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Temporal Adaptation and the role of temporal con-

tiguity in spatial behavior

DouglasW. CunninghamAstros Chatziastos,Markusvonder Heyde & Heinrich H. Bulthof

Abstract. Rapidandaccuratenteractionwith the world requiresthat properspatialandtemporalalignmentbe-
tweensensorymodalitiesbe maintained.The introductionof a misalignment(eitherspatialor temporal)impairs
performancen mostspatialtasks.For overa century it hasbeenknown thata few minutesof exposureto a spa-
tial misalignmentcaninducea "recalibration"of intersensonspatialrelationshipsa phenomenoralled Spatial
Adaptation.Here,we presentvidencethatthe sensorimotosystemcanalsoadaptto intersensoryemporalmis-
alignmentsa phenomenahatwe call TemporalAdaptation. TemporalAdaptationis strikingly parallelto Spatial
Adaptation,andhasstrongimplicationsfor the understanding@f spatialcognitionandintersensoryntegration.

1 General Introduction

Whena pebbleis tossednto a lake, the waterbegins
to ripple at the instantof contact. This tight coupling
of causeandeffect holdsfor mostof the universe and
hasseveralimportantramifications.Perhap®neof the
more important ramificationsrelatesto the relation-
ship betweenperceptionand action. Whenthe con-
sequencesf our actionsaredelayedperceptuafeed-
backaboutour actionsis delayed.Delayingfeedback
by aslittle as45 mscanimpair visually guidedbeha-
ior, while delaysof asecondr moreprohibittherapid
and accurateinteractionwith the world (Sheridan&
Ferrel,1963; Smith,McCrary, & Smith, 1962; Smith,
Wargo, Jones& Smith,1963).

Delayedfeedbackmay be thoughtof as producing
an intersensorydiscrepang. Thatis, thereis a dis-
agreemenbetweenthe seenand felt time of occur
renceof the action. Suchanintersensondiscrepang
is formally similar to the intersensorspatialdiscrep-
ang/ studiedin prism adaptation(also called Spatial
Adaptation). In Spatial Adaptation, specialgoggles
laterally offset the visual field, so that the seenand
felt location of an objectare different. Sincean ob-
ject can have only one location, the brain takes this
mis-alignmentsan error, andrapidly recalibrateghe
intersensoryrelationship. Prism adaptationhasbeen
studiedfor over 100years,anda considerableamount
has beenlearnedabout the underlying mechanisms
(for reviews of this work seeBedford, 1993; Welch,
1978).

Despitetheformal similarity betweerthetwo types
of mis-alignmentstesearchersave foundnoevidence
of ary compensatiorfor intersensorytemporal dis-
crepanciege.g. Sheridan& Ferrel,1963;Smithetal.,
1962,1963).This consistentack of evidencehaslead

atleastoneresearcheto suggesthatadaptatiorto in-
tersensorngtemporaldiscrepanciess impossible even
in principle (Smithetal., 1962).

For Spatial Adaptationto occur, however, several
importantconditionsmustbe met. Perhapghe most
critical of which is thatpeoplemustbe exposedo the
alteredsensoryrelationship.It shouldbe noted,then,
thatin previouswork ontemporalmis-alignmentsthe
subjectdendedo slow dovn whenexposedo delayed
feedback(Sheridan& Ferrel, 1963). It canbe read-
ily shown that slowing down essentiallynegatesthe
effects of the delay For example,a driver traveling
72 km/h in a carwith a 1 seconddelay mustturn the
steeringwheel20 metersprior to reachinganintersec-
tion. Whentraveling at 3.6 km/h, however, they need
to turnonly 1 meterearly—they canactasif therewere
no delayandturn oncein theintersection.

