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Abstract
This paperprovidesan overview of literature on visual perceptionfor positionand motionawarenessin

general, and focuseson the visual inputsusedby humanpilots for landing aircraft in particular. General
introductionsare givenon the backgroundof manualaircraft landing and on depthand motionperception.
These�elds are thenbroughttogetherin a discussionof visualcuesavailableduring aircraft landing. Visual
thresholdsandvisualillusionsarediscussedandsubsequentlyusedto testthelikelinessthat thecuesproposed
in literatureareactuallyusedbypilots.
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1. Background
The�nal phasesof aircraft landingarevery demandingfor thepilot andcritical in termsof both time and

safety. Notwithstandingthegrowing capabilitiesof automatedlandingcontrolsystems,mostlandingsarestill
performedmanuallybecauseautomatedsystemsimposestrict requirementson the aircraft, airport, weather
andcrew andapartfrom thatpilots preferbeingin controlandseea goodlandingasthe`cherryon thecake'
after a long and boring cruise�ight[ 1, priv.comm.]. Moreover, pilots will have to keeppracticingmanual
landingsto beableto properlysupervisetheautomatedsystemanddealwith emergency situations.Finally,
researchhasshown thatmanuallandingsgenerallyresultin alowersinkrateat touchdown [2] whichincreases
passengercomfort.All together, therearemany reasonswhy manuallandingcontroldeservesacloserlook.

Duringamanuallandingthepilot cannotallot timefor readingoutall instruments,andthereforemustobtain
almostall informationfrom theview hehasthroughthecockpitwindows. Only occasionallywill hebeable
to cross-checka few parameters,mainly airspeed,altitudeanddescendrate[3–6]1. The pilot makescontrol
adjustmentsto keepaconstant3� descendpath(`glide', Fig.1) andto keeptheaircraftalignedwith therunway
usingvisual information. Also the initiation andexecutionof the `�are' maneuver — a slight lifting of the
aircraftnosein orderto decreasedescendrateandto landon themaingear�rst — arebasedon visual inputs
[7, 8]. The�are hasto beperformedonly a few secondsbeforetouchdown andis critical becausea too lateor
to soft �are will resultin a hardlanding(which is badfor thelandinggearandfor passengercomfort)or even
a crash,while a too earlyor too strong�are mayleadto `�oating' over therunway (leaving too little runway
lengthfor breaking)or evenmissingtherunwayatall andgoingbackinto theair.

Learningproperlandingcontrol is the mostdif�cult and time consumingpart of pilot training [7–9], as
the studenthasto develop a mentalpictureof `what looks right'. At the sametime it is very dif�cult for
instructorsto expresswhatwaswrongwith a landingor approach,or how it shouldbechanged.Evenwhen
oneknows how to useall visual input effectively, picturesmay be deceiving, andeven highly experienced
pilotsarevulnerableto visualillusions(see§4.3).

The goal of this researchis to identify which elementsin the visual �eld experiencedpilots useto make
smoothandsoft landingsundervarying conditions. Suchinsightscanbe taughtto traineesandanalysisof
pilotscouldbehelpful to givespeci�c feedback,which is thoughtto greatlyimprove learningef�ciency [7, 8].
Knowledgeof theuseof visualcuesby pilots canalsohelp �nding out why andwhenoptical illusionsarise
andhow pilots canbe trainedto recognizeor avoid them. Apart from applicationsin training, the usesfor
this knowledgerangefrom human-machineinteractionoptimizationto improving the effectivenessof �ight
simulatortraining.

Althoughthis researchprojectis focussingon largepassengerjet aircraft(especiallytheBoeing767),most
conceptsdiscussedapply to aircraft landingin generalandvariouscar driving researchis closelyrelatedas
well [10–17]. To maintaina wide scope,this paperwill �rst discusssomebasicsof visualdepthandmotion

1 Note that in large jet aircraft altitude and sink rate information can be obtainedfrom the `Radio Altitude Call-outs', i.e., an
automatedvoicecalling `100', `50', `30', `20', `10' at therespective altitudesin feet. Thespeedat which thecalls follow up on
eachothergivesinformationaboutthesink rate.
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Figure 1: In the�nal approach to landing, thepilot pitchesup to arrestsinkrateandland softlyon themain
gear. Thismaneuveris calledthe�ar e.

perceptionin sections2 and3 respectively. Section4 will thenzoomin on visual cuesspeci�c to aircraft
landing.

2. Visual Depth Perception
For propercontrolof ourmovements,spatialawarenessis indispensable.Therefore,visualdepthperception

lies on the basisof researchinto humanguidanceandcontrol of vehicularmovement. As the term `depth'
maybeconfusing,I will de�ne it hereloselyasa relative or unscaleddistancebetweenobjectsin the radial
directionfrom theobserver. WhenI talk aboutthedistancebetweenanobserver (aircraftpilot) andtheground
surface,I will referto it as`altitude' ratherthan`depth'. Althoughstrictly speakingdepthcannotbeobserved
(only objectslocatedin depthcan),I will still usedepthaswasit perceivedinformation.Only whenthisdepth
is (mentally)transformedinto an(estimated)absolutemeasurelike metersor feet,I will usethetermdistance
(in any direction)or altitude(vertical).

Thetopic of visualdepthperceptionis sogeneralandof suchscienti�c signi�cancethatmany publications
areavailable,andmany authorschoosetheirown classi�cationandscope.Palmer[18] providesaverydetailed
andcompletework with a wealthof referencesfor thosewho want to dig deeperinto certainphenomenae.
CuttingandVishton[19] (alt. [20]) andOgle[21] arealsosuggestedfor furtherreadingasthey provide good
overviewsanddetaileddescriptionsof thevariousvisualcuesto depth.

2.1. Monocular Depth Perception
Monocularor `pictorial' depthinformationcanbeextractedusingoneeye only, asopposedto binocularor

`stereoscopic'information(§2.2), which canonly beextractedfrom thedifferencein the informationof both
eyes.Themonoculardepthcuesare(seealso�g. 2):

• Perspective

• Linear perspective (Geometricperspective;Relativesize;Texturedensity;Sizeof theretinal image)2

describesthe fact that fartherobjectsappearsmallerin the retinal projection. This makesfor instance
parallel rails of a railroad track seemto converge at the horizonandcreatesa gradientin the level of
texturaldetailwecandistinguish.This is aparticularlypowerful cueif awidedepthrangeis viewed.

• Height in the visual �eld (Relativeheight)
is thenotionthat,generally, objectspositionedcloserto thehorizonarefurtheraway.

