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Abstract

With the traffic densityaugmentation,the importance
of surfacemovementson the airport runwaysand in their
neighbourhoodis alwaysincreasing. Theprobabilityof col-
lision, andnear-collision in this areais alsogettinghigher.
Mostof thenationalcivil aviationagenciestake part in the
SMGCSprojectto improvesafetywhileaircraftsland,take-
off on runwaysor simplyrun on taxiways. An experiment
is performedat this timeon the two mainFrench airports,
using an expert-systemwith real-timeabilities to prevent
themfrom dangeroussituations.We useda pragmaticap-
proach to the problem,settingmore focuson effectiveim-
plementationand operational featuresthan on truly intel-
ligent capabilitiesof the knowledge baseprocessing. The
expert-systemhasbeenbuilt after several previousexperi-
mentswith the help of Air Traffic Controllers from several
airports. Theknowledgebaseis analysedandcompiledfirst
in order to provideanefficientsystem,ableto copewith the
deadlinesof real-timerequirements.Thereal-timefeatures
of thesystemhavebeenverified,andthepresentexperiment
will validatethelogical aspectof theknowledgebaseacting
onreal operationaldata.

�
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1. Intr oduction

We will introduce,in this paper, anexperimentrunning
atpresentattheRoissy-Charles-de-GaulleandOrly airports
(Paris,France).Theaim of this projectis theimprovement
of thesafetyontheairportsrunways,andin theirneighbour-
hood,especiallyduringlandingandtakeoff phases.Several
previous experimentsled us to usetechnicsderiving from
Artificial IntelligenceScience,in orderto detectpotentially
dangeroussituations,andwarntheair controllersin thenick
of time.

We will first presentthe needsfor runways safetyim-
provement,andtheintegrationof thisproblemin theworld-
wide SMGCS project (Surface MovementGuidanceand
Control System). Then we will deal with the historical
backgroundof our project, and the previous experiments.
Finally, we will detail thepresentexperiment,thearchitec-
tureof theactualsystem,andthefirst validationresults.

2. The needfor runways safetyimpr ovement

The most critical phasesduring an aircraft flight are
takeoff and landingprocesses.Becauseof traffic density,
anddependenciesto visibility conditions,pilotsanddrivers
needa reliableassistancefrom thesurfacecontrollers.Be-
causeof increasingnumberof simultaneousevents,dueto
traffic augmentation,thework of theAir Traffic Controllers
get moreandmoredifficult, increasingthe probability for
errorsandmistake [7].

In theUSA, astatisticalanalysisof F.A.A. (FederalAvi-
ationAdministration)data,from 1975through1989,shows



thatsurfacecollisionsoccuredthreetimesasoftenasthose
in midair. [21] One of the worst disasterin aviation his-
tory tookplaceontherunwayof TenerifeAirport, onMarch
1977,with thecollisionof two Boeing747,killing 583per-
sons. FAA statisticsalsoshows that while actualrunway
collisionsdon’t happenoften,thereareanincreasingnum-
berof near-collisions.

The main problemis the increasingnumberof runway
incursions[20]. In orderto avoid runway intrusion,ICAO
(InternationalCivil Aviation Organization)definesa gen-
eralframework to helptaxiing on theairports.This system
is calledSMGCS(SurfaceMovementGuidanceandCon-
trol System)andis widely developpedon internationalair-
ports [11]. The SMGCSfeaturesincludespaintedmarks,
signs,stopbar light... A lot of nationalcivil aviation agen-
cies tries to extend SMGCSfeatures,especiallyfor auto-
maticdetectionof runwaysincursion,in orderto warnsur-
facecontrollers.

3. Historical background of our project
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In 1987,ADP (AéroportsdeParis— Airports of Paris)
decidedto begin astudywhichpreliminaryaimwasthede-
tection of runways incursions. This project called SAL-
ADIN (Systemed’Aide à LA Détection d’INtrusion —
Helping systemfor intrusiondetection). set focus on de-
tectionandlocalizationof any mobile — aircraft or vehi-
cle — in the neighbourhoodof the runways. The prob-
lematthistimewasdistinctionbetweenauthorizedmobiles,
which havereceivedclearancefrom thecontrollersto enter
therunway, andunauthorizedintrus.