Cunningham, Billock, and Tsou (2001) have
demonstratedhat when people are prevented from
slowing down, and thus exposedto the intersensory
temporaldiscrepang, they do seemto adapt. In that
study the introduction of a 250 ms feedbackdelay
initially impairedperformanceon an simple obstacle
avoidancetask, but with a small amountof practice,
subjectslearnedto performalmostequally well with
delayedfeedbackasthey could with immediatefeed-
back. Cunninghamet al. also provided evidencefor
two additional hallmarks of adaptation. First, they
shaved thattherewasan apparenthangein the per
ceptualrelationshipbetweenthe two modalities. The
delayedfeedbackwas easily noticeableat the begin-
ning of training, but by the endof training, the action
andits consequenceseemedo be temporallysimul-
taneousdespitethe 250 ms offset. Secondtherewas
a strongnegative afterefect, oneof the primary mea-



suresof the strengthof adaptation.More specifically
eachsubjects ability to performthetaskwithoutade-
lay wasmeasuredboth beforeandafterbeingexposed
tothedelay Learningto performthetaskwith delayed
feedbaclgreatlyreducedperformancevhenthedelay
wasremoved.

Cunningharretal. usedabstracstimuli, atop-dovn
view of the stimuli, and a task with which subjects
were unfamiliar. Here, we examinewhethertempo-
ral adaptatioroccursin amorenormalsituation:Driv-
ing in arealisticervironment. In additionto allowing
oneto look atgeneralizatiorio everydaytasks driving
alsoallows oneto testfor anothercritical hallmarkof
adaptation: Generalizatiorto novel variationsof the
task. Specifically doestraining on one pathimprove
performancenly for thatpath(a highly specificform
of adaptation)pr doesit generalizeto novel pathsas
well?

2 Experiment 1

2.1 Introduction

In this experiment, we examined whethertemporal
adaptatiorcanoccurfor morefamiliar, everydaytasks.
Specifically we looked to seeif humanscan learn
to drive with delayedfeedback.andwhetherthis im-

pairsperformancevithout thedelay This experiment
was explicitly designedfollowing the early work on

prism adaptationthe taskandstimuli werekeptcon-
stantthroughoutthe experiment(e.g.,the samestreet
wasusedon all trials). Additionally, we ensuredhat
subjectswere exposedto the delay andthushadthe
chanceo adaptto it, by allowing themto controlonly

thedirectionof travel. The speedvasconstanfor the
durationof eachtrial, with eachsubjectbeingexposed
to several differentspeedsFinally, we alsoexamined
alargerrangeof delaymagnitudes.

2.2 Methods
221 Subjects

Twenty-onepaid volunteersparticipatedin the ex-
periment. Five subjectsdevelopedsimulatorsickness
anddid not completethe experiment. Their datahave
beeneliminatedfrom analysis. The datafrom one
additionalsubjectwere eliminatedas they had never
driven before and proved unableto control the car,
even at a very slow speedwith immediatefeedback.
Subjectswere randomlyassignedo one of the three
delaymagnitudeconditionsuntil eachconditionhada
total of 5 subjects.

2.2.2 Apparatus

The virtual road environmentwas projectedonto a
half-cylindrical, 180 degreescreen(3.15m high, 7 m
in diameter)by a Silicon GraphicsOnyx 2 Reality

Figurel: Experimentaketup.

Figure2: Topdown view of the streetusedin Experimentl.

Engine (Figure 1). Subjectscontrolledthe car via a
custom-designedorcedfeedbacksteeringwheel.

2.2.3 Stimuli

To provide arealisticandfamiliar driving erviron-
ment,thestreet(Figure2) wasgenerateéccordinghe
formulasthat the Germangovernmentusesin design-
ing real streets(Forschungsgesellschafiir StraRen-
und Verkehrswesen: ArbeitsgruppeStralenentwurf,
1995). Of particularnoteis thatthe streetwasgener
atedusingspiralsandclothoids,so that the curvature
of ary giventurnincreasedjyradually Thus,onecould
drive alongthe entirestreetusingsmoothsteeringma-
neuwers. To make the task difficult, the curveswere
considerablysharpethannormalGermanstreets.