2 Theitalic termsin bracketsarealternativenamesgivento thecue
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Figure2: Monoculardepthcues:(a) Linear perspectivemakesparallel linesseemto convergeat thehorizon,
makescloserobjectsappearlarger and causesgradientsin texture (b) Theheight in the visual �eld makes
themiddletreeseemfarthesandtheright treeclosest(c) Aerial perspectivemakesdistantobjects(d) Parallax
makescloserobjectsmove fasterthroughthe visual �eld whenchangingthe viewpoint (e) Occlusionmakes
clear that the treeis in front of the house'facade(f) Theshadow makesclear that the treeis in front of the
house'facade(g) Whenfocussingon therabbit,blurring of the imageshowsthat boththegrassandthetree
are at different depths(h) Focussingrequires the change of musclesin the eye. Themuscletension,called
accommodation, canbea cueto depth.

• Aerial perspective
is the effect that fartherobjectshave lesssharpoutlines,lessdistinct texturesandlesssaturatedcolors
dueto watervapor, dustandsmoke particlesin the air. Aerial perspective only providesa coarsecue
for large depthdifferences,andonly works underthe assumptionthat the transparency is moreor less
homogeneous.

• Parallax (Motionparallax; Motionperspective)
is thechangeof therelative positionof objectsdueto a (small)changein position,alsophrasedas“near
objectsmove fasterthanfar objects”.This canbeillustratedby makingyour 2 index �ngers, oneat arm-
lengthandtheotherat half-arm-length,overlapwith a distantobjectwhile looking with oneeye. When
moving your headleft-right while focusingon the distantobject,you seethe nearer�nger move faster
(andfurther)thantheotherone.Parallaxis astrongdepthcue.

• Occlusion(Interposition;Overlay)
meansthatcloserobjectscan(partly) concealfartherobjects.Occlusionis anordinalcueandcanthusonly
revealdepthbut doesnotcarryany distanceinformation.

• Light/Shade/Shadow
Brightness,castshadowsandattachedshadowsgivedetailedcuesaboutlayoutandobjectshape.

• Blurring of the image
occursin partsof thevisual �eld which arenot in focus. Objectsfurtheraway from thefocal point will be
moreblurred.

• Accommodation
is thestate(muscletension)of the lensfocusingmechanismof theeye. Accommodationis actuallynot a
visualcue,but aproprioceptivevisioncue.



2.2. Binocular Depth Perception
Binoculardepthinformationis obtainedthrougha couplingthebrainmakesbetweentheinformationfrom

bothour eyes.Referencesandanin-depthdiscussionof binocularcues,their limitationsandimplicationsfor
aircraftlandingcanbefoundin apreviouspublicationby theauthor[22]. Thebinoculardepthcuesare

• Stereopsis(Disparity)
isdepthperceptionbasedontheminutedifferencesbetweenthetwo retinalimagesresultingfromtheslightly
differentviewpoint of eacheye. Stereopsisis clearly illustratedby the red/greenpictureswhich areto be
viewedwith specialglasses.Thepracticallimit of stereopsisshouldbeexpectedto be20–65mandit is very
unlikely to beacueof signi�cant importancebeyond100m.

• Vergence(Convergence)
is thesimultaneousmovementof thepupilsof theeyestowardor away from oneanotherduring focusing.
Feedbackon the eye positions(muscletension)providessomedepthinformation,but it is only effective
within a few metersrange.LikeAccommodation,vergenceis actuallynotavisualcue,but aproprioceptive
visioncue.

Due to its limited rangeof practicaluse,stereopsiscangenerallybe ignoredasa cuefor landing,except
for smallaircraftor helicoptersandin caseof severelydegeneratedmonocularcuessuchaswhenlandingat
unknown air�elds, atnightor in badweather.

3. Thr eeModelsof Visual Ego-Motion Perception
Althoughof courserelatedby nature,threeconceptuallydifferentapproachescanbefoundin visualmotion

perceptionresearch.The �rst is `optical �o w', which regardsthe combined�o w of all points in the visual
scene(§3.1). Thesecondapproachhangssomewherein betweeǹoptical�o w' and`visualcues'andis thet or
Time-to-Contact(TTC) hypothesis(§3.2). The lastapproachfocuseson speci�c `visualcues',wheremotion
perceptionis thoughtto bederivedfrom themovementin theretinalimageof somecharacteristicpointsin the
visualscene(§3.3).

As the landingof aircraft is a very speci�c taskandthevisualscene(airport,runway, etc.) is very typical,
mostly thevisualcueapproachis followed,supplementedby theTTC hypothesisfor investigationof timing
tasks.Occasionallytheoptical�o w theoryis useddirectly, for instancewhenevaluatingtheeffectof different
levelsof texturaldetail in �ight simulators,or in studiesregardingtheaccuracy of headingdetection.[23–26].

3.1. Optical Flow
Optical �o w3 is the logical extensionof (motion) parallax(see§2.1) to all pointsin the scene.Although

notedearlierby others[29], Gibson[30–33] wasthe�rst to studytheconceptof optical�o w extensively in the
1950sandbecamea leaderin optical�o w research.

3.1.1. Formulation
Gibsonetal. [32] notedthattheregularde�nition of motionparallax(§2.1) holdsfor asidewaysmovement

of the observer with respectto the scene,but is not trivial in caseof forward movement.They extendedthe
descriptionof apparentrelative motionsof nearandfar objectsdueto movementsof the observer to a full
descriptionof thespacearoundtheobserver(regardlessof theareatheobservercanactuallyperceive). Optical
�o w andretinal�o w arerelated,but thelatterhassuperimposed�o wsdueto headandeyemovements4.

Optical �o w can be visualisedby drawing motion vectorsfor a numberof points aroundthe observer
(see�g. 3). The �o w patterngenerallygives information aboutthe direction of motion and can also carry
information about the layout and shapeof objects[35]. When extracting the optical �o w from an image
sequence(video) the �o w �eld is generallyidenti�ed in termsof (local) divergence,curl and deformation
(thesearethe�rst-order differentialinvariants,seealso�g. 4) [27, 36]. Any �o w patterncanbecapturedby a
combinationof thesebasicpatternsandtheuniformunidirectional�o w pattern.

Applicationsof the optical �o w formulationcanbe found in computervision (arti�cial intelligence)[35,
37], cognitive neurosciencemodeling[38, 39] andmorefundamentalresearchconnectingthesepracticaland
theoretical�elds [40].

3 Optical �o w is also referredto as “motion perspective”, “dif ferential perspective”[27] or “Streamereffect” (at lower altitude
groundtexture`�o ws' faster[28]).

4 Macuga et al. [34] have evenshown optical �o w canbesensedwithout retinal �o w, which hasimportantimplicationsfor neuro-
visionmodels.
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Figure3: Examplesof optical �ow �elds: (a) optical �ow �eld in caseof levelandstraightmotion,(b) optical
�ow �eld in caseof a 3� glideslopeaimingat theaimpointmarkers.
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Figure 4: Thefour basicdescriptors of optical �ow: (a) Pure translation,(b) Divergence, (c) Curl and (d)
Deformation.(b)–(d) are the�r st-orderdifferential invariants.