With thehelpof surfacecontrollersaminimalsetof rules
hasbeendefinedto identify unauthorizedmobilesandtrig-
geranalarm.Thepotentiallydangeroussituationswerede-
scribedwith the formalismof productionrulesbecauseof
the ability of this declarative knowledgeto be understood
by noncomputerspecialistsespeciallytheAir Traffic Con-
trollers.At thispoint,we didn’t think thatanexpertsystem
would have beennecessary, thenumberof rules(about30)
allowing a classicalprogrammingapproach.A first proto-
typeof thekernelof SALADIN wasdevelopped,andtested
on simulateddatacomingfrom ideal perfectsensors.The
prototypewaslimited to a singlerunway.
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The first prototypeworked fine with ideal information
aboutpositionsof eachmobilesin theneighbourhoodof in-
dependantrunways.But thisfirst setof ruleswaspoorwith
global airport traffic suchlike Orly platform with crossed
runways(runways2 and3, seefigure2).

In 1989,a refinementof the ruleswasdone,leadingto
a bigger base,which neededa real expert systemkernel,
build at this time in Prolog. While the first knowledge
basewere only < order predicates,for example ”an air-
craft land on runways”, or ”a vehicle in the 90 meterar-
ea”, thesecondsetof rules(about100)reliedupon = order
rules, using variablessuch like ”landing on runway (air-
craft, runway)”, ”in 90 meterarea(vehicle, runway)” or
”in front of (aircraft,vehicle)”.

A secondphaseof testshasbeenrunwith simulatedideal
data,takingaccountof thewholeairport,includingcrossed
runways.
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The secondset of rules was validatedby the air con-
trollers, but we had in 1993 to set focus on the real-time
aspectof the project. The deadlinereactiontime wasde-
cidedto beonesecondbetweendataacquisitionandalarm
trigering. The first systembuilt in Prologwasratherfast,
but with backwardchainingusedat this time, we couldn’t
controlpreciselythemaximalreactiondelayof thesystem.
We decidedat this time to built our own inferenceengine
usingonly manuallycompiledrules,in orderto besureof
themaximaldelayfor alarmtrigering.

The secondsystemwas built in C++ using a forward
chainingprocess,in which the selectionand orderingof
the rules was fixed at compile time. The resultsallowed
us to validatethe timing aspectof the system. The input
datawerestill simulated,but they werecloserof real data
format,andcomefrom a graphicsimulatorthrougha serial
link, with samerythm thanrealavailableinformation. Ob-
viously the problemwith a manuallycompiledknowledge
basewasthedifficulty to modify therules,andto besureat
eachmodificationthatwe hadnot insertedloop.

Simultaneously, an adaptationof the setof rules to the
Toulouse-BlagnacAirport hasbeenconductedby ENACin-
geneers[10], thusproving theportabilityof thebasicalrule
setto any otherairports.They alsohaveshown thatanacci-
dentsuchasthoseof Tenerifewouldhavebeendetectedby
theknowledgebase,allowing theAir Controllersto acton
oneof thetwo boeingsto avoid collision,or at leastreduce
theimpactspeed.
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In 1995,ourpresentprojectbegun,with two mainfocus:
usingrealinformationcomingfrom externalsensors(radar,
radio-localizationsystems,flight plan databases,...) and
allowing easymodificationsin the knowledgebasewhile
keepingreal-timecomputingfeatures.
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In orderto allow easymodificationsin therule base,we
designeda simple languageto expressrules, and built a
compilerwich translatetheserules in C procedures.The
rulesorderingandanalysisis performedatcompiletime, in
orderto eliminateany risk of loop in the reasonning.The
compilationgivesa setof C sourcefiles, readyto becom-
piled and linked with all the dataacquisitionand prepro-
cessingmodules.

Thisprojectwill bedetailedin thenext section.Wehave
alreadytestedintensively thecompiler, thedataacquisition
module,andtheglobal featuresof thesystem.Thepresent
experimentswill validatetheknowledgebaseof thesystem
(about150rules)with realdata.

4. Presentationof our system
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The expert systemis integratedin a global systemin-
cludinga lot of differenttasks(Fig 1).