2.2.4 Procedure

The subjectsmaneuereda virtual car (1.0 m wide
by 2.37mlong)alonga curvedstreet(10 meterswide)
in a high-fidelity virtual environment,using a forced
feedbaclksteeringwheel. Subjectsvereaskedto drive
to the endof the streetwithout ever leaving the road.
Thestreetconsisteaf 4 lanesandsubjectsvereasked



to try andremainin the secondanefrom theright.

Justas slowing down minimizesthe effects of the
delay increasinghe speedncreaseshe effectsof the
delay To maximizethe effectsof the delay very fast
speedsverechosen.In generalthe speedsverefast
enoughthat subjectswere forced to drive at or near
the upperlimits of their ability. Sincedriving ability
variesconsiderablyacrosspeople,a large numberof
speedsvould naturallybedesirable Lik ewise,theuse
of mary repetitionsperspeedvould increasehereso-
lution of any measurement®©f coursedriving alonga
narrow, curvedstreetat high speedss avery demand-
ing task,requiringintenseconcentratiorirom the sub-
jects. Theuseof a large numberof trials, then,would
increasethe possibility that subjectswill becomefa-
tigued, to the detrimentof their driving performance.
To minimize the possibility of fatigue,the numberof
speedsandrepetitionsper speedwere chosenso that
the experimentlastedapproximately30to 45 minutes.

To familiarize the subjectswith the experimental
setupin generalandwith the controlof thevirtual car
in particular eachsubjectwas given several practice
trials (with no feedbackdelay)prior to the startof the
experiment. The experimentconsistedof 3 sections
(Pre-testTraining,andPost-test):

Pre-test: The Pre-tesiprovidesa baselinemeasure-
ment of how well subjectscould drive a virtual car
with (nearly) immediatefeedback. During the Pre-
test,eachsubjectwaspresentedvith five repetitionsof
four speedsangingfrom 64 to 108 km/h (18, 22, 26,
and 30 m/s) in randomorder;, for a total of 20 trials.
Thefastesspeedat which a subjectcouldsuccessfully
driveto theendof thestreeton atleast4 of the 5 repe-
titions wasrecordedastheir “Top Speed”. This speed
playedanimportantrole in the Post-test.

Training: During the Training section, the steer
ing wheelcontrolledthe carin the samemannerasin
the Pre-testwith the soleexceptionthatthe effectsof
steeringwere delayed. For onethird of the subjects,
the delay was about130 ms. For the remainingtwo
thirds,thedelaywasabout2300r 430ms,respectiely.
Prior to the onsetof training, subjectswereinformed
thattherewould be adelaybetweerthesteeringvheel
andthe motionof thecar.

The orderin which the speedswvere presentedvas
determinedisingashaping-by-approximatiotraining
procedure. Specifically a subjectwas initially pre-
sentedvith aneasyversionof thetask(i.e., theeffects
of the delaywere minimizedby usinga slow speed).

In a shapingprocedurejt is importantthat the initial
task not be too difficult and that the increasein difficulty
betweensubsequentevels of training not be too great. To
easehedifficulty of theinitial task,a slower speed 14 m/s)
wasusedin additionto the 4 speeddrom the Pre-test.

This slowestspeedwvasrepeatedlypresentedintil one
of threecriterion was met. If a subjectsuccessfully
reachedhe endof the streetfour timesin arow (Suc-
cessCriterion), the speedwasincreasedandtraining
continued. If a subjectdrove off the street10 times
in arow (Collision Criterion), training endedandthe
Post-tesbegan. If neitherthe Successor the Colli-
sion criteriaweremetwithin 20 trials (StalemateCri-
terion),trainingendedandthe Post-tesbegan.
Post-Test: During the Post-test performancewith
immediatefeedbackwas remeasured At the start of
the Post-testsubjectawvereinformedthattherewould
no longerbe a delay andthat this sectionof the ex-
perimentwas the sameasthe first section(Pre-test).
The differencein performancebetweenthe Pre-and
Post-testectiongrovidesa measuremerdf theafter
effectsof training. For apropercomparisorof the Pre-
andPost-teststhetwo sectionsshouldbeassimilaras
possible. It is possible,however, that subjectsmight
re-adaptto the immediatefeedbackduring the Post-
test,maskingary afterefect of training. To avoid re-
adaptationto immediatefeedback,only 5 trials were
presentediuring the Post-test.For eachsubject,all 5
trials wereattheir “Top Speedfrom the Pre-test.

