespentrunningthis
event,thequickestrun, theslowestrun,andthetotal number
of timesrun. Wecanoutputthelist of eventsalongwith these
statisticsin orderto determineif any of themareconsuming
anexcessive amountof time, or if thereis any chancethata
particulareventcould run slow enoughto beresponsiblefor
a perceivedhesitationor pausein the�o w of thesimulation.

FlightGearitself supportsthreadsfor parallel execution,
which distributes taskssuch as scenerymanagementover
many iterations,but someof the library dependenciesare
not themselvesthreadclean.Thusall accessesto non-thread-
cleanlibraries(suchasloadinga 3D model)needto bemade
by a singlethread,so thatotheractivities wishing to usethe
samelibrary mustbedelayed.Thesesmalldelayscanleadto
minoruser-visiblehesitations.

Simulator Execution

FlightGearis packagedby all major distributionsand most
otherstoo,sothatinstallationof pre-built binariescanusually
be completedin a few minutes. Almost all customization,
including addingnew aircraft and scenery, occursthrough
XML andthrougha structureddirectorytree.Mostuserscan
now simply usethe prepackageddistributedbinariesandno
longerneedto recompilethesimulatorto addnew features.

However, this is a rapidly changingprojectandnew func-
tionality is addedto the sourcecodeon an continuingba-
sis. If a userwishesto take advantageof a new capability
or function,whencustomizingthe simulationfor their indi-
vidual needs,that sourceversiondoesof courseneedto be

compiled.
Installing andrunningFlightGearis relatively easyunder

Linux, especiallycomparedto otheroperatingsystemswith
weaktool automation.

1. Install Linux normallyandtestInternetaccess.

2. Add video cardsupport,usinga maximumof 25% of
memoryfor the2D display, as3D usestheremainder.

3. EnablehardwareacceleratedOpenGLsupportand test
for speed,usingglTron[5] for example.

4. Install[2] PLIB 1.8 or above, which is alreadyin many
distributions,andtestwith all thesuppliedexamplesto
ensureall theAPI featuresareworking.

5. Verify thatheadersfor zlib andsimilar arepresent.

6. Download[6], compileandinstall SimGear.

7. While thatcompiles,downloadtheFlightGearsource.

8. With SimGearinstalled,compileandinstall FlightGear

9. While compiling,downloadFlightGear's basepackage.
Thiscontainsdata�les thatarerequiredat runtime.

10. Typerunfgfs andenjoy.

Startingfrom ablankharddrivewith nooperatingsystem,
FlightGearcanberunningin lessthananhour.

Simulating the Pilot' sview

The new FlightGearpilot will probablynot want to remain
within theSanFranciscobayarea,which is thesmallscenery
patchincludedin the Basepackage.The sceneryserver al-
lows the selectionand retrieval of any region of the world.
Joiningotherusersin thesky is anotherpossibility.

Dueto limited monitorsize,theview thatis availableona
normalcomputeris apoorsubstitutefor thewraparoundwin-
dowsof generalaviationaircraft.This is especiallytruewhen
thesimulatedaircrafthasanopencockpitandanunrestricted
view in almostall directions.

FlightGearcanmakeuseof multiplemonitorsto providea
nicerexternalview, possiblyevenwraparound,without spe-
cial cabling. The additionalcomputersand monitorsneed
not be dedicatedto this purpose. Oncethe commandlines
and �elds of view (relative to the pilot) for eachof the ad-
ditionalcomputershavebeenestablished,themaincomputer
will makethenecessarydataavailableirrespectiveof whether
thoseother computersare actually running FlightGear. In
consequence,eachof the additionalcomputerscan change
from a`cockpitwindow' to aof�ce softwareworkstation(for
someoneelse)and,whenavailableagain,rejoin the Flight-
Gearsimulationsession.



Figure3: Looking eastfrom MountSutro,just southof GoldenGatePark. Thesceneryshows theshoreline,variationsin land
usefrom scrublandonthehill andurbanbeyond,randomlyplacedtreesin thescrublandandbuildingsin theurbanarea,custom
createdadditionalobjectsfor thetower, downtown buildingsandtheBayBridge,andaninterstatefreeway. Thesky shows the
limited visibility dueto hazeandsomescatteredclouds.



FlightGearhasbuilt in supportfor network socket com-
municationandthe displaysynchronizingis built on top of
this support. FlightGearalsosupportsa null or do-nothing
�ight modelwhich expectsthe�ight modelparametersto be
updatedsomewhereelsein the code. Combiningthesetwo
featuresallowsyou to synchronizedisplays.