3.1.2. Findings
Probablythemostimportantinsightgivenby theoptical �o w formulationis that the `focusof expansion'

(i.e., thestationarypoint in the�o w �eld) indicatesthecurrentdirectiontheobserver is moving in. Thisnotion
can be usedin vehicularcontrol by steeringthe vehicle until the aiming point and the focus of expansion
coincide[3, 10, 11, 23, 24, 28, 41–44]. However, Gordon[10] raisedsomequestionsregardingtheusefulness
of optical�o w asposedby Gibson.In hiscardriving research,he�nds thatthecurvedratherthanlinearmotion
pathscomplicatemattersconsiderablyandthatthefocusof expansionis oftendif�cult to perceive againstthe
smoothsky background.

Otherlaboratoryexperimentshavecon�rmed thatoptical�o w alonewouldgivea too inaccurateestimation
of thedirectionof movementfor mostcontrol tasks[45, 46]. It is however recognisedthat,in a naturalscene
containingsomemorestructuredelementsandperspectivecues,optical�o w couldprovideaccuratedirectional
andspeedinformation[11, 45, 46] (seealso§4.2.4).

Apart from the`focusof expansion'cueto heading,optical�o w contributesto theperceptionof self-motion
especiallythroughperipheralvision. Unlike speci�c visualcues,which needfovealattentionto beperceived
properly, optical�o w especiallyworksin theouterareaof the�eld of view (FOV) [39, 47, 48].

Several sourcesmention the importanceof a wide FOV for speed[48] and attitude [49] perceptionin
generaland for aircraft landing in speci�c [22, 50, 51]. Also here,the FOV is found to be especiallyim-
portantfor properdeterminationof theaircraftattitude[52vol.2,§3.4.5.1.5] andcontrolof theresultingsink rate
[priv.comm.].This leadsto thesuggestionthatoptical�o w is generallyusedby pilotsasavisualcue.

3.1.3. Binocular equivalent
Thebinocularequivalentof optical �o w would bethestereo-motioncues(`dynamicstereopsis').This is a

relatively new research�eld consideringthedifferencebetweenthevelocity �elds of theretinae.As binocular
cuesareconsideredto beof minor importancein jet aircraftlanding(§2.2), andsinceappliedandexperimental
datain thisdirectionis still scarce,I will con�ne to refertheinterestedreaderto Reganetal. [53], Rokersetal.
[54] andMorganandCastet[55] asastartingpoint for deeperinvestigation.

3.2. t -hypothesisand Time-to-Contact (TTC)
Thet -hypothesisor the ideathatour movementsareguidedby time-to-contactperceptionwasformulated

by Lee[13, 56] —astudentof Gibson's—in the1970's.



3.2.1. Formulation
Although derived from the optical �o w theory, the t -hypothesisfocuseson a singleobject(`obstacle')or

evenasinglepairof points,and�nds thetimeto contactwith theobjectdirectly from therateof dilationof the
objectin theretinalimage(assumingconstantspeedsandastationaryscene)5. t canbeexpressednumerically
as

t =
(angularseparationof any two imagepointsof theobstacle)

(rateof separationof theimagepoints)

=
x
�x

=
gap

closurerate
=

distance
speed

=
altitude

descendrate
= : : :

(1)

“However, that doesnot imply that sensingtau requiressensingthesizeof themotiongapand its rateof
closure. Byanalogy, thoughlinear acceleration is numericallyequalto thesecondtimederivativeof distance,
it is senseddirectly, withoutsensingdistanceor time [...]. Likewisetau couldbesenseddirectlyby virtue of
physicallaws.” [57].

In the �eld of perceptionresearchthis statementis quite controversial. Hoffmann [58] found that the
perceptionof t is learned,rather than innate. Many othersposethat t is not directly perceived, but that
time-to-contactinformationis derivedfrom othercues[59], in particularfrom separateperceptionsof distance
andspeed[51, 60].

Othercriticism on thet -hypothesisoriginatesfrom thefact that thehypothesisonly holdsfor smallvisual
angles(objects)[13] but motionof smallobjects(or objectslargedistances)canhardlybeperceived(Motion
camou�age)[14] and for small objectsat closedistancebinocularcueswould provide abundantand more
accurateinformation[61, 62].

3.2.2. Findings
Time-to-contactwasfound to guidemovementsrangingfrom animalbehaviour [63], to ball catching[64]

andaircraft operations[65, 66], althoughsomequestionwhetherthese�ndings arereally a resultof visual
feedbackor aside-effectof smoothmotioncontrol[67].

Studiesconsideringroad traf�c generally�nd high biasesandstandarddeviations in the time-to-contact
perceivedby drivers,leadingto dangeroussituations[13–15, 58].

While somestudiesinto aircraftmaneuversfoundsupportfor the t or TTC hypothesis[8, 65, 66, 68, 69],
othersfound that a combinationof t andaltitude[24, 25] or t andsinkrate[70] wasusedby pilots to time
the �are maneuver. Theresultsof Prowseet al. [71] con�rm the imprecisionof TTC estimationfound in car
driving research,therebyquestioningits potentialasacue,althoughit shouldbenotedthatthisparticularstudy
did not involve realpilots but unexperiencedsubjects.On theotherhand,Palmisanoet al. [8] foundthatTTC
estimationcould be very accuratewith an explicit aimpoint in the scene,appropriatetraining (feedback)en
whenfocussingon thehorizonor runwayend,ratherthanon theaimpointitself.

Pleijsantet al. [72] studiedthe effect of the presenceof texture on TTC estimation,while minimizing
possibleothercuein�uences. Thepresenceof groundtexturewasfound to provide signi�cantly betterTTC
estimates,whichwaslatercon�rmed by Palmisanoetal. [8].

3.3. Visual Cues
A `visualcueto motion' is acharacteristicin thevisualscenewhichreveals(self)motion.Putsimply, it is a

timederivativeof any of thevisualcuesto depthdiscussedin §2. Thiscouldfor instancebetheslow expansion
of anobjectasit comesnearer(LinearPerspective/Relativesizecue),thechangeof shape(linearperspective),
the fact that oneobjectmovesin front of another(occlusion,(motion) parallax),an objectslowly appearing
from thefog (aerialperspective),etcetera.

As theavailability andnatureof visualdependsheavily on thevisualscene,ageneraldiscussionhereis not
verymeaningful.Visualcuesandvisualcueresearchspeci�c to aircraftlandingwill bediscussedin §4.1.

5 Actually t is formulatedfrom anego-motionperceptionpoint of view (moving in forwarddirection),while the time-to-contact
(TTC) is moregeneralandcanincludeobjectsmoving toward theobserver underanangle. Although the termst andTTC are
oftenusedinterchangeably, theremaybedifferencesin thebasicperceptionor thresholds.



