Implicit Theory of Mind in Neurotypical
and Neurodivergent SocialCognitive

Development

Inaugural-Dissertation
zur Erlangung des Doktorgrades der Philosophie

der LudwigMaximiliandJniversitat Minchen

vorgelegt von
Lucie Zimmer

aus

Tegernsee

Juni 2025



Erstgutachte

PD Dr. Tobias SchuwerkudwigMaximiliangJniversitat Miinchen

Zweitgutachter

Prof. Dr. Hannes RakocfyeorgAugustUniversitat Gottingen

Drittes Mitglied der Prifungskommission:

Profi" Dr." Corinna Regk_.udwigMaximiliangJniversitat Miinchen

Tag der mundlichen Prifurigy.10.202



Danksagung/ Acknowledgements
Ich mdchte mich herzlich bei albmdanken, die mich wahrend meiner Promotion begleitet und
unterstutzt haben!
Ein besonderer Dank geht an PD Dr. Tobias Schiinedie Betreuung meiner Dissertation
Danke, Tobiflir deinegelassenavohlwollendd@rt, deineUnterstitzung un@ffenheit
wahrend meiner Promotiemdfir all die Erfahrung, die ich in daelenspannenden Projekten
sammeln durfte.
Prof. Dr. Hannes Rakoczy danke ichdig Ubernahme der Zweitbetreuudgnke Hannes,
fur deire Unterstltzunglie tolle Zusammenarbeit wenVertrauendass ich Teil des
ManyBabies 2 Projekt sein durfte.
AuRerdem danke i¢trof™" Dr." Corinna ReclDanke, Corinndiir deine herzliche Aufnahme
im LFE-Teamund deinavohlwollendéJnterstitzung.
Ebenso danke idProf" Dr." Beate Sodian fiir die MoglichleitlasCrossingProjekt
miteirsteigen zu durfemd fur dieguteundlehrreiche Zusammenarbeit.
Danke an atlKo-Autorinnen.A big thank you t®r." Hilary Richardson arRtof" Dr.i"
Nivedita Mani for yougreatsupport with the data analysis, your valuable feedback and
everything | learned from ydankeAdrian Steffafiir dietolleZusammenarbeunddeine
zuverlassige technische UnterstiitzDagke Prof. Dr. Markus Paulus ubid" Carolina Pletti
fur euer wertvolles Feedbatkank you to all eauthors around the world contributing to
ManyWebcams and ManyBaBies
Dankean alle studentischen Hilfskréfte, die die Projekte unterstitztDeatdeSarina
Drexler, Paula Kirchner und Rebekka Méitesureverlasslich&nterstitzungind
einfuhlsam®urchfihrung der Studien
Danke an meine Freundinnen und Frediideler offenes Ohr und eustarkende
Unterstitzung, besonders dafir niganz)den Blick fur die Realitéat zu verlieizenke, Kathi

dass du schon so lange an meinerl$siteals beste Freundin und Studienteilnehmerin.



Danke, Mama und Papa, flir euren unerschutterlichen Glauben an ndaksuingd mir von
klein auf das Gefiihl gegeben hdass allamdglichist. Danke, Benni, dass du mich mit in
deine Welt nimmstnd ich so viel von dir lernen darf.

Danke, Moritz, fur dealiebevollaindflrsorglichéJnterstiitzunginddeinersicheren

RickhaltMit dir fuhlt sich alleso vielleichter und schoner an.

Und zuletzt dankeh allerkleinenund grof3en Studienteilnehmer:inméme disedie

Forschunggar nicht méglich gewesen ware.



Table of Contents

TS T A - U o3 OSSPSR 7
Deut sche Zusammenf.asS.S.U.D. Q. ... 9

Li
1.

1.

1.

1.

1.

1.
1.

2.

2.

2.

3.

3.
3.
3.

st of scientific publi.cat..ons..f.or..t.hd8 cumu
Gener al (I o R A Ao 10 W 1 o300 G IO o 0 o OSSP 15
I1Theory .l MiL.no e see e eeeee L ©

1.1.1. Explicit False Belief Understanding............ccccoueeemmeeieeneesiesseeceeee e 181

1.1.2. GoalBased AcCtion PrediCtion...........ccouviieemeecmrieesiesieesiesseesmenee e sies e e eeenl 8

1.1.3. Epistemic StatBased Action PredictiQn..............ceevveecmmeceeniennieeniesseeeecenee e 20

1.1.4. Implicit False Belief Understanding............ccceeieecemesieeneesiesseemeeee e 21

2Ment al St at.e..Langlua g e 2.4

1.2.1. Mental State Language ACQUISILION ...........ccvvicmeeecesveeesieeevesemmeesmmesneeeseen e 200

1.2.2. Mental State Language Understanding.............ccoceeceemreeiiiieniessiveemseemie e 20
S3Measuring | mpl i.c.i...Theaor.y..of. . .Mi.nd.2.6.

1.3. 1. ParadigmS.....cooceeeiieeeiieemeeeee e setee st e e eemmmees e sseeessee e sns e smmmnnms ssseeenneeesnsessmmnnnnns 20

1.3.2. MELNOAS. .....oiiiiiiiiiee e emremeea e emm e e st be e e e RO
4Theory of Mind in Neuwur.odi.v.elr.gent..Bvel opl
1.4.1. AutiSM SPECIrUM DiSOIEN.........ccueiiiiiiiermreeie et emeeemnr e e s eemmees 32

1.4.2. (Traditional) Theory of Mind Research in AutiSM..............coecceeeeeeececiieee e 33..

1.4.3. Neural Correlates of Theory of Mind in AULISIM..........oooiviieeccmemieee e 35.

1.4.4. Predictive Coding TNEALY........cccoueiiuiiiieeeemriee e etee s vessscmsse e e snee e s see e s emnmmnns e 30
5Summary: Theory of Mind Acr.os.s..DeB&l op me |
BOP EN  QU.E.S. L d 0 S sreeeeree et s rsmmene e s e e eeennaDe D
Exploring I mplic.i.t..The.our.y..of. . . Mi.nd...... 41
INeurotypical Soci al...Cog.n..t.i.v.e..Dev.ell30p men:

2.1.1.  Study 1. WeBased, Remote Eyeacking of GoaBased Action Anticipation in
I Lo [0 =T OSSPSR 1

2.1.2.  Study 2. LargBcale, MuHiiab EyeTracking Study on Epistemic Sfassed
ACION ANLICIPALION........uviiie it ceeeeeee st e e s e cmmneeee e s saree e s e ssessmmmneesseeeesnsseeeesnssenmmmnelbD

2.1.3.  Study 3. Mental State Language Understanding in Toddlers..................47
2Neur odi vergent Soci.al...Co.g.n.i.t.i.v.e.DelwWel opm
2.2.1.  Study 4. Predictive Responses in the Theory of Mind Network in Autis#O
Gener al Dl S ColS Sl Qe 51
l1Summary of .Ma.i.n.. . Ei.ndi.ngSao .ol
2Devel opmental Traject ouruy...of..lmpl.i.&i3t The
3Met hodol ogi cal -TCarckii chgr d tni ormse.o.r.By. 6.5 Mi nd



.4Theory of Mind
.5Strengthening

W W w w

4. Ref er encC.S.uuieeennnn.
5. Appendi.CS ..

Appendix B. ManuUSCIpt STUAY.2.......ccouiiiiiiemeeeeeesiee e cree e emmeesms e eree e snee s smnennns
Appendix C. ManuSCript STUAY.3........ooiiiiiiiiieemeee et emree e emneae
Appendix D. ManUSCHPt StUAY.4.........cooiuiiiieeemeeee e eemneee e e mmns

.6LIi mitations an.

I n Aut i.s.m...Si.mi.l..a.r.59i es
Theory of Mind...Res.ed&rlch:

d...Fut.u.r.e..Di.r.ec.t.i.o.n.s.6.2
B A O o T o T o I U T T N o W0 D OO OO U O PR TR URPPR R

B4

........................................................................ 67

........................................................................ 87
Appendix A. ManuSCrPt STUAY. L.........cooiuiiiieeemeeee e eemmnene e e e mmmmnens

..114
....188
...202

a



Abstract

Il n soci al i nteractions, p efospul ceh raesa shoenl iaebfo:
desires, iandi asent benment al states to others
behaVhios .radfi & iarse/dl htemry of Mi nd, i s centr al t

devel ops bBxaplcihdiltd hDlreedlongciodbudi add verbally e
under standi ng ypfieoresdsdgy® lu n&lt agped dhhet rast i er
devel mogmamipl i ci taliheongciv@@mBiahd sensitivity t
stateemains debated sduoe ot se wmaeroipmaesmtdalgmsf i nd
Theory of Mind abilities are closely associ a
state Inamgmaagé. st ate | angammier iunalereuiahan g
that olirlbddisdy ngui sh befisveehhnatphicankemii @ veer bs
from ar oundd 6tHoeveavgges aft r e mampnlsi cuintc | neeanrt aMh est
| anguage unmdaerl srteaanddyd wg etsoe rdts ekwmtrcadhee emrodi ver gen
cognitive devel opment, such as in autism, re
Theory of Mind reasoning to attenuations 1in
relies on unconuwtci mtulse rpsrde dmecntti aoln ss taabtoe s , di f 1
neur otypical i ndi vi d uwued dse rmayi mefpreedi atlitwea am
of fering a potential expl anaweweuvufalt €thadl eg
reem n eBausseidveon t heddfexlolnksaydreqg uaet si toiHmyvsasrde | s e
exi ptair mag iomeress u rmipm g ci t Tahceroa sys offhedidnidf mslpiami t
ment al state | aryed popmeend ead & tya mDdéexs g lpir eidti cd n e
pr oc dshshierog y borfaiMi dridd gieomad et sweeewnr catnydp i ¢ a l i nd
Thaiof t hi s whissseysatmani cally investigat ¢
four empirical studi es wer e ¢ o mgpulcéhtedod,y eoa c h
Mi nwd t hi n neaernudirfod yrpo ciaver gent socbaludgognvalive

a novbhsebaygki ng method with Nedik2®&)ys Wgedi



anticipatory I|l-bakedgaptaradi gmti gbphti on was
findings fromThel aésaudaltwilrosulive-va sig d godthtsiend g
action anticipation, calnt heughcfclteasi use p @@ tmeaps
was sllowdmddkX g1 uai @ nwaSs uhdiygstiberused t he anti ci pe
paradi gmwaptdheedNted @l ¢er shNn=l 7808yl tds f(fer 1 n t h
antichapaed omn epi stemic st at eAsd usl utcsh ca se ak nl oywl
di stinguished betwearns kmadwlhaddeda chmpidntgogiyoil @mo&
behaWUnexpet¢toedll gers di d not , hghgohw itighdit sn excgidf ff ®@mr e |
furtbesearSchudy 3 1 mpeontiet) 3t @ lleepii kg ecok tow er b's
andl hbpintk t oddI Mrsl1@a@erdaldd=863me retslifrheWodalt ed
toddl ers as young as 27 monskRerwer ewabheato
spont apmedes emeakdrorcokRntwi Tibnydsi schaate . | mpl i ci t m
state | anguage under st andSitnugd ys ede msn vtecs t g rgeact eed
procdsnsitrhge Theory ofauMiiNsd i6te tiwo r kKX poef 8 Onmennt 1
Experiamedtal@¢i 8S0i cn( Expeusiimegntf u2n)c taidounlatls magr
i magi ng. oQexpeatpyteidorcd,i weaspsiemesbbengheory of
net wonr kei t her dmowg.tit nBcwawweara,u s matudl dnpsemaduwmc ed
repetition suppressi o@ nwaosl vo bnsge rcvoendp | ierx aT hsepoet
pr oc.es®eiosvprdel i mi nary nepradi etvi dencedifrog t lin
Together, the four studies aanadnigmpluitei t oTlae ar
of Mibndaictioes devel opment and neurodiversity.
f aormpImea@is u roefmeenatr | vy saddillbiltgittdesggh tt i vet h t he po
l i mi t at i arhse oafe tciucrarl e natcpcaoruasdhisgdnramai mtmpi o i d¢iat e c

future research.
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Deutsche Zusammenfassung

Il n sozialen I nteraktionen denkeniiMe@aschen
l ber zeugungen, W¢hAnnsacchhe uondde rs cAhbrseiicbhetne nauch an.
Zusta@ande zu, um deren Verhalten wer aészusage
Theory boefz eMicnhdhzeé ntwi ald,f drstgel i ngende sozi al e

I m Ki ndeplail 2iet e Tédibrewyssafde Mbuaddd r ¥ &kmsatr&@ndni s
ment al ereZtuwit é lnalet simhAltty@i s dme rlere WGeade nlsaah rz

dazu ist die fr¢ghere Entwiecklemngnbewusmsplenzi

<
D
—

bZaud geanmge nt al emaahuwugweamtdeer hi n umstritten, da

<
D
—

schiedenen expenkmesi.@atkenhy PrR%haidb kgedietnen s |
I n engem Zusammenhang sowohl mit te hnaesrrt aMleerrwe n d
Zust and®shporacdiltunBger ei elhedes méatsupgrezelZagst ands
dass &kehdmi53 ahvembvailschen epi sitwa nei swi hsésreunenr b e
oder @emkemsikchren ebel.ngiEBstoch unkl ar, ob di ese F°
vor handl@anForssgchung in di eseBenBereidovebigeahaeg
kognriEmit we ckl ung, bt wadg b alPie leAde tcit sAess2Cadki ng

SchwierigkeiteR?hingridate beigyn eorf AMisncdhwP Tdukgi ver

Verar beni tViemrdandmpgi zite Theory of Mind auf

ment al e Zustande anderer beruht, k°nnten Unt
neur otypischen Personen auf Ver2nderungen in
hi nweinsiesomit eine mé°gliche Erkl&@arung f¢r He

| i eDenmoch bl ei ben ei ndeut iVgoer ndeiuersoenna |Ha nB eefruc
ergebéonl gzatter al e Fr ageéine hMe £t eloddmden sPamdadi ¢
Erfassung impliziter TheoryEof wMckdl gber cti d

I mpl i zi t ee pM esrtsetnfi nsccrddlesm xrpd dlze t en? Unt er sche



M n

Verarbeitung i @l gGamregneodi Miend zwi schen neur
autistischen Personen?

Zi el di esevrag®] sdeesat Fnagen systemati sch
Zweck wurden vier empiriesvemd sfsoctdi ed| dehehds
I mpliziter Theory of Mi/noddneeromr Bdhmen geaetreot EmM
bel etuelhnt eSt udi en eluwecedn a ¢l ie e Fir easc-\KEB ynfgableri e n
Kl einkindern i m Al tNeer 12@®fti. 18 el iRsa hane nM@n anteesn
antizipator i sRarend(Bd galcikiveir hhad ro ddnu rgdoco ki n g
zi el gerichtet e eHa oadsid e ggseabrati inzeiema.taibamm st cdea.
Di e Ergetbni sdasgzerzgel geri cihint et e dracem e uhgaeant
Stting zuverl 2ssi g mesessb arntii szti,p aw eonrai gsicahsecnh  Be
geringer und di waBusdicbhl| Bssuftzt te hatubse nSFtad dise d:
das anti zi pat or i sucnhde su nBtl| e secakavbehr thead t Hann dmi usnsg s a |
von Kl eiNrkis5mdler run ah (NEer widd@Blsd eenmaeen@d i st Emi schen
Zust2nden Wi ssen un&rWawhsseer unterscheieden.
Wi ssen unwabnwisbenn i hrem anwiiderpsapioerg eslcthee.n
Uner warteter wei sda &msebifgetr eemi 2éiheesi urtikgien dNeort we nd i g k
weiterer Fors.Shwrg eult @imnmb e lrVecricstidccerp d a s ® mi sc he
Ver Bweinsosiendt) | a atbetrmo2n atiNgeh9 9 )-mamatK3 ghedid+ n (

131) . Di eerfgragpaedlarsiss beer ei t s 27 MsmaVer béme Kir
di fferenzi es pondiaasm aiMeestp euinfde.r ileiretskand awtf ethi n, o
ein Iimpliziepest©¥emi sccémdexVelrilzzgiethseanh. &8 nawu € 4

unt ersuchte pra2di kti WetRwez «asheisMEaTh@enn( of
ExperiMmen8301lin EMpdramenst ¥ dNhre 8B OE ri wma cElxspeerr @ nn
mittels funktionell eEntMagoenrecsohabaoad otnogigap

kerdheer bei dédm n@e iupyteda Kft i ve Ver ar bdiet zng@r ikm T



Al l erdings zei g(tiem s\Vecrhg Ibaeu € hasul U sse b Bshchneenn e i n
redudbeéchheung der neuronal enisAnt eogepleé¢i twiosm
suppyiensxiimmrer Szene, di-RPr xomps & xeDefledsreedee yt @ f N
neur onal et Hi mleneeiattaree pr 2 di k thievie nA uGeidseneunss.a

tragen die vier Studien zu einem di-fferenzi e
Fahi gkleen elBnt wi ckINeng®ddéhvileri ved ¢ luenid. Si e biet:e
l nnovationen zur | mplhkkiogintian vEerf &sfshu gk efirt ¢geme r
Pot eemdisalauch di e Grhemzen i Badhtee h Aniectrtazd e gume dh

auf wenden aRi cmtaghigehef ¢¢r hRiukegnftige Forschu
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1.Genelnatoduction

Me nt a,thiez iatb@ i t ntnmebnuttaels usctha taess bel i ef s, desir
to oneselifs afndn dba rmeerrtsal ( Qe spu e ae¢ tl inalte.ev,re & 2y@d2ady)
soci al siexd hairmdaaed uhte wme nt alanals at ebe ment al st
ot her imeoplder to predictianprl/ oceexphkrrowWwn tdei
Mi nRIr gmack & Wb dormiefrPe,r a)0®We83 ni ng i nsi ght i ntoc
i ndi vidual s reasbnoibdbeass enetnitall fsdmntadvancin
research, especiahtdywinhienarthyhgededeteptheutr se
descri bes the range of natur al variation 1in
conditions such as auti sm s@fechumam ddiswe rdsirt
(Pellicano & dkende,utnmewyr otthgR ih¢eaulr eovl edf gagcseelm
i ndi viduals that falls within twhelrangdaiye e
outside this range .ared ,c dresiadiesree dnemd warl o it \ad re
unobservabl e, t hey pose a dual chall enge: fo
abotutem, and for researchers attemmReisre@ricdh st

di stingui shes nrpeltweeotnr yadxepfeliMdnt alhideary of Mi

consci ous, verbally expressed reasoning abou
knowl edge, where the inference from belief t
conditional. I mpdortinasitheorgeoba Mi adeamlny 0o ma
sensitivity to othersd ment al states. |t bui

unconsguiodes |l lyehavi or witho(t¢tf bePagnemen&aRbgs:
In my dissertation, | present work investigatifigrent aspects ohplicit Theory of Mind,

rangingrom goalbaseds well agpistemic stafeased action anticipatitlmmental state

language understandangdneuralTheory of Mind processiimg neurotypicahnd

neurodivergenndividualsutilizing eydrackingandfunctional magnetic resonance imaging

(fMRI). First, Iwill introduce the current state of researchmmticit Theory of Mind



integrating findings from both neurotypical and neurodivergent social cognitive devdlopment
addition, Iwill outlineparadigms and methods used to measyteit Theory of MindSecong

I will summarize four empirical studies conducted tdifesient aspects of implicit Theory of
Mind reasoningcross twage ranggtoddlerhoocandadulthood, including neurodiversity
(neurotypical and autistindividuals One ainof these studies was to shed lightvben

mental stateeasoninglevelopsandhow Theory of Mind processes may differ between
neurotypicaand neurodivergesbcialcognitivedevelopmentThe studies incorporate a variety

of research contexfsieasurememhethod, lab contributionandstudysettingsto explore how
implicit Theory of Mingdan be measured in a way that is comfortable for participants, feasible
for labs, andalidfor researchlhird, based on the results ofsistudies| will discusshe
developmental trajectoryiofplicit Theory of Mindeasonin@cross age and neurodiversity,

takingmethodological consideration® account

1.1Theory of Mind
1. 1Efpl/HFaliste Bel i ef Understanding

Mor e 4t@Qheaanr s ago, Theory of Mind research ¢
Woodr wfBf p(ulb9 i shed t hvhiert hee micrhd Impsatheky sorhave
a nfdod ntthhaetggine an mfto ndbas hunmdeing i iochhea was further
ensuring that actions were nd&t bmeerae/liyorb adsudd r
t he i mddirveiadsuoanli ng® ament @ Bedenh ettherl 97 8; Dennet
197BHese theoreticalhpecomess aler @aft i toméso -eetds tt ros t L
changenetafsdkbes ki ef umadermant amdii magt orn ocfh iT hderoerny
o[ é] Ma x i puts chocol ate into a cupboard x.
from x intoechsbeatd yndSobdje the box where

when he returns. o6 ( Wilmmear cRe rPetrmesgagl V19 8t3hi 9.

Il'n I'ine with preferences within tfhierxatutli angeage m
autistic individual s) is used throughout this di s



take into account that Maxi 06s belief about t
own ment al r e p r?eBsed nmteaetni odrh re@ nady kerisé alfietny begi n t
demonstrate expdkijcliats Tehve odreyn ccefel r fbiae dti hcetiiro nc otrhr
Maxi wi I | sear ch f gr dadsspictheo ciotl satacytiuna I€ ulpdomaal
prediction reflects explicit knowledge in th
gui ded by a consciously accessible represent
bel i eves t het hcehyo cwillalt el adosk iinn xXo6 noef Petylevaenr3d & R«
ol decesstkedlhsy p paBmenetshte | fiaelfsaundheyotuamgeir ng hi |l
Perner edevadlampiedd@ @@t enlti nctvindldhen wer e shown
Smar t iwhscthotxai nedtdaepern hidlhegwewetr® t hen asked
prior beliefwhondhadhmdiwasud aln eihidsnikde s i n the b
bel i ef umMHbewessrteandighhgrs t ask rgmair,dsldeadifrig ctuh
authors to conclude t hattheai rc othicfeffitealdlle fyl i wnittha
under s.Thaindiinmgt er pr et at i on cionnfcoshpateudacthipe cd @ v e Is
that explicit frarleaouibreilnmgfc huinlder esniadnal iymwrgovi d
becomes possi ble once the copmepgedo.l capacit

Numer ous successful replications tadfe expl i
ori gimal ngs, wiatnhalay ssiesminyalWereltmman et al . (2
20% of <chil weebl att?®. 5oyea@rcs |Ayr osuonldv eo nfea | yseea rb
appr oxh adatt heehy | dr en provi ded correct response
tasks i mproving subsSteartriadl Isypwai st ea@me agiso

the emer gence aobfi ldlirhteiwasy toHe Magned of 4, highl i

advanced | anguage abilities and executive fu
2Fal se belief understandi ngr disrree@guommonlzy ndi $ habhg@ain
person holds awhal mentbel i eErpadodeyiatadianess(eaoadd

understanding that someone holds a false belief é
bet ween ages& 6Wiammdelr 86 Per Mdire fr amewor k -bmdesi nce
beliefs involving recursive reasoning that devel c

focusesoramrerf ifradtse bel i ef understanding.
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200170 ..sutmhe res@il tes. ofprecmpptied tby ma asewrte smemft
fabekief understanding are | argely robust an
changesxplici tbeTthweeoerny 8ehietl Migneds of

Yett uds es -werilmgl ntomsks suggest that an und
already be present before children-cadraemmgaebl e
t ask, Cl ements and Perner (19®PMey csomaweads ttelda
chil dren bet weencodr rbecdt Kéyd5 tpawarss oheafecatio
falsely believed an object to be. However, m
when explicitly askeaend.4 Thaiasr,s cdfi | alge nmay ualgre
false beliefs to othersod, al t hodgh atdida yt i coann n
Oni shi and Baill argeon (2005) devel oped a wa
verbal childremawmgiendg atstkke IThec dtuiglhin!| ooki ng t i
demonstrated that even infant sdiarge sBearsseidt iowme
finding thhieny cpornotproassetd t o t heil ecaomimempgiumdg amae n
gadually devel oping Theory of Mind afballsieti es
beli ef understanding in infancy report mixed
Sout hgateSernti an .t 2d&@ti0Nearid Celdd@ vtieo r epl i cate it
2021; ReelCka,l ., 2018; Schuwer k et al ., 2018).

Befalrde essi @l isempbeti ef under summdringei hhe
devel opmenctursfor s andf momel bast.chTéhseeo nfgi nodfi nMyi st

| ess debattoedbeatntderheunpder st and what remains ul

1. 1Gaa8Blased Action Prediction

A seminal study suggests thatengqdag@ertisn as
Si mpdbals ek xpetcit @adhs oemsi denced by theifrorimooki nc¢
expectations about simple and familiar actio

19918n .anot,hei®n6 hdsy( ambdu ta dma ntodidasn t | ctihpea t e
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goal of a s i-anptdrea nnsapnquratil n ar eetmicdhm  an agent reac
pl aced i t( F avttakear beuicrkadldn, ex®@@éG)si,om whithis p
chil dr en obsbearsvwedd rfeasclhddngyglovahdt iwenm e st i | | abl
t he actords goalTh(eBrtaympdkeo noef etc tdlo.n, az2n0dl 4g)o.a | r
anticipatory gaze shifts, with greater antic
containers rather than meifTeleys tditshpel Bacbeidl i(tGr el
more coopheexd actions at this age,t h@GQannon an
par adf gWwWoodwar-dadrn-olled® 8)) nf ant s were familiari z
a hand graspingnohbedthestvdhij eicjh 6 gvdog aetdheens wer
hand made an i ncompl et eRerseua cthst braet vweasdhéadhrhree d w
the famili®@ahmeeived ad bhjeadti ngcohel adehohatt onf ar
goal s behind othersdo a&scecteimemst edhte saensohsvp
human agents (Cannon &hWmadwagenta30l2).,.unlime
di spl ay agency cues (forRaceretvi twydasielse Eh cwme
replriecsautlet s of t he Ca npnaorna daingdm, Wosbhodgn&a indg (t2h0alt2 )
chil dren were more |ikely to anticipate the
(GanglemaywdmMor @06018), preschool chil dren predi
when it | ed to a new goal, indicating that t
than pursue the previously establ i slhoecda tgiocan
varied acrosoritialsdg, thkrei gdaénopijiect over th
et al ., 2020;ByPauleu ss eecto nadl .y,ea20 @) . i fe, chil
i ntentions behind adultsd actions but also b
(Carpenterl ngterelst,i ngdoys5) .chil dren younger t he
use verbally provided (i.e., explicit) infor
l i mitations in the | gtodadseaeti ant mfindmplesd agtei a

(Paul us Bdonat labl @ity Jydoalengstewdd r el ati ons bet w
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to encode thasdgaongl tdfe Lanaotni amida WMeeadwyn r @df p a
Mi rmdbi |l ities (Asc¢chemdli emdn nggt aald.e,v $da030e8de nt a |

action prldfeaeklt soniselaingdf understandi ng.

1. 1EB/ stemBas&tlaBAet /i on Prediction

Beyond t he whnade rosttheemgasiamwga nd n)cihi.i @ tdernetni oanl ss o
becsmensiwhatehmeascei ve, (kinmoewmtomds bstHaiteeef at t ent |
knowl)lwdgh the beginning of the selramnidc yfecarrmso
oepi stekansecovdnat ®@m ami bpheir first dmgdadaaiynor

decl arati ve sjhoinsgd n |ait tt ilekentaivwd retddpye samad es of ottt

commuinngiatner bal |y witHhhppeoi mteicroggngest urheas cer
unfamil ifaeven ioft hteresse obj ectsinahenat hewpdgr &
actively engaged in joint attentionnwictomtanmas

they are not able to make this distinction w
t hipred son perspectSivmiil(ttMoll s ebte eanl|.gr ROOH/Jt. b at
starting wyedor s heawget boé RQapacity to differe
does not-c alkkcevdetl lpat a Sstpeektailgle & TomastkeHilso,i 2006
foll owed by tLheev\en @n@e Istpdevedt n gaeedo U rhcatth g esa i | i t y
unded st mamt anot her person can see the same o0
198MQgr.eover, infants are able to distinguish
not only when hel ping others, buTtheyl sfoewhen
strangers over theistcaamg@rmsetr stt havihrencdrmhegyi e
respective i nf or. maAtdida tt h ikogitag g bysbrugt na n200t0 9 )

knowl edgeg@bbtheham et al ., 2Q00s;eelL iOdANkadwd ki 119
findi2zgegal)dishulsy ecard chedtha@am i mplicit riegprese

communi cati on part nenrfdosr nmkart o wol nead g en esetdast.es and



1.1/ mplAFaligse Bel i ef Understandi ng

Thus, as aforementioned, the past two dec
empl oyi ng -rsepsgpmotnasreeomuesasur es t o i nvestigate wl
possess an i mpl i cipti vibltedray i @ofn ddifultyk, plamc t @l &iom
Baill argeon (2005) fagavthtof gormialyieoan dvzieidhd @amé ant
of two boxes and,edhtert e ns alldlecsgpda xipsree, v i roeuascl hy
placed it. This was f,dutowgdwbiychel hefi nhamt
i n the toyodsgkaettbadkpoan htwhud eort hen ¢dad st benh i ef
the tesgeneaahedtihet @ one ofFitfHe atbvhialf Bokxes a
| ooked | ongemeée avhleerd tthewharrde tthhee btodkye ra@gmd Nty wa
behawaorgmewimtt hei r ftaHasretwhred mg@&ghed toward th
wher e tflhad saeedentbel i(eved , thdet @aygeind dlse behavi o

fal s¢ Dbhehdisseifnt emp seihesd pwa arghéemént al st at e

Il n their view, Southgate et al. (2007) <co
an attribution of ignorance rather than a ¢tr
stronger test of implicit fahsecbphtefyuhdek

parattngmhi sclpiarddemg myer e t wewdgintf sawai ilpdugppiez e d
bear hid a bal/l I na no negclitymofa c thtwwhae Mbuxxe stheead dl L h e

an® (onl yatlh®o bhedkb aMi & hilrm hietwo f al se bel i ef <con

witnessed the bal/l bheix(eis. i d dieomeail De perred iori g t &
condition, the actor either sawbtoixe. bal] |l f al a

bel cendi tgppadn di stwi @awihddheassd-thahobpeeati bal se b
cond)ltni cenac h tdeen dietair ot ,pforko m htewdhial d e tabwea act or

facing Whwany t he aaotorcitpat med b aloik,brog hwacso nnde at

30nly children who corrféedtel weanohdcif pant éd at heabutdao
t he anafllhyissi sof tr eed reir ¢ re 83 duadt hagsa tdeéhnec siutbesreigurent r esea



twe nftiymen-o hidnf ant s corr ecfalwoan tdi ciefjpatbead otoma th e
consiwsttéintt he-bad(iiefeéd.s, farlisged inaadt il ogadai ballse b

These ffirmdonT @gdiftall csealbel i et udme & hsnl atmhdannrg
second and hhvedbgeear soppbrfed bp8useaeralt al
207 Surian & Geruwrcde fiy2fgflede; K oovr§ crse septp vaslt.i,n g2 Ot]
early devel oping, ful IRenseenatraclhiestsi cs ucpappoarctiitnyg
perspectyowwengxphialichrends failufer i nmegxxahceit
processin@adrbtfheubti 2BLDttf &r Baideéwirgwe onge 2

I n contrast, traditional research expl ain
abiliinticds!| dren under 3 to 4 yeCaorns eqfueangd yhy
findings on early false belief understanding
rather than reasoning about mental states, [

subsequent behavi ors sAucccho radsi nogp eyo, p leex ptl eaemda tti co

they | ast saw themé6 have been proposed (Pern
hi ghlight the ornoalle porfo ciensfsaenst sabn da tsteennstiit i vi t vy
2014) .

Anot her thepystyemtthkredwuyw,| expl ains the con
Mi radbi Ibiyt pe®posing two di a®t het daddh g akaolrlye |
proparmrseaarvliey opi ng mi ni mal Theory of Mind, wh
i nfl.exTihbilse syeafamtalt owpass s ponDttahnee ooutsh efra | hsa

desca i lbdeaesveea!| opil mgunf Thkeory of Mind, which is

fl exi Dhies s emnarsdu cscyesstgdfmmat i eammof explicit fals
t he d4gesuopfported by the devel opment of | angu;
Butterfill, 2009; SBunt,t e lghvig| & n A p pebxtpyl yah ynpso 1 &
successful fal se belief understéhedehgpsbopei ¢

(such as col or, shape, and movement) rel ativ



Parallel to these theor édafclmllsaileluisesfi ons
under standi ng st uadmarsl y aii meldi ddanvwdise arbsoaud F i o
attempts failed to reproduce the original fi
under standing: Oni shi and Baill argeonds (200
PouDumoi s & Yotett, a2l0.1,8;20Plo8Weland Sout hgate et

| ooking study (rfeandeerdg reetpldlc.a,t i 2M1s8; DBrosse

et al ., 2021; Kul ke, ReiTkese akpeafeti8refthue
contributed to what i s now referred to as a
(PodDluiboi s et al ., 2018; Imuta g eo rdyod llajnsair sgne @ a

Barone etncaér plip@®d®) about ftimebinnglsustnésIhedr
Mi od/ revealing an asymmetric distribution of
chil dr en 3Jyoeuairigse.r f t hdanngs suggest a publicat:i
| arger effect sizes and smal | er Tshaenyp |ael ssoi zhe s
t hat success rates vary by par ao#gmpecwiatt h omi
tasSksmi | arl vy, Kul ke and Rakoczy (2017) provic

unpubl i shed sfudndsesrefiabglitsheploenthieeh unpubl i st

are consit édphriedatnons and parti al replicati on

I n adults, a substanti al body of Is teratu
spontaneousl! vy, automatically and without <con
2017) . Consistent wotheméhbsecuveswfubomppbt odt

| ooki ng par adbieglmse fi nt aasdkusl t( Scahusweer k et al ., .
ot her studies f ounkdelweefk erre aasnotniicnigp aitnorayd ulatl ss
Kul ke, Rei Cetrddluyat hel Bt@ded )noti on of early i mpl
under sThndi ngi ses t hiempglibeibt pnodbf Mwhdt abr | it
robust than previously assThmesl, osy sti ennppd tyi analr

t he wvaand driedlyinpblTHa@idtryy foafndMémgoss s fiherlespespane



underlying théomsetisca&Iihtfi mdamdwor lasddvanci ng a s

soci avecdgmiet opment

1. 2MentSadltaenguage
1. 2Méntal Stata@ulasnguaope A

Language plays a fundamental role in human interaction, enabling individuals to convey
mental states such as thoughts, beliefs and knowledge. Research shows that advanced mental
state language in-¥éarolds predicts Theory of Mind development by aBeodKs &
Meltzoff, 20150lineck & PoulifDubois, 200)/ Moreovertraining in mental state language
promotes understanding of concepts like knowledge and ignorance already before age 3
(Kaltefleiter et al., 2022hus, mental state language appears to be related to the understanding
of epistemic states and false lmlief

The frequency of mental state words, (eigk, know, believe) used by children is
associated with the overall number of words produced, indicating a relation between cognitive
word usage and broader cognitive processes (Booth et alCHifién first learn to verbalize
their own mental states before expressing those of others (Gonzales et al., 2018; Kaltefleiter et al.,
2021) At around 18 months of age, children typically acquire a productive vocabulary of
approximately 50 words (Kauschke & Hofteei2002) Thismilestone coincides with the first
verbal expressions of desire and emotion (Bartsch & Wellman, 1995; Bretherton & Beeghly,
1982). Aroundixmonths later, they start talking about epistemic states such as knowledge and
ignorancedknowd andodond knowd ,)abeitreferences to beliefil{inkd) remain rare at this
age (Shatzetal.,198Bpar |y anal yses of toddl eclanégdtmpont an
between the ageE2and3, mental terms primarily serve conversational purposeyde.g.,
knowd) before toddlers are ablectearlyuse them to refer to mental states (Bartsch & Wellman,
1995; Shatz et al., 1988)contrast, more recent studies chaltetigs claim by showing that
yearolds intentionally reference epistemic states in conversations, spontaneously reating to th

ongoing topic. They appropriately affirm their own knowledgantbsser extent that of their
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conversation partner, as well as express denial of their own knowledge (Ha8riSu¥ang

2017) Moreover, in an experimental study assesding | d r e n ofownagrnaance,2& s s

to 37monthold children said d o n 6 dr asked forvinformation more frequently when

asked to name fictitio(ise., unknowngompared to real objects. Ewamlierat16 to 27

months toddlers tended to nererbally express their ignorance in this task (Harris, R&nfard

Bartz 2017)Thus,contrary to earlier studies that attributed limited mental state language abilities
to young children, more recent researditates thatearo | ds al ready di sting

from other epistemic verbs in their spontaneous speech.

1.2MEntal State Language Understanding
While empirical evidencevealedhat children begin using mental state terms in their
second year, their understanding of these terms seems to develolotaficéndinal study
found that use of desire terms at 2 years was linked to belief term use at 3 years and
understandingt 4 year@Moore et al., 1994h preschoolers, understanding of epistemic verbs
has been linked to false belief understanding (Matsui et alTt28@6xtudidarther inform a
developmental pattefrom early epistemic verb use to understanding and|I&tisetbelief
reasoningn a pioneering study on the development of mental state language, Moore et al.
(1989) tested child@rability to distinguish between verbs with varying degrees of speaker
certainty, such @knowo, othink gandoguesd. They used @onflicting sourcesntaghkich
children had to choose which statement to follow based on two conflicting Stxarceddren
could not verify the assertions against a state of Waiig 3yearolds were at chance, by age 4
children preferred thiknowo statement over the others, with further improveaygpdrent
between the age$4 ands. KristerAntonow et al. (2019) replicated the study with German
speaking children and found weaker performance overall. Children only reaeicbdratm
competence iaither one ofhe oknowguess andoknowthinkb contrasts at age 5, with more
than 50% reaching full competence by dgesdm, these studies suggest that a full

understanding aknowo, othinkd, andogues8 is attained in school aBg age4 to 5, children



show a basic grasp of tlikmowdthinkd contrast, withunderstandingf high speaker certainty
(i . knowod) developing earlier than that of lower speaker certaintghjnkg). o

Verbs likedknowd link an agent to the truth, implying certainty about the truth of the
embedded statement and are called factive mental state verbs. In contrastpotrents tike
ogues§ can link an agent to either truth or falsehood, indicating uncertainty about the truth of
the statement and are called-famtive mental state verbs (Abbeduto & Rosenberg NEGSS,
2013.Dudl ey et al. (2015) also used Moore et al
presenting contrast3yaml ds @t emeat s tokandmendg t @ s t
o hdb:n&knt ences i n order to gain insights into
recogni zed that o0doesndt thinkdé is unreliabl
ok naosst at ements about a third partyds knowl edc
xboxdé), thus tr e-hac filgprétaded develmpmers impliss thatyoung
children differentiatéknowo from othinkd based on cues to speaker certainty, rather than an
understanding of factive and Hantive verbs (KristeAntonow et al., 2018 oore et al.,

1989.

1. 3Measulrmmigi caary of Mind

1. 3P&r adi gms

|l nteracti v.é