Hereis how CurtOlsonsetup theexamplein �gure 2:

1. Con�gure threenearidenticalcomputersandmonitors.

2. Pickoneof thecomputers(i.e. thecenterchannel)to be
themaster. Theleft andright will beslavess1 ands2.

3. Whenyou startrunfgfs on the master, usethecom-
mandline options
--native=socket,out,60,s1,5500,udp
--native=socket,out,60,s2,5500,udp
respectively to specifythatwe aresendingthe “native”
protocoloutof audpsocketchannelat60Hz, to aslave
machineonport5500.

4. Oneachslave computer, thecommandline option
--native=socket,in,60,,5500,udp shows
that we expectto receive the native protocolvia a udp
socketonport5500.Theoption --fdm=external
tells theslave not to run it' s own �ight modelmath,but
insteadreceive thevaluesfrom an“external” source.

5. You needto ensurethatthe�eld of view on thescenery
matchesthe apparentsize of the monitor to the pilot.
--fov=xx.x allowsyouto specifythe�eld of view in
degreesoneachcomputerdisplayindividually.

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 thenumberof slavesyou may
have. It wouldn't be too hardto implementa full 360o wrap
arounddisplayusing6 computersand6 projectors,eachcov-
ering60o �eld of view onacylindrical projectionscreen.Ide-
ally, themastercomputershouldbe chosento be whichever
visual channelhas the lightest graphical workload. This
might bethededicatedinstrumentpanel,for example.If the
mastercomputerhasa heavy graphicalworkload, the other
channelswill usuallylagoneframebehind.Selectthegraph-
ics realismparametersto ensurethat all the visual channels
consistentlyachieveasolid andconsistentframerate(30H z
for example)and, if your video card supportsit, lock the
buffer swapsto theverticalrefreshsignal.

For optimal results,make suretheFOV eachdisplaysub-
tends,matchesthe actualFOV that displaycoversfrom the
pilot's perspective. Fromthe top view, draw a line from the
pilot'seyeto eachedgeof thedisplay. Measuretheangleand

usethat for your visual channelcon�guration. Draw a line
from theeye to thecenterof thedisplay. Measuretheangle
from that line to thedeadcenterstraightaheadline. Usethat
anglefor theview offset.Thisensuresthatall objectsin your
simulatorwill beexactly life size.

Simulating the Air craft

Theaerodynamicsimulationmaybeonly oneconstituentof
the whole environmentbeingsimulatedfor the user, but its
performanceis critical to thequality of theuser's simulation
experience.Errorsin thisFlight DynamicsModel (FDM) are
distractingto thepilot. Othersimulatorcomponents,suchas
theautopilot,aredesignedto expecta realisticaircraft,may
respondincorrectly as a result of FDM errorsand provide
additionalpilot distractions.Thesefactorscanruin the im-
mersiveexperiencethattheuseris seeking.

As a resultof this concern,FlightGearabstractsall of the
codethat implementsan FDM behindanobjectorientedin-
terface.As futureapplications�nd thatexistingFDM choices
do not meettheir requirements,additionalFDM codecanbe
addedto theprojectwithout impactingtheconsistentperfor-
manceof existingapplications.

The original FlightGearFDM was LaRCsim, originally
modelingonly a Navion, which currently modelsa Cessna
172 usingdedicatedC sourcethat hasthe necessarycoef�-
cientshard coded. It is suf�cient for most �ight situations
thatapassengerwouldchooseto experiencein arealaircraft.
Unusualmaneuversthatareoftenintentionallyperformedfor
training purposesarepoorly modeled,including deepstalls,
incipientanddevelopedspinsandsteepturns.Thecodealso
supportsa Navion andaCherokee,to asimilar quality.

A researchgroup at the University of Illinois createda
derivative of LaRCsim,with simpli�ed themodelssuchthat
they are only really useful for cruise �ight regimes. They
enhancedthe codewith a parametriccapability, suchthat a
con�guration �le couldbeselectedat simulationstartto de-
terminehow the aircraft will �y . Their usefor this modi-
�cation was to investigatethe effect on aircraft handlingof
progressiveaccumulationsof ice.

Anothergroupis developingacompletelyparametricFDM
codebase,whereall the informationis retrievedfrom XML
format �les. Their JSBSimproject[7] canrun independently
of a full environmentalsimulation,to examineaerodynamic
handlingandotherbehavior. An abstractionlayer links the
objectenvironmentof FlightGearto the objectcollectionof
JSBSimto provide an integratedsystem.Amongmany oth-
ers,thisFDM supportstheCessna172andtheX-15 (aexperi-
mentalhypersonicrocketpropelledresearchvehicle),provid-
ing thecontrastbetweenanaircraftusedfor teachingstudent
pilots andanaircraft thatcouldonly be�o wn by trainedtest
pilots.