4. Visual Perceptionduring Landing
Althougheveryairportis different,thestandardizedrunwaymarkings(�g. 5) andcommontexturalelements

suchasgrass,trees,buildings,roads,cars,etc. provide basicvisualcuesfor every landing. §4.1 providesan
overview of thesecandidatecues,afterwhich someperceptionthresholdswill bediscussedin §4.2. Illusions
reportedby pilotsor accidentinvestigationscanalsorevealwhichcuespilotsuse,thereforeashortoverview of
illusionsduringlandingapproacheswill begivenin §4.3. Finally, anoverview of supra-thresholdcueswhich
arethoughtto be usedin the glide phase,�are phase,andfor �are timing will be selectedin §4.4, §4.5 and
§4.6respectively.
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Figure 5: Typical runwaymarkings.Theaimpoint(oneof theTouch downzonemarkings)andthesidelines
areconsideredimportantcues.TherunwayID number(e.g. `12') showsits heading(ca. 120� fromthestraight
northdirection).
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Figure 6: De�nition of somevisual cuesfor longitudinal landing control. (a) A picture from the cockpit. A
falsehorizonis visiblebelowtherealhorizondueto theedgebetweenlandandsea.Familiar sizecanbeused
asa distance(altitude)cue, andtherunwaysideline anglecanalsobean altitudecue. (b) Minimalistic view
of thelandingscenewith variousdistancesthat canbeusedascue. Notethat thedepressionangledF=Y-dF ;
similarly cuesdN=Y-dN anddH=Y-H (thelatter beingtheH-distanceor `implicit horizon') canbeconstructed.
Additionally, ratiossuch as`=Wmaybeusedascue.

4.1. SuggestedCues
Many researchershave proposedvisual cuesandhow a pilot could usethemin the control of his aircraft

duringthe�nal approachandlanding.Thispaperwill only considercuesfor thecontrolof longitudinalmotion
in depthandwill not furtherconsidercuesfor alignmentwith therunway (e.g.,theapparentinclinationof the
runwaycenterline), cuesfor stabilizingroll motion(e.g.,theapparentinclinationof thehorizon)etcetera.

Table1 shows thecuesmentionedin variousliterature,where* meansthecuewaspositively mentionedor
includedin theinvestigation, 
 meansthecueis usedby pilots (resultof investigation)and� meansthecueis
notusedby pilots. A ? indicatessomeuncertaintyregardingtheinterpretationof theresults.

Most visualcuesde�ned in in table1 areexplainedin �g. 6 andwill not requirefurtherexplanation;they
aresimply a (changeof) distancebetweentwo pointsor lines. This distanceis generallygivenasa subtended
angle,i.e., theanglebetweenthe `light rays' traveling from thesepoints,meetingat theeye (see�g. 7). The



Table 1: Overview of visual cue research in aircraft landing and the cuesthey discuss. The abbreviations in the row `Research Method' mean: T=Theoretic,
Q=Questionnaire, X=eXperience, E=Experiments.Footnotesin thetablecanbefoundin AppendixA.

Reference [52] [73] [43] [74] [75] [76] [77] [78] [28] [4] [79] [80] [81] [41] [82] [23] [83] [42] [84] [44] [85] [86] [86] [24] [7] [8] [25] [70] [87] [66] [4,
88]

Researchfocus General Glide FlareTiming Flare
ResearchMethod E T T T E Q/X Q/X T Q E ? T E X ? E E E E/Q E/Q E Q E/Q E E T/E E X
OpticalFlow
Optical�o w *2 * * * 
 * * * * *
Focusof expansion * *3 * * *4 * * * * * * *
Fieldof View * 
 5

motionparallax *
runway intersectionpoint1 *
Widths
apparent runway end width
(wF )

* * 
 


app.runwaystartwidth (wN) * * * 
 


Markerseparation(w) * * * * *
runway visual angle (app.
width, W)

* ?6 * * *7 
 8

Heights
H-distance(dH = Y � H) 
 10 
 
 
 
 * * * * * * * ?9

RunwayEnd-Horizon(dF ) * * 


horizonheight(Y) *11 * * * 
 12 * * * *
apparentrunwayheight(`) � * * * *13 ?14 * * 


Far runwayend(dF ) * *15 *
Nearrunwayend(dF ) � * 
 16 ?17

Size/Shape
Runwaysize(Expansion) � � * * 
 *
Runwayshape(perspective) � 
 � ?18 
 * 
 
 
 
 *
Runway form ratio (`=W) � * 


familiar size(texture) * * * * 
 * * * * * * 
 * ?
Other
runwaysidelineangle(q) * * * 
 ? ?18 * *13 ?19 * * * * 
 
 ?
dq=dt 
 20 � O
TTC (t ) * * 
 21 
 
 22 *
Binocular 
 23 � � 24 *
Runwaytilt (for lateralcontrol) 
 *
STATES
Altitude 25 26 27 * 
 * * 
 * 


sink rate 25 * * 
 * *
Altitude tau (Altitude/Sink
rate)

* 
 


air speed *28 * * *
pitchangle *28 * * * *
longitudinalposition * 
 * 
 29 


Notes 30 31 32 33 34 34 35



term“depressionangle”,whichmeansthesubtendedvisualangleof apointwith respectto thehorizon,is also
oftenfoundin literature.A few cueswill beexplaineda little furtherhere.
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Figure 7: f is theanglesubtendedby thetreealsocalledthe`subtenseof thetree' or the`visualangleof the
tree'. Thisangle(or distancein thevisualplane)is givenin degrees(� ), minutesof arc (60arcmin=60'=1� ) or
secondsof arc (60arcsec=60”=1'). For example, an objectmoving to the left with 1cm/sat 1m(=100cm)in
frontof theobserver, will havea (subtended)angularspeedof tan� 1(1=100) = 0:57� =sor tan� 1(1=100) � 60=
34arcmin=s.

Familiar sizeor texture/textural detail is a cueresultingfrom linearperspective (§2.1). As we know the
sizeof many commonobjects(suchastrees,cars,buildings,grass),andwe know that thingsappearsmaller
whenthey arefurtheraway, wecanusetheir apparentsizeto makeestimatesaboutdistanceor altitude.

Runway sideline angle(hereto becalledq) is not referringto asubtendedvisualangle,but to theapparent
angletherunwaysidelinesmakein thevisualplanedueto linearperspective. Thiscueis stronglyrelatedto the
runway perspective cue,althoughthe lattermay includefor examplethe ratio betweentheapparentwidths
of thefar andnearrunway ends.Therunway sideline angleis a cueto altitudeandindependentof horizontal
distance.Thechangeof thiscue(rotationalspeed)wassuggestedasacuefor �are timing in previousresearch
by theauthor[74, 87]. Theapparentangleandsubtendedangleareeasilyconfused,especiallybecauseother
researchersdid actuallysuggestthesubtendedangleasacue[25].

H-distance, Implicit horizon andTouchdown zone/Runway/Marker depressionangle all refer to the
samedistancebetweenthe aimpoint markers on the runway (which shouldbe the headingpoint) and the
horizon. During the glide phase,this distanceshouldbe kept constantto keepa constantglide path (this
follows from simple geometricrelations). Note however that `Implicit horizon' hasa secondmeaning: a
horizonwhich is notexplicitly visible,but derivedfrom convergenceof groundlinesor texturegradients.