2.3 Resultsand Discussion

Figure 3 shaws the percentag®f trials on which sub-
jectssuccessfullyeachedhe streets endat their Top
Speedfor the Pre-and Post-tests All groupsshaved
a dropin the ability to drive to the end of the street,
but this drop was only significant for the 230 ms
group (1(8)=9.238, p<0.0001for the 230 ms group;
t's(8)<1.6,p's>0.14 for theremaininggroups).

The maximum speedsthat subjectswere able to
successfullycompleteduring the Pre-Testwere90.72,
99.36,and 99.36 km/h for the 130 ms, 230 ms, and
430 ms delay groups,respectiely. Thesespeedslo
not differ significantly(t's(8)<1.6,p’s>0.1.4),indicat-
ing thatthe 3 groupshave roughlysimilar driving abil-
ities atthe onsetof the experiment.Theresultsfor the
threedelaygroupsarediscussedeparatelyn morede-
tail below.

2.3.1 130 msdelay group

Subjectsin the 130 ms delay group hadlittle trou-
ble navigating the streetsduring training, andthe de-
lay training did not significantly effect their ability to
reachthe streets end when the delay was removed.
The streetcompletionmetric, however, is not partic-
ularly sensitve. It is possiblethat subjectshad more
difficulty controlling the car during the Post-testbut
this lossof ability wasnot sufficient to force themoff
theroad.A moresubtledecreasén theability to accu-
rately controlthevirtual carshouldshow up, however,
as a decreasedbility to stayin the properlane. To
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Figure 3: Resultsfrom Experimentl. The averagenum-
berof streetxompletedduringthe Pre-andPost-tesateach
subjects™Top Speed’is plottedfor the threedelaygroups.
The solid barsdepict Pre-testperformanceand the striped
barsdepictPost-tesperformance.

examinefor theselesscatastrophichangesn driving
ability, we calculatedhe meantangentialdeviation of
the path tracedby the car from the centerof the as-
signedlane. This wasdoneonly for thosetrials that
werepresentedtasubjects Top Speedasthatwasthe
only speedhatwaspresenin boththe Pre-andPost-
tests. The results,averagedacrosssubjects.are plot-
tedin Figure4. While thereis a slight trendfor sub-
jectsto have moredifficulty stayingin theirlanein the
Post-testthisincreasds notsignificant(t(48)=1.1984,
p>0.23).Learningto drivewith a130msdelaydid not
impair performancevithouta delay

Onepotentialreasorfor thelack of a negative after
effectis thata 130 msdelayis quite similar to imme-
diagy, at leastfor the presenttask. It is worth noting
thatreal carsdo not respondmmediately(inertiaand
variousplantdynamicfactorsintroducedelays).Thus,
althoughthedelayinvolvedin realcarsis lessthan130
ms, it may be sufficiently similar thatpreviousdriving
experiencegeneralize$o a 130 msdelay This possi-
bility is exploredin Experiment2.

2.3.2 230 msdelay group

Every subjectdemonstrated sharpdropin perfor
mancewhenthe delaywasremoved. Streetcomple-
tion wasbetwee0% and80% lower in the Post-test
thanfor the samespeedduring the Pre-testwith the
averagedrop being 64%. Sincesubjectsexperienced
a significantdrop in their ability to stay on the road
duringthe Post-testjt is not surprisingthattherewas
alsoasignificantdecreas their ability to staywithin
theassignedane(t(48)=3.5207p<0.001).Thelack of
decreasén performanceor the 130 ms groupargues
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Figure4: Tangentialdeviation betweerthe virtual car’s ac-
tual locationandthe centerof the assignedane. The solid
barsdepictPre-tesiperformanceandthe stripedbarsdepict
Post-tesperformance.

persuasiely thatthe negative afterefectsfoundin the
230msgrouparenotdueto fatigue.
Theseresultsarevery similarto thosethatCunning-
hametal. (2001)found for performanceon a simple,
top-downn view, obstacleavoidancetaskwith a250ms
delay Interestingly the averagesize of the negative
afterefect is remarkablyconsistentbetweenthe two
experimentg64%and52%,respectiely).

2.3.3 430 msdelay group

Therewaslittle changen performancédetweerthe
Pre-andPost-testseitherin the ability to stayon the
road (t(8)=0.8944,p>0.39) or in the ability to stay
within their lane (1(48)=0.7693,p>0.44). A look at
performanceduring training providesan explanation:
Subjectsdid not learnto drive with a delay Four of
the five subjectsfailed to make it to the end of the
streetevenonce. If subjectsdid not learnto perform
the taskwith a delay thereis little reasorfor training
to affect Post-tesiperformance.One subjectshoved
someproficieny at the task during training, and ac-
tually managedo completetraining for the slowest
speed(14 m/s). This subjectshaved a 40% drop in
completionrateduringthe Post-testThissuggestshat
to thedegreethatsubjectscanlearnto drive with a430
msdelay thisimprovemenwill produceanegative af-
terefectwhenthedelayis removed.

Thereare several likely explanationsfor subjects
low performanceduring training with a 430 ms feed-
backdelay The simplestexplanationis that 430 ms
is simply too large to adaptto. It is alsolikely, how-
ever, thelowestspeedresentedh theTrainingsection
wastoo difficult. Notice that the larger the delayis,
the moredifficult a givenspeeds (i.e., theearlierone



would needto turn). Thus,aninitial taskthatis easy
for 230ms(at14 m/s,subjectonly havetoturn2.8m

earlyonthe 10 m wide road),mightbetoo difficult for

430ms(wheresubjectseedto turn 6.6 metersearly).
As mentionedabove, learningcan be preventedin a
shapingproceduravhentheinitial taskis too difficult.

Perhapsubjectanlearnto drivewith a430msdelay
if theinitial taskwasmadeeasier This possibility is

exploredin Experiment2.

3 Experiment 2

3.1 Introduction

Experimentl foundthatsensorimotoadaptatiorio in-
tersensoryemporaldiscrepanciesanoccurin a driv-
ing task. The specificity of temporaladaptationis,
however, still unknavn. Of particularimportanceis
whethertraining on a single streetimproves perfor
manceon otherstreets.To examinethis issue, Exper
iment 2 wasdivided into 3 sections(Baseline,Train-
ing, Generalization). Subjectswere presentedwith
four streetsduring the Baselinesectionof the exper
iment. This providesan initial measureof how good
subjectscan drive with a particulardelay magnitude
(either130, 230, or 430 ms). They werethentrained
on a differentstreetwith the samedelay In the third
section(Generalizationthey were re-testedwith the
samedelayon the four streetsfrom the Baselinesec-
tion, aswell ason four new streets.If temporaladap-
tation is not specificto the training street,onewould
expectto seehigher performancen the Generaliza-
tion sectionthanin the Baseline.Moreover, if thede-
greeof novelty of a streetis important,thensubjects
shouldbe betterduring the Generalizatiorsectionon
thestreetghey sav in the Baselinesectionthanon the
four completelynew streets.While eachstreetin the
Baselinewasseenonly 4 times(onceat eachof the 4
speeds)recentwork on the memorizationand repli-
cationof turnshasshavn thatsubjectscanaccurately
reproducea sequenceof 3 turns after only 2 repeti-
tions (von der Heyde, 2000). So, one might refer to
the Baselinestreetsas“old” andthe four new streets
as“novel”.

Theresultsof Experimentl alsosuggestethattem-
poraladaptatiorcanonly occurfor atight rangeof de-
lay magnitudesilt is possiblethata 130msdelaymay
be too similar to real world driving to affect driving
performancelf thatis the case thenBaselineperfor
mance(i.e., performancewithout training) shouldbe
the samewhetherfeedbackis immediateor delayed
by 130ms. Thefailureto adaptto a430msdelaymay
have beendueto theinitial difficulty of thetask.If that
is the case thenthe additionof slightly slower speeds
shouldallow adaptatiorto occut

3.2 Methad
3.21 Subjects

Sixteensubjectgarticipatedn theexperiment.One
subjectdevelopedsimulatorsicknessanddid notcom-
pletethe experiment. Their datahave beeneliminated
from analysis.Subjectsvererandomlyassignedo one
of the threedelayconditionsuntil eachconditionhad
atotal of 5 subjects.

3.2.2 Apparatus
Theapparatusvasthe sameasin Experimentl.

3.23 Stimuli

The stimuli wereidenticalto thoseusedin Experi-
ment1, exceptthat eight additionalstreetswere used
(SeeFigured). All of the streetsvere10 meterswide
andof similar complexity.

3.2.4 Procedure

The procedurewas similar to that usedin Experi-
mentl. During the Baselinesection four streetqFig-
ure 5 a-d) were presentecbnce at eachof the four
speedsfor atotal of 16 trials. The Training section
usedthesamestreetasin Experimentl (Figure2). The
Generalizatiorsectionpresente@ightstreetgFigure5
a-h) onceat eachof the four speedsfor a total of 32
trials.

Simulator sicknesswas an issuein Experimentl,
with about25% of the subjectsbeingunableto com-
plete the experiment. While a discussionof simula-
tor sicknessis beyond the scopeof this article, it is
generallyacceptedhat a conflict betweenthe visual
andvestitular perceptiorof accelerationis one major
causeln Experimentl, thehigh speedsaindsharpcor-
nersproduceda large visual angularaccelerationbut
therewasno corresponding/estilular simulation. To
reducehis conflict, slower speedsvereusedn Exper
iment2. Specificallythe130and230msdelaygroups
were presentedwith speedsof 16, 18, 20, 22, and
24 m/s, while the 430 ms delay groupwas presented
with speedsf 12, 14, 16, 18, and20 m/s. As with
Experimentl, the slowest speedwas only presented
during the Training section. The new set of speeds,
which were chosenbasedon Experimentl, should
not only reducethe incidenceof simulatorsickness,
but shouldprovide a tighter measurementf subjects’
driving abilities (since the speedswere more tightly
clustered).

3.3 Resultsand Discussion

In all 3 groups performancen the Generalizatiorsec-
tion wasbetterthanperformancen the Baselinesec-
tion (seeFigure 6), demonstratinghat training with
a delayon one streetimproves performancewith the
samedelay on novel streets. Furthermore therewas
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Figure 6: Resultsof Experiment2. The solid line depicts
the percentagef streetsthat were successfullycompleted
duringthe Baselinesection,andthe solid line for the Gener
alization.

no differencebetweerthe“old” and“novel” streetdn
the Generalizatiorsection,suggestinghatthe degree
of novelty of astreetdoesnothave agreatinfluenceon
generalization.

As expected, fewer people developed simulator
sicknesghanin the Experimentl. This notonly con-
firms therole playedby intersensonacceleratiordif-
ferencesin simulatorsickness,but suggestghat de-
layedfeedbackdoesnotitself seemto causesimulator
sickness.

331

Figure7 depictsa comparisorof the Baselineper
formancewith a130msdelayto averagePre-tesper
formance(with no delay)from Experimentl. As can
be clearly seen,subjectsperformedworsein the 130

Isa 130 msdelay different than no delay?
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Figure 7: Comparisonof untrainedperformancewith 130
andimmediatefeedback.

ms delay condition. Delayingfeedbackby aslittle as
130msdoesimpair driving.

3.3.2 Can humansadapt to a 430 msdelay?

Adding a slower speedduringtrainingallowed sub-
jectsto adaptto a 430 ms delay All subjectscom-
pletedthe 14 m/s speedduringtraining, whereasonly
1 subjectcould do this in Experimentl. Indeed,all
5 subjectsin Experiment2 had some successat a
speedof 18 m/s, whereasno subjectin Experiment
1 could completea streetat this speed.Furthermore,
two subjectscompletedhe fastesspeedduring train-
ing (20m/s)with little difficulty. Theseresultscontrast
strongly with thosefrom Experimentl, and provide
evidencethattheinability of subjectdo adaptto a430
ms delay in Experimentl was dueto an ineffective
training procedure.

4 General Discussion

Strict temporalcontiguity betweenan action and its
consequenceis not necessaryor rapid andaccurate
interactionwith the world. While the introduction
of a delay betweenactionand consequencedoesim-
pair behaior, a few minutesof the proper experi-
enceimprovesperformanceonsiderablyevenfor de-
lays aslarge asa half a second). While Cunningham
et al. (2001) shaved that training can return perfor
mancewith a delayto non-delaylevels of skill, per
formancein the presentexperimentwas not as com-
parableacrossthe delay and immediateconditions.
One likely causeof the lower amountof improve-
mentfoundin the presenexperimentwasthe shorted
training section. Subjectsin the earlier work re-
ceived considerablymorepracticein the delaycondi-
tion (including a greatemumberof numberof speeds,
and a greaternumber of trials per speed). More-



over, the speedsn the presentexperimentweremore
widely spread(providing for a coarsergradientbe-

tweenspeedgduring training). As with ary shaping
procedure)arge changesn difficulty betweensubse-
guentlevelsof training canreducethe effectivenesof

training. Along thoselines, Experiment2 provided

strong evidencethat even small changesn the rela-

tive difficulty of thetrainingprocedurecanyield large

changesn the amountof learningobtained.It seems
likely, then, that more training would return driving

performancevith adelayto normallevels.

The presentresults,combinedwith thoseof Cun-
ninghamet al., make it clear that the improvement
found during training is the result of sensorimotor
adaptation. In his classic book, Welch (1978) de-
fines adaptationto perceptualrearrangementas, “a
semipermanenthangeof perceptionor perceptual
motor coordinationthat senesto reduceor eliminate
a registereddiscrepang betweenor within sensory
modalitiesor the errorsin behaior inducedby this
discrepang” (p.8). Not only is this definitionmet, but
the patternof resultsobtainedwith TemporalAdapta-
tion is strikingly similar to that obtainedwith Spatial
Adaptation: (a) an intersensorydiscrepang impairs
performancet first; (b) a few minutesof exposureto
the consequencesf the discrepang improvesperfor
mance;(c) practicewithout beingexposedto the con-
sequencesf the discrepang (e.g., by allowing sub-
jectsto slow down in the caseof a temporaldiscrep-
ang/ or by not shawving the subjectstheir handin the
caseof SpatialAdaptation)doesnot leadto improved
performance;(d) adaptationto the discrepang pro-
ducesa strong negative afterefect; (e) adaptationto
thediscrepang seemdo resultin a changen the per
ceived relationshipbetweenthe two sensorymodali-
ties; and(f) adaptatiorgeneralizeso novel variations
of thetask.

It is known that neuralpathwayswithin andacross
modalitiesoftendiffer in processingpeedBolz, Ros-
ner, & Wassle,1982; Sestoka Lehmkuhle,1986)
and several modelson how intersensoryintegration
mightcompensatéor theseemporaloffsetshave been
proposed(Baldi & Meir, 1990; Eckhorn, Reitboeck,
Arndt, & Dicke, 1988;Grossbeg & Grunevald, 1997,
Konig & Schillen,1991;Singer 1996). While too lit-
tleis yetknow aboutTemporalAdaptationto providea
detailedmodel,it is clearthatexisting modelsof tem-
poralsynchronizatiomeedto go beyondmerelycom-
pensatingor existing intersensonpffsets. They must
alsobeflexible enoughto adjustto changesn thein-
tersensoryffset.
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