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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 pointto 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
investigatenekeyaspecbf this: howtheyremembelocationsin asceneWe askedchil-
drenfrom 3to 9-years-oldo rememberatargetlocationinsideavirtual reality (VR)
sceneandthento point to it aftertheyhadbeen'teleportedto anewlocationwithin the
sceneYoungchildrenin particularoftenmadea certainkind of (relativelyminor) error.
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Theyusuallyrespondedearthe correctlandmark,but hadtrouble correctlyorienting
their responsearoundthis landmark,whichwould requirethemto alsomakeuseof the
otherlandmarks Our interpretationis thattheydo not necessarilgtorethe full scenan
memory.On mosttrials, theyseento storeonly theareaimmediatelyaroundthetarget.
Formally,we madeamathematicamodelof this algorithmandusedcross-validatiorio
showthatit holdsbetterthan alternativeexplanationsThis providesnewdepthto our
understandingof the differentwaysthat memorychangesluring childhood.An impor-
tantavenudor future researchs testingthe potentialof VR tasksof this kind for screen-
ing andinterventionsto improve childhoodscienceandmath education.

Introduction

Spatiakognitionis a skill thathumansand manyotherorganismsmployalmostconstantly.
Becausbumandevelopments a particularlylong processywehaveto understandand make
decisionswithin the spacearoundusfor yearsbeforereachingfull cognitivematuration.
Potentialapplicationssuchasscreeningandinterventionsto promotespatial-cognitivelevel-
opmentduring earlychildhood,which havebeenidentified by educatorsasa major unfulfilled
need[1], requireastrongunderstandingof thetypicalstructureof developingspatialcogni-
tion. To this end,manystudieshaveexaminedhe distinction andinterplaybetweeregocen-
tric (self-basedandallocentric(world-based}spatiaimemory[2+13],finding consistentlythat
allocentricmemoryis adistinct cognitiveprocesswith ahigherlevelof difficulty. Previous
developmentastudieshaveaskedwvhich kinds of cuesallowacces$o allocentricrecallat dif-
ferentpointsin developmen({e.g.coincidentcueq14], beacon$15], proximallandmarks[16,
17],distallandmarkg15, 16], salienltandmarkg[ 18], unstabldandmarkg19], languagg20,
21],transparenboundarieq22], andgeometriaelations[14, 23+25]) Another crucialwayto
subdivideallocentricreasonings by the richnesof the representationrememberingatarget
locationrelativeto onelandmarkversusnany.Herewepreseninewdataandnewmodelsto
further probeakeyquestionfrom previouswork [21,26+30]do childrenusemultiple land-
marksto encodeatargetlocationallocentricallyMHow doesthis tendto changeacross
development?

Previouswork haslargelyconcludedhat during allocentricrecall,youngchildrenremem-
berlocationsasasetof allocentricrelationsto multiple landmarksyatherthanjustasingle
landmark[21,26,28+30] Biologyresearcherg/orking with non-humanspeciepioneeredhe
expansiorparadigmto testthisissueg31]. In this paradigm atargetis hiddenin the middle of
two or four landmarks After training, the arrayof landmarksis expandedor atesttrial. If the
targetlocationwascodedandrecalledas’in the middle', thentesttrial searcheshouldstill be
in themiddle of theexpandedandmarkarray.Thatwould necessarilinvolvethe useof multi-
plelandmarksIf thetargetlocationwasinsteadencodedandrecalledasavectorfrom one
landmark,thentesttrial searcheshouldretainthatvector.For examplesupposeahe middle
of the pre-expansiotandmarkarraywas50cmsouthwesbf the northeastandmark.If thatis
howthelocationwasrecalledthenthetesttrial searcheshouldstill be50cmsouthwesbf the
northeastandmark,eventhoughthisis no longer’in the middle'. Thiswouldinvolveonly
usingonelandmark.Variationson this paradigmhavebeenappliedto humanchildrenas
well,from approximately2 to 8 yearsold. Most reportsconcludethat childrenencodethe
locationsas’inthemiddle'[21, 26,28+30](while anotherfound a patternof resultsthat was
not particularlyconsistentwith anyhypothesizedtrategy27]). Thisfits into abroadertheo-
reticalcontextin whichyoungchildren'sbehaviourindicatesheyusemultiple sourcef
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Fig 1. Virtual layoutsandtargetdistribution in task. Thebasictaskwasto remembe whereavirtual cartoonanimal
(duckor penguin)washiding, watchit disappearget teleportedto anewviewpoint andthen point with the ‘magic
wand'to its hiding place PanelsA andB arescreenshis of the environmeris. Panel<C and D areoverheadayout
diagramsof thelandmarksandtargetsThetrialsthat usethe ‘near‘targetsarethe only onesconsiderechere(in blue)
sincethe “far'trials (in green)wereextremelynoisyfor the youngestgegroup.We will referto theseasthe *Jetty'
(panelA andC) and"Arctic' (panelB andD) datasets.

https://cbi.org/10.1371durnal.pbi.100738@001

information in concertto makedecisionge.g.metric and categoricaspatialinformation [32,
33],inferring causedy usingmultiple trials or presentation$34], andthe McGurk effect
[35]).

However the currentliteratureleaves gapwhereinthe availableesultsconcernthem-
selvesvith the particularrelationin the middle' anddo not testawider varietyof possiblespa-
tial relations[21,26+30].The in the middle' relationis interestingbecausé hasspecial
languagdat leastin English),but the exclusivauseof targetsn the middle of the landmark
arrayunfortunatelyleave®penathird interpretation.Regardlessf howthe child encodeghe
target,if theyrecognizehatthelandmarkarrayhaschangedftertraining, theymaynot know
howto proceedandmayinsteadust searctin themiddle becausef aresponsdias[36,37].
In otherwords,it maybeakind of "defaultplaceto searchwhenthe child doesnot know
whereto searchThe presentstudyaimsto learnmore aboutthis cognitiveprocesdy usinga
newparadigmthat allowsfor the presentatiorof manydifferenttargetlocations Our newpar-
adigmprovidesanewwayto diagnosehe numberof landmarksusedin therecallprocess.

We designedwo novelexperimentgo allowfor specificpredictionsthat candisambiguate
if oneor manylandmarksarebeingused(Fig 1). Crucially,the environmentin both experi-
mentshadsymmetricabvallandmarks Participantsvereshownthe targetlocation,virtually
“teleportedto anewviewpoint(screerfadedo black,cameranovesscreerfadeshackto
scene)andthenaskedo point to thetargetlocation.This ensuredhat egocentriaeasoning
couldnot contributeto improvementsn performanceTheuseof symmetriclandmarks
(ovals)meantthat asinglevectorbetweerthe targetandanearbylandmarkwould not provide
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anywayto resolvethelocalsymmetry.n the extremecasewhenusingonly asingle-cuestrat-
egy(onelandmark),wewould expectan equalnumberof responseatthe correctlocationand
atits mirror acrosshelocallandmark.Forexamplejn Fig 1A, how couldyouremember
whichendof the greenovalthetarget(duck) is on?Relatingthe targetlocationto thegreen
ovalwould not beenough.Thetwo endsof the greenovalarelocalmirrors of eachother.If
thatwereall yourememberedyouwould oftenrespondby the wrong end.Consistentlydis-
ambiguatingthe two endswould requiresthe useof amulti-cue strategy(2 or moreland-
marks).For exampleyou couldremembetthatit is on the endof thegreenoval(cuel) and
alsoremembethowfar it is from the boundary(cue?2). Thetwo differentenvironmentsepre-
senttwo broadstrategie$or enablinggoodperformance(1) only presentingwo landmarks,
sothatthereis minimal distraction,and (2) presentingarich environmentwith alargebound-
ary[38], sothatthereareseverapossiblevaysto encodemultiple spatialrelations.

Fromacertainpoint of view,the presentstudyis similar to studiesvhereasingleuniquely
coloredwall (cuel) candisambiguatehe rotationalsymmetryof arectangulaenclosurgcue
2)[39]. However thetheoreticainterpretationis not exactlythe sameYoungchildrencan
useacoloredlandmarkin aleft/right sensg23], meaningthattheydo not strictly needthe
rectangulaenclosurdo find the correctlocation(seealso[20]). The presentstudybuildson
this by creatinga newsituationwhereno singlelandmarkcanbeusedto uniquelyencodethe
correcttargetlocation.Like anychangean methodsthis couldleadto largelydifferentresults.
In particular,the presentstudyrequiresthe child to gobeyondselectinghe singlebestcue
andinsteadrequirescoordinationbetweermultiple individually-ambiguaus cuesto consis-
tentlyfind the correcttarget.

To understandheresponsgatternswe proposeamodelthat hasseparat@arametersor
theratesof rememberingvheretargetlocationswerepresentedelativeto (a) the nearessin-
gleproximallandmarkand (b) additionalproximallandmarks We will referto this asthe Sin-
gle-andMulti-Cue Model. Purelydoing oneor the otherwould represent qualitative
differencein howalocationis rememberedfundamentallycapturingjust onesinglehighly-
localizedvector(single-cueyersugepresentinganinterconnectedyraphof alargerscene
(multi-cue).In our model,the parameterganbesetsothatthe single-cuestrategyis usedfre-
quently.Thiscancaptureandpredictapatternof responsethat appearcorrectif only looking
atasmallareaaroundthetargettresponseblat canbeidentified asincorrectwhenlooking at
thelargersceneTo testthe hypothesighat this featureis necessarto modelandunderstand
developingspatialcognition,we comparedhe ability of severatiifferentmodelsto explainthe
datafrom the two experiments.

The Single-and Multi-Cue Model hasthreecritical parametersT hefirst two arelocal,sin-
gle-cugparametersThe chanceof rememberinghe correctlandmarkis p;. The chanceof
rememberingf thetargetwason the endor sideof the nearestandmarkis p,. A veryhigh p,
andp, canbeachievedvithout encodingmorethantherelationsto the nearessingleland-
mark. Thelastparameteis the multi-cue parameterThe chanceof usingother scendeatures
to disambiguatehelocalsymmetry(for examplerememberinghattheduckin Fig1Aison
theinner end of the greenlandmark,not the end nearerthe boundary)is ps. Sincetheseare
independenparametersthis modelcanflexibly capturedifferentratesof the differentallo-
centricsub-types(Note that this doesnot imply classifyingndividual childreninto hard
stagesiather,it describeshe frequencyof differentstrategiesvithin anagerange.)However,
this alsoinvolvesadditionalparameter&nd anewtheoreticacommitment,sowewantto be
assureaspossiblghat we cannotunderstandhe datasufficientlywith fewerparametersand
simplermechanics.

To testour proposedSingle-and Multi-Cue Model, it is comparedagainstwo generic-
noisemodels,Correct-Or-Guessind ExponentialDecay and 315structured-noisenodels.
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Fig 2. Graphicédepictionof howthe proposednodel(left) andgeneric-noisalternativeswork. Thegreendiamondis the correcttarget. All
threeare(bivariate)Gaussiamixture modelswith the mixed Gaussiangdottedlines)centeredbn the 8 potentialtargetsOn theleft panel the
Single-and Multi-Cue modeluseghreebinary parameersto selecthe Gaussiario drawfrom. Thefirst (p,) is how oftentheyrespondnearthe
correctlandmark the secondp,) is how oftentheyremembeiif it wason asideversusanend,andthethird (ps) is how oftentheyusethe other
landmarkto disambiguat the localsymmetryIn the middle panelthe correctGaussanis chosernwith probability p. andall other Gaussins
share(1-pe) equally This allowsfor noisebut not for aparticularweightto errorsfrom localmirroring. In theright panel the probabiity of a
Gaussiarbeingdrawnfrom is proportionalto ¥ where isthedistancen metersand isadecayrateparameterThisalsoallowsfor noise,
but basedt on distanceratherthanmirroring relations (Thisis still a Gaussia mixture model,though;it still has8 localmaximums.

https://doi.org/1A.371/journal ¢hi.1007380.902

Thegeneric-noisenodelsuseonly oneparameteto capturegenericnoise,in line with conclu-
sionsagainsthe useof asingle-cuestrategy{21, 28+30].The Correct-Or-Guessnodelhasa
singleprobability that theyrememberthe correctarealf thisfails,theyguessandomly.This
is capturedby assigninghe correcttargetaprobability of p., thenassigningall othertargetsan
equalportion of (1-py). In the ExponentiaDecaymodel,responsareasecomdesdikely as
theygetfurther from the correcttarget.This is capturedby the expressiore™?, with the proba-
bility of aresponselecreasing@xponentiallyasthe distancerom thetarget() increasedn
otherwords,thesemodelstry to explainputativesingle-cueerrorsasnot beingspecialn any
way,justarandomgues®r aresponsareathatwasrelativelynearthe correcttarget(Fig 2).
The 315structured-noisenodelsareacomputersearctof the spaceof modelsthat usethe
samenumberandtypeof parametersasthe Single-and Multi-Cue Model,checkingto make
surethatthereis not abettermodelatthe samdevelof complexity.Thesemodelsarethenall
comparedy cross-validationT he centralalternativehypothesiss that one of thesecompari-
sonmodelswill bepreferredby cross-validatior{highestjoint probability of the testingdata),
suggestinghat the single-versugnulti-cuedistinctionis unnecessaryn line with currentthe-
ory thatis basednuchmoreon multi-cue strategies.

In addition, the proposedsingle-and multi-cue modelisfit by BayesiatMarkov Chain
Monte Carlomethods.Theposteriorparametedistributionsarethenusedto answerseveral
important secondaryjuestionsWhat arethe major source®f error in allocentricspatial
memoriesat differentages™ow canwenow characterize¢he progressiortowardsadult-like
spatiaimemoryVerethereanyspecificerrorsthat weremorelikely to occurfor older chil-
dren?Wasmemoryperformancelifferentin thesetwo environmentsanddoesthis point
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Tablel. Tableof cross-vdidation scores.

Experimert and Age Cross-Valdation Score
Arctic
3.5+4.5rears 887.64 928.00 900.68
4.5+5.5fears 555.76 683.28 642.39
Jetty
4.5+5.5(ears 329.79 390.85 339.62
5.5+6.5vears 467.17 522.59 471.78
6.5+85Years -7.80 28.96 -1.32

LowerscoresndicatebetterperformanceFiguresarethe negativesumof thelog of the probability assignedo
the datasetFor referenceadifferenceof 4.6betweertwo scoregranslateso approximatey 100timesbetter
predictionoverall.Bestscoresarein bold.

https://abi.org/10.1371durnal.pbi.1007380001

towardsanypossiblenewideasfor further testinganweexplainindividual differencesn
spatiaimemorydevelopmentvith more generaktognitivemeasurestespeciaihhibition,
which couldplayarolein suppressingess-accurateesponsetrategiesTheability to answer
eachof thesequestionausingthe Single-and Multi-Cue Model speakd$urther to thistheory's
usefulnesasawayof understandinghe developmenbf allocentricspatialmemory.

Results

Participantsof all ageggaveresponsethat werewell abovechanceaccuracyln the "Arctic'
datasetthe environmentwas2.5min radiusandthe medianerror was61lcmfor theyoungest
agegroup(3.5+4.5/earsold). Theyrespondedo the correctnearestandmarkon 77%(406/
528)of trials,p < .001lversusb0%chanceguessingwith the 4.5+5.5/ear-oldsscoring88%
(492/556)Forthe "Jettydata,the 4.5+5.5/ear-oldgespondedo the correctnearestandmark
0on 69%(116/168)f trials, p < .001versus33.3%chanceguessingwith the nexttwo age
groupsscoring67%,(140/210)xt5.5+6.5/earsand 97%(122/126)at 6.5+8.5/earsThe “tele-
porting' procedureensuredhat participant'sperformancdevelsverenot possiblevia purely
egocentriencoding While participantswerebroadlycapablef encodingthe targetlocations
allocentricallyevenin the youngestgegroup,abroadrangeof errorswerestill evident,moti-
vatingamodellingapproach.

Cross-validatiorpointedstronglyto the useof the Single-and Multi-Cue Model overall of
thealternativesasawayof explainingallocentricencodingin children.Fig 2 displayshe "Arc-
tic' dataseto illustratethe proposednodelandthe two generic-noisalternativegunction.
Tablel showsthe cross-validatiorscoresthe single-and multi-cue modelhadthe bestscore
for eachagegroupandexperimentAll threemodelswereGaussiammixture models centered
on the eighttargetsThecross-validatiopprocedurefound maximumlikelihood estimate ®f
the parametersisingthe datafrom all-but-onetarget(thetraining data).lt thenusedthese
parameterso predictthe datafrom the remainingtarget(8-fold for the "Arctic' datasetywhich
had8targetsand6-fold for the “Jettydatasetwhich had6 targets) Thiswasrepeatedintil
eachpoint of datahadbeenpredictedoncefor eachmodel. The scoregivenisthe negative
sumof thelogarithm of the probabilitiesassignedo thetestingdata(the part of the dataleft
out of thefitting).

Fig illustrateshowthe dataandthe cross-validatiorpredictionsfrom thesehreemodels
(Fig 2) aredistributedaroundthe spacen the “Arctic' datasetThe Single-and Multi-Cue
Model predictsgoodperformancen termsof which landmarkthetargetwasnear(p,) and
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Fig 3. Model predictionsand datafor onetargetin the "Arctic' dataset.TheblackandredellipsesarethelandmarksThe
greendiamond(left of thered landmark) is the correcttarget.The contoursshowhowthesedataarepredictedto fall around
the spacédasedn the datawith othertargetsplacedat probabilitydensityintervalsof 0.25per squaremeter,with the lowest
at0.1.Smallcoloredcirclesaretestingdata,coloredfrom blue (verylikely) to grayto orange(veryunlikely). Theissuewith
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the Corrector-GuesdVlodeland Exponental DecayModel canbeseeron theright end of thered landmark:manydata
pointsfall there,but areassignedelativelylow probability.

https://doi.0g/10.1371§urnal.pcbL007380.g003

whetherit wason the sideor end of thatlandmark(p.), but alsoalow rate of usingthe other
landmarkto preventalocalmirroring error (ps). In contrastthe othertwo modelsdid not
giveespecialihigh probabilityto themirror targetqin this casetherightwardendof thered
landmark).Theydo predictthat errorswill fall on the mirror end,but not in anyspeciabr
particularlyfrequentway.Thisis the main reasorwhy theydo not cross-validataswell. To be
more specificfor the 3.5+4.5/earolds,the Single-and Multi-Cue Modelfits p; = 0.79p, =
0.77,andps = 0.61.Thismeanghat the probability of amirror erroris0.790.77 (1+0.61)}F
24% .The Correct-Or-Gues$lodelfits p. = 0.46.The probability of amirror erroris (1+0.46)/
7 =8%,sinceall errorsshare(1-p) equally. The ExponentiaDecaymodelfits k = 0.058.The
mirror error is 1.2maway sothe probability of amirror error is proportionalto °-°%81-2
After normalizing(soall targetssumto one),this equalss%.Themirror errorsin thetesting
dataaretoo frequentfor the Correct-Or-Gues®sr ExponentiaDecaymodelto captureeffec-
tively. S1Textgivesfurther illustration, explanationand example®f howthesehreemodels
function.

After visuallyinspectingrig 3, wealsowantedto besurethatit wasnot sensibleo drop p,
andps entirelyfor theyoungerparticipants Conceptuallythis meanghattheyremember
which color landmarkthetargetwasnear,but nothing further. A versionof the Single-and
Multi-Cue Modelwasrun throughthe cross-validatiorprocesswith p, free,but fixing p,> = p3
=50%.This cross-validatedhuchworse scoring920.9713.5+4.5/ears)and670.424.5+5.5
years)or the “Arctic' data.

Fig 4 showshowthethreemain modelsapplyto the "JettydatasetThe "Jettyenvironment
hadseveraéxperimentatlifferencedgrom the "Arctic’, yettheresultsareverysimilar; the Sin-
gle-andMulti-Cue Modelis againpreferred.In this experimenttherewereno targetson the
sidesof thelandmarksonly on the ends sothe p, parametewasdropped.Thedataareagain
fit with ahigh p, andlow p; for theyoungeragesAs abovethis correctlypredictsmanymir-
roring errorsandfavoursthe Single-and Multi-Cue Model. S1Fig plotsall of the data,broken
down by dataseandagerange.The datasetarealsogivenin Excelsheetdén the Sland S2
Data.Togethemwith the “Arctic' resultsthe "Jettyresultssuggessomebasicgeneralityto the
Singleand Multi-Cue Model,andtherefore this patternis not uniqueto asingleenvironment.

Sincethesethreemain modelsarestructureddifferently,including differentnumbersof
parametersi is alsoimportant to verify that the modelswith lessparameterganbeselected
by this procedure For 100runs, simulateddataweregeneratedrom the Correct-Or-Guess
Modelwith p. = 1/3andastandarddeviationof 15cm.Thetargetsandthe numberof trials
(528)werematchedo the 3.5+4.5/earoldsin the "Arctic'. Eachsimulateddatasetvassubmit-
tedto the exactsameprocedureThe Correct-Or-Gues#odel waschoseron 94%of theruns.
Thesamewasdonewith the ExponentiaDecaymodel,using = 1.TheExponentiaDecay
modelwaschoseron 98%of the runs. This verifiesthat the other modelslikely would have
beenselectedy the modelselectiorprocedureif theywerecorrect.

The Single-and Multi-Cue Modelwasalsoselecteaverthe full family of structured-noise
modelsfor the “Arctic' datasetBecaus&eareproposingamodelwith more parametershan
would beexpectedrom previoustheory,it isimportantto makesurethat theseextraparame-
tersarebeingusedin the bestwaypossibleWe searchedhroughall 315possiblenodelsthat
usethe samenumberandtypeof parametergspecificalljthreebinary parametersjo splitthe
eighttargetdnto two groupsof four, thentwo groupsof two, andthentwo isolatedtargetsFig
5Bshowshat asmallsub-familyof thesemodelsfallsinto the lower (better)rangeof cross-
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Fig 4. Model predictions and datafor onetargetin the "Jetty'dataset.Thered, yellow,andgreenellipsesarethelandmarks As before the greendiamond
(aboveandleft of the yellowlandmark)is the correcttarget. The contoursshowhow thesedataarepredictedto fall aroundthe spacéasedn the datawith
othertargetsplacedat probability densityintervalsof 0.25per squaremeter,with the lowestat 0.1.Smallcoloredcirclesaretestingdata,coloredfrom blue
(verylikely) to grayto orange(veryunlikely). Theissuewith the Correct-or-GuesdModel and Exponental DecayModel is the sameasbefore failing to assign
high probabilityto mirroring errors(down andright of the yellowlandmark).

https:/Hoi.org/10.137ournal.pchi.107380.g004

validationscoresleadingto threetop models.Thebestfitting oneis the Single-and Multi-Cue
Model. Theothertwo arelargelysimilar, atleastin termsof our interpretation.For our pur-
posedere theseop threemodelscanbeinterpretedashavinga separatgs; parameterfor the
relationto the otherlandmark.Further,all fit arelativelylow p; comparedo p, andp,. This
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Fig 5. All possiblewaysof splitting the targetswith three binary parameterswereexamined favouring the main
model presenteal here.(A) Displayof thetargetswith lettersfor reference(B) Histogramof the cross-validtion scores
from the 315waysof splitting thetargetsOnly threemodelsarewithin 100xthe joint probabiity of the best-fitting.

(C) Themodelwith the bestcross-validtion scoresplitsthetargetshy landmark thensideversusend,thenlocal
reflectiong(i.e.the Single-andMulti-Cue Model). (D) Thesecond-besnodelsplitstargetsn awaythatreflectionsare
still thethird layer.Theothertwo layersaresimilar but reversedn order,groupingby side/endthenlandmark.(E)
Thethird bestmodelalsosplitstargetdn awaythat splitsby side/endthenlandmark thenreflections.

https://abi.org/10.1371djurnal.pbi.100738@®005

meanghat, for examplewhenshowntargetD (in Fig5A), all threetop modelspredicttarget
B to bethemostlikely error. Alternativesthat placedessemphasi®n localmirroring errors
(e.g.usingps to pair D with A, which couldberesolvedocally)did not cross-validataswell.

Takentogethertheseanalysegpoint towardsaneedfor separat@arameterso capturethe
rateof single-versuamulti-cue encodingof targetlocations|t is not sufficientto modelthese
errorsasthe more genericforms of noisein the comparisormodelstheremustbespecial
providencefor mirroring errorsthat arepredictedby justencodingagainsthe nearestand-
mark. However theinterestin aparticularmodelis oftendueto manyfactors with theraw
ability to fit and predictdatabeingonly oneof them.A usefulmodelshouldalsohaveparame-
tersthatareeasilyinterpretedandclearlyrelevantto adomainof study.To examinethis fur-
ther, the Single-and Multi-Cue Modelwasfit by BayesiamMarkov ChainMonte Carlo
methodg40]. The posteriorparameteistributionswerethen usedto answetthe secondary
questions:

Whatwerethe major sourcesf error in allocentricspatiaimemoriesat differentages7o
answetthis, Fig 6 showshetransformedparameteestimatest eachof the agegroupsto gen-
erateamemoryrate.lt is evidentthatfailing to usethefar landmarks(ps) remainedthe most
commonerror for allagesln addition, the multi-cue memoryrateonly crediblyroseabove
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Fig 6. Model parametersby agegroup (displayedat the centerof the range).Solidlinesarefrom the “Arctic' dataset
anddashedinesfrom the "Jetty' Error barsare95%credibleintervals.Sincep;, p,, andps areall ratesof correct
responsgandthetwo environmeris sometimegavedifferentchancdevelstheyweretransfomedinto aninferred
memoryrate.For exampleif aparticipantgives60%correctresponsswith two options,wewouldwork backto say
thattheywereremembeing correctlyon 20%of trials and guessin@n 80%of trials, leadingto 40%correctby
guessin@nd20%correctby memory.A memoryrateof zerowouldindicatechanceguessingThep, line is only
presenfor the "Arctic' asthe "Jettyonly hadtargetson the endsof thelandmarks

https://abi.org/10.1371djurnal.pbi.100738®006

50%in the oldestagegroup (6.5+8.5/earsold). Note that this analysisvould not bepossibléf
only describingthe data for examplejn termsof the averagelistancebetweertargetand
response.

How canwenow characterizéhe progressiortowardsadult-like spatialmemoryFurther
examiningFig 6, two additionalfeaturesalsostandout. First, if weconsidereachmemoryrate
asaresourceo beallocatedthe waythat youngparticipantshavedonethisis relativelysensi-
ble.If you couldonly remembertwo thingsaboutthetargetlocation,thelandmarkthatit was
nearestndthewayit relatedto thatlandmarkarereasonablehoicego preventverylarge
errors.The estimatesor p, (which landmark)andp, (side/end)werecrediblyhigherthanps
(otherlandmark)for all agegroupsacrossoth experimentsSecondwhile ps waslower,the
ps credibleintervalwasstill entirelyabove-zerdi.e.theywerenot just guessingjor theyoun-
gestagegroup.Thereforejt is not that multi-cuerecallonly emerge$n middle childhood,but
thatit becomesnore frequentovera protractedspanof childhood.

Werethereanyspecificerrorsthat actuallypecamamorelikely aschildrengotolder?The
posteriorestimate$rom the Arctic datasesuggesthat 3.5+4.5-year-oldand4.5+5.5-year-olds
hadsimilar ps rates but thatthe older childrenhadahigherp, andp,. A mirror error happens
with probabilityp; p. (1-ps). Thisindicatesthat mirroring errorsbecomeamore commonin
theolderchildren,but not atthe expens@f responseby the correcttarget;instead at the
expens®f errorsby the otherlandmarkor incorrectlyselectinghe sideversusendrelation.

Wasmemoryperformanceifferentin thesetwo environmentsanddoesthis point towards
anypossiblenewideasto testfurther?The p, memoryrateestimatevascrediblylowerin the
“Jettyenvironment,whichis somewhasurprising.This environmenthaddistalscenenthat
couldbeusedfor reorientationandacircularboundarythat could beusedto judgedistance.
The Arctic' did not haveeither.In generallittle is known aboutwhatenvironmentsmakespa-
tial memoryeasiemor harderin childhood.This maysuggesthat somespatialcuesactually
distractyoungchildrenawayfrom forming accuratanemoriesratherthanaid them. This

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



O PLOS

COMPUTATIONAL

One Landmark or Many

Fig 7. In aBayesiarregres®n, only onemeasurgWorking Memory/ Inhibit ion+Day/Night Task)showsa
credibly non-zero effecton onemodel parameter(p;Dwhich landmark). This couldmeanthatthe skillsunderlying
the DayNight Task(working memoryandinhibition) alsohelp participantscorrectlychoosevhichlandmarkthe
targetwasnear,suppressinggocentricesponsewhile maintaning allocentricrepre@ntationsin workingmemory.
Circlesareindividual children

https://abi.org/10.1371djurnal.pbi.100738®007

raisednterestingpossibilitiegdo testwhetherrecentresultsarguingthat youngchildrenreori-
entingin simpleenvironmentsusemultiple cueswith Bayesiarefficiency{41] would extendto
morerich andcomplexenvironments.

Canweexplainindividual differencesn spatialmemoryperformancewith moregeneral
cognitivemeasureszespeciaihhibition, which couldplayarolein suppressindess-accurate
responsestrategies?o answeitthis, childrenin the "Arctic' datasetverealsogiventhe Day-
Night Task[42] andabasicVocabularymeasurg43]. The Day-Nighttaskis a Stroop-like
working memoryandinhibition taskthatis appropriatefor youngchildren. Theyareaskedo
first say?day®whenshownasunand®night® whenshownamoon, thenlaterto saythe oppo-
site.In aBayesiarogisticregressioron the p;-p; parametersDay-Nightscoresvereacredi-
bly non-zeropredictorof p; (whichlandmark;Fig 7, Table2). In addition, the credible
intervalfor this betavaluestill doesnot containzerowhenswitchingfrom a 95%intervalto a
more conservativ®9.5%nterval:0.033to 0.60.Neitherthe vocabularymeasureor their
chronologicalgewerecrediblynon-zeropredictorsof anyparametei(p,-ps) atthe 95%level.
This suggestthat developingexecutivdfunction couldbeabottleneckin termsof developing
spatialperformancetheyareentirely capableof the relevantcomputationsput perhapgace
difficulty whenorganizingthemselve$o carryout the correctonesfor the currenttask.Longi-
tudinal datasetsvith more control measuresvould beimmenselyusefulin answeringhis
question(and manyothers)more definitively.

Discussion

Themodelselectiorresultspoint towardsaneedfor adistinction betweersingle-and multi-
cueallocentricrecallin orderto captureandunderstandhe differentmechanismsisedto

Table2. Betaparameersrelating the model'skey probabilities to predictor z-scores.

Parameter

p1 (whichlandmark)
p2 (side/end)

ps (otherlandmark)

Predictor

Age

0.120

(-0.068t0 0.305)
0.080

(-0.250to0 0.404)
-0.007

(-0.162to 0.160)

Vocabulary
0.016

(-0.157t0 0.196)
0.159

(-0.161to 0.511)

0.035
(-0.127t0 0.194)

Working Memory / Inhibition
0.308

(0.122t0 0.500)

0.103

(-0.261t0 0.458)

0.041

(-0.140t0 0.221)

Crediblynon-zerorelationbetweerpredictorand modelparametel(i.e.the 95%credibleintervaldoesnot containzero).

https://da.org/10.1371durnal.pbi.1007382002
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rememberatargetlocationduring childhood.Childrenatages3.5+6.5requentlyremembered
whichlandmarkatargetwasclosesto andalsohowthetargetrelatediocallyto that nearest
landmark(i.e.if it wason asideor anendof the ovallandmarks) Theyalsofrequentlymadea
specificerror that canbepredictedif theydo not usetherestof thelandmarksin the scene.
Theindividual landmarkswereovals which havetwo linesof symmetry Thisrequiredrelating
thetargetto additionallandmarksin the overallscenén orderto resolvenhich side/endof the
landmarkthetargetwason. For examplerememberinghetargetasbeing®on the endof the
greenlandmark®would ambiguouslyndicatetwo placessinceit hadtwo identicalends.Par-
ticipantsfrequentlyrespondedhearthatlocalmirror, the otherend(or side)of thelandmark.
Thisis consistentith afailureto encodeadditionallandmarksin their memory,whichwould
preventsucherrors.We alsotried to modeltheseerrorswithout suggestinghattheyarespe-
cialin anyway(i.e.justarandomguesshat happenedo fall on the mirror end,or afunction
of mirror endsbeingcloseto the correcttarget) but theseattemptsfailedin cross-validation
testsFurther,thetendencyto only useonelandmarkfell systematicallyith age.
Integratingthis newresultwith previoustheoryregardingegocentriceasoning2+13],we
arriveatatheoryof spatial-cognitivelevelopmentvith three'levelsin developmentegocen-
tric, single-cueallocentric,and multi-cue allocentric.This doesnot imply a stage-likeprogres-
sion,but threedifferentmodesin which childrenrepresenspacehat surroundsthemwith
increasingsophisticationWe theorizethat childrenwill tendto useearlierlevelsmore often
whentheyareyoungerand/or facedwith amoredifficult task(e.g.differentinstructions,dif-
ferentsetsof landmarksmoreor lesstime to respond) Asthe child maturesandgainsexperi-
encewith eachlevel theybecomamorelikely to applyamoreadvancedevelin asimilartask.
Thefirst level,egocentricinvolvesencodingrelationsasavectorto the self. Thesecondevel,
single-cuallocentric involvesencodingrelationsagainsta singlesalientandmarkor scene
feature.Thiswasthe predominantmethodfor childrenunder6.5-years-oldh the datapre-
sentechere.Thefinal level,multi-cueallocentric,involvesencodingrelationsagainsimultiple
partsof the sceneat once.Thiswasthe predominantmethodfor childrenover6.5-years-old.
Effectivelythis expandsurrenttheoryfrom two levelgo three,providing amore detailedtra-
jectoryof spatial-cognitivalevelopmentThis couldin turn provideamore usefulframework
for screeningandinterventionto promotespatial-cognitivelevelopmentn earlychildhood
[1]. This hasits own merits,asthe ability to flexibly usemultiple landmarksin anallocentric
representationis averyusefulin everydayasks Spatiakkillsarealsorelatedto achievemenin
sciencetechnologyengineeringand mathematic$44+48].
Theviewwetakeherecontrastsvith somespecificpartsof previouswork [21,28+30].
Thesepaperdakethe viewthatallocentricspatialmemoriesn earlychildhoodarerelatedto
multiple landmarks aspreviousstudieshavenot shownanysystematiceasono suggesbth-
erwiselt is possiblehat resultsherestandin contrastbecaus&eusedavarietyof targetioca-
tions, makingit impossiblefor aresponsdiasto imitate asuccessfuhulti-cue strategy.
Thisfinding andgeneramethod(likely without VR) might alsobeusefulto amuchwider
groupof Biologyresearchers he expansiorparadigmhasbeenemployedacrossalargevari-
etyof speciesTo nameafew:the commonmarmose{ ) [27], squirrel
monkey( ) [49], orang-utan( ) [26], bonobo( ) [50],
capuchin( ) [50], andthe mongoliangerbil ) [31]. Similar
ideashavebeenemployedo studythe domesticdog ( ) [51,52],therufous
hummingbird ( ) [53],andmore.Many of thesestudieshavesuggestethat
thesevariousorganismslo not usemorethanthe nearessinglelandmark.This couldbefur-
thertestedhroughanadaptedversionof the methodhere.Placetwo identicalcontainerson
the endsof anovallandmark.Placedown anotherdistinctivelandmark.Alwaysbait the con-
tainerthatis closer/further(counterbalancedcrossubjects}o the otherdistinctive
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landmark.Theorganismshouldlearnto searchthetwo containersnearthe ovallandmark,
but neverlearnto discriminatebetweerthem.

Comparingthe parameteestimate$rom the two experimentsuggestthatthe "Jettywas
moredifficult thantheArctic'. Thisis unexpectedecauséhe "Jettyhadmorewaysto encode
locations Basedn this, wesuggesthat arecentdevelopmentatheory[41] needSurther
examination.Thistheoryproposeghatveryyoungchildrenroutinely usemultiple sourceof
spatialinformation in arational Bayesiammanner,gainingthe full possiblebenefitfrom the
presentatiorof multiple encodingmethodsit seemdlifficult to reconcilethis with the current
results but perhapsaot impossibldf the specifidandmarkspresentarenot equallyinforma-
tive acrosghetwo environmentslf youngchildrendo reorientby combiningcueswith Bayes-
ian efficiencyjt would alsobean exceptiorto the generatrend wheretheydo not employ
Bayesiaruecombinationin othersettingg10, 54]. Thistensionshouldprompt further inves-
tigation. For exampleyoungchildrenmaydealwith onesetof spatialcueswith Bayesiareffi-
ciencybut not anothersetof spatialcues.

Further,to bemorespecificthe "Jettyhadboth distallandmarksand a surroundingcircu-
lar walkway.The "Arctic' did not haveeither.Despitethis, somelevelof multi-cuerecallwas
seenn the "Arctic' datasetevenin the youngestgegroup(3.5+4.5/earsold). This suggests
thatthe ability to usemulti-cuerecallis not entirelydependenbn eitherdistallandmarks[28]
or the geometryof localboundarieq38]. This aspectf the resultsagreesvith previous
researclton the useof multiple cueg21,28+30].

A regressioranalysigurther suggestthatinhibitory control is ausefulpredictorof spatial
performanceSpecificallyit crediblypredictedp, (the parametercontrolling therateof ego-
centricor randomresponding) This couldindicatethat executivdunction formsamajor
bottleneckin termsof spatiaimemorydevelopmentSinceexecutivdunction wasnot experi-
mentallymanipulatedwe cannotbesurethatthisis adirectcausalink. However giventhe
importanceof executivdunction [55], this shouldbeapoint for future researcho explore.

Further,asamoregenerapoint, thetypicalmethodof analysidor thesekinds of datais to
justreporttherateof responsem the correctgenerabrea(plusanyothergenerabreaghat
areintentionallyimpossibleo tell apartfrom the correcttarget)[9, 14,29,39,41,56]. Thisis
animplicit endorsemenbf the Correct-Or-Gues#lodel. Resultdheresuggesthat thesesim-
plekinds of analysisanhavesignificantlimitations if therearemultiple plausiblestrategies
thataparticipantmight useIn that caseit would bemoreinformativeto createafull model
to fit to thedata.Theremight beinterestingpatternsof errorsthat gobeyondjust beingright
or wrong.

Thepresentstudyusesvirtual realityto studyspatialcognition. This canleadto biasedesti-
mation of egocentriaistancef thereis no opportunity to walkaroundthe spacg57]. How-
ever participantsherewerefrequentlyaskedo walk throughit. Beyondthat caveatdespitea
greatdealof study,thereis no specificreasorto doubtthe validity of virtual realityasawayto
studyspatialcognition;insteadthereis agreatdealof evidencehat spatialcognitionis the
samen realandvirtual environmentg58+65].Thisincludessimilar effectan youngchildren
[7, 8]. It alsoincludesthetransferof training from virtual to realenvironmentsfor neurologi-
calpatients[66+68].Despitethat, it is unknown howtaskdike ourshererelateto othercom-
mon spatiattaskslike mentalrotation [69] or reorientingwithout achangen viewpoint[14].
Similarly,therelationbetweerthe skillson displayhereand spatialskillsthat Educatoravant
to encourageeedsnore examinationin the future.

An important avenudor future researchs understandingvhich differentcognitiveand
neuralresourcesiredeployedo enablethe aspect®f allocentricmemorystudiedhere. This
maybeinvestigatedsiarelationshipswith othercognitiveskills,andrelationshipsvith EEGor
fMRI signalsduring therecalltasks A powerfulapplicationof amodel-basedpproacHike
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theoneusedherewould berelatingindividual parametelestimatege.g.for p1,p2,p3)to indi-
vidualbehaviourahndneuralmeasuresiAnotherimportant avenudor researchs testingthe
potentialof VR tasksof this kind for screeningandinterventionsto improvechildhoodscience
andmatheducation.

In conclusiondevelopingspatialcognitionsometime®nly representsherelationbetween
atargetlocationandonenearbysinglelandmark.Theresultingerrorsarenot explainedas
wellwhenmodellingthemasmore genericerrors,suchasguessethatjusthappenedo fall on
themirror reflectionof thetarget.In that sensegapturingthe single-versuamulti-cueallo-
centricdistinction is necessario understandand predictspatialmemoryperformanceat dif-
ferentagesSeverahspectsf allocentricspatiaimemorydevelopoverchildhood,including
how oftentheyremembemwhich landmarkthe targetwasnearest+buéfailureto usemultiple
landmarksremainedthe mostcommontypeof error. Thisleadsusto theorizethat spatialcog-
nition hasthreedevelopinglevels'egocentriqself-based)ingle-cueallocentric(world-based
but only usingonenearbylandmark),and multi-cue allocentric(world-basedand usingmulti-
plelandmarks).

Methods
Ethicsstatement

Ethicsapprovedby the EthicsCommitteein the Psychologpepartmentat Durham Univer-
sity (14/05xDevelopmenbf navigationin virtual reality). The parentsof participantsgave
written consentParticipantsvereaskedo consentverbally.

Participants

All participantswererecruitedaroundthe Durham, UK arealn the "Jettydatasettherewere
12childrenaged4.5+5.5/ears15childrenageds.5+6.5/earsand 9 childrenaged6.5+8.5
yearsNot includedhereweretwo adultsrun to makesurethe taskwassensibldage28and
25),both of whom hadperfectscore®n the categoricameasuresnda continuouserror of
<10 cmon averageThe stoppingrule for the “Jettywasto haveatleastl2 childrenin the low-
estagebracketand8in the others but to continuecontactingfamiliesfrom all agerangesand
gatheringdatafrom anyonewho could bearrangedduring the datacollectionperiod.Since
this procedureis relativelynew,this stoppingrule waschoseron the basighat 16 childrenis a
relativelystandardsamplesize(e.g.[70]) in studiesof developingspatialcognitionwith far
fewertrials (usuallyonly 4 trials,comparedo 14 here).In the "Arctic' datasettherewerel7
childrenaged3.5+4.016childrenaged4.0+4.517 childrenaged4.5+5.0and 18 childrenaged
5.0+5.5Thestoppingrule wasto haveatleastl6childrenin eachagegroupandto testany
availablesiblingsthat wantedto participateevenif their agebracketwasfilled. Thiswas
selectean the basighat 64 participantsis high power(90%)for correlationsof 0.4and
higher.

In the “Jettydatasetthe minimum agewaschoseron the beliefthat childrenneededo be
atleast4.5yearsof ageto reliablyshowallocentricrecallatall [8]. Our choiceto expandthe
agebracketfor the oldestchildren (6.5+8.5/earsyeflectsabeliefthat the developmentf spa-
tial cognitionshouldstartto slowaround7 yearsof age[2]. For the "Arctic' datasetthe mini-
mum agewaschoserbasedn pilot datafrom a previousexperimentthat suggestethe basic
spatialtaskis too much of amotor demand(holding the wandstill and pointing it accurately)
for childrenunder3.5yearsold [8]. To compareexperimentsyewantedanoverlappingage
bracketsowechosethe rangeof 3.5+5.5Becausgewantedto look at correlationdatawith
vocabularyand executivdunction, alargersamplesizewasdesired.
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Apparatus

We conductedour experimentsn a5m x 9m laboratoryequippedwith 16infrared Vicon
BonitacamerasThe cameragould motion-track by trackingreflectivemarkersandhadacap-
ture rateof 240framespersecondat <1mm resolution.The markerswereattachedo ahead-
mounteddisplay(OculusRift; see~ig 8A), awand,andacap.Theexperimenteworeacap

Fig 8. Photogaphsof the equipmentandtesting:(a) the headsetib) the motion-trackedcapworn by the expermenter,(c) the ‘'magicvand',(d) thetarget
objectfor the “arctic',(e) the stickerchartusedfor the Arctic’, plusthe spriterepresentinghe experimener andthe bluecrossusedto indicatewherethe

participantshouldstand (f) achild participatingin the experimentwith the equipmentand(g) the horizontalsectionf the skyboxusedfor the “Jetty'tan
imagethat participantswould seenrappedaroundthe virtual world.

https://doiorg/10.1371furnal.pcb1007380.908
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(seeFig 8B),andthis capappearedn VR asaspritexdargecircularfigure with ear-likestruc-
turesonit. Thespritewasusedbecausgoungchildrenin the piloting phaseof apreviousproj-
ect[8] found it upsettingto hearthe experimenter'soice(explainingthe gameandgiving
instrucitons)with no visiblesource The participantheldapointer (see~ig 8C) constructed
out of ascrewdrivethandleand PVC cylinders.TheRift hasafield of viewof 110degreesind
aresolutionof 2160x120With arefreshrateof 90Hz.Theheadsetanbeadjustedaccording
to the headsizeof the participantto ensurethatit fit properly.

Virtual environments

Thevirtual environmentavereprogrammedn Vizard (WorldViz, SantaBarbaraCA) (Fig 1).
Bothinvolvealargecirculararenawheretargetsappearedwith adonut-shapedreaaroundit
whereparticipantsstoodto encodeandrecallthetargetsBothalsoinvolvedelongatedspheres
aslandmarksin thetargetarea.Thelandmarksweredifferentcolors.Theyweresetapartby a
minimum of 1.5min aneffortto makeit clearthattheyweredistinctlandmarksandnot parts
of alargerstructure.ln both experimentstherewasalsoalargeflat X thatlay on the ground
surfaceand couldbemovedto differentplacedy the program(Fig 1E). Thiswasusedwhen-
everweaskedparticipantsto standsomewherg2Canyou comestandon this crossfor me?°)
or whentelling themthattheyweregoingto be ‘teleportedsomewhereT o makethe 3D
natureof the spaceeasieto seepoth environmentshadalight checkerboargbatternon the
surfaceof thegroundplane(Figs1l and8E).

In the *Jettydatasettherewerethreelandmarkssetat obligueanglesParticipantsvere
screenedor colorblindnesdy askingif theycouldtell whichwasgreenwhichwasred,and
whichwasyellow.In the only casevherethe participantwasnot ableto do this, thelandmarks
werechangedo white, gray,andblack. Therewasan orienting “skybox'meaninganimage
thatis wrappedaroundthe virtual environmenttsomethinghat the simulationshowsf there
areno othervirtual objectsin theway.It wasamountainsceneadaptedrom aphotograph
takenin Iceland(Fig 8G).This cueis renderedatinfinite distancesoit canbeusedto orient
but not to measuralistancesTheencodingandretrievalareawasdisplayedasajetty that the
participantsstoodon, raised50cmabovethe water.This wasalsoa spatialcue,but oppositein
useztitcouldbeusedto measuralistancedo its edgesbut it wasnot possibleo orient to it.
Thetargetwasasmallduck. To helpparticipantsdifferentiatetrials and maintaininterest,the
duckappearedn different,randomprimary colorson eachtrial. It alsospunslowlyin placeto
attractattention.

In the“Arctic' datasetthereweretwo landmarkssetataright angle Thelandmarkswere
longer(1m) thanthoseusedin thefirst experiment0.8m)in orderto makethetwo ends
moredistinctiveandfurther apart,in casemnotor noisewasa severgroblemfor theyounger
children.Theencodingandretrievalareawasnot markedin anyvisibleway.The skyboxwasa
uniform light blue,which couldnot beusedto orient. Thetargetwasasmallpenguin.We
wereconcernedhatthe youngerchildren maynot know theword “penguin’ sothetargetwas
namedSteveandthis wasusedfor all of theinstructionsgivento participants.To helppartici-
pantsdifferentiatetrials and maintaininterest,Steve'sorsochangedo randomprimary colors
on eachtrial. To attractattention,Stevealsomovedhis headandwingsup anddownasmall
amount.

Procedure

Training andwarm-up trials. In the "Jettydatasetpnly averybrief pre-trainingproce-
durewasneededeforeenteringthe VR. Participantsveresimplyaskedo standup straight
andhold thewandwith both hands.n the "Arctic' datasetnore extensivepre-trainingwas
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neededor testingayoungeragerange Childrenwereaskedo point, usingtheir wand,for
threesecondst arealstuffedanimal/penguinwhile not wearingthe headsett-or thefirst four
of thesepracticetrials, the stuffedanimalwasopenlyvisibleon the floor. For the nextfour, it
washiddenunderatowelto imitate the penguinhiding undergroundin the actualexperiment.
If neededthe experimentemwould givefeedbaclkandwould modeltherequestegbosturefor
the participantto mimic.

After this practice for both experimentschildrenworethe headseaindwereimmersed
within VR. During thefirst 4trialsin VR, participantspracticedpointing in the newenviron-
ment. For thesetrials, the targetsimplywentto anewplaceandthe child wasaskedo point at
it and hold the wandstill until aresponseegisteredWhenthewand(Fig 8C)waspointedat
thegroundplane awhite circleappearedvherethe wandwaspointed.As with all partsof the
experimentsaresponseegisteredvhentheindicatedlocationwasstablewithin a20cmarea
for 2 secondsDuring movementbeyondthis 20cmrange the white circlewould expand.
Whenthe wandwasbeingheldstill within the 20cmrange the circlewould shrink. Thiswas
donesothatthecirclewould collapseentirelyjust asthe responseegisteredTrials continued
until 4 responsewereregisteredvithin 50cmof thetarget.

Thenexttrialsweredesignedo helpthe participantspracticerecallinglocationsfrom
memory.Thetargetmovedto anewlocationandthendisappearedlIn the "Jetty'jt simply
fadedfrom view.In the "Arctic', this wasanimatedasStevaliggingunderground.)After a3
secondlelay participantswereinstructedto point to thetargetlocation. The characteduck/
penguin)thenre-appearedbut amarkerwasleft wherethe responseegistered.

Aswith all trials, this wasnarratedby the researcherfirst agenericaffirmation wasgiven:
aGoodjob!°. Next,apositiveaspecbf the responsavasnoted:2You heldthewandreallystill°,
aYou pointedbythe[green]one,andlook, it wasoverby the[green]one®,or 2You pointed by
thatendof the[green]one,andlook, it wasactuallyon thatendof the[green]one.°Then,if
theresponseavasnot on the correctend of the correctlandmark,anyconstructivefeedback
wasgivenasfuture goals2You pointedby the [green]one,but hewasactuallyoverby the [yel-
low] one.Forthe nextone,l betyou canremembemhich oneheis by®, or 2But look! He was
ontheotherend!Forthe nextone,let'ssedf wecanalsoremembemwhichendheis on.® This
againwenton until 4 responsewereregisteredvithin 50cmof thetarget.Later,for targetdar
away feedbackvasmoregeneric2Goodjob! Look whereyou pointed®followedby 2He was
right there®for responsewithin asmallerror versusandlook wherehewas®for largererrors.
Generakncouragementvasalsogivenasneededsuchas®You'redoing great.°

Next,theywerepresentedvith another4 trials designedo showthemhowtheteleporting
worked.Thetargetmovedto anewlocationandagreencrossappearedTheexperimenter
explainedhatthe targetwould hide andthenwe (both the participantand experimenter)
would getteleported'meaningthat the computerwould moveusoverto the greencross.The
child wasaskedo imaginewhatthe scenaevouldlook like from the greencrossandto takea
carefullook atthelocationof thetarget.Thetargethid. Thescreerfadedslowlyto blackovera
periodof 1.25secondsThe participant'sviewpointandthe experimenter'avatarin the VR
simulationchangedi.e.the experimenterteleportedivith the child). Thescreerslowlyfaded
backup overanotherl.25secondsThechild wasaskedo look wheretheywerenow andthen
to point to thetarget. Therewasno criterion for advancemenfThe sizeof theteleportsaround
thedonut-shapedncoding/responsareaincreasedvertheserials: 22.545,135,and 180
degreeg$rom their original position.

Interspersedhroughoutthis procedureandthe datacollectiontrials wererequestg¢o move
by walking. Theexperience®f walkingin VR canhelpparticipantsunderstandhe scaleof the
spacecorrectly[58]. Fortheseparts,abluecrossappearen the groundand participants
walkedoverto it with the experimenterThistook placeaftereverythird trial. In the "Arctic'
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experimentto helpmotivatetheyoungerchildren,avirtual stickerchartappeareghowing
how manytrialstheyhaddone.Also,therewerescheduledreaks3.5+4.5/earold children
weregivenmandatorybreaksafterevery6™ trial to receiveactualstickersandplacethemon a
printed picture of apenguin.4.5+5.5/earold childrenwereaskedf theywantedto takea
breakandput realstickerson their chartor if theywantedto keepplayingand put the stickers
on later.In the "Jetty'with olderchildren,breaksveregivenin alessstructuredway.Any
breaksequestedy the participantweregivenimmediatelyandthe experimentemwould occa-
sionallyofferthemif the child seemedlistractedor in needof one.Therewasno specificactiv-
ity or rewardduring thesebreaks.

Data collectiontrials. In both experimentsparticipantswereaskedo look carefullyat
thelocationof thetarget.Whenthe participantwasready thetargetdisappearedn the same
procedureasabovetheywerethenteleportedo adifferentviewpointfrom whichtheyhadto
point to wherethe targetwas.Themain differenceis thattheywerenot shownwherethey
would beteleportedio (no crosson the ground).After pointing, thetargetre-appearednd
their choiceswverenarratedasbefore.

In the "Jetty'teleportsconsistedf rotating 45,60,75,110,140,0r 170degreespn atotal of
30trials. Therewerel4trialswherethe targetlocationswerenearthe landmarks(blue@x® in
Fig 1C),four of which wereon thetwo endsof the red landmark. Twelveadditionaltrials
testedargetsclassifiechs®far targetsdn the upperandlower halvesof the arenapetween
landmarks(greenx® on Fig 1C). Theremainingfour trials testedthe specifidocationthat was
thefarthestfrom the landmarksandthe walkway(lowerthird, middle horizontallyon Fig 1C).
Eachteleportationmagnitudewasusedevenly(i.e.5 times),with the constraintthat the rota-
tionsusedfor anygiventargetcategoryabovewereevenlysplit asrotationsunder90degrees
andover90degrees.

In the Arctic', teleportsconsistedf rotating 30,40,50,60,105,125,145,0r 165degrees.
Therewereatotal of 16trials nearthelandmarkswith eachtargetrepeatedwice.The other8
targetswereeachusedonce.This madefor atotal of 24trials. Eachteleportamountwasused
evenly(3times).All 8 rotationswererandomlypairedwith the 8 far trials. Eachneartarget
hadonerotation under90degreesndoneover90degrees.

Additional measures

Locationdescription task (Jetty). After theverylastdatacollectiontrial, the participant
wasunexpectediaskedo turn awayfrom the duckandto "tell [the experimenterjwith words
insteadof pointing” wherethe duckwas.Their responsavasnotedandthentheywereasked
to turn backaround,facingthelandmarksandthetarget.The experimentesaidthat they
werekeepingtheir eyexlosed(to further discouragepointing) and askedhe participantif
therewasanythingelsetheycould sayaboutwherethe duck was.Feedbackvasnot givenon
this lasttrial.

The British picture vocabularyscalelll (BPVS)(Arctic) [43]. TheBPVStestsreceptive
vocabularyfor StandardEnglishin childrenbetweer? yearsand 6 monthsold to 6 yearsand
11monthsold. It canindicatelanguage&levelopmenandvocabularknowledgeandtakes5+8
minutesto complete The procedurdargelyconsistof askingthe child to identify which of
four displayedicturescorrespondso agivenword. It wasadministeredaccordingto the
standardproceduresndinstructionsin the manual.

The Day-Night Task[42] (Arctic). TheDayNight Taskisameasurefinhibitory control
(IC), whichtestsf anindividual cansuppressn acquired/dominantresponsendreplacat
with acompetingresponséMontgomery& Koeltzow,2010).The Day-Nighttaskis a simpli-
fied versionof the StroopTestandis oftenusedwith youngchildren. It involvesa setof cards
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thateitherhavea picture of the sunor themoon. In thefirst part of this task(forward condi-
tion), the childrenwereinstructedto say*day°whentheysawasuncard,and@night® when
theysawamoon card.In the secondpart of the task(reversecondition), which wastaxingfor
bothmemoryandinhibition, childrenwereaskedo say?day°whentheysawthe moon,and
anight® whentheysawthe day.Children weretimed andthe numberof mistakesvas
recorded.

The behavioralrating inventory of executivefunction (BRIEF)Dpreschool version[71]
(Arctic). TheBRIEF-Pis usedfor childrenbetweer? years0 monthsto 5years11months.
In this study,the ParentForm questionnaireof the BRIEFwasused.This form asksjuestions
abouthow oftentheir child'sbehaviorsvereproblematicoverthe pastsix months.It hasgood
internal consistency0.80+0.95and moderateest-retesteliability (0.78+0.90)Thesedataare
reportedin the S, for the sakeof completenesfyut theywerenot interpretedhere.

Models

TheproposedSingle-and Multi-Cue Model hasfour implicit stagesFirst,the childrenneedto
remembemwhichlandmarkthetargetwasclosesto. With probability (1-p,), theyfail and
selecarandomGaussiamearthe otherlandmark.With probability p;, theyremembercor-
rectlyandmoveto stagegwo. Stagdwo involvesrememberingvhetherthe targetwason the
sideor endof the landmark.With probability (1-p,), theyfail andselecerandomGaussian
amongthe non-sideor non-endtargetshat arenearthe correctlandmark.With probability
p., theyremembercorrectlyand moveto stagehree.At stagehree,theyneedto usetherela-
tion to the otherlandmarkto resolvethe localsymmetry With probability (1-ps), theyfail and
selecthe Gaussiaroverthelocalmirror of thetarget.With probability ps, theyremembercor-
rectlyandselecthe Gaussiaroverthe correcttargetlocation.At this point, theyhaveselected
agenerabrearepresentedby the selectedcaussianHowever theyarelikely to havesome
additionalsmallsource®f noise,suchasmotor error. Their final responsés modelledasa
drawfrom the selectedsaussianAll of the Gaussiansharea singlevariancethat appliesalong
both axeswith no correlation(i.e.is circular).

The Correct-Or-Guesslodel hastwo implicit stagedFirst,the childrenneedto remember
the correctlocation.With probability (1-p.), this failsandtheyselecerandomincorrect
GaussianWith probability p., theyselecthe correctGaussianin thefinal stagetheir
responsés modelledasadrawfrom the selectedsaussian.

The ExponentiaDecayModelalsohastwo implicit stagesThepre-normalizedorobability
of selectingeachGaussiaris €“°, where  is the distancebetweerthetargetandeachresponse
area'senter,n metersand isafreedecayparameterTheseprobabilitiesarethenall divided
by their sumsothattheysumto 100%A Gaussiars drawnbasedn thesenormalizedproba-
bilities, thenthe responsés modelledasadrawfrom this Gaussian.

The 315structured-noisenodelsaregeneralizationsf the proposednodel.In thefirst
stagetheyarefacedwith two setsof four Gaussian€Onesetcontainsthe correcttarget. They
needto selecthis set.With probability (1-p,), theyfail andselecarandomGaussiarirom the
incorrectset.With probability p;, theyremembercorrectlyandmoveon to stagegwo. In stage
two, the selectioris narrowedfrom four to two. In stagethree,it is narrowedfrom two to one.
Thesestructured-noisanodelssearctthroughall 315possiblevaysof groupingthe Gaussians
into ahierarchythatallowsthis.

Eachof the modelswasfit in the cross-validatiorprocedurewith the fminsearchfunction
in Matlab,minimizing the negativesumof thelog probability of the training data.Thetesting
datawerethensentthroughthe sameunction with thefitted parameterso calculateheir
associatedcore.
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MCMC analysis

For Fig 6, the Single-and Multi-Cue Model wassubmittedto slicesamplingwith no explicit
priors. Therewere10,0006samplesirawnfor eachagegroup,seededvith amaximumlikeli-
hoodestimate.

Foranoverallmodelrelatingthe p;-p; parameterso thethreepredictors,a Bayesiatogis-
tic regressiowasused(see~ig 7). Thismeanghat eachparametewhichis aprobabilityand
thereforebetweerD and 1) wastheinversecumulativenormal distribution of areal-valued
parameterThatreal-valuecpbarametemwasthenthe sumof five figuresmu + b, Z; + b, Z,

+ bz Z3+ E.Z, wasthe z-scoreof their chronologicabge Z, wasthe z-scoreof their vocabu-
lary score(the total numberof correctly-answereduestionsn the BPVS) Z; wasacombined
scorefor the Day-Nighttask,the z-scoreof the rank of their time plusthe z-scoreof the rank
of their errorsin the second-ound with reversednstructions.(Rankswereuseddueto large
outliers.)E wasanormally distributederror amountwith ameanof zeroanda precisionof
tau.This structurewasrepeatedhreetimes,oncefor eachof the p;-p; parametersOnly one
explicitprior wasusedtauwasgivenanexponentiaprior with ameanof 100.Theother
parameterdmplicitly haveaflat (completelynon-informative)prior. Four chainsof 5,000
samplesveredrawn,eachwith 1000discardedasburn-in.

Forthelogisticregressionwechoseo report credibleintervalsratherthan a Bayedactor.
Thiswasdonebecausdé is,in our opinion, more appropriatefor the presenttageof under-
standingof thesedata.A Bayedactoris usedto comparetwo (or more) specificnodelswith
specificprior distributionsto seewhich onehasabetteraveragédit to the observedlata.Best
practicefor a Bayedactorinvolvescreatingarelativelysmallnumberof restricted
modelsto compareln otherwords,the best-practiceiseof aBayedactorinvolvesboth the
specificatiorof prior distributionsandthe prior selectiorof restrictedmodelsto becompared.
Wedid not believethis to beappropriatein this situation.In contrastwereportcredibleinter-
valsthatwerecalculatedvithout anyexplicit prior distributionsandwithout the prior selec-
tion of restrictedmodels Thisresultsin unbiasednterval estimate®f an unrestrictedmodel.
Futurework canusetheresultsfor amore principled Bayegactorcomparison.
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