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Amongthesensorysignalsavailableto controldriving (or walking),theinducedvisual

motion pattern,the optic flow, is a powerful sourceof information. The role of optic

flow in visualnavigationhasbeenincreasinglyresearchedover the last tenyears.The

basicquestionsare: which informationcanbe obtainedfrom the optic flow, andhow

doesthehumanvisualsystemdoit? I will concentrateontwo tasksfor whichopticflow

analysiscanbeusedduringdriving. Thefirst is theperceptionof heading(thedirection

of self-motion)from opticflow. Thesecondconcernstheperceptionof driving distance

from opticflow.

Many perceptualexperimentshave shown that headingcanbe perceived from optic

flow. They haveidentifiedimportantrequirementsfor accurateanalysisaswell assources

of error. A particularconcernareeye movementswhich areinducedby optic flow and

which, by distorting the structureof the flow field projectedin the eye, compromise

headingdetection.Thenatureof theseeye movementsandtheir influenceon opticflow

analysisin thevisualsystemwill bediscussed.Theperceptionof driving distancefrom

optic flow is lesswell studied.Recentexperiments,however, showed thathumanscan

reliablydiscriminatedriving distanceon thebasisof optic flow providedthey canmake

valid assumptionsaboutthestructureof thevisualenvironment. This new finding may

point to a previouslyoverlookedrole for opticflow in driving.



Driving comprisesmany subtasks.Thedriverhasto monitorthestatusof theroadand

the car, hasto estimateandanticipatethe car’s headingwith respectto theroad,steer,

analyseroad signs,observe the behavior of otherdrivers or pedestrians,and register

his own speedandtravel distance. In all of thesetasksthe generationof appropriate

behavior requirestheanalysisof sensoryinformation.Almostalwaysvisualinformation

is involved,oftenaccompaniedby othersensorysourcessuchassomesthetic,vestibular,

or auditorysignals. Hence,an importantstepfor understandingdriving behavior —

andfor building realisticdriving simulators— lies in studyingtheperceptualprocesses

thatsupporttheanalysisof driving–relatedsensoryinformation.In thefollowing, I will

review recentresearchon thesensoryperceptionof headinganddriving distance.I will

concentrateon visual informationprovided by the optic flow but also includerelated

sourcesof informationthatarenotof visualorigin.

Optic flow is the patternof visual motion that one experiencesduring one’s own

movement.Whendriving alongastraightroadandlookingstraightahead,theopticflow

hasthewell–known characteristic structureof anopticalexpansion.All visualmotion

is directedradially away from thefocusof expansion,which lies in thedirectionof the

headingof thecar. In thissituation,onemayaskwhetherthedriver canusethelocation

of the focusof expansionto estimatehis or her heading. Several studieshave shown

thathumanscanaccuratelylocatethefocusof expansionin theopticflow andsuggested

that this capabilitymaycontribute to driving behavior [1, 2, 3]. In orderto restrictthe

informationavailableto thesubjecttopureopticflow, thesestudieshavenotusedrealistic

driving simulationsbut ratherimpoverishedcontrolleddisplaysthat consistedonly of

randomdotsmoving in anexpandingpattern.Observerscanequallywell locateestimate

their headingin morerealisticdisplays[4]. But theobservation thatgoodperformance

canbeobtainedwith impoverisheddisplaysmakesclearthatsimply thevisualmotions

in theopticflow containsufficient information.

Thestructureof theopticflow patternchangeswhencomponentsof rotationareadded

to themovement.Oneparticularsituationis driving in a curve. In this case,thereis no

focusof expansionin theopticflow. Rathertheflow resemblesof acollectionof curved

lines. Yet,humanobserversarequitecapableto estimatethedegreeof curvature[5] and

theircurvilinearheading[6, 7] from theoptic flow.

A secondway by which rotationalcomponentsmay enterthe optic flow is through

the occurrenceof trackingeye movements. Although eye movementsclearly do not

influencethecourseof thecar, they do influencetheprojectionof therelative movement



betweenthe world andthe driver (theoptic flow) in thedriver’s eye. Thevisual input

that the driver experiencesis thereforethe retinal projectionof the optic flow, or the

retinal flow. Thestructureof theretinalflow is differentfrom thestructureof theoptic

flow becauseof theadditionaltransformationdueto eye movements.In particular, the

retinal flow oftendoesnot containa focusof expansioneven for linearmovement,or,

if it does,the focus of expansionis not synonymouswith heading[8, 9, 10]. Thus

it is not clearwhetherthe describedability of humanobserversto locatethe focusof

expansionin anexpandingopticflow hasany relevanceto thenormaldriving situationat

all. Two importantquestionsarisefromtheseconsiderations.First,whateyemovements

occurduringdriving? Second,if trackingeye movementsoccur, canobserversestimate

headingfrom theretinalflow?