Optical Flow —asnotedin §3.1— is especiallyproviding for attitude,headingdirectionanddescendrate
information,andworksbestwith awide�eld of view. Theauthoris notawareof any empiricalresearchwhere
speci�c optical�o w cuesarequanti�edandusedfor modelinghumanaircraftlandingcontrol.Suchresearchto
theuseof (peripheral)optical�o w ascueis howeveraninterestingdirectionfor additionalresearch,especially
whenconsideringtheFOV requirementsfor simulatorandaugmentedor syntheticvision displayswhich are
increasinglybeingused.Moreover, in researchon augmentationusingperipheralmotioncues,pilots referred
to theaddedcuesasfeeling“natural” [89].

4.2. Thr esholds
In orderto �nd out whethertheproposedcuesareactuallyusefulin practicalsituations,it is importantto

review motionthresholdsandthe`justnoticeabledifference'(JND)of thecues.
In determiningthresholdsa distinctionshouldbemadebetweencentralandperipheralvision. Thehighest

visualacuity is obtainedin thecentralregion of the retina— called`maculalutea'— which coversapproxi-
mately6-10deg of visualanglein diameter. The`fovea' is at its centerandaccountsfor 1-2� of visualangle
[90]. Theperipheryontheotherhand,hasadvantageouspropertiesin dim light conditions[90§1.306] andplays
animportantrole in detectingoptical�o w [48, 49].

4.2.1. FovealThr esholdfor Point Movement
Several sourcesmentionvisual perceptionthresholdsfor the motion of a point of a few minutesof arc

subtendedpersecond[91–96, 97p.673].
It shouldhowever benotedthatvariousfactorsin�uence thethresholdvalue[90§5.203]. First of all longer

exposuretimes will allow the perceptionof even slower movements[92]. Furthermore,increasesof the



thresholdwith up to a factor10 have beenmentionedwhen(�x ed) referencesareabsent[98], while other
researchshowedabouta factor2 for a 16sexposureto thestimulusandno consistentchangeof thethreshold
for exposuresof 0.25s[92]. The luminancelevel alsoin�uencesthe thresholdfor perceptionof motion [92,
90§5.207].

Anotherthingto keepin mindis thattoofastmotionwill resultin motionblur. Thiswill happenatsubtended
angularspeedsof morethan12� 32� /s [95]. Only for angularspeedsapproaching200� /s however, will the
visualinformationbetotally useless[96].

Wewerinke [85] (alt. [44]) speci�cally lookedat motionperceptionthresholdsrelatingto therunway visual
scene.He founda thresholdof 6� 18arcmin/sfor a line moving with respectto aparallelreferenceline.

4.2.2. FovealThr esholdfor Rotation
AlthoughGurney andWright [39] saytheir researchmainly focuseson `peripheralvision' thresholds(only

one�gure shows resultsfor centralvision), this is only 6.5 degreesfrom thecenterof thedisplay, andwould
certainly matchwith the situationof the apparentrunway sidelinerotation during landing. However, the
experimentspresentthesubjectswith a rotatingoptical �o w (like what thepilot would seein a roll motion6).
Thethresholdfoundin theseexperimentswasabout0.04� /s.

For rotationof a singleline muchhigherthresholdshave beenfound[85] (alt. [44]) andgenerally2.5� /s is
adoptedasthreshold[75, 99]7.

4.2.3. Peripheral Motion Thr esholds
McColgin [100] performedexperimentsto �nd motion thresholdsfor peripheralvision using standard

altimeter-like instruments.Hefoundthatfor peripheralvisionanglesrangingfrom about20� 80� horizontally,
the thresholdfor rotationspeedrangedfrom 2� 8rpm (=12� 48� =s), while the thresholdsfor linear motion
rangedfrom 2� 14 strokes/min(=4� 27arcmin/ssubtended).Contourplotsweredepressedby abouta factor
2 for theverticalperipheraldirection. Link andVallerie [101] performeda similar study, but focusedon the
differential thresholds(i.e., the thresholdfor detectingchangesin the rateof motion). Although the results
of thesestudiesmaybevery importantfor designingcockpitdisplays,it shouldbenotedthat this laboratory
approachtestsfor rotationalcuesvery different from the optical �o w inducedrotationsexperiencedwhen
observingtheoutsidesceneduringlanding.

In experimentswith a�o wsof moving dots(whichis closerrelatedto theoptical�o w perceptionashappens
in theperiphery)TynanandSekuler[93] foundthresholdsof 8 arcmin/sat 15 degreesoff-center, to 13 and25
arcmin/sat22.5degreesand30degreesinto theperipheryrespectively (0.13,0.22and0.42� /s).

4.2.4. Just NoticeableDiffer ences
Theamoutacuehasto bedifferentfrom areferencevalueto beperceivedasactuallybeingdifferentis called

the`justnoticibledifference'(JND).Therearevariouscueswewantto keepstationaryduringanapproachand
landingandtherearesomecuesthatmaytriggeranactiononcethey reachacertainreferencevalue.TheJND
is thereforeinterestingto know whetherdifferencesin a cuecouldbedistinguishedwith enoughaccuracy to
reachthedisplayedaccuracy in control.

JND of heading fr om optical �o w (e.g.,for keepingheading-pointat the aimpoint/touchdown markers).
Theaccuracy with which thecenterof expansionof theoptical �o w —andthustheheading—canbedeter-
minedis about1� [34, 40, 46, 102–104], which is quitea lot consideringthefact thattheglide slopethepilot
is to maintainis only 3� . Thecontributionof Warrenetal. [103] includesa largeoverview of previousresearch
on this issueandthey foundthe lowestvalue(0.66� in thebestcase)while notingthat “ric her environments,
includingnonplanaror shadedsurfaceswith expandingfeatures,are likely to yieldevenbetterperformance”.
They attribute the lower valueto the fact that they useda discriminationtask(as[34, 46, 102]), ratherthan
a pointing task (as did Johnstonet al. [45] who found accuraciesof 5� 10� ). It may well be that sucha
discriminationtaskis closerto therealityof vehicularcontrol.

JND of (retinal) distance(e.g.,for keepingthe properH-distance).Subjectscould settwo parallel lines
to a distanceequalto onepresented10sbeforewith anaccuracy of 0.5� subtendedvisualangle[85]. Slightly
lowervalues(6� 20arcmin)arementionedfor instantaneouschanges[97p.673].

6 rotatingaroundtheaircraft's longitudinalaxis.
7 Naish[75] mentions“Rotationdueto verticalmotionis only observablebelow aheightof about120ft[...]”. 120ft[=37m]altitude,

with a typical descendrateof 3.5m/sat a 60mwide runway would resultin a rotationof thesideline (w.r.t. theimagevertical)
with 2.5� /s.