First a dataacquisitionis performedfrom severalredun-
dantsourcesallowing mobile localization(terminalradars,
surfaceradar, radio-positioningsystem). Then thesedata
areprocessedtogetherwith informationcomingfrom other
sources(flight plans,...)to performa datafusionwhich de-
liversethernetframesincluding identity, position,status,...
concerningevery mobileson the airport andevery planes
in approach.The framesaresentusinga specificcategory
[14] includedin thegeneralAsterix europeanprotocol[8].
Thesedataarereceivedby HMI (human-machineinterface)
system,displayingall the syntheticalinformation for the
controllers.

Simultaneously, the expert system receives and pro-
cessesthe ethernetframescoming from the Data Fusion
Unit, themeteorologicaldataconcerningtherunways,and
informationaboutstop-barsandlightning systemsin order
to sendalarmor simplewarningmessagesto theHMI sys-
tem. At presentthealarmsandwarningsarenot displayed
by the HMI system,andarejust displayedon anotherter-
minal, but the effective integrationof alarmmessageswill
bedonesoon.

A studyasbeenperformedby ENAC engineers[10] to
optimizetheway to displayalarmsespeciallyin thecaseof
severalsimultaneousalarmmessages.

Theoperationalspecificationsof Saladin[1] tell thatthe
systemmustbeableto supervise200mobiles,with amaxi-
mal response-timedelayof 1 second.Theprobabilityof ac-
cidentcausedby thesystemmustbelower than =`<ba5c . The
systemmustbeup24hoursadaywith annualdisponibility
rateover d�dQegf�h .

METEO

EXPERT
SYSTEM

Ethernet
L.A.N

lightning systems
stop bars

...

BOREAL

radio-positioning
system

for vehicules

SYLETRACK

CAPEX
airport database

flight plan 
...

DFU
Data Fusion Unit

HMI
Displays

RDPS
radar data

processing system

surface movement
radar

SMR

Figure 1. Overview of the whole system.
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The aim of the project was to improve the safety on
therunways,in their neighbourhoods,andduringfinal ap-
proaches.Sowe limited the influenceof theexpertsystem
to anareaof 150metersaroundtherunways,andto thelast
10 NM (18 km) of approachestrajectories.Theneighbour-
hoodareaarerepresentedwith dashedlineson figure2.

We have have defineda minimal setof dataneededto
detectpotentialdangers.Thesedatainclude:

m Positionof eachmobile on the supervisedarea. The
requiredprecisionis about50 metersduring final ap-
proaches,andabout5 meterson theground.

m Speedof themobiles.A realinstantaneousspeedvalue
would be very usefull, but is rarely available. Indeed
weusegenerallyacalculatedvalueof speed,usingthe
lastpositionsof themobiles.

m Nature of the mobile (aircraft, helicopter, cars, or
”unidentified”). The unidentifiedmobilesare for ex-
ampletechnicalvehicleswhich arenot equipedwith
radio-positioningsystem. Thesevehiclesare not al-
lowedto circulatein neighbourhoodof arunwaywhen
this runway is in use.

m Eventuallywe usesomeadditional information (like
accelerationto determinepull-upoccurence).

Theknowledgebaseof theexpertsystemincludesabout
150rules,andmaybedividedin threegroupseachcontain-
ing about50 rules.

m First, thereist a setof rulesto analysethe datacom-
ing from ethernetframes, in order to completethe
information concerningeach mobiles. Theserules
are not concernedby the air controllers expertise,
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but it’s importantthat this technicalknowledgeis ex-
pressedin a declarative form, to allow easymodifi-
cationof the vision of the expert system. An exam-
ple of sucha rules is ” if (mobile . main datasource
= SMR RADAR) and (mobile . correlationsources
= SMR AND SYLETRACK) thenmobile . nature=
VEHICLE”

m The secondkind of rulesare thoseallowing an anal-
yse of global situationsby incorporatinglocal infor-
mationaboutmobiles. Theserulesconcernethe sta-
tusof therunways,thekind of movementdoneby the
aircraft(landing,taxiing, taking-off), andrelationsbe-
tweenseveralaircrafts(landing-after, ...). For example
sucha rule could be: ” if is landing (aircraft 1, run-
way) and in final approach(aircraft 2, runway) and
(aircraft 1 . Qfu = aircraft 2 . Qfu) and (aircraft 1 .
Speedn 5 ) and(distancefrom offset(aircraft 1, run-
way) n 2500)and (runway . meteo= METEO FOR -
LAND AFTER) and (runway . status= DRY) then
is landingafter(aircraft 2, aircraft 1, runway)”

m Thethird groupincludestherulesdeterminingdanger
occurenceson therunways,neighbourhooodandfinal
appproaches.Theseruleshavebeentotally definedby
the air controllersandareobviously the main expert
partof theknowledgebase.Oneof theserulescouldbe
” if is landing(aircraft,runway)and in 90 m area(ve-
hicle, runway) and in front of (aircraft, vehicle) then
alarm(1, aircraft,vehicle,runway)” This specificrule
seemsto be obvious, but most of them are not, es-
peciallythoseincludingseveralaircraftlanding/taking
off on differentrunways.

As it canbeseenabove, the rulesinclude = orderpred-
icateswith variables.A carefullanalysisof theknowledge
baseafter definition by the air controllersshowed us two
importantpoints:
m Eachsecond,westartwith someknown facts,deduced

from the ethernetframeswhich areprocessedby the
first set of rules to have a correctview of eachmo-
bile, thenwe canapply thesecondsetof rules,build-
ing aglobalappreciationof thesituationontheairport,
andfinally we canperformthe last deductionsabout
eventuallydangerousevents,with thethird setof rules.
Thisstructureledusto usea forwardchainingsystem,
applyingeachof the selectedrulesto performa satu-
rationof theknowledgebase.

m In eachof thethreegroupsof rules,wesaw thatwecan
totally avoid loops. This meansthatwe could formu-
late all the knowledgeto avoid any situationlike two
rules” if A and B thenC” and” if C and D thenA”.
Thispointhasbeenvery importantduringtheanalysis
of thereal-timeaspectof theproject.

Runway 2

Runway 3

Runway 4

(Runway 1 is no more in use)

Figure 2. Runways of the Orly Airport
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Thereal-timeaspectof thesystemimpliessomespecific
adaptationsof classicalknowledgebasedtechnics.A real-
time systemhasto respectpredefineddeadlinesduringhis
computations[19]. Moreover for A.I. basedreal-timesys-
tems,themainrequirementis not a fastcomputation,but a
predicabilyfastsystem.We will first setfocuson the”f ast”
aspect,thenon the”predicably”aspectof thesystem[17].

Several options are allowed to incorporateA.I. tools
within a real-timesystem[4][9][18], andwe choosedwhat
seemedto be the easiestway: reducing the AI perfor-
mances,while keepingall thetasksof thesearchundertim-
ing deadlines.

To do this we have first decidedto compileall therules
of theknowledgebaseinto efficientC procedures.Webuild
a compilerusingclassicalUnix tools (Lex andYacc)[15].
The compiler take a knowledgebaseexpressedassimple
declarative statements,and producea C sourcecode for
eachrules (seefigure 3). The output sourcecode is de-
signedto be human-readable[3] [13], in order to validate
thecompilerfeatures.

The knowledge baseusesa simple object representa-
tion (no inheritance)for the main conceptsof the expert
domain(aircraft, vehicule,runways,...). Somepredicates
aredirectly providedeachsecondto thesystemby thepre-
processingof the data(for example”in 150 m area(FLY-
CO 8, RUNWAY 4)”), while the othersarededucedfrom
therules.

Somepredicatesare just internal representationof the
situation (for example ”has just landed (AF1415, RUN-
WAY 3)”, and some othersare used for interfacing the
knowledgebasewith theexternalworld (”alarm (CASE 5,
RUNWAY 3, FLYCO 8)”). This predicatesareusedto call
external C proceduresprovided in a library, and perform
desiredactions(in this casesendan alarmmessageto the
controller).

Symetrically, thereis a way to incorporatein the rules
theresultsof someexternalC functionsfor severalpurposes

4



Data Acquisition
Preprocessing

. . .

Other modules

Executable file
Expert System

External Library
Functions/Procedures

C source code
Rules

Knowledge Base

Rules Compiler Rules Processor

Linker

Inference Engine
C source code

Figure 3. Expert system compilation.

(providingmathematicalcomputation,acquieringdatafrom
futureexternalsources,...).

Finally wehaveasetof C procedures,eachof themcor-
respondingto aninitial rule.
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The secondimportantpoint in our systemwasto avoid
any loop in thereasonningprocess,this meansbeeingable
to provideknowledgebasesaturationeachsecond,with one
passover the setof rules. We hadto dramaticalylimit the
possibilitiesof theexpertsystem[12], but it wasnecessary
to guaranteepredicabilityof thetiming behavior.

After analysingthe setof rulesdefinedby the air con-
trollers, we decidedthat the systemwill not acceptthat a
rule using a predicate”X” (or the value of an object at-
tribute)to producea predicate”Y”, coexistswith a rule us-
ing the”Y” predicateto produce”X”. We alsoensurethat
thissituationcouldnot appearthrougha chainof rules.

This meansthat all the rule basecanbe representedby
a graphwhosenodesarethepredicates(or objectattributes
setting),andwhoseedgesarethe rules. The graphis lay-
ered,andthe edgescanonly be usedin a bottom-upway.
Thebottomlevel of nodesis constituedfrom basicalpred-
icatesand mobile attributes valueswhich are set during
theacquisitionandpreprocessingof data,the intermediate
levels contain the internal predicatesusedfor knowledge
expression,and the upperlevel containsthe outputpredi-
cates,in our casetrigering of alarmmessagesor informa-
tion warnings.

One must not forget that the nodesof this graphsrep-
resentpredicatesacting on variableobjects,and not only
propositionalpredicates. Otherwisea connectionistap-
proachwould probablyhave beenmore indicatedfor the
problem.

While compilingtherule base,thesystemalsoanalyses
the graph,eventuallyabortingcompilationif loopspossi-
bilities occurs.Thenit canorderthe rulesin the bestway
to producesaturationof the knowledgebasein one pass.
Optionally it cando optimization,by avoiding thetestof a
whole setof rulesif it reliesuponinternalpredicatespro-
ducedby asetof rulesthathaveall failed.

The complexity of eachrule dependson the numberof
variablesusedin its declarationand is generaly q"r>s�t or
q"r>sluvt , s beeingthe numberof mobilesin the supervised
area.With aone-passprocessingof therulebase,thewhole
systemkeepsrunningundera polynomialcomplexity.

5. First results

The first testphaseset focuson the computationalfea-
turesof thesystem.We hadto verify the functionalitiesof
the compiler, the effectsof rule ordering,andthe correct-
nessof theothermodules(dataacquisition,preprocessing,
alarmmessagetransmission...).Then we ensurethe real-
time aspectrunningthesystemwith thewholesetof rules
andanaverageloadof theairporttraffic.

Thisresultsshowsusthatthecomputationalaspectof the
expertsystemwassatisfying. The responsetime is clearly
undertheoneseconddeadline.Thesystemhasbeentested
on a i486DX4/100computerrunningunderLinux wbx <_x < .

Thesecondtestphasesetfocuson therulebase,andim-
provesthesetof rulesin orderto copewith realdata.This
phaseis runningat present. We have alreadydefinedthe
rulesof the first group(thosewho processincomingdata
to computelocal informationaboutmobiles). The second
groupof rulesstill needssomerefinement,in orderto avoid
someproblemwith noisy information(echo,doubleposi-
tioning of mobiles,delaywith datacoming from primary
radar).Thethirdgroup(dangeroussituationsdetection)will
bevalidatedandenhancedwith thehelpof air controllers.

In orderto validatecompletelytherulebase,weareactu-
ally building a systemwhich allows recordingof real-data,
andeditionof thisdatato addfor examplesimulatedtrajec-
torieswithin therealsituation.This systemwill alsoallow
the validationof the real-timeaspectof the expert system
with a maximalloadof theairporttraffic.

One of the main requirementsfor the expert systemis
to maintaina very low rateof falsealarm,while keeping
dangerdetectionashigh aspossible.This is a majorneed
to obtaina realcredibility for thesystemwith adaily usein
operationalenvironment.
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Someenhancementswe can foreseeconcernfinal ap-
proachesprocessing(whentheaircraftis doingbayonetfor
example),andsomedynamicalanticipationof movements
on taxiways.
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