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



mation. This is especiallyvaluablewhen a new aircraft is
being addedinto FlightGear. Initially, thereis often insuf-
�cient public datafor a fully parametricmodel. This FDM
allows the aircraft to be madeavailableto the usercommu-
nity, therebyencouragingits usersto �nd sourcesof addi-
tionaldatathatwill improvethemodelquality.

The rest of FlightGear's con�guration �les are now also
XML, suchasthe enginemodels,the instrumentpanellay-
outsandinstrumentdesign,theHUD layout,theuserprefer-
encesandsaved state. The real bene�t of usingXML here
is that peoplewith no softwaredevelopmentexperiencecan
easilyandeffectively contribute. Pilots, instructors,mainte-
nancetechniciansand researcherseachhave in-depthtech-
nical knowledgeof how a speci�c subsystemof an aircraft,
andhencethesimulator, shouldbehave. It is critical thatwe
allow themdirectaccessto the internalsthatde�ne their re-
spective subsystem,without burdeningthemwith having to
dig throughothersubsystemdatato getthere.We havemade
hugeprogressonachieving this in thelasttwo years.

Simulating the Cockpit

In order to simulatethe cockpit environmentaroundthe pi-
lot, additionalinformationis includedfrom subsidiaryXML
�les. Theseincludea 3D modelof the cockpit interior, as-
sociationsof keyboardkeys to panelswitches,theinstrument
panellayoutandposition,visual representationsof the indi-
vidual instruments,mappingsbetweenjoystick channelsand
�ight controls,parametricdescriptionsof theheadupdisplay
elements,a 3D model of the aircraft exterior, animationof
moving aircraftsurfacesandotherreferencedata.

In the sameway that aircraft manufacturersreusemuch
of their designsandinstrumentsacrossproductlines, many
XML �les are includedby multiple aircraft models. Once
loaded,this informationis integratedinto thesimulation.

For example,onecanlook into the cockpit from outside,
asshown in �gure 4, andseethelive instrumentpanelindica-
tions.This is thesameexactinstrumentpanelbeingshown to
thepilot wheninsidethecockpit,demonstratingthatFlight-
Gearhasa fully working 3D animatedcockpit that is visible
from insideor out.

Someaircrafttypeshave`glasscockpit' displays,asshown
in �gure 7. The independentprojectOpenGC[8] is a multi-
platform, multi-simulator, open-sourcetool for developing
andimplementinghighqualityglasscockpitdisplaysfor sim-
ulated�ightdecks. Dueto theresolutionandsizelimitations
of computermonitors,theOpenGCimagesarebestonasep-
aratemonitorfrom FlightGear.

Theheadupdisplayof arealaircraftusescomputergener-
atedgraphics,so thesoftwarecangenerallydetect,andcor-
rect for, the �a ws and inaccuraciesin the sensorsthat are
feedingit data.As a result,the informationpresentedto the
pilot is generallyaccurate.Simulatingthat is relatively easy,

Figure4: Closeupof anA4 with theanimatedcockpitinterior

sincetheactualstateof theaircraft(in theproperties)canbe
retrievedanddirectly displayed.

An importantaspectof learningto �y anaircraft (without
computerassistance)is understandingwhat the limitations
anderrorsof thevariousinstrumentsare,andwhentheir in-
dicationscanbe trustedasuseful�ight data. Unfortunately,
the informationfrom panelinstrumentshaserrors,which in
generalonly readasinglesensorvaluewith negligiblecorrec-
tion for the limitations of thesensorsbeingused.Whenthe
FlightGearpaneladvancedfrom noerrorsto having only two
of thelimitationsimplemented(VSI lagandcompassturning
errors),thenon-pilotdeveloperswentfrom trivially �ying in-
strumentapproachesto frequentgroundimpacts.Many more
limitationshavebeenrealisticallyimplementedsince.

Considerableeffort is neededto write this code. Gyro-
scopescan slow down and wobble, their rotation axis can
drift, they canhit gimbal stopsandtumbleand their power
sourcecanbeweakor fail. Air-basedinstrumentsarewrong
in certainweatherconditions,tendnot to respondimmedi-
ately, can be blocked by rainwater in the lines, or become
unusablewhenicedover. Radionavigationis subjectto line-
of-sight,signalsbounceoff hills andbendnearlakeshoresor
whereanotheraircraft is in the way anddistantstationscan
interfere. Still moreerrorsareassociatedwith the magnetic
compass,andotherinstrumentsthatseem' trivial'.

Currently, thecommunicationradiosarenot implemented,
so thatpilots cannotusetheir microphoneinputsto interact.