JND of (retinal) speedDifferencesin speedof about10� 25% areperceivable,dependingon the speed
[96, 105]. It shouldbekeptin mindthatthisexperimentalvalueholdsfor (moreor less)instantaneouschanges;
matchingaperceivedspeedwith amentalreferencemayhavehigherinaccuracies.

JND of angles(e.g.,for relatingrunwaysideline angleto aspeci�c altitude).Experimentshaveshown that
anglescanbesetequalto a referencepresented10sbeforewith anaccuracy of 5� [85].

4.2.5. Perception Induced Time Delay
Oncea visualcueis above threshold,it takessometime to actuallyperceive thecueandbaseactionson it.

Sensori-motortime delaysof 0.15� 0.45saregenerallymentionedfor simpletasks[44, 85, 106–108,109p.48]
(150-200msuntil �rst perception,then150-250msuntil action[106]) while decisionmakingtaskswill require
theintegrationof cuesandarethoughtto take at leastsome3� 4s[110p.212, 52Vol.1 §15.2]. It shouldhowever
bementionedthattimedelaysarevariableanddependnotonly onthetask,but alsoonthepilot's instantaneous
attention,commitment,and muscletension[111]. Thesetime delaysshould of coursebe consideredin
modeling,but also in the selectionof appropriatecues,as cuesshouldbe above thresholdat the onsetof
perception,ratherthanat theonsetof thecorrespondingaction.

4.3. Illusions
Practicallyevery visual cue is susceptibleto illusions. For instancethe “barber pole”8 [112] is a good

exampleof an illusion wherethe optical �o w is not correspondingwith the actualdirectionof motion. The
“Amesroom” [113p183–189] playsperceptualtrickswith linearperspectiveandthein the“hollow faceillusion”
thebrain interpretsa concave maskof a faceasa convex one,thereby(partly) ignoringbinoculardepthcues
[114, 115].

Recently, several generalpublicationsregardingvisual illusions in aircraft landinghave resultedfrom the
Flight SafetyFoundation's Approach-and-LandingAccidentReduction(ALAR) TaskForce[116–119]. Al-
thoughthe level of detail andbackgroundinformationandthe illustrationsdiffer, all publicationsaremore
or lesssimilar andshortly describethe main illusions pilots shouldbe awareof andincludesomeadviceto
decreasethecrew's vulnerability. However, thesedocumentsarepurely intendedfor pilots anddo not offer a
scienti�c approachto theperceptualproblems.

4.3.1. Runway Width Illusion
Many have warnedpilots for the “runway width illusion” which may appearwhenlandingon a narrower

(wider) runway thanthe pilot is usedto [28, 81, 83, 117, 118, 120–122, 52Vol.1§15.2.1]. In sucha case,the
pilot is likely to �y a lower (higher)approachashedeveloppeda mentalmodelwherealtitudeis coupledto
theapparentwidth of the`normal' runway.

Several researchershave actuallyinvestigatedthis effect. Both Lintern andWalker [123] andMertensand
Lewis [81] found pilots highly susceptibleto this illusion in dynamicsimulations,even when pilots were
informedof theactualrunwaywidth beforetheexperiments[81]. Reynolds[120] on theotherhandfoundthat
pilots did not suffer the illusion in dynamicexperiments,althoughthey did whenthey hadto make altitude
estimatesbasedon a staticscene.Non-pilot participantssufferedthe illusion in both the staticanddynamic
experiments.Galaniset al. [121] performeda theoreticalstudy, showing that the apparentrunway width is
indeedanimportantcuefor maintaininga properglide path,meaningthat therunway width illusion is likely
to havedramaticconsequences.

4.3.2. SlopingRunway/Terrain Illusion
Anotherwell known illusion is the“sloping runway illusion” or “sloping terrainillusion” [28, 42, 83, 117,

118, 122, 124–126].
Whentherunway is up (down) sloping,thepilot shouldfollow a shallower (steeper)approachpath. How-

ever, if thepilot is notawareof theslope,hewill interpretthedifferentrunwayperspectivecuesas�ying at too
high(low) altitudeand— if maintainingthesameglidepath— will land/crashshortof therunway(overshoot
therunway).

If theterrainin front of therunwayis up(down) sloping,thepilot mayhavetheimpressionthathisapproach
altitudeis too high (low). In this casenot theperspective cuesof therunway, but properlyperceivedaltitude
cuesof theterraindirectlybelow him (e.g.,familiar size)confusethepilot.

8 The barberpole is a vertical cylinder with a spiral paintedon it. Whenthe cylinder spinsaroundits axis, it createsa vertical
optical�o w. Thiseffect is relatedto the“apertureproblem”.



The NTSB AccidentDatabaserevealsonly a few accidentswherethe slopingrunway illusion may have
playeda role [127]. Kraft [124, 125] did someexperimentsverifying thatpilots indeed�y lower approaches
overanupslopingcity (thesimulatednightapproachesincludesome“black holeillusion” effects,see§4.3.4).
Onereason—besidesthefactthattheshapeof therunwaychanges—for thedifferentapproachesoversloping
terrainmaybethatit createsafalsehorizon[78] whichwouldespeciallybeimportantif insuf�cient othercues
arepresentto derive therealhorizon.

4.3.3. (Un)familiar SizeIllusion
The“(un)familiar sizeillusion” occurswhena pilot estimateshis altitudeor distancebasedon theapparent

sizeof `familiar objects' which in reality have a differentsize than the onesthe pilot is familiar with [83,
52Vol.2 §3.6.2.1]. For example,a pilot who is usedto landingon anairport surroundedtall trees,maygreatly
overestimatehisaltitudewhenapproachinganairportsurroundedby smallbushes.

In somesensethis illusion is similar to therunwaywidth illusion (§4.3.1), however, wheretherunwaywidth
illusion mayalsooriginatein thedifferentapparentangleof therunwaysidelines,the(un)familiarsizeillusion
is purelybasedon therelative-size-of-things-cue.

4.3.4. Black Hole Illusion
The”black holeillusion” is a termfor spatialdisorientationduringnight approaches,mostlydueto limited

optical �o w andfamiliar sizecuesandtheabsenceof horizoninformation[28, 42, 117, 118, 124, 126, 128–
132, 52Vol.1§17.3.2]. In effect theblackholeillusion is similar to theatmospheric“whiteout” condition,where
thehorizonandgroundtextureareobscuredby snow or fog, or (lesssevere)wheresnow coversthelandscape
andconcealsany groundtexture.

Gibb [131] offersanextensive review of theproblem,includingreferencesto accidentswherethis illusion
is thoughtto have playeda role. Thepaperalsomentions9 possiblereasonsfor misperceptionof altitudeand
distanceresultingfrom this illusion, mostof which would be resolved if suf�cient groundtexture would be
availableto calibratetheapparentrunway dimensionswith the“f amiliar size” cuesandto have a clearground
plane(or horizon)asreference.

Experimentshave con�rmed thatpilots have troublewith orientationin blackholeconditionsandthatthey
generally�y (dangerously)low approaches[124, 128–130].

4.3.5. FalseHorizon Illusion
Falsehorizonsoften appear, for examplewhen distantmountainsobscurethe true horizon, or when a

shorelineis more or lessparallel to the true horizon (in caseof approachtoward the sea,the seaand sky
may blendthroughhaze). Generallythis is no problem,asthe pilot canderive an horizonfrom apparently
converging parallelgroundlines andtexture gradients. In nigh situationshowever, the edgeformedby the
mostdistancecity lightsmayform afalsehorizon,anddueto thelackof othercues,thismayremainunnoticed
[83, 117, 52Vol.1§17.3.2].

4.3.6. Atmospheric Illusions
Unusualatmosphericconditionscancauseseveral illusions [28, 83, 117, 118, 132]. An exampleis that

brighterrunway lightsor clearer(unpolluted)air thanusualgive theillusion thattheairportis verynear. Water
Refraction(rain on windshields) canalsocauserunway lights to look dimmer(day time) or sharper(night
time), and thus in�uence the perceived distanceto the runway. Water refractioncan additionally give the
perceptionof beingtoohigh.

Enteringafog layercancreatetheillusion of pitchingup. Whenthepilot doesnotrecognizethis illusion, he
will suddenlysteepentheapproach.The'whiteout condition' hasalreadybeendiscussedwith theblackhole
illusion (§4.3.4) becauseof thestrongsimilarities.

4.4. CuesAppropriate for Glide Phase
It is suggestedthat pilots performcontrol actionson two hierarchicallevels [43, 44, 84, 133–135]. The

high frequency inner loop control is to maintaina certainpitch attitude[43] using the horizon height cue
[44, 84, 136]. Theouterloop (supervisory)control is to adjustthenominalpitch whena deviation from the
glidepathis recognised.Especiallythevisualcuesthatform theinput for thisouterloopcontrolareinteresting
andarefocusedon in thispaper.



• H-distance is probablythe main cuefor keepingthe glide slope. It is directly relatedto the glide slope
andwould allow thepilot to control it with 0.5� accuracy. Also thepredictableeffects(illusions)of sloping
terrainandslopingrunwayshave beenshown to arisefrom this cue[78]. Somesuggestthat the distance
(i.e., subtendedangle)betweenthe nearrunway endand`visible horizon' is used,becausein generalthe
truehorizonis blurredmuchandavisualhorizonexistsslightly lower [75].

• Focusof expansionis likely to be usedin combinationwith the H-distance.Although it is reportedlyof
slightly lessaccuracy, someimply that seeingthis cue shouldbe trained[28], leadingto the belief that
trainedpilots may achieve betterheadingestimationsthangeneralsubjectsin the laboratoryexperiments
presented.Illusionsdueto thelossof optical�o w, suchastheblackholeillusion, andthepositiveeffectsof
groundtexturesin simulationtaskscon�rm this.

• Horizon height andto a lesserdegreethe �eld of view areimportantfor the inner loop (pitch) controlas
peripheralvision anda horizonreferencewould beimportantfor attitudeinformation.Additionally, optical
�o w in theperipherycouldprovide informationaboutgroundspeedandaltitude(the�o w speedincreasesat
loweraltitudes).

• Familiar sizeis often mentionedby pilots, andcould provide a roughcueto altitudeanddistanceduring
the glide. The useof the cue is supportedby the vulnerability of pilots to illusions resultingfrom un-
familiarly sizedobjects,sloping terrain or the absenceof groundtexture. It is however a cue of lower
relative importancethan the H-distanceand the focusof expansion. The sameholds for relatedcuesas
runway sizeandrunway visual angle(apparent width) .

• Runway shape(perspective) cuessuchas Runway sideline angle (q), Apparent runway height and
runway form (height-width) changeonly little over mostof theglide phase.However, they mayalsobe
usedfor noticinglargeerrorsin theapproachpath,especiallyin the�nal partof theglide,asthesecueswill
grow moresensitive to glidepathchanges.

4.5. CuesAppropriate for FlarePhase
Not muchresearchhasbeendoneto identify �are control.Onereasonmy bethatit is proactive, ratherthan

nulling or trackingfeedbackcontrolwhichareeasierto capturein models.Anotherreasonmaybethatit is so
shortthatit haslongbeendif�cult to getsuf�cient datadueto thelow samplingratesof sensors[137].

Anotherstriking thing is that therearetwo very differentinstructionson wherea pilot shouldfocusduring
the �are. Oneadvisesthe far runway end[43, 73, 122] while theotheradvocateslooking down 10� 15� and
observe the movementof the point wherethe line of sight interceptsthe runway [4, 88]. The latter method
relieson thefactthatthispointwill move forwardwhengainingaltitude(meaninga toostrongpitchup,anda
ballooning�are), andslowly towardthepilot in thecaseof aproper�are.

Lookingat thefar runwayendwouldhelpto adjusttheaimpoint (focusof expansion)andthuslevel off the
plane.At thesametime it givesa wider overview of thecompletevisualscene,wherecuesasthe(movement
of the)runwaysidelineangleandoptical�o w in thevisualperipherymaycontribute.

• Runway sideline angle(q) is likely to beusedfor altitudeandthechangeof the runway sideline angle
(dq=dt) for sink rateaswell.

• Focusof expansionis likely to be usedwhenthe pilot is watchingthe far runway end. He cansmoothly
pull thecontrolstickandincreasepitchattitudeto adjustthefocusof expansiontowardthefar runwayend.

• Field of view is importantfor suf�cient optical�o w cuesto attitude,sink rate,andheading.

• Horizon height couldbea cueif thepilot is using�x edpitch-ratecontrolor hasa speci�c pitch angleas
objective.

• Time to contact t might beusedasa cue,but it remainsthequestionthroughwhich optical variableit is
perceived.Theappearanceof t asaguidefor �are control[66] mightaswell bearesultof `natural',smooth
controlbasedonsomeothercueor objective[67].

• Familiar sizeis not likely to beused,becauseany referenceobjectsfor altitudearesocloseby thatthey are
blurreddueto motion.At thesametime,horizontaldistanceis of little meaningduringthe�are asthemain
objective is to touchdown soon,but softly.

• H-distancecannotbeusedbecausegenerallytheaimpointmarkersareoutof sight.Additionally, a internal
referenceof how thisdistanceshouldchangewouldbeneeded,ratherthana �x edreferencedistance.



• Apparent runway height, runway visual angle (apparent width) , near runway end, runway start
width, etceteracannotbeused,becausethecuesarenot visible to thepilot anymore.

4.6. Visual Perception for FlareTiming
It is generallyagreedon thatthemainvariablesin decidingon the�are initiation arealtitudeandsink rate.

Sometimesthe longitudinalpositionplaysa minor role, especiallywhenthereis a signi�cant risk of landing
shortor overshootingthelandingpoint.

One combinationof theseis the altitude tau (seeeq.1), althoughit is sometimesstateddifferently. For
instance“Ten percent of the vertical velocity in feet [per minute] is a good estimatefor the level-off lead
point.” [52Vol.1,§2.4.5] and“h�are = � 6�h”9 [138] representexactly thesamè �are initiation atconstantt ' rule.
Theonly visionbasedtaucuereportedin literaturewasbasedon the(changeof) apparentrunwaywidth.

• runway anglecouldbeanimportantcueto altitude.Thismatcheswith thereportedrunwaywidth illusion.

• Time to contact (t ) hasbeenreportedby several researchers,but generallyin combinationwith sink rate.
As thesinkrateis includedin theTTC aswell, it is morelikely thatnotperceivedt but anothercombination
of perceivedaltitudeandperceivedsink rateis used.

• Runway angle change(maybealsofrom peripheralmotion) hasbeenput forward by the authorrecently
[74, 87] andis still beinginvestigatedasa possiblecuein ongoingresearch.It canbeshown thatevenfor
large jet aircraft the apparentrotationof the sidelines is above thresholdseveral secondsbeforethe �are
shouldbeinitiated.

5. Conclusion
Manuallandingcontrolof humanpilots is mainly guidedby visual inputs. Modeling thereforestartswith

the selectionof visual inputs that could realisticallybe usedby the pilot to control the aircraft. This paper
focusedon the two mainphasesof thevisualapproachto landing—theglide andthe �are— andthe timing
of the �are initiation. Several visual cuesandpilot modelsput forward in literaturehave beenreviewedand
relatedto thespeci�csof thelandingtaskby analyzingtheir thresholdsandtheir connectionwith well known
visualillusions.

Althoughmany factorsplay a role, it canbeconcludedfrom this investigationthat theH-distancetogether
with thefocusof expansionis themaincueduringtheglide. Flareinitiation timing is clearlybasedonaltitude
andsinkratecues,but how thesearevisuallyperceivedhasnot irrefutablybeendeterminedyet. Little research
regardingthecontrolduring the �are phasewasfound,anddisagreementsevenexist abouttheareathepilot
shouldgivehisvisualattentionto.

Althoughoptical�o w andtheimportanceof awide �eld of view to perceive the�o w with peripheralvision
have beenmentionedoften,no clearresearchquantifying�o w or classifying�o w cues(patterns)wasfound
for aircraftlanding.Thiscouldbeaninterestingdirectionfor futureresearch.

Modelsof aircraft landingcontrolby humanpilots couldgive insight in perceptionandthinking processes
of pilots andcouldthereforehelpin transferringknowledgeform veteransto studentpilots. It couldalsoshed
a new light op perceptualillusions,or how we canrecognisethemearlyand�nd alternative visualcues.Also
in simulatordesignandin thedesignof augmentedrealitydisplays,knowledgeof visualsceneprocessingcan
helpto increaseeffectiveness,while limiting computationalor resolutionrequirements.
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vol. 39,pp.347–370,Dec.1886.[In German].

[92] H. Leibowitz. “Effectof ReferenceLineson theDiscriminationof Movement”.Journalof theOpticalSocietyof America, vol.
45,no.10,pp.829–830,Oct.1955.

[93] P. TynanandR. Sekuler. “Motion Processingin PeripheralVision: ReactionTime andPerceivedVelocity”. Vision Research,
vol. 22,no.1, pp.61–68,1982.

[94] S. Anstis. “Motion Perceptionin the FrontalPlane: SensoryAspects”. In K.R. Boff, L. Kaufman,andJ.P. Thomas(Ed.),
Handbookof perceptionandhumanperformance, vol. I – Sensoryprocessesandperception,ch.16.Wiley, 1986. ISBN 0-471-
82956-0.

[95] K.N. Ogle. “Spatial LocalizationAccordingto Direction”. In H. Davson(Eds.),Visual opticsand the Optical SpaceSense,
vol. 4 of TheEye, ch.13,pp.219–245.AcademicPress,1962.

[96] C.H.Graham.“Perceptionof Movement”. In C.H.Graham(Eds.),VisionandVisualperception, ch.20.Wiley, 1965.
[97] S.Duke-Elder(Eds.). ThePhysiology of theEyeandof Vision, vol. IV of Systemof Ophthalmology. Kimpton,London,1968.

ISBN 0853136262.
[98] H. Aubert. “Die Bewegungsemp�ndung– ZweiteMittheilung”. Archiv für die GesammtePhysiologie desMenschenundder
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Appendix A. Noteswith table 1
1. Whenlooking10–15deg (anglewith thehorizontal)down at therunway, thepointof intersectionwith therunway in thecenter

of visionshiftstowardyou if yougodown, away from you if youmoveup (ballooning�are)
2. for attitudeestimation
3. until visualaimingpointbecomesvisible, ILS glideslopeindicatorshouldbeused
4. callsit motionparallax
5. importantfor altitude/sinkrate
6. doesnotexplaindifferentapproacheson lengthchange
7. assupportingcue
8. if no texture
9. explicit horizonandaimpointmarkingssuggested

10. for theglidephase
11. during�are (to preventearlynosedown, andfor propercenterline keeping)
12. secondmostimportant,givesinformationaboutrateof descend(This is becauseof its directrelationwith pitch!)
13. it is mathematicallypossibleto derive theglideslopefrom theapparentrunwayheightandtheapparentsideline angle
14. doesnotexplaindifferentapproachesonwidth changes
15. afterpowercut, to preventearlynosetouchdown
16. maincue,if visible (Notethatthenearrunwayendis usedasaimpointhere,somarkers/aimpointmaybetheactualcue!)
17. mentioned,but in thisexperimentnearrunwayendis aimpoint,soresultis confusing
18. probablynot (mentionsnumeroussuccessfullandingsonsquareandcircularrunways)
19. doesnotexplaindifferentapproacheson lengthchange
20. for thetiming of the�are initiation
21. usest of runwaywidth (subtendedangleof runwaywidth ataimpointmarkers)
22. If textureis available.t of runwaywidth (subtendedangleof runwaywidth ataimpointmarkers)
23. uptoabout200m
24. not from questionnaire
25. �are altitude=10%of thesink rate(persecond)
26. atabout20� 30ft (=7� 10m)
27. constant�are altitudeusedfor training
28. acombinationof airspeedandpitchattitudeis usedin theglide
29. “the relationof thenoseof aircraftto therunway”
30. seealso[76]
31. assumesdistanceto cuesin known
32. truehorizonoftennotvisible,but falsehorizonsuf�cient
33. notesthatmany pilotsdon't know whatcuethey use
34. It is unclearwhatis meantby the“anglewith runway” cuementionedin thepapers
35. resultssuggestacombinationof Altitude, AltitudeTauandlongitudinalpositionis used
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