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Abstract

Cognitive development studies how information processing in the brain changes over the

course of development. A key part of this question is how information is represented and

stored in memory. This study examined allocentric (world-based) spatial memory, an impor-

tant cognitive tool for planning routes and interacting with the space around us. This is typi-

cally theorized to use multiple landmarks all at once whenever it operates. In contrast, here

we show that allocentric spatial memory frequently operates over a limited spatial window,

much less than the full proximal scene, for children between 3.5 and 8.5 years old. The use

of multiple landmarks increases gradually with age. Participants were asked to point to a

remembered target location after a change of view in immersive virtual reality. A k-fold

cross-validation model-comparison selected a model where young children usually use the

target location's vector to the single nearest landmark and rarely take advantage of the vec-

tors to other nearby landmarks. The comparison models, which attempt to explain the errors

as generic forms of noise rather than encoding to a single spatial cue, did not capture the

distribution of responses as well. Parameter fits of this new single- versus multi-cue model

are also easily interpretable and related to other variables of interest in development (age,

executive function). Based on this, we theorize that spatial memory in humans develops

through three advancing levels (but not strict stages): most likely to encode locations ego-

centrically (relative to the self), then allocentrically (relative to the world) but using only one

landmark, and finally, most likely to encode locations relative to multiple parts of the scene.

Author summary

Aschildrengetolder,theydevelopbetterwaysto storeinformation in memory.Herewe
investigateonekeyaspectof this:howtheyrememberlocationsin ascene.Weaskedchil-
drenfrom 3 to 9-years-oldto rememberatargetlocationinsideavirtual reality(VR)
scene,andthento point to it aftertheyhadbeeǹ teleported'to anewlocationwithin the
scene.Youngchildrenin particularoftenmadeacertainkind of (relativelyminor) error.
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Theyusuallyrespondednearthecorrectlandmark,but hadtroublecorrectlyorienting
their responsesaroundthis landmark,whichwouldrequirethemto alsomakeuseof the
otherlandmarks.Our interpretationis that theydo not necessarilystorethefull scenein
memory.On mosttrials,theyseemto storeonly theareaimmediatelyaroundthetarget.
Formally,wemadeamathematicalmodelof thisalgorithmandusedcross-validationto
showthat it holdsbetterthanalternativeexplanations.Thisprovidesnewdepthto our
understandingof thedifferentwaysthatmemorychangesduring childhood.An impor-
tant avenuefor futureresearchis testingthepotentialof VR tasksof thiskind for screen-
ing andinterventionsto improvechildhoodscienceandmatheducation.

Introduction
Spatialcognitionisaskill thathumansandmanyotherorganismsemployalmostconstantly.
Becausehumandevelopmentisaparticularlylongprocess,wehaveto understandandmake
decisionswithin thespacearoundusfor yearsbeforereachingfull cognitivematuration.
Potentialapplicationssuchasscreeningandinterventionsto promotespatial-cognitivedevel-
opmentduring earlychildhood,whichhavebeenidentifiedbyeducatorsasamajorunfulfilled
need[1], requireastrongunderstandingof thetypicalstructureof developingspatialcogni-
tion. To thisend,manystudieshaveexaminedthedistinctionandinterplaybetweenegocen-
tric (self-based)andallocentric(world-based)spatialmemory[2±13],finding consistentlythat
allocentricmemoryisadistinct cognitiveprocesswith ahigherlevelof difficulty. Previous
developmentalstudieshaveaskedwhichkindsof cuesallowaccessto allocentricrecallatdif-
ferentpointsin development(e.g.coincidentcues[14], beacons[15], proximal landmarks[16,
17],distallandmarks[15,16],salientlandmarks[18], unstablelandmarks[19], language[20,
21],transparentboundaries[22], andgeometricrelations[14,23±25]).Anothercrucialwayto
subdivideallocentricreasoningisby therichnessof therepresentation,rememberingatarget
locationrelativeto onelandmarkversusmany.Herewepresentnewdataandnewmodelsto
further probeakeyquestionfrom previouswork [21,26±30]:do childrenusemultiple land-
marksto encodeatargetlocationallocentrically?How doesthis tendto changeacross
development?

Previouswork haslargelyconcludedthatduring allocentricrecall,youngchildrenremem-
berlocationsasasetof allocentricrelationsto multiple landmarks,ratherthanjustasingle
landmark[21,26,28±30].Biologyresearchersworking with non-humanspeciespioneeredthe
expansionparadigmto testthis issue[31]. In thisparadigm,atargetishiddenin themiddleof
two or four landmarks.After training, thearrayof landmarksisexpandedfor atesttrial. If the
targetlocationwascodedandrecalledas`in themiddle',thentesttrial searchesshouldstill be
in themiddleof theexpandedlandmarkarray.Thatwouldnecessarilyinvolvetheuseof multi-
plelandmarks.If thetargetlocationwasinsteadencodedandrecalledasavectorfrom one
landmark,thentesttrial searchesshouldretainthatvector.Forexample,supposethemiddle
of thepre-expansionlandmarkarraywas50cmsouthwestof thenortheastlandmark.If that is
howthelocationwasrecalled,thenthetesttrial searchesshouldstill be50cmsouthwestof the
northeastlandmark,eventhoughthis isno longer`in themiddle'.Thiswould involveonly
usingonelandmark.Variationson thisparadigmhavebeenappliedto humanchildrenas
well,from approximately2 to 8 yearsold.Most reportsconcludethatchildrenencodethe
locationsas`in themiddle' [21,26,28±30](whileanotherfoundapatternof resultsthatwas
not particularlyconsistentwith anyhypothesizedstrategy[27]). This fits into abroadertheo-
reticalcontextin whichyoungchildren'sbehaviourindicatestheyusemultiple sourcesof

One Landmark or Many
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information in concertto makedecisions(e.g.metricandcategoricalspatialinformation [32,
33],inferring causesbyusingmultiple trialsor presentations[34], andtheMcGurk effect
[35]).

However,thecurrent literatureleavesagapwhereintheavailableresultsconcernthem-
selveswith theparticularrelation`in themiddle'anddo not testawidervarietyof possiblespa-
tial relations[21,26±30].The`in themiddle' relationis interestingbecauseit hasspecial
language(at leastin English),but theexclusiveuseof targetsin themiddleof thelandmark
arrayunfortunatelyleavesopenathird interpretation.Regardlessof howthechild encodesthe
target,if theyrecognizethat thelandmarkarrayhaschangedaftertraining, theymaynot know
howto proceedandmayinsteadjustsearchin themiddlebecauseof aresponsebias[36,37].
In otherwords,it maybeakind of `default'placeto searchwhenthechild doesnot know
whereto search.Thepresentstudyaimsto learnmoreaboutthiscognitiveprocessbyusinga
newparadigmthatallowsfor thepresentationof manydifferenttargetlocations.Our newpar-
adigmprovidesanewwayto diagnosethenumberof landmarksusedin therecallprocess.

Wedesignedtwo novelexperimentsto allowfor specificpredictionsthatcandisambiguate
if oneor manylandmarksarebeingused(Fig1).Crucially,theenvironmentin bothexperi-
mentshadsymmetricalovallandmarks.Participantswereshownthetargetlocation,virtually
`teleported'to anewviewpoint(screenfadesto black,cameramoves,screenfadesbackto
scene),andthenaskedto point to thetargetlocation.Thisensuredthategocentricreasoning
couldnot contributeto improvementsin performance.Theuseof symmetriclandmarks
(ovals)meantthatasinglevectorbetweenthetargetandanearbylandmarkwouldnot provide

Fig 1. Virtual layoutsandtarget distribution in task.Thebasictaskwasto remember whereavirtual cartoonanimal
(duckor penguin)washiding,watchit disappear,get`teleported'to anewviewpoint, andthenpoint with the`magic
wand'to its hiding place.PanelsA andBarescreenshotsof theenvironments.PanelsC andD areoverheadlayout
diagramsof thelandmarksandtargets.Thetrialsthatusethe`near'targetsaretheonly onesconsideredhere(in blue)
sincethe`far'trials(in green)wereextremelynoisyfor theyoungestagegroup.Wewill referto theseasthe`Jetty'
(panelA andC) and`Arctic' (panelBandD) datasets.

https://doi.org/10.1371/journal.pcbi.1007380.g001
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anywayto resolvethelocalsymmetry.In theextremecase,whenusingonly asingle-cuestrat-
egy(onelandmark),wewouldexpectanequalnumberof responsesat thecorrectlocationand
at its mirror acrossthelocallandmark.Forexample,in Fig1A,howcouldyouremember
whichendof thegreenovalthetarget(duck) ison?Relatingthetargetlocationto thegreen
ovalwouldnot beenough.Thetwo endsof thegreenovalarelocalmirrors of eachother.If
thatwereall youremembered,youwouldoftenrespondby thewrongend.Consistentlydis-
ambiguatingthetwo endswouldrequirestheuseof amulti-cuestrategy(2 or moreland-
marks).Forexample,youcouldrememberthat it ison theendof thegreenoval(cue1) and
alsorememberhowfar it is from theboundary(cue2).Thetwo differentenvironmentsrepre-
senttwo broadstrategiesfor enablinggoodperformance:(1) only presentingtwo landmarks,
sothat thereisminimal distraction,and(2) presentingarich environmentwith alargebound-
ary[38], sothat thereareseveralpossiblewaysto encodemultiple spatialrelations.

Fromacertainpoint of view,thepresentstudyissimilar to studieswhereasingleuniquely
coloredwall (cue1) candisambiguatetherotationalsymmetryof arectangularenclosure(cue
2) [39]. However,thetheoreticalinterpretationisnot exactlythesame.Youngchildrencan
useacoloredlandmarkin aleft/right sense[23], meaningthat theydo not strictlyneedthe
rectangularenclosureto find thecorrectlocation(seealso[20]). Thepresentstudybuildson
thisbycreatinganewsituationwhereno singlelandmarkcanbeusedto uniquelyencodethe
correcttargetlocation.Likeanychangein methods,thiscouldleadto largelydifferentresults.
In particular,thepresentstudyrequiresthechild to gobeyondselectingthesinglebestcue
andinsteadrequirescoordinationbetweenmultiple individually-ambiguouscuesto consis-
tently find thecorrecttarget.

To understandtheresponsepatterns,weproposeamodelthathasseparateparametersfor
theratesof rememberingwheretargetlocationswerepresentedrelativeto (a) thenearestsin-
gleproximal landmarkand(b) additionalproximal landmarks.Wewill referto thisastheSin-
gle-andMulti-Cue Model.Purelydoingoneor theotherwouldrepresentaqualitative
differencein howalocationis remembered,fundamentallycapturingjustonesinglehighly-
localizedvector(single-cue)versusrepresentinganinterconnectedgraphof alargerscene
(multi-cue).In our model,theparameterscanbesetsothat thesingle-cuestrategyisusedfre-
quently.Thiscancaptureandpredictapatternof responsesthatappearcorrectif only looking
atasmallareaaroundthetarget±responsesthatcanbeidentifiedasincorrectwhenlookingat
thelargerscene.To testthehypothesisthat this featureisnecessaryto modelandunderstand
developingspatialcognition,wecomparedtheability of severaldifferentmodelsto explainthe
datafrom thetwo experiments.

TheSingle-andMulti-Cue Modelhasthreecritical parameters.Thefirst two arelocal,sin-
gle-cueparameters.Thechanceof rememberingthecorrectlandmarkisp1. Thechanceof
rememberingif thetargetwason theendor sideof thenearestlandmarkisp2. A veryhighp1

andp2 canbeachievedwithout encodingmorethantherelationsto thenearestsingleland-
mark.Thelastparameteris themulti-cueparameter.Thechanceof usingotherscenefeatures
to disambiguatethelocalsymmetry(for example,rememberingthat theduckin Fig1A ison
theinner endof thegreenlandmark,not theendnearertheboundary)isp3. Sincetheseare
independentparameters,thismodelcanflexiblycapturedifferentratesof thedifferentallo-
centricsub-types.(Notethat thisdoesnot imply classifyingindividual childreninto hard
stages;rather,it describesthefrequencyof differentstrategieswithin anagerange.)However,
thisalsoinvolvesadditionalparametersandanewtheoreticalcommitment,sowewantto be
assureaspossiblethatwecannotunderstandthedatasufficientlywith fewerparametersand
simplermechanics.

To testour proposedSingle-andMulti-Cue Model,it is comparedagainsttwo generic-
noisemodels,Correct-Or-GuessandExponentialDecay,and315structured-noisemodels.

One Landmark or Many
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Thegeneric-noisemodelsuseonly oneparameterto capturegenericnoise,in line with conclu-
sionsagainsttheuseof asingle-cuestrategy[21,28±30].TheCorrect-Or-Guessmodelhasa
singleprobabilitythat theyrememberthecorrectarea.If this fails,theyguessrandomly.This
iscapturedbyassigningthecorrecttargetaprobabilityof pc, thenassigningall othertargetsan
equalportion of (1-pc). In theExponentialDecaymodel,responseareasbecomelesslikely as
theygetfurther from thecorrecttarget.This iscapturedby theexpressione-kd, with theproba-
bility of aresponsedecreasingexponentiallyasthedistancefrom thetarget(�) increases.In
otherwords,thesemodelstry to explainputativesingle-cueerrorsasnot beingspecialin any
way,justarandomguessor aresponseareathatwasrelativelynearthecorrecttarget(Fig2).
The315structured-noisemodelsareacomputersearchof thespaceof modelsthatusethe
samenumberandtypeof parametersastheSingle-andMulti-Cue Model,checkingto make
surethat thereisnot abettermodelat thesamelevelof complexity.Thesemodelsarethenall
comparedbycross-validation.Thecentralalternativehypothesisis thatoneof thesecompari-
sonmodelswill bepreferredbycross-validation(highestjoint probabilityof thetestingdata),
suggestingthat thesingle-versusmulti-cuedistinction isunnecessary,in line with currentthe-
ory that isbasedmuchmoreon multi-cuestrategies.

In addition,theproposedsingle-andmulti-cuemodelis fit byBayesianMarkovChain
MonteCarlomethods.Theposteriorparameterdistributionsarethenusedto answerseveral
important secondaryquestions:Whatarethemajorsourcesof error in allocentricspatial
memoriesatdifferentages?How canwenowcharacterizetheprogressiontowardsadult-like
spatialmemory?Werethereanyspecificerrorsthatweremorelikely to occurfor olderchil-
dren?Wasmemoryperformancedifferentin thesetwo environmentsanddoesthispoint

Fig 2. Graphical depictionof howtheproposedmodel(left) andgeneric-noisealternativeswork.Thegreendiamondis thecorrecttarget.All
threeare(bivariate)Gaussianmixturemodels,with themixedGaussians(dottedlines)centeredon the8potentialtargets.On theleft panel,the
Single-andMulti-Cue modelusesthreebinaryparametersto selecttheGaussianto drawfrom. Thefirst (p1) ishowoftentheyrespondnearthe
correctlandmark, thesecond(p2) ishowoftentheyrememberif it wason asideversusanend,andthethird (p3) ishowoftentheyusetheother
landmarkto disambiguatethelocalsymmetry.In themiddlepanel,thecorrectGaussianischosenwith probabilitypc andall otherGaussians
share(1-pc) equally.Thisallowsfor noisebut not for aparticularweightto errorsfrom localmirroring. In theright panel,theprobability of a
Gaussianbeingdrawnfrom isproportionalto e-(kd), where� is thedistancein metersand� isadecayrateparameter.Thisalsoallowsfor noise,
but basesit on distanceratherthanmirroring relations. (This isstill aGaussian mixturemodel,though;it still has8 localmaximums).

https://doi.org/10.1371/journal.pcbi.1007380.g002
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towardsanypossiblenewideasfor further testing?Canweexplainindividual differencesin
spatialmemorydevelopmentwith moregeneralcognitivemeasures±especiallyinhibition,
whichcouldplayarole in suppressingless-accurateresponsestrategies?Theability to answer
eachof thesequestionsusingtheSingle-andMulti-Cue Modelspeaksfurther to this theory's
usefulnessasawayof understandingthedevelopmentof allocentricspatialmemory.

Results
Participantsof all agesgaveresponsesthatwerewellabovechanceaccuracy.In the`Arctic'
dataset,theenvironmentwas2.5min radiusandthemedianerror was61cmfor theyoungest
agegroup(3.5±4.5yearsold).Theyrespondedto thecorrectnearestlandmarkon 77%(406/
528)of trials,p < .001versus50%chanceguessing,with the4.5±5.5year-oldsscoring88%
(492/556).For the`Jetty'data,the4.5±5.5year-oldsrespondedto thecorrectnearestlandmark
on 69%(116/168)of trials,p < .001versus33.3%chanceguessing,with thenexttwo age
groupsscoring67%(140/210)at5.5±6.5yearsand97%(122/126)at6.5±8.5years.The`tele-
porting' procedureensuredthatparticipant'sperformancelevelswerenot possibleviapurely
egocentricencoding.While participantswerebroadlycapableof encodingthetargetlocations
allocentrically,evenin theyoungestagegroup,abroadrangeof errorswerestill evident,moti-
vatingamodellingapproach.

Cross-validationpointedstronglyto theuseof theSingle-andMulti-Cue Modeloverall of
thealternativesasawayof explainingallocentricencodingin children.Fig2 displaysthe`Arc-
tic' datasetto illustratetheproposedmodelandthetwo generic-noisealternativesfunction.
Table1 showsthecross-validationscores;thesingle-andmulti-cuemodelhadthebestscore
for eachagegroupandexperiment.All threemodelswereGaussianmixture models,centered
on theeighttargets.Thecross-validationprocedurefoundmaximumlikelihoodestimatesof
theparametersusingthedatafrom all-but-onetarget(thetraining data).It thenusedthese
parametersto predictthedatafrom theremainingtarget(8-fold for the`Arctic' dataset,which
had8 targets,and6-fold for the`Jetty'dataset,whichhad6 targets).Thiswasrepeateduntil
eachpoint of datahadbeenpredictedoncefor eachmodel.Thescoregivenis thenegative
sumof thelogarithmof theprobabilitiesassignedto thetestingdata(thepartof thedataleft
out of thefitting).

Fig3 illustrateshowthedataandthecross-validationpredictionsfrom thesethreemodels
(Fig2) aredistributedaroundthespacein the`Arctic' dataset.TheSingle-andMulti-Cue
Modelpredictsgoodperformancein termsof whichlandmarkthetargetwasnear(p1) and

Table1. Tableof cross-validation scores.

Experiment and Age Cross-Validation Score

������ �� 	
��� �
����� 
� �
��� ���
�������

Arctic

3.5±4.5Years 887.64 928.00 900.68

4.5±5.5Years 555.76 683.28 642.39

Jetty

4.5±5.5Years 329.79 390.85 339.62

5.5±6.5Years 467.17 522.59 471.78

6.5±85.Years -7.80 28.96 -1.32

����. Lowerscoresindicatebetterperformance. Figuresarethenegativesumof thelogof theprobability assignedto

thedataset.For reference,adifferenceof 4.6betweentwo scorestranslatesto approximately 100timesbetter

predictionoverall.Bestscoresarein bold.

https://doi.org/10.1371/journal.pcbi.1007380.t001
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Fig 3. Model predictionsanddatafor onetarget in the `Arctic' dataset.Theblackandredellipsesarethelandmarks.The
greendiamond(left of theredlandmark) is thecorrecttarget.Thecontoursshowhowthesedataarepredictedto fall around
thespacebasedon thedatawith othertargets,placedatprobabilitydensityintervalsof 0.25persquaremeter,with thelowest
at0.1.Smallcoloredcirclesaretestingdata,coloredfrom blue(verylikely) to grayto orange(veryunlikely).Theissuewith

One Landmark or Many
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whetherit wason thesideor endof that landmark(p2), but alsoalow rateof usingtheother
landmarkto preventalocalmirroring error (p3). In contrast,theothertwo modelsdid not
giveespeciallyhighprobabilityto themirror targets(in thiscase,therightwardendof thered
landmark).Theydo predictthaterrorswill fall on themirror end,but not in anyspecialor
particularlyfrequentway.This is themain reasonwhytheydo not cross-validateaswell.To be
morespecific,for the3.5±4.5yearolds,theSingle-andMulti-Cue Model fits p1 = 0.79,p2 =
0.77,andp3 = 0.61.Thismeansthat theprobabilityof amirror error is0.79� 0.77� (1±0.61)=
24%.TheCorrect-Or-GuessModel fits pc = 0.46.Theprobabilityof amirror error is (1±0.46)/
7= 8%,sinceall errorsshare(1-pc) equally.TheExponentialDecaymodelfits k = 0.058.The
mirror error is1.2maway,sotheprobabilityof amirror error isproportionalto e-0.058� 1.2.
After normalizing(soall targetssumto one),thisequals5%.Themirror errorsin thetesting
dataaretoo frequentfor theCorrect-Or-Guessor ExponentialDecaymodelto captureeffec-
tively.S1Textgivesfurther illustration,explanation,andexamplesof howthesethreemodels
function.

After visuallyinspectingFig3,wealsowantedto besurethat it wasnot sensibleto drop p2

andp3 entirelyfor theyoungerparticipants.Conceptually,thismeansthat theyremember
whichcolor landmarkthetargetwasnear,but nothing further.A versionof theSingle-and
Multi-Cue Modelwasrun throughthecross-validationprocesswith p1 free,but fixing p2 = p3

= 50%.Thiscross-validatedmuchworse,scoring920.97(3.5±4.5years)and670.42(4.5±5.5
years)for the`Arctic' data.

Fig4showshowthethreemainmodelsapplyto the`Jetty'dataset.The`Jetty'environment
hadseveralexperimentaldifferencesfrom the`Arctic',yettheresultsareverysimilar;theSin-
gle-andMulti-Cue Model isagainpreferred.In thisexperiment,therewereno targetson the
sidesof thelandmarks,only on theends,sothep2 parameterwasdropped.Thedataareagain
fit with ahighp1 andlow p3 for theyoungerages.Asabove,thiscorrectlypredictsmanymir-
roring errorsandfavourstheSingle-andMulti-Cue Model.S1Figplotsall of thedata,broken
downbydatasetandagerange.Thedatasetsarealsogivenin Excelsheetsin theS1andS2
Data.Togetherwith the`Arctic' results,the`Jetty'resultssuggestsomebasicgeneralityto the
SingleandMulti-Cue Model,andtherefore,thispatternisnot uniqueto asingleenvironment.

Sincethesethreemainmodelsarestructureddifferently,includingdifferentnumbersof
parameters,it isalsoimportant to verify that themodelswith lessparameterscanbeselected
by thisprocedure.For100runs,simulateddataweregeneratedfrom theCorrect-Or-Guess
Modelwith pc = 1/3andastandarddeviationof 15cm.Thetargetsandthenumberof trials
(528)werematchedto the3.5±4.5yearoldsin the`Arctic'.Eachsimulateddatasetwassubmit-
tedto theexactsameprocedure.TheCorrect-Or-GuessModelwaschosenon 94%of theruns.
Thesamewasdonewith theExponentialDecaymodel,using� = 1.TheExponentialDecay
modelwaschosenon 98%of theruns.Thisverifiesthat theothermodelslikely wouldhave
beenselectedby themodelselectionprocedureif theywerecorrect.

TheSingle-andMulti-Cue Modelwasalsoselectedoverthefull family of structured-noise
modelsfor the`Arctic' dataset.Becauseweareproposingamodelwith moreparametersthan
wouldbeexpectedfrom previoustheory,it is important to makesurethat theseextraparame-
tersarebeingusedin thebestwaypossible.Wesearchedthroughall 315possiblemodelsthat
usethesamenumberandtypeof parameters(specificallythreebinaryparameters)to split the
eighttargetsinto two groupsof four, thentwo groupsof two,andthentwo isolatedtargets.Fig
5Bshowsthatasmallsub-familyof thesemodelsfallsinto thelower(better)rangeof cross-

theCorrect-or-GuessModelandExponentialDecayModelcanbeseenon theright endof theredlandmark:manydata
pointsfall there,but areassignedrelativelylow probability.

https://doi.org/10.1371/journal.pcbi.1007380.g003
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validationscores,leadingto threetop models.Thebestfitting oneis theSingle-andMulti-Cue
Model.Theothertwo arelargelysimilar,at leastin termsof our interpretation.Forour pur-
poseshere,thesetop threemodelscanbeinterpretedashavingaseparatep3 parameterfor the
relationto theotherlandmark.Further,all fit arelativelylow p3 comparedto p1 andp2. This

Fig 4. Model predictionsanddatafor onetarget in the `Jetty'dataset.Thered,yellow,andgreenellipsesarethelandmarks.Asbefore,thegreendiamond
(aboveandleft of theyellowlandmark)is thecorrecttarget.Thecontoursshowhowthesedataarepredictedto fall aroundthespacebasedon thedatawith
othertargets,placedatprobabilitydensityintervalsof 0.25persquaremeter,with thelowestat0.1.Smallcoloredcirclesaretestingdata,coloredfrom blue
(verylikely) to grayto orange(veryunlikely).Theissuewith theCorrect-or-GuessModelandExponentialDecayModel is thesameasbefore,failing to assign
highprobabilityto mirroring errors(downandright of theyellowlandmark).

https://doi.org/10.1371/journal.pcbi.1007380.g004
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meansthat,for example,whenshowntargetD (in Fig5A),all threetop modelspredicttarget
B to bethemostlikely error.Alternativesthatplacedlessemphasison localmirroring errors
(e.g.usingp3 to pair D with A, whichcouldberesolvedlocally)did not cross-validateaswell.

Takentogether,theseanalysespoint towardsaneedfor separateparametersto capturethe
rateof single-versusmulti-cueencodingof targetlocations.It isnot sufficientto modelthese
errorsasthemoregenericformsof noisein thecomparisonmodels;theremustbespecial
providencefor mirroring errorsthatarepredictedby justencodingagainstthenearestland-
mark.However,theinterestin aparticularmodelisoftendueto manyfactors,with theraw
ability to fit andpredictdatabeingonly oneof them.A usefulmodelshouldalsohaveparame-
tersthatareeasilyinterpretedandclearlyrelevantto adomainof study.To examinethis fur-
ther,theSingle-andMulti-Cue Modelwasfit byBayesianMarkovChainMonteCarlo
methods[40]. Theposteriorparameterdistributionswerethenusedto answerthesecondary
questions:

Whatwerethemajorsourcesof error in allocentricspatialmemoriesatdifferentages?To
answerthis,Fig6showsthetransformedparameterestimatesateachof theagegroupsto gen-
erateamemoryrate.It isevidentthat failing to usethefar landmarks(p3) remainedthemost
commonerror for all ages.In addition,themulti-cuememoryrateonly crediblyroseabove

Fig 5. All possiblewaysof splitting the targetswith threebinary parameterswereexamined, favouring the main
modelpresented here.(A) Displayof thetargetswith lettersfor reference.(B) Histogramof thecross-validationscores
from the315waysof splitting thetargets.Only threemodelsarewithin 100xthejoint probability of thebest-fitting.
(C) Themodelwith thebestcross-validationscoresplitsthetargetsby landmark,thensideversusend,thenlocal
reflections(i.e.theSingle-andMulti-Cue Model).(D) Thesecond-bestmodelsplitstargetsin awaythat reflectionsare
still thethird layer.Theothertwo layersaresimilarbut reversedin order,groupingbyside/endthenlandmark.(E)
Thethird bestmodelalsosplitstargetsin awaythatsplitsbyside/end,thenlandmark, thenreflections.

https://doi.org/10.1371/journal.pcbi.1007380.g005
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50%in theoldestagegroup(6.5±8.5yearsold). Notethat thisanalysiswouldnot bepossibleif
only describingthedata,for example,in termsof theaveragedistancebetweentargetand
response.

How canwenowcharacterizetheprogressiontowardsadult-likespatialmemory?Further
examiningFig6,two additionalfeaturesalsostandout.First,if weconsidereachmemoryrate
asaresourceto beallocated,thewaythatyoungparticipantshavedonethis is relativelysensi-
ble.If youcouldonly remembertwo thingsaboutthetargetlocation,thelandmarkthat it was
nearestandthewayit relatedto that landmarkarereasonablechoicesto preventverylarge
errors.Theestimatesfor p1 (which landmark)andp2 (side/end)werecrediblyhigherthanp3

(otherlandmark)for all agegroupsacrossbothexperiments.Second,whilep3 waslower,the
p3 credibleintervalwasstill entirelyabove-zero(i.e.theywerenot justguessing)for theyoun-
gestagegroup.Therefore,it isnot thatmulti-cuerecallonly emergesin middlechildhood,but
that it becomesmorefrequentoveraprotractedspanof childhood.

Werethereanyspecificerrorsthatactuallybecamemorelikely aschildrengotolder?The
posteriorestimatesfrom theArctic datasetsuggestthat3.5±4.5-year-oldsand4.5±5.5-year-olds
hadsimilarp3 rates,but that theolderchildrenhadahigherp1 andp2. A mirror error happens
with probabilityp1

� p2
� (1-p3). This indicatesthatmirroring errorsbecomemorecommonin

theolderchildren,but not at theexpenseof responsesby thecorrecttarget;instead,at the
expenseof errorsby theotherlandmarkor incorrectlyselectingthesideversusendrelation.

Wasmemoryperformancedifferentin thesetwo environmentsanddoesthispoint towards
anypossiblenewideasto testfurther?Thep1 memoryrateestimatewascrediblylowerin the
`Jetty'environment,which issomewhatsurprising.Thisenvironmenthaddistalscenerythat
couldbeusedfor reorientationandacircularboundarythatcouldbeusedto judgedistance.
The`Arctic' did not haveeither.In general,little isknownaboutwhatenvironmentsmakespa-
tial memoryeasieror harderin childhood.Thismaysuggestthatsomespatialcuesactually
distractyoungchildrenawayfrom forming accuratememoriesratherthanaid them.This

Fig 6. Model parametersby agegroup (displayedat the centerof the range).Solidlinesarefrom the`Arctic'dataset
anddashedlinesfrom the`Jetty'.Error barsare95%credibleintervals.Sincep1, p2, andp3 areall ratesof correct
response, andthetwo environmentssometimesgavedifferentchancelevels,theyweretransformedinto aninferred
memoryrate.Forexample,if aparticipantgives60%correctresponseswith two options,wewouldwork backto say
that theywereremembering correctlyon 20%of trialsandguessingon 80%of trials,leadingto 40%correctby
guessingand20%correctbymemory.A memoryrateof zerowould indicatechanceguessing.Thep2 line isonly
presentfor the`Arctic'asthe`Jetty'only hadtargetson theendsof thelandmarks.

https://doi.org/10.1371/journal.pcbi.1007380.g006

One Landmark or Many

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007380 October 28, 2019 11 / 25



raisesinterestingpossibilitiesto testwhetherrecentresultsarguingthatyoungchildrenreori-
entingin simpleenvironmentsusemultiple cueswith Bayesianefficiency[41] wouldextendto
morerich andcomplexenvironments.

Canweexplainindividual differencesin spatialmemoryperformancewith moregeneral
cognitivemeasures±especially inhibition, whichcouldplayarole in suppressingless-accurate
responsestrategies?To answerthis,childrenin the`Arctic' datasetwerealsogiventheDay-
Night Task[42] andabasicVocabularymeasure[43]. TheDay-NighttaskisaStroop-like
working memoryandinhibition taskthat isappropriatefor youngchildren.Theyareaskedto
first sayªdayºwhenshownasunandªnightº whenshownamoon,thenlaterto saytheoppo-
site.In aBayesianlogisticregressionon thep1-p3 parameters,Day-Nightscoreswereacredi-
bly non-zeropredictorof p1 (which landmark;Fig7,Table2). In addition,thecredible
intervalfor thisbetavaluestill doesnot containzerowhenswitchingfrom a95%intervalto a
moreconservative99.5%interval:0.033to 0.60.Neitherthevocabularymeasurenor their
chronologicalagewerecrediblynon-zeropredictorsof anyparameter(p1-p3) at the95%level.
Thissuggeststhatdevelopingexecutivefunction couldbeabottleneckin termsof developing
spatialperformance;theyareentirelycapableof therelevantcomputations,but perhapsface
difficulty whenorganizingthemselvesto carryout thecorrectonesfor thecurrenttask.Longi-
tudinal datasetswith morecontrol measureswouldbeimmenselyusefulin answeringthis
question(andmanyothers)moredefinitively.

Discussion
Themodelselectionresultspoint towardsaneedfor adistinctionbetweensingle-andmulti-
cueallocentricrecallin orderto captureandunderstandthedifferentmechanismsusedto

Fig 7. In aBayesianregression, only onemeasure(Working Memory / Inhibit ion±Day/Night Task)showsa
credibly non-zero effecton onemodelparameter(p1Ðwhich landmark). Thiscouldmeanthat theskillsunderlying
theDayNight Task(workingmemoryandinhibition) alsohelpparticipantscorrectlychoosewhichlandmarkthe
targetwasnear,suppressingegocentricresponseswhilemaintaining allocentricrepresentationsin workingmemory.
Circlesareindividual children.

https://doi.org/10.1371/journal.pcbi.1007380.g007

Table2. Betaparameters relating the model'skeyprobabilities to predictor z-scores.

Parameter Predictor

Age Vocabulary Working Memory / Inhibition

p1 (which landmark) 0.120
(-0.068to 0.305)

0.016
(-0.157to 0.196)

0.308
(0.122to 0.500)�

p2 (side/end) 0.080
(-0.250to 0.404)

0.159
(-0.161to 0.511)

0.103
(-0.261to 0.458)

p3 (other landmark) -0.007
(-0.162to 0.160)

0.035
(-0.127to 0.194)

0.041
(-0.140to 0.221)

� Crediblynon-zerorelationbetweenpredictorandmodelparameter(i.e.the95%credibleintervaldoesnot containzero).

https://doi.org/10.1371/journal.pcbi.1007380.t002
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rememberatargetlocationduring childhood.Childrenatages3.5±6.5frequentlyremembered
whichlandmarkatargetwasclosestto andalsohowthetargetrelatedlocallyto thatnearest
landmark(i.e.if it wason asideor anendof theovallandmarks).Theyalsofrequentlymadea
specificerror thatcanbepredictedif theydo not usetherestof thelandmarksin thescene.
Theindividual landmarkswereovals,whichhavetwo linesof symmetry.Thisrequiredrelating
thetargetto additionallandmarksin theoverallscenein orderto resolvewhichside/endof the
landmarkthetargetwason.Forexample,rememberingthetargetasbeingªon theendof the
greenlandmarkºwouldambiguouslyindicatetwo placessinceit hadtwo identicalends.Par-
ticipantsfrequentlyrespondednearthat localmirror, theotherend(or side)of thelandmark.
This isconsistentwith afailureto encodeadditionallandmarksin their memory,whichwould
preventsucherrors.Wealsotried to modeltheseerrorswithout suggestingthat theyarespe-
cial in anyway(i.e.justarandomguessthathappenedto fall on themirror end,or afunction
of mirror endsbeingcloseto thecorrecttarget),but theseattemptsfailedin cross-validation
tests.Further,thetendencyto only useonelandmarkfell systematicallywith age.

Integratingthisnewresultwith previoustheoryregardingegocentricreasoning[2±13],we
arriveatatheoryof spatial-cognitivedevelopmentwith three`levels'in development:egocen-
tric, single-cueallocentric,andmulti-cueallocentric.Thisdoesnot imply astage-likeprogres-
sion,but threedifferentmodesin whichchildrenrepresentspacethatsurroundsthemwith
increasingsophistication.Wetheorizethatchildrenwill tendto useearlierlevelsmoreoften
whentheyareyoungerand/or facedwith amoredifficult task(e.g.differentinstructions,dif-
ferentsetsof landmarks,moreor lesstime to respond).Asthechild maturesandgainsexperi-
encewith eachlevel,theybecomemorelikely to applyamoreadvancedlevelin asimilar task.
Thefirst level,egocentric,involvesencodingrelationsasavectorto theself.Thesecondlevel,
single-cueallocentric,involvesencodingrelationsagainstasinglesalientlandmarkor scene
feature.Thiswasthepredominantmethodfor childrenunder6.5-years-oldin thedatapre-
sentedhere.Thefinal level,multi-cueallocentric,involvesencodingrelationsagainstmultiple
partsof thesceneatonce.Thiswasthepredominantmethodfor childrenover6.5-years-old.
Effectively,thisexpandscurrenttheoryfrom two levelsto three,providingamoredetailedtra-
jectoryof spatial-cognitivedevelopment.Thiscouldin turn provideamoreusefulframework
for screeningandinterventionto promotespatial-cognitivedevelopmentin earlychildhood
[1]. Thishasits ownmerits,astheability to flexiblyusemultiple landmarksin anallocentric
representationisaveryusefulin everydaytasks.Spatialskillsarealsorelatedto achievementin
science,technology,engineering,andmathematics[44±48].

Theviewwetakeherecontrastswith somespecificpartsof previouswork [21,28±30].
Thesepaperstaketheviewthatallocentricspatialmemoriesin earlychildhoodarerelatedto
multiple landmarks,aspreviousstudieshavenot shownanysystematicreasonto suggestoth-
erwise.It ispossiblethat resultsherestandin contrastbecauseweusedavarietyof targetloca-
tions,makingit impossiblefor aresponsebiasto imitateasuccessfulmulti-cuestrategy.

This finding andgeneralmethod(likely without VR) might alsobeusefulto amuchwider
groupof Biologyresearchers.Theexpansionparadigmhasbeenemployedacrossalargevari-
etyof species.To nameafew:thecommonmarmoset(��		
���

 ������� �������) [27], squirrel
monkey(��
�
�
 ��
�����) [49], orang-utan(����� ���	

) [26], bonobo(��� ���
����) [50],
capuchin(����� ���		�) [50], andthemongoliangerbil(���
���� ����
��	����) [31]. Similar
ideashavebeenemployedto studythedomesticdog(���
� ���
	
��
�) [51,52],therufous
hummingbird (��	�������� �����) [53], andmore.Manyof thesestudieshavesuggestedthat
thesevariousorganismsdo not usemorethanthenearestsinglelandmark.Thiscouldbefur-
ther testedthroughanadaptedversionof themethodhere.Placetwo identicalcontainerson
theendsof anovallandmark.Placedownanotherdistinctivelandmark.Alwaysbait thecon-
tainerthat iscloser/further(counterbalancedacrosssubjects)to theotherdistinctive
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landmark.Theorganismshouldlearnto searchthetwo containersneartheovallandmark,
but neverlearnto discriminatebetweenthem.

Comparingtheparameterestimatesfrom thetwo experimentssuggeststhat the`Jetty'was
moredifficult thanthe`Arctic'.This isunexpectedbecausethe`Jetty'hadmorewaysto encode
locations.Basedon this,wesuggestthatarecentdevelopmentaltheory[41] needsfurther
examination.Thistheoryproposesthatveryyoungchildrenroutinelyusemultiple sourcesof
spatialinformation in arationalBayesianmanner,gainingthefull possiblebenefitfrom the
presentationof multiple encodingmethods.It seemsdifficult to reconcilethiswith thecurrent
results,but perhapsnot impossibleif thespecificlandmarkspresentarenot equallyinforma-
tiveacrossthetwo environments.If youngchildrendo reorientbycombiningcueswith Bayes-
ian efficiency,it wouldalsobeanexceptionto thegeneraltrendwheretheydo not employ
Bayesiancuecombinationin othersettings[10,54].This tensionshouldprompt further inves-
tigation.Forexample,youngchildrenmaydealwith onesetof spatialcueswith Bayesianeffi-
ciencybut not anothersetof spatialcues.

Further,to bemorespecific,the`Jetty'hadbothdistallandmarksandasurroundingcircu-
lar walkway.The`Arctic' did not haveeither.Despitethis,somelevelof multi-cuerecallwas
seenin the`Arctic' dataset,evenin theyoungestagegroup(3.5±4.5yearsold).Thissuggests
that theability to usemulti-cuerecallisnot entirelydependenton eitherdistallandmarks[28]
or thegeometryof localboundaries[38]. Thisaspectof theresultsagreeswith previous
researchon theuseof multiple cues[21,28±30].

A regressionanalysisfurther suggeststhat inhibitory control isausefulpredictorof spatial
performance.Specifically,it crediblypredictedp1 (theparametercontrolling therateof ego-
centricor randomresponding).Thiscouldindicatethatexecutivefunction formsamajor
bottleneckin termsof spatialmemorydevelopment.Sinceexecutivefunction wasnot experi-
mentallymanipulated,wecannotbesurethat this isadirectcausallink. However,giventhe
importanceof executivefunction [55], thisshouldbeapoint for futureresearchto explore.

Further,asamoregeneralpoint, thetypicalmethodof analysisfor thesekindsof datais to
just report therateof responsesin thecorrectgeneralarea(plusanyothergeneralareasthat
areintentionallyimpossibleto tell apartfrom thecorrecttarget)[9, 14,29,39,41,56].This is
animplicit endorsementof theCorrect-Or-GuessModel.Resultsheresuggestthat thesesim-
plekindsof analysiscanhavesignificantlimitations if therearemultiple plausiblestrategies
thataparticipantmight use.In thatcase,it wouldbemoreinformativeto createafull model
to fit to thedata.Theremight beinterestingpatternsof errorsthatgobeyondjustbeingright
or wrong.

Thepresentstudyusesvirtual realityto studyspatialcognition.Thiscanleadto biasedesti-
mationof egocentricdistanceif thereisno opportunity to walkaroundthespace[57]. How-
ever,participantsherewerefrequentlyaskedto walkthroughit. Beyondthatcaveat,despitea
greatdealof study,thereisno specificreasonto doubtthevalidity of virtual realityasawayto
studyspatialcognition;instead,thereisagreatdealof evidencethatspatialcognitionis the
samein realandvirtual environments[58±65].This includessimilareffectsin youngchildren
[7, 8]. It alsoincludesthetransferof training from virtual to realenvironmentsfor neurologi-
calpatients[66±68].Despitethat,it isunknownhowtaskslike ourshererelateto othercom-
mon spatialtasks,like mentalrotation [69] or reorientingwithout achangein viewpoint[14].
Similarly,therelationbetweentheskillson displayhereandspatialskillsthatEducatorswant
to encourageneedsmoreexaminationin thefuture.

An important avenuefor future researchisunderstandingwhichdifferentcognitiveand
neuralresourcesaredeployedto enabletheaspectsof allocentricmemorystudiedhere.This
maybeinvestigatedviarelationshipswith othercognitiveskills,andrelationshipswith EEGor
fMRI signalsduring therecalltasks.A powerfulapplicationof amodel-basedapproachlike
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theoneusedherewouldberelatingindividual parameterestimates(e.g.for p1,p2,p3) to indi-
vidualbehaviouralandneuralmeasures.Another important avenuefor researchis testingthe
potentialof VR tasksof thiskind for screeningandinterventionsto improvechildhoodscience
andmatheducation.

In conclusion,developingspatialcognitionsometimesonly representstherelationbetween
atargetlocationandonenearbysinglelandmark.Theresultingerrorsarenot explainedas
wellwhenmodellingthemasmoregenericerrors,suchasguessesthat justhappenedto fall on
themirror reflectionof thetarget.In thatsense,capturingthesingle-versusmulti-cueallo-
centricdistinction isnecessaryto understandandpredictspatialmemoryperformanceatdif-
ferentages.Severalaspectsof allocentricspatialmemorydevelopoverchildhood,including
howoftentheyrememberwhichlandmarkthetargetwasnearest±butafailureto usemultiple
landmarksremainedthemostcommontypeof error.This leadsusto theorizethatspatialcog-
nition hasthreedeveloping̀ levels':egocentric(self-based),single-cueallocentric(world-based
but only usingonenearbylandmark),andmulti-cueallocentric(world-basedandusingmulti-
plelandmarks).

Methods

Ethicsstatement
Ethicsapprovedby theEthicsCommitteein thePsychologyDepartmentatDurhamUniver-
sity (14/05±Developmentof navigationin virtual reality).Theparentsof participantsgave
written consent.Participantswereaskedto consentverbally.

Participants
All participantswererecruitedaroundtheDurham,UK area.In the`Jetty'dataset,therewere
12childrenaged4.5±5.5years,15childrenaged5.5±6.5years,and9childrenaged6.5±8.5
years.Not includedhereweretwo adultsrun to makesurethetaskwassensible(ages28and
25),bothof whomhadperfectscoreson thecategoricalmeasuresandacontinuouserror of
<10 cm on average.Thestoppingrule for the`Jetty'wasto haveat least12childrenin thelow-
estagebracketand8 in theothers,but to continuecontactingfamiliesfrom all agerangesand
gatheringdatafrom anyonewhocouldbearrangedduring thedatacollectionperiod.Since
thisprocedureis relativelynew,thisstoppingrulewaschosenon thebasisthat16childrenisa
relativelystandardsamplesize(e.g.[70]) in studiesof developingspatialcognitionwith far
fewertrials(usuallyonly 4 trials,comparedto 14here).In the`Arctic' dataset,therewere17
childrenaged3.5±4.0,16childrenaged4.0±4.5,17childrenaged4.5±5.0,and18childrenaged
5.0±5.5.Thestoppingrulewasto haveat least16childrenin eachagegroupandto testany
availablesiblingsthatwantedto participateevenif their agebracketwasfilled. Thiswas
selectedon thebasisthat64participantsishighpower(90%)for correlationsof 0.4and
higher.

In the`Jetty'dataset,theminimum agewaschosenon thebeliefthatchildrenneededto be
at least4.5yearsof ageto reliablyshowallocentricrecallatall [8]. Our choiceto expandthe
agebracketfor theoldestchildren(6.5±8.5years)reflectsabeliefthat thedevelopmentof spa-
tial cognitionshouldstartto slowaround7 yearsof age[2]. For the`Arctic' dataset,themini-
mum agewaschosenbasedon pilot datafrom apreviousexperimentthatsuggestedthebasic
spatialtaskis too muchof amotor demand(holding thewandstill andpointing it accurately)
for childrenunder3.5yearsold [8]. To compareexperiments,wewantedanoverlappingage
bracket,sowechosetherangeof 3.5±5.5.Becausewewantedto look atcorrelationdatawith
vocabularyandexecutivefunction,alargersamplesizewasdesired.
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Apparatus
Weconductedour experimentsin a5mx 9mlaboratoryequippedwith 16infraredVicon
Bonitacameras.Thecamerascouldmotion-trackby trackingreflectivemarkersandhadacap-
ture rateof 240framespersecondat<1mm resolution.Themarkerswereattachedto ahead-
mounteddisplay(OculusRift; seeFig8A),awand,andacap.Theexperimenterworeacap

Fig 8. Photographsof theequipmentandtesting:(a) theheadset,(b) themotion-trackedcapworn by theexperimenter,(c) the`magicwand',(d) thetarget
objectfor the`arctic',(e)thestickerchartusedfor the`Arctic',plusthespriterepresentingtheexperimenterandthebluecrossusedto indicatewherethe
participantshouldstand,(f) achild participatingin theexperimentwith theequipment,and(g) thehorizontalsectionsof theskyboxusedfor the`Jetty'±an
imagethatparticipantswouldseewrappedaroundthevirtual world.

https://doi.org/10.1371/journal.pcbi.1007380.g008
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(seeFig8B),andthiscapappearedin VR asasprite±alargecircularfigurewith ear-likestruc-
tureson it. Thespritewasusedbecauseyoungchildrenin thepiloting phaseof apreviousproj-
ect[8] found it upsettingto heartheexperimenter'svoice(explainingthegameandgiving
instrucitons)with no visiblesource.Theparticipantheldapointer (seeFig8C)constructed
out of ascrewdriverhandleandPVCcylinders.TheRift hasafield of viewof 110degreesand
aresolutionof 2160x1200with arefreshrateof 90Hz.Theheadsetcanbeadjustedaccording
to theheadsizeof theparticipantto ensurethat it fit properly.

Virtual environments
Thevirtual environmentswereprogrammedin Vizard(WorldViz, SantaBarbara,CA) (Fig1).
Bothinvolvealargecirculararenawheretargetsappeared,with adonut-shapedareaaroundit
whereparticipantsstoodto encodeandrecallthetargets.Bothalsoinvolvedelongatedspheres
aslandmarksin thetargetarea.Thelandmarksweredifferentcolors.Theyweresetapartbya
minimum of 1.5min aneffort to makeit clearthat theyweredistinct landmarksandnot parts
of alargerstructure.In bothexperiments,therewasalsoalargeflat X that layon theground
surfaceandcouldbemovedto differentplacesby theprogram(Fig1E).Thiswasusedwhen-
everweaskedparticipantsto standsomewhere(ªCanyoucomestandon thiscrossfor me?º)
or whentelling themthat theyweregoingto be`teleported'somewhere.To makethe3D
natureof thespaceeasierto see,bothenvironmentshadalight checkerboardpatternon the
surfaceof thegroundplane(Figs1and8E).

In the`Jetty'dataset,therewerethreelandmarkssetatobliqueangles.Participantswere
screenedfor colorblindnessbyaskingif theycouldtell whichwasgreen,whichwasred,and
whichwasyellow.In theonly casewheretheparticipantwasnot ableto do this,thelandmarks
werechangedto white,gray,andblack.Therewasanorienting`skybox',meaninganimage
that iswrappedaroundthevirtual environment±somethingthat thesimulationshowsif there
areno othervirtual objectsin theway.It wasamountainsceneadaptedfrom aphotograph
takenin Iceland(Fig8G).Thiscueis renderedat infinite distance,soit canbeusedto orient
but not to measuredistances.Theencodingandretrievalareawasdisplayedasajetty that the
participantsstoodon, raised50cmabovethewater.Thiswasalsoaspatialcue,but oppositein
use±itcouldbeusedto measuredistancesto its edges,but it wasnot possibleto orient to it.
Thetargetwasasmallduck.To helpparticipantsdifferentiatetrialsandmaintaininterest,the
duckappearedin different,randomprimary colorson eachtrial. It alsospunslowlyin placeto
attractattention.

In the`Arctic' dataset,thereweretwo landmarkssetataright angle.Thelandmarkswere
longer(1m) thanthoseusedin thefirst experiment(0.8m)in orderto makethetwo ends
moredistinctiveandfurther apart,in casemotor noisewasasevereproblemfor theyounger
children.Theencodingandretrievalareawasnot markedin anyvisibleway.Theskyboxwasa
uniform light blue,whichcouldnot beusedto orient.Thetargetwasasmallpenguin.We
wereconcernedthat theyoungerchildrenmaynot knowtheword `penguin',sothetargetwas
namedSteveandthiswasusedfor all of theinstructionsgivento participants.To helppartici-
pantsdifferentiatetrialsandmaintaininterest,Steve'storsochangedto randomprimarycolors
on eachtrial. To attractattention,Stevealsomovedhisheadandwingsup anddownasmall
amount.

Procedure
Training andwarm-up trials. In the`Jetty'dataset,only averybrief pre-trainingproce-

durewasneededbeforeenteringtheVR.Participantsweresimplyaskedto standup straight
andhold thewandwith bothhands.In the`Arctic' datasetmoreextensivepre-trainingwas
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neededfor testingayoungeragerange.Childrenwereaskedto point, usingtheir wand,for
threesecondsatarealstuffedanimal/penguinwhilenot wearingtheheadset.For thefirst four
of thesepracticetrials,thestuffedanimalwasopenlyvisibleon thefloor. For thenextfour, it
washiddenunderatowelto imitatethepenguinhiding undergroundin theactualexperiment.
If needed,theexperimenterwouldgivefeedbackandwouldmodeltherequestedposturefor
theparticipantto mimic.

After thispractice,for bothexperiments,childrenworetheheadsetandwereimmersed
within VR.During thefirst 4 trials in VR,participantspracticedpointing in thenewenviron-
ment.For thesetrials,thetargetsimplywentto anewplaceandthechild wasaskedto point at
it andhold thewandstill until aresponseregistered.Whenthewand(Fig8C)waspointedat
thegroundplane,awhitecircleappearedwherethewandwaspointed.Aswith all partsof the
experiments,aresponseregisteredwhentheindicatedlocationwasstablewithin a20cmarea
for 2 seconds.During movementbeyondthis20cmrange,thewhitecirclewouldexpand.
Whenthewandwasbeingheldstill within the20cmrange,thecirclewouldshrink.Thiswas
donesothat thecirclewouldcollapseentirelyjustastheresponseregistered.Trialscontinued
until 4 responseswereregisteredwithin 50cmof thetarget.

Thenexttrialsweredesignedto helptheparticipantspracticerecallinglocationsfrom
memory.Thetargetmovedto anewlocationandthendisappeared.(In the`Jetty',it simply
fadedfrom view.In the`Arctic',thiswasanimatedasStevediggingunderground.)After a3
seconddelay,participantswereinstructedto point to thetargetlocation.Thecharacter(duck/
penguin)thenre-appearedbut amarkerwasleft wheretheresponseregistered.

Aswith all trials,thiswasnarratedby theresearcher.Firstagenericaffirmationwasgiven:
ªGoodjob!º. Next,apositiveaspectof theresponsewasnoted:ªYou heldthewandreallystillº,
ªYou pointedby the[green]one,andlook, it wasoverby the[green]oneº,or ªYou pointedby
thatendof the[green]one,andlook, it wasactuallyon thatendof the[green]one.ºThen,if
theresponsewasnot on thecorrectendof thecorrectlandmark,anyconstructivefeedback
wasgivenasfuturegoals:ªYoupointedby the[green]one,but hewasactuallyoverby the[yel-
low] one.For thenextone,I betyoucanrememberwhichoneheisbyº,or ªBut look! Hewas
on theotherend!For thenextone,let'sseeif wecanalsorememberwhichendheison.º This
againwenton until 4 responseswereregisteredwithin 50cmof thetarget.Later,for targetsfar
away,feedbackwasmoregeneric:ªGoodjob! LookwhereyoupointedºfollowedbyªHe was
right thereºfor responseswithin asmallerror versusªandlook wherehewasºfor largererrors.
Generalencouragementwasalsogivenasneeded,suchasªYou'redoinggreat.º

Next,theywerepresentedwith another4 trialsdesignedto showthemhowtheteleporting
worked.Thetargetmovedto anewlocationandagreencrossappeared.Theexperimenter
explainedthat thetargetwouldhideandthenwe(both theparticipantandexperimenter)
wouldget`teleported',meaningthat thecomputerwouldmoveusoverto thegreencross.The
child wasaskedto imaginewhatthescenewould look like from thegreencrossandto takea
carefullook at thelocationof thetarget.Thetargethid. Thescreenfadedslowlyto blackovera
periodof 1.25seconds.Theparticipant'sviewpointandtheexperimenter'savatarin theVR
simulationchanged(i.e.theexperimenter̀ teleported'with thechild).Thescreenslowlyfaded
backup overanother1.25seconds.Thechild wasaskedto look wheretheywerenowandthen
to point to thetarget.Therewasno criterion for advancement.Thesizeof theteleportsaround
thedonut-shapedencoding/responseareaincreasedoverthesetrials:22.5,45,135,and180
degreesfrom their originalposition.

Interspersedthroughoutthisprocedureandthedatacollectiontrialswererequeststo move
bywalking.Theexperienceof walkingin VR canhelpparticipantsunderstandthescaleof the
spacecorrectly[58]. For theseparts,abluecrossappearedon thegroundandparticipants
walkedoverto it with theexperimenter.This took placeaftereverythird trial. In the`Arctic'
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experiment,to helpmotivatetheyoungerchildren,avirtual stickerchartappearedshowing
howmanytrialstheyhaddone.Also,therewerescheduledbreaks.3.5±4.5yearold children
weregivenmandatorybreaksafterevery6th trial to receiveactualstickersandplacethemon a
printed pictureof apenguin.4.5±5.5yearold childrenwereaskedif theywantedto takea
breakandput realstickerson their chartor if theywantedto keepplayingandput thestickers
on later.In the`Jetty',with olderchildren,breaksweregivenin alessstructuredway.Any
breaksrequestedby theparticipantweregivenimmediatelyandtheexperimenterwouldocca-
sionallyoffer themif thechild seemeddistractedor in needof one.Therewasno specificactiv-
ity or rewardduring thesebreaks.

Data collection trials. In bothexperiments,participantswereaskedto look carefullyat
thelocationof thetarget.Whentheparticipantwasready,thetargetdisappeared.In thesame
procedureasabove,theywerethenteleportedto adifferentviewpointfrom whichtheyhadto
point to wherethetargetwas.Themaindifferenceis that theywerenot shownwherethey
wouldbeteleportedto (no crosson theground).After pointing, thetargetre-appearedand
their choiceswerenarratedasbefore.

In the`Jetty',teleportsconsistedof rotating45,60,75,110,140,or 170degrees,on atotalof
30trials.Therewere14trialswherethetargetlocationswerenearthelandmarks(blueªxº in
Fig1C),four of whichwereon thetwo endsof theredlandmark.Twelveadditionaltrials
testedtargetsclassifiedasªfar targetsºin theupperandlowerhalvesof thearena,between
landmarks(greenªxº on Fig1C).Theremainingfour trials testedthespecificlocationthatwas
thefarthestfrom thelandmarksandthewalkway(lowerthird, middlehorizontallyon Fig1C).
Eachteleportationmagnitudewasusedevenly(i.e.5 times),with theconstraintthat therota-
tionsusedfor anygiventargetcategoryabovewereevenlysplit asrotationsunder90degrees
andover90degrees.

In the`Arctic', teleportsconsistedof rotating30,40,50,60,105,125,145,or 165degrees.
Therewereatotalof 16trialsnearthelandmarks,with eachtargetrepeatedtwice.Theother8
targetswereeachusedonce.Thismadefor atotalof 24trials.Eachteleportamountwasused
evenly(3 times).All 8 rotationswererandomlypairedwith the8 far trials.Eachneartarget
hadonerotation under90degreesandoneover90degrees.

Additional measures
Locationdescription task(Jetty). After theverylastdatacollectiontrial, theparticipant

wasunexpectedlyaskedto turn awayfrom theduckandto "tell [the experimenter]with words
insteadof pointing"wheretheduckwas.Their responsewasnotedandthentheywereasked
to turn backaround,facingthelandmarksandthetarget.Theexperimentersaidthat they
werekeepingtheir eyesclosed(to further discouragepointing) andaskedtheparticipantif
therewasanythingelsetheycouldsayaboutwheretheduckwas.Feedbackwasnot givenon
this lasttrial.

TheBritish picture vocabularyscaleIII (BPVS)(Arctic) [43]. TheBPVStestsreceptive
vocabularyfor StandardEnglishin childrenbetween2yearsand6 monthsold to 6 yearsand
11monthsold. It canindicatelanguagedevelopmentandvocabularyknowledgeandtakes5±8
minutesto complete.Theprocedurelargelyconsistsof askingthechild to identify whichof
four displayedpicturescorrespondsto agivenword. It wasadministeredaccordingto the
standardproceduresandinstructionsin themanual.

TheDay-Night Task[42] (Arctic). TheDayNight Taskisameasureof inhibitory control
(IC), whichtestsif anindividual cansuppressanacquired/dominant responseandreplaceit
with acompetingresponse(Montgomery& Koeltzow,2010).TheDay-Nighttaskisasimpli-
fiedversionof theStroopTestandisoftenusedwith youngchildren.It involvesasetof cards
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thateitherhaveapictureof thesunor themoon.In thefirst partof this task(forwardcondi-
tion), thechildrenwereinstructedto sayªdayºwhentheysawasuncard,andªnightº when
theysawamooncard.In thesecondpartof thetask(reversecondition),whichwastaxingfor
bothmemoryandinhibition, childrenwereaskedto sayªdayºwhentheysawthemoon,and
ªnightº whentheysawtheday.Childrenweretimedandthenumberof mistakeswas
recorded.

Thebehavioralrating inventory of executivefunction (BRIEF)Ðpreschool version[71]
(Arctic). TheBRIEF-Pisusedfor childrenbetween2years,0monthsto 5 years,11months.
In thisstudy,theParentFormquestionnaireof theBRIEFwasused.Thisform asksquestions
abouthowoftentheir child'sbehaviorswereproblematicoverthepastsixmonths.It hasgood
internalconsistency(0.80±0.95)andmoderatetest-retestreliability (0.78±0.90).Thesedataare
reportedin theSI,for thesakeof completeness,but theywerenot interpretedhere.

Models
TheproposedSingle-andMulti-Cue Modelhasfour implicit stages.First,thechildrenneedto
rememberwhich landmarkthetargetwasclosestto. With probability(1-p1), theyfail and
selectarandomGaussianneartheotherlandmark.With probabilityp1, theyremembercor-
rectlyandmoveto stagetwo.Stagetwo involvesrememberingwhetherthetargetwason the
sideor endof thelandmark.With probability(1-p2), theyfail andselectarandomGaussian
amongthenon-sideor non-endtargetsthatarenearthecorrectlandmark.With probability
p2, theyremembercorrectlyandmoveto stagethree.At stagethree,theyneedto usetherela-
tion to theotherlandmarkto resolvethelocalsymmetry.With probability(1-p3), theyfail and
selecttheGaussianoverthelocalmirror of thetarget.With probabilityp3, theyremembercor-
rectlyandselecttheGaussianoverthecorrecttargetlocation.At thispoint, theyhaveselected
ageneralarearepresentedby theselectedGaussian.However,theyarelikely to havesome
additionalsmallsourcesof noise,suchasmotor error.Their final responseismodelledasa
drawfrom theselectedGaussian.All of theGaussiansshareasinglevariancethatappliesalong
bothaxeswith no correlation(i.e.iscircular).

TheCorrect-Or-GuessModelhastwo implicit stages.First,thechildrenneedto remember
thecorrectlocation.With probability(1-pc), this failsandtheyselectarandomincorrect
Gaussian.With probabilitypc, theyselectthecorrectGaussian.In thefinal stage,their
responseismodelledasadrawfrom theselectedGaussian.

TheExponentialDecayModelalsohastwo implicit stages.Thepre-normalizedprobability
of selectingeachGaussianise-kd, where� is thedistancebetweenthetargetandeachresponse
area'scenter,in meters,and� isafreedecayparameter.Theseprobabilitiesarethenall divided
by their sumsothat theysumto 100%.A Gaussianisdrawnbasedon thesenormalizedproba-
bilities,thentheresponseismodelledasadrawfrom thisGaussian.

The315structured-noisemodelsaregeneralizationsof theproposedmodel.In thefirst
stage,theyarefacedwith two setsof four Gaussians.Onesetcontainsthecorrecttarget.They
needto selectthisset.With probability(1-p1), theyfail andselectarandomGaussianfrom the
incorrectset.With probabilityp1, theyremembercorrectlyandmoveon to stagetwo. In stage
two, theselectionisnarrowedfrom four to two. In stagethree,it isnarrowedfrom two to one.
Thesestructured-noisemodelssearchthroughall 315possiblewaysof groupingtheGaussians
into ahierarchythatallowsthis.

Eachof themodelswasfit in thecross-validationprocedurewith thefminsearchfunction
in Matlab,minimizing thenegativesumof thelogprobabilityof thetraining data.Thetesting
datawerethensentthroughthesamefunction with thefitted parametersto calculatetheir
associatedscore.
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MCMC analysis
ForFig6,theSingle-andMulti-Cue Modelwassubmittedto slicesamplingwith no explicit
priors.Therewere10,000samplesdrawnfor eachagegroup,seededwith amaximumlikeli-
hoodestimate.

Foranoverallmodelrelatingthep1-p3 parametersto thethreepredictors,aBayesianlogis-
tic regressionwasused(seeFig7).Thismeansthateachparameter(which isaprobabilityand
thereforebetween0 and1) wastheinversecumulativenormaldistribution of areal-valued
parameter.Thatreal-valuedparameterwasthenthesumof fivefigures:mu + b1

� Z1 + b2
� Z2

+ b3
� Z3 + E.Z1 wasthez-scoreof their chronologicalage.Z2 wasthez-scoreof their vocabu-

laryscore(thetotalnumberof correctly-answeredquestionsin theBPVS).Z3 wasacombined
scorefor theDay-Nighttask,thez-scoreof therankof their time plusthez-scoreof therank
of their errorsin thesecondround with reversedinstructions.(Rankswereuseddueto large
outliers.)Ewasanormallydistributederror amountwith ameanof zeroandaprecisionof
tau.Thisstructurewasrepeatedthreetimes,oncefor eachof thep1-p3 parameters.Only one
explicitprior wasused:tauwasgivenanexponentialprior with ameanof 100.Theother
parametersimplicitly haveaflat (completelynon-informative)prior. Fourchainsof 5,000
samplesweredrawn,eachwith 1000discardedasburn-in.

For thelogisticregression,wechoseto reportcredibleintervalsratherthanaBayesfactor.
Thiswasdonebecauseit is,in our opinion,moreappropriatefor thepresentstageof under-
standingof thesedata.A Bayesfactorisusedto comparetwo (or more)specificmodelswith
specificprior distributionsto seewhichonehasabetteraveragefit to theobserveddata.Best
practicefor aBayesfactorinvolvescreatingarelativelysmallnumberof � ��
��
 restricted
modelsto compare.In otherwords,thebest-practiceuseof aBayesfactorinvolvesboth the
specificationof prior distributionsandtheprior selectionof restrictedmodelsto becompared.
Wedid not believethis to beappropriatein thissituation.In contrast,wereportcredibleinter-
valsthatwerecalculatedwithout anyexplicitprior distributionsandwithout theprior selec-
tion of restrictedmodels.Thisresultsin unbiasedintervalestimatesof anunrestrictedmodel.
Futurework canusetheresultsfor amoreprincipledBayesfactorcomparison.
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