Radiousageis a largepartof thecomplexity in operatingat
largeandbusyairports.Unfortunately, this oftenencourages
pilots to �y themicrophoneandforgetabouttheairplane,oc-
casionallywith disastrousresults.Wehopeto implementthis
featuresoon,to provide anothersourceof challengingdis-
tractionsto thepilot.

Although voice communicationbetweenpilots is not yet
supported,thereis an arti�cial intelligence(AI) subsystem
thatseeksto make theairspacefeel lessempty. This subsys-
temmovesotheraircraftaroundthesky asasourceof distrac-
tion, issuesATC style instructionsandresponses,andATIS
messages.Somewhatsurprisingly, everywherein theworld,
theATIS alwayshasa British accent.

Simulating the World

The purposeof theTerraGearproject[9] is to developopen-
sourcetools andrenderinglibrariesandcollect free datafor
building 3D representations(or maps)of the earth for use
in real time renderingprojects. Thereis muchfreely avail-
able GeographicInformationSystem(GIS) dataon the In-
ternet. Becausethecoredatafor FlightGearhasto be unre-
stricted,the default useof the projectonly usessourcedata
that doesn't imposerestrictionson derivative works. Three
categoriesof dataareused.

Digital Elevation Model (DEM) datais typically a setof
elevation pointson a regular grid. Currently, 30 arcsecond
(about 1km = 0:6mi ) data for the whole world, and 3
arcsecond(90m) data from the ShuttleRadarTopography
Mission (SRTM) for theUnitedStatesandEurasia,is avail-
ablefrom theU.S.GeologicalSurvey (USGS).Althoughthe
SRTM datawas originally recordedin February2000, the
signalprocessingby the JetPropulsionLaboratory(JPL) is
beingcontinuouslyimproved. Therecentreleaseswith even
�ner grids, including 1 arcsecond,would offer muchbetter
resolutionof landscapefeaturesbut still suffer from artifacts
aroundlarge buildings. Futureimprovementsin thesedata
sourcesarehopedfor.

Irrespective of which datasourceis selectedfor a given
area,anoptimizingalgorithmseeksto �nd thesmallestnum-
berof �at trianglesthatprovide a fairly smoothandrealistic
terrain contour. This algorithm reducesthe numberof tri-
anglesneedto renderan areawhile preservingall the detail
within somespeci�ederrortolerance.

Othermorespecializeddatasuchasairportbeacon,light-
houselocations,radio transmissiontowers and the like are
availablein listingsfrom variousgovernmentagencies.These
generallyprovide a shorttext descriptionof the item andits
geographiccoordinates.Thechallengeis to converteachen-
try into arealisticvisualobjectwhichcanbeinsertedinto the
scenerydatabase.

Polygonaldatasuchas landmassoutlines,lakes, islands,
ponds, urban areas,glaciers, land use and vegetationare
availablefrom the USGSandothersources.Unfortunately,

the land use data is many yearsold and thus may not be
currentwith a pilot's local real world knowledgeand this
is not expectedto changein the nearfuture. The GSHHS
databaseprovidesa highly detailedandaccurateglobal land
massdatasowe canmodelprecisecoastlines for theentire
world. Basedon the sourceof the dataandfactoringin the
landusedata,wecanselectanappropriatetexturewhichwill
be paintedonto the individual triangles. Wherenecessary,
trianglesaresubdivided to get the effect correct. Runways
andtaxiwaysaregeneratedby convertingthe list of runway
segmentsinto polygons,paintedwith appropriatesurfacetex-
tureandmarkings,andthenintegratedinto thesceneryin the
sameway.

Clearly, someonecangain accessto datasourcesthat are
under more restrictive licenses,use the TerraGearproject
tools to generateenhancedsceneryandthendistribute those
�les as they choose. Both the FlightGearand TerraGear
projectsencouragethiskind of enhancement,becausetheba-
sicopensourcepackagescannotdo this.

Thereis a trade-off betweenthequality of thesceneryand
the speedat which it canbe renderedby the graphicscard.
As cardsget faster, it becomesfeasibleto placemoredetail
into thescenerywhile maintainingausefulandsmoothvisual
effect. Therearemany techniquesfor adjustingthe level of
detailaccordingto thealtitudeandattitudeof theaircraft,to
optimize the visual quality, but noneof them are currently
implementedasthey causevisualartifacts.