Likemostbehaviorsdriving isaccompaniedbyeyemovementsandgazeshifts.During

openroaddriving gazeis mostoftendirectedstraightahead,a lower percentof thetime

to thefarsceneryonthesideor to othervehicles,or, veryinfrequently, to thenearpartsof

theroad[11]. But thepercentageof timespentlookingin thesedirectionsdependsonthe

sceneandon thetaskor objective of thedriver. More gazeshiftsto eccentricpositions

aremadewhenthedriver is askedfor instanceto attendto all theroadsigns,memorize

thetravel area,etc.[11, 12,13]. Frequentandlargegazeshiftsoccur, for instance,when

crossinganintersection[14]. A furthercharacteristic andconsistentrelationshipbetween

gazedirectionanddriving behavior hasbeendescribedfor thenegotiationof curves[15].

During approachinganddriving a curve, gazeis directedtowardsa specificpoint at the

inneredgeof theroad,the’tangentpoint’. This is thepointwherethetangentto theedge

of theroadreversesdirection,theinnermostpointof theroadedgeseenfrom thedriver.

Duringdriving in a curve,gazeis directedtowardsthetangentpoint on average80%of

thetime.

Gazeshifts areusedto gatheressentialvisual information throughscanningof the

scene. But in addition,eye movementsduring self–motionserve a further important

function,namelyto maintainstablevision in the presenceof large–fieldvisualmotion

(optic flow). Becauseof the retinal imagemotion inducedby optic flow theeye needs

to bemoved alongto stabilizethe imageof the scene.Several typesof compensatory

eyemovementreflexesattemptto counteracttheself–motioninducedvisualmotionand

keepthe retinal imagestable[16]. They act on vestibular, proprioceptive, or visual

input. Whenhumanobserverslook atanoptic flow stimulustheireye movementsshow

aregularalternationof gazeshiftsandslow trackingmovementsata frequency of about



2Hz [17, 18]. Eyemovementsin theslow trackingphasesfollow theaveragedmotion

nearthe directionof gaze. Hencetheseslow phasesstabilizethe retinal imagein a

smallareaaroundthedirectionof gaze.However, while suchtrackingeye movements

arebeneficialfor stablevision in thecentralfield they createproblemsfor theanalysis

of optic flow in the peripheralfield. Trackingeye movementsinducemotion of the

retinal imagesuchthat theoptic flow in thecentralvisualfield is cancelled.However,

the sameimagemotion is also addedto the peripheralpartsof the visual field such

that the total retinal motion patternbecomesa combinationof radial optic flow with

retinal motion inducedby the eye movement. The resultingretinal motion patternis

quitedifferentfrom thesimpleexpansionthatonenormallyassociateswith optic flow.

In particular, eye movementsusuallydestroy or transposethefocusof expansionon the

retina(e.g. [8, 10]). The questionthenbecomeswhethersuchdistortedflow patterns

still signalinformationrelevant for driving, andin particularwhetherit is still possible

to perceive headingfrom suchretinalflow.

Humanobservershavebeenaskedtoestimateheadingwhiletheywatchedanopticflow

stimulusandperformedtrackingeyemovements.Headingaccuracy wasalmostasgood

aswhensubjectslocatedthefocusof expansionduringfixation[8, 19]. However, in this

conditiontwo sourcesof informationareavailableto thesubject.Thefirst is themotion

patternof theretinalflow. Thesecondisnon–visualinformationabouttheeyemovement,

which maybeprovidedby eye muscleproprioceptionor by anefferencecopy signalof

the brain commanddriving the eye movement. Therefore,it is not clearwhetherthe

ability to estimateheadingin thissituationis basedontheopticflow or anacombination

of opticflow with non–visualeyemovementsignals.Totearthesetwo possibilitiesapart,

investigatorshaveusedtheparadigmof simulatedeyemovements.In thisparadigm,the

visualdisplaydoesnot only simulatethe forwardmovementof theobserver but alsoa

trackingeye movement.To thefixating eye, thedisplaywould presentthesameretinal

flow asa real eye movement,but the eye proporioceptionandefferencecopy signals

areeliminatedbecausethe eye is physicallymotionless.Datafrom theseexperiments

aremixed. Someresearchersfound that the lack of non–visualeye movementsignals

preventedcorrectestimatesof heading(e.g. [19]). Othersfoundaccuratejudgements,

supportingtheview thatretinalflow alonecontainssufficient information(e.g.[8, 20]).

A detailedoverview of thediscussioncanbefoundin [10].

To take the rotation problema stepfurther, we have recentlybegun to investigate

theperceptionof entiremovementtrajectoriesin thepresenceof rotationalcomponents



[21]. Observerswereaskedto estimatethetrajectoryof asimulatedmovementfrom an

optic flow display. The trajectorywaseitherstraightor semicircular. In sometrials, a

rotationabouttheverticalaxiswasaddedasif subjectsturnedduringtheir movement.

In this situation,thechangein heading,or, equivalently, the trajectorycurvature,must

bedissociatedfrom a truechangein orientation,i.e., a rotationabouttheverticalaxis.

It turnedout thatsubjectsin someconditionwereunableto performthis task.Accurate

performancerequiredthat the simulatedorientationeitherstayedconstantlytangential

to thetrajectory, or remainedconstantin space.Whenneitherof theserequirementswas

fulfilled, subjectsstronglyoverestimatedthe curvatureof the trajectory. This suggests

that assumptionsaboutnormal conditionsin locomotionand driving ("orientationis

mostly tangentialto the path") can strongly influenceour interpretationof the visual

input.

Next to heading,the optic flow may provide other informationrelevant for driving.

Speed,travel distance,and time–to–contactwith obstaclesin the scenewould all be

of interestto the driver. Strictly speaking,optic flow alonecarriesonly information

aboutthe last,time–to–contact[22, 23]. Becausevisualvelocitiesin theoptic flow are

determinedfrom theproductof forwardspeedandthedistanceof therespective visible

object from the observer, neitherspeednor distancecan directly be inferred without

knowing theother. However, if onecanmakevalid assumptionsaboutthespeedor about

thestructureof theenvironmentit maybecomespossible.

Wehave recentlystartedto evaluatetheconditionsunderwhichhumanobserverscan

make reliableestimatesof travel distancefrom optic velocities[24, 25]. Testpersons

werepresentedwith two successive optic flow displaysthat simulatedforward motion

with variablespeedsandduration.Their taskwasto comparethetravel distancesof the

two movementsandtell whetherthesecondmovementwentfurtheror lessfar thanthe

first. Fromasequenceof trialswecalculatedthepointof subjectiveequality(PSE)of the

two distances(i.e.,whenbothappearto beof thesamelength).In aseriesof experiments

wedeterminedthedependenceof thePSE,andhencethedistanceestimationability, on

thespeedanddurationof the two movementsandon thestructureof theenvironment.

Wefoundthatobserverscouldconsistentlydiscriminatebetweenmovementsof different

distance,evenif thespeedin thetwo movementswasdifferent.Somesubjectsexhibited

individual over– or underestimationof driving distancewhen speedchanged,but the

averagedatawas quite accurate. Variation of the structuralcuesin the environment

revealedthatthemaincontribution to thisability wasanintegrationof opticalvelocities



experiencedover thedurationof thesequence.Theseresultssuggestthatopticflow may

playa rolealsoin theperceptionof driving distance.
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[17] T. Niemann,M. Lappe,A. Büscher, andK.-P. Hoffmann.Ocularresponsesto radial
optic flow andsingleacceleratedtargetsin humans.Vision Res., 39:1359–1371,
1999.

[18] M. LappeandK.-P. Hoffmann.Opticflow andeyemovements.In M. Lappe,editor,
NeuronalProcessingof OpticFlow, Int.Rev.Neurobiol.44,pages29–47.Academic
Press,2000.

[19] C. S. Royden, J. A. Crowell, andM. S. Banks. Estimatingheadingduring eye
movements.VisionRes., 34:3197–3214,1994.

[20] A. V. vandenBerg. Perceptionof heading.Nature, 365:497–498,1993.

[21] R. J.V. Bertin, I. Israel,andM. Lappe.Perceptionof two–dimensional,simulated
ego–motionfromopticflow. Comparisonwith avestibularstudy. VisionRes., 2000.
(in press).

[22] D. N. Lee. The optic flow field: The foundation of vision. Phi-
los.Trans.R.Soc.Lond.B, 290:169–179,1980.

[23] J. R. Tresilian. Visually timed action: time-out for ‘tau’? Trends.Cogn.Sci.,
3:301–310,1999.

[24] F. BremmerandM. Lappe.Theuseof opticalvelocitiesfor distancediscrimination
andreproductionduringvisually simulatedself–motion.Exp.Brain Res., 127:33–
42,1999.

[25] H. Frenz, F. Bremmer, and M. Lappe. Wahrnehmungvon Distanzenvisuell
simulierterEigenbewegungenin unterschiedlichen Umgebungen.In H. H. Bülthoff,
M. Fahle,K. R. Gegenfurtner, andH. A. Mallot, editors,Beiträge zur 3. Tübinger
Wahrnehmungskonferenz, 2000.