Thescenerysystemaddstrees,buildings, lights (at night)
andotherobjects.Thechoiceof object,aswell asthecover-
agedensity, is determinedby thelandusedata.Theseobjects
arerelatively slow to displayin large quantities,so the user
musttradeoff thereductionin displayresponsivenessagainst
the improved cuesfor height,speedandunderlyingterrain.
Likeothersettings,thispropertymaybeadjustedin realtime.
Figure3 shows randomlyplacedbuildingsandtrees,with a
maximumrangeof abouthalf way to downtown SanFran-
cisco,togetherwith themanuallyplaceddowntown areaand
baybridge.

Airportshaverunwaysandtaxiwaysthatareautomatically
createdfromthebestavailableinformationto ensurethattheir
locations,dimensionsandmarkingscorrespondto real life.
This is not trivial, sincetherearedozensof different levels
of paintingcomplexity in use. This informationis alsoused
to determinethe patternof lighting, if any - sincesomeair-
portshavenolights,thatisshownatnightandduringtwilight.
Somelights aredirectional,multicolored,�ashing or arede-
�ned to have a speci�c relative brightness.Figure1 shows
thelights andmarkingsfor KSFO.

Currently, the visual effect is clearly synthetic,ascanbe
seenin �gures 3 and4, but it hassuf�cient information to
readily permit navigation by pilotage (i.e. comparingthe
view out of the window to a chart). The compresseddata
requiresaboutonekilobyte persquarekilometer. All the in-
formationinsidethe scenerydatabaseis arrangedin a four-



Figure5: World scenery

level hierarchy, eachlevel changingscaleby afactorbetween
10and100:

1. Oneplanet,currentlyonly theEarth

2. 10o � 10o rectangleasshown in �gure 5,

3. 1o � 1o � 70mi � 50mi = 100km � 60km,

4. 50mi 2 = 100km2 approximately.

Oneof the dif�culties facingthe TerraGeardevelopersis
that most information sourcesare only generatedat a na-
tional level. It is easyto justify writing specialcodeto read
andprocessdata�les for thelargesttencountries,sincethey
covermostof thelandsurfaceof theplanet,but thisapproach
rapidly reachesthepointof diminishingreturns.

Thereare alreadymany organizationsthat painstakingly
collectandtransformthedatainto standardizedformats,pre-
cisely for thesekinds of applications. However, the huge
amountof effort involved requiresthem to keepthe prices
extremelyhigh in orderto fund theconversions.Therefore,
in themediumterm,it is possiblethattheseorganizations(or
oneof their licensees)maystartsellingTerraGearcompatible
scenery�les that is derivedfrom their dataarchive. You can
expecta highpricetagfor suchreliabledatathough.

Downloading the World

The sceneryfor the entireworld currently requires3 DVD-
ROMs,which is a signi�cant downloadfor userswith broad-
bandaccessandanprohibitivebarrierfor dial upaccessusers.

It washopedthat someonewould getaroundto writing a
utility for on-demandstreamingof sceneryto the user, but
this hasn't happened.A signi�cant factoris that this stream-
ing realtime bandwidthis muchmoreexpensive to hostthan
the existing bulk retrieval. Money aside,it isn't a dif�cult
problem.

Supposewe considerthe pilot's viewpoint. Most general
aviationaircraftcruisebelow 200knotsand�ight visibility is
(in real life) usuallybelow 20 milesat their cruisealtitudes.
Thedatabaseusesaboutonemegabytefor 600squaremiles
sothepeakstreamingratewould be12 megabytes/hour, less
for areaspreviously visited. A 56K modemis easilycapable
of 12megabytes/hour.

Theutility for streamingscenerydownloaddoesnot need
to beintegratedinto thecoreFlightGearsourcecode.Thelat-
itudeandlongitudeof theaircraftarealreadyexportedfor use
by independentprograms,sothecenterof interestis trivially
available. Sincethesceneryis storedin 100km2 pieces,an
independentprogramneedonly generatea list of theclosest
elementsthathave notbeenfetchedyet,andissuea wget to
ensurethatthey will beavailablebeforetheaircraftgetsclose
enoughfor thepilot to seethem.

Simulating the Charts

Laptop/PDA applicationsfor usein �ight arebecomingin-
creasinglypopularwith light aircraftpilots, sincethey assist
in situationalawarenessand in managing�ight plan logs,
navigation data and route planning. While FlightMaster,
CoPilotandotherapplicationsarevaluabletools,it is danger-
ousfor pilots to usethemin anaircraftwithout �rst becoming
familiarwith theuserinterfaceandgainingsomepractice.

FlightGearoffersseveralspecialistinterfaces,oneof which
emitsa streamof NMEA compliantpositionreports(thefor-
matusedby GPSunits)to serialportor UDPsocket. Thiscan
be fed directly into oneof thoseapplications,which doesn't
notice that this isn't coming from a real GPS,enablingthe
userto practicerealistictasksin thecontext of thesimulated
aircraftandall therealisticworkloadof piloting.

Datathatis releasedinto thepublic domainis generallyof
reducedquality, or out of date,or doesnot give widespread
areacoverage.TheTerraGearsceneryfrom suchdatais ac-
tually wrong,comparedto therealworld, but generallyonly
in waysthatarevisuallyunobtrusiveto thecasualuser.

Theseerrorsaremuchmorevisible in electronicnaviga-
tion, such as neededfor instrument�ight, since the route
tolerancesareextremelytight. Navigatingthesimulatedair-
craft aroundimperfectsceneryaccordingto currentJeppe-
sen(or NOS,etc)charts(or electronicdatabases)canbeex-
tremelyfrustratingandoccasionallyimpossiblewhenapiece
of sceneryis in theway.

To avoid the frustration,the Atlas project[10] hasdevel-
opedsoftwarewhichautomaticallysynthesizesaviationstyle
chartsfrom theactualscenery�les anddatabasesbeingused
by FlightGear. Thesecharts,while inaccurateto the real
world and thereforeuselessfor �ight in an aircraft, areex-
tremelyaccuratefor thesimulatedworld in which theFlight-
Gearaircraftoperate.Thus,it is ofteneasiertomakeprintouts
from theMapprogramof theAtlas project.



Figure6: Atlas chartof SanFrancisco,California

Theprojectalsoincludesthenamesake Atlas application.
Thiscanbeusedfor browsingthosemapsandcanalsoaccept
the GPSpositionreportingfrom FlightGearin order to dis-
play aircraftcurrentlocationon a moving mapdisplay. This
capability must be usedselectively by the simulator pilot,
sincemostsmallaircraftdonothavebuilt in mapdisplays.

TheAtlas moving mapneednot runon thesamecomputer
asthesimulator, of course.It is especiallyvaluablerunning
ontheinstructor'sconsole,wherethepilot cannotseethepic-
ture,for gaugingthestudentperformanceat assignedtasks.

Simulating the Weather

Weatherconsistsof many factors. Someitems,suchasair
temperatureandpressure,areinvisible but have a strongef-
fect on aircraftperformance.Otheritems,suchassmoglay-
ering,havenoeffectontheaircraftor piloting dutiesbut con-
tributeto realism(in Los Angeles,for example).In between
theselimits aremany other items,suchaswind andcloud,
that mustbe simulatedin orderto reproducethe challenges
facing the aircraft andpilot. Somecomplex items,suchas
turbulence,affect thesimulationin many waysandarecapa-
bleof makingtheaircraftrealisticallyun�yable.

While FlightGearsupportsall theseitems,eachof which
canvary by location,altitudeandtime, leadingto the dif�-
culty of enablingtheuserto explain thedesiredcon�guration
without toomucheffort. Threemodesarecurrentlyavailable.

First,asinglesetof conditionscanbespeci�edonthecom-
mandlinewhichwill beappliedto theentireplanetanddonot
changeover time. This is very convenientfor shortduration

andtaskspeci�c uses,suchas�ying a singleinstrumentap-
proachfrom theIAF to theairport,wherethesametaskwill
recurfor eachsuccessivestudentsession.

Second,all theweathercon�gurationis accessiblethrough
thepropertydatabaseandsocanbetweakedby theinstructor
(for example).This is usefulfor trainingonweatherdecision
making,suchaschoosingbetweenVFR, SVFR,IFR during
deterioratingconditions.

Third, a backgroundthreadcan monitor currentweather
conditions from http://weather.noaa.gov for the
closeststation. This is usefulwhenconditionsmay be too
dangerousto �y into intentionally, yet thepilot seeksexperi-
encewith them. Suchtraining,oftenan opportunitywhena
training �ight is canceled,addressesthe situationwherethe
pilot had taken off beforethe weatherdeteriorated.Unfor-
tunately, thetransitionsin weatherconditionsarenecessarily
harshbecausethe of�cial weatherreportsmay be issuedas
infrequentlyasonceper hour. In any case,when�ying be-
tweenairports,thethreadmustatsomepointswitchfrom old
airport's reportto theoneahead.

Noneof thoseis the`correct'approach.All of themarees-
peciallysuitablefor speci�c situations.Otherweatherman-
agementapproachescanbequickly created,if needed,since
all the weathercon�guration parametersare propertiesand
thuscanbemanagedandmodi�ed acrossthenetwork from a
smallspecially-createdutility.

TheFlightGearenvironmentallighting modelseeksto of-
fer the best image that can be achieved with the limited
dynamicrangeof computermonitors. For dusk and night
�ights, asshown in the left sideof �gure 1, it is bestto use
a darkenedroomin orderthat thesubtledifferencesbetween
thedarkgraysandblackscanbeseen.

Applications for the Simulator

We have a wide rangeof peopleinterestedandparticipating
in this project. This is truly a globaleffort with contributors
from justabouteverycontinent.Interestsrangefrom building
arealistichomesimulatoroutold airplaneparts,to university
researchandinstructionaluse,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[11] to designaerialvehiclesthatcanoperatein the
atmosphereof otherplanets.

For thoseplanetsandmoonsthat supportan atmosphere
(e.g. Mars, Venus,Titan andJupiter),�ying robots,or aer-
obots,are likely to provide a practicalsolutionto the prob-
lem of extendedplanetarysurfacecoveragefor terrainmap-
pingandsurface/subsurfacecompositionsurveying. Not only



could suchdevices be usedfor suborbitalmappingof ter-
rain regions,but they could be usedto transportanddeploy
sciencepackagesor evenmicroroversat differentgeographi-
cally separatelandingsites.

The technologicalchallengesposedby planetaryaerobots
aresigni�cant. To investigatethisproblemthegroupis build-
ing a virtual environment to simulateautonomousaerobot
�ight.

TheNaSt3DGPcomputational�uid dynamics(CFD) soft-
ware packagegeneratesmeteorologicalconditions, which
are ' loaded' into the FlightGearsimulator to createrealis-
tic wind effectsactingupon an aerobotwhen �ying over a
giventerrain.Theterrainmodelusedby bothFlightGearand
NaSt3DGPis obtainedfrom theMGSMarsOrbiterLaserAl-
timeter(MOLA) instrument,andtheMarsClimateDatabase
(MCD) is usedto initialize theCFDsimulation.

University of Tennesseeat Chattanooga

UTC has beenusing Flightgearas the basisof a research
project startedin August,2001, with the goal of providing
the ChallengerCenterat the university (andhopefullyother
centersin thefuture)a low costvirtual reality computersim-
ulation.

The project is using �ightgear and JSBSim,speci�cally
the shuttlemodule, to develop a shuttle landing simulator.
They areaiming to contribute instructions,on how to inter-
face their virtual reality hardware with Flightgear, back to
the OS community. The project is fundedby the Wolf Avi-
ation Foundation[12]. Dr. Andy Novobiliski is headingthe
researchproject.

ARINC

Todd Moyer of ARINC usedFlightGearaspart of an effort
to test andevaluateFlight ManagementComputeravionics
andthe correspondinggroundsystems.Certaincapabilities
of theFlight ManagementComputerareonly availablewhen
airborne,which is determinedby theFMC accordingto data
it receivesfrom GPSandINS sensors.

They wrote additionalsoftwarethat translatesthe NMEA
outputof FlightGear(including latitude,longitude,andalti-
tude)into theARINC 429datawordsusedby GPSandINS
sensors.Thesedatawordsarefed to theFlight Management
Computer. thepositioninformationfrom FlightGearis real-
istic enoughto convincetheFMC that it is actuallyairborne,
andallowsARINC to testentire`�ights' with theavionics.

MSimulation

MarcusBauerandothersworkedon a simulatorcockpiten-
vironmentusingFlightGearasthesoftwareengineto drivea
realcockpit,includingthreecockpitcomputers.

SpaceIsland

SpaceIsland[13] SpaceIsland are using FlightGearas the
software for a moving cockpit entertainmentsimulatorthat
supportsboth�ight andspaceenvironments.

Other applications

Many applicationsstartedusingFlightGearyearsago:

1. Universityof Illinois at UrbanaChampaign.FlightGear
is providing a platformfor icing researchfor theSmart
Icing SystemsProject[14].

2. SimonFraserUniversity, British ColumbiaCanada.Por-
tions of FlightGearwereusedin simulationto develop
theneededcontrolalgorithmsfor anautonomousaerial
vehicle.

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

4. Universityof Minnesota- HumanFactorsResearchLab.
FlightGearbrings new life to an old Agwagonsingle
seat,singleenginesimulator.

5. AeronauticalDevelopmentAgency, BangaloreIndia.
FlightGearis usedasastheimagegeneratorfor a �ight
simulation facility for piloted evaluation of ski-jump
launchandarrestedrecovery of a �ghter aircraft from
anaircraftcarrier.

6. VeridianEngineeringDivision,Buffalo,NY. FlightGear
is usedfor thesceneryandout-the-window view for the
Genesis3000�ight simulator.

Con�guration User Interfaces

Scripting languagessuchasPythonandPerl usea wrapper
API for thenetwork interface,hiding theprotocolandoper-
ating system.This approachenablesinstructorinterfacesto
bedevelopedin accordancewith regulatoryrequirementsand
quickly customizedto meetspeci�c localneeds.

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 addressedbeforeauthorities
canapproveasystem.



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

2. Doesthesoftwareprovide a forwardview that is repre-
sentative for thedesiredtrainingenvironment?

3. Are the instrumentsdrawn suchthat a pilot caneasily
readandinterpretthemasusual?Do they have thesys-
tematicerrorsthatoftencauseaccidents?

4. Are thecockpitswitchesandknobsintuitive to operate?

5. Operatingwithin the limited envelopeof �ight con�g-
urationsthat is appliedto the training activity, doesit
matchthemanufacturer'sdatafor aircraftperformance?

6. Are weathersettingsaccessibleto theinstructorandsuf-
�ciently intuitive thatthey canchangethemquickly?

7. Are thereeasymechanismsfor causingtheaccuratesim-
ulationof systemfailuresandbrokeninstruments?

8. Canthepilot conductnormal interactionswith air traf-
�c control?Cantheinstructoreasilydeterminewhether
thepilot is complyingwith thecontrol instructionsand
recorderrorsfor subsequentreview?

9. Is thepilot'smanualfor thesimulatorsimilar in content
andarrangementto thatof theaircraftbeingrepresented,
suchthatit canreadilybeusedin �ight by thepilot?

10. Canall maneuversbeperformedin thesameway?

In that (partial) list of concerns,the quality of the actual
�ight simulation(which is really what FlightGearis offer-
ing) is aminortopicandandacceptableperformanceis easily
achieved.In contrast,a largepackageof documentationmust
beaddedto thesoftwareto explain andteachpeoplehow to
useit correctly. Thishasled to a numberof separateprojects
whosegoalsareto meetor exceedthe standardscreatedby
theUnitedStatesFederalAviationAdministration(FAA).

It is easyto suggestthat the FAA is being unrealisticin
requiringthis documentation,but they arerespondingto im-
portanttraitsin humannaturethatwon't goawayjustbecause
they' re inconvenient.

For example, the things learnt �rst leave an almostun-
shakeable impressionand, at times of severe stress,will
over-rule later training. Thus,any falseimpressionsthatare
learnedby abeginningstudentthroughusingasimulatorwill
tendto remainhiddenuntil adangerousandpotentiallylethal
situationis encountered,at which time the pilot may react
wrongly anddie. Pilots who usea simulatoron an ongoing
basisto honetheir skills will get an excessively optimistic
opinion of their skills, if the simulatoris too easyto �y or

Figure7: Exampledisplayfrom theOpenGC[8] project

doesnot exhibit common�a ws. As a result, they will will-
ingly �y into situationsthatarein practicebeyondtheir skill
pro�ciency andbeat risk.

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

What' s in the futur e?

In many areasof theproject,thesourcecodeis stableandany
ongoingprogrammingrarely affects the interfacesusedby
XML �les. Themajority of thecurrentdevelopereffort cen-
tersaroundthecraftingof nicelooking3D aircraft,animating
theircontrolsurfaces,synthesizingappropriatesoundeffects,
implementinganinteractivecockpit,andaddingdetail to the
aerodynamicsparameters.The aerodynamicmodelsarenot
(yet) accurateenoughfor usein all �ight situations,so they
don't re�ect thechallengesandexcitementof acrobaticma-
neuvering.

Surroundprojectors,headmounteddisplays,directional
soundand cockpit motion are rapidly converging into con-
sumertechnologies.Maybewecanimmersetheuserssowell
that they �y conservatively becausethey forget that they' re
not in realdanger.

Aircraft wake is invisible, canlast � ve minutes,descends
slowly or spreadsacrosstheground,is blown aroundby the
wind andis extremelydangerousto following aircraft. A fu-
ture extensionto fgd could keeptrack of the hundredsof
milesof wake trails in a givenareaandnotify individual air-
craftwhenthey areencounteringinvisiblesevereturbulence.

Replicationandscalabilityis only startingto take hold in
the desktopenvironment. A room of several hundredcom-
putersactingasX terminalsfor word processingcanreboot
and, within a coupleof minutes,all be running FlightGear
identically. They'rereadyfor thenext classof studentpilots.



Conclusions

On the surface,FlightGearis a simpleOpenSourceproject
thatbuildsonmany existingprojectsin thecommunitytradi-
tions. Due to thesubjectit addresses,many issuesandcon-
cernsareraisedthat rarely inconveniencemostotherproject
teams.Theseelementsareproviding theexciting challenges
andvarietyof associatedactivities thatthedeveloperteamis
enjoying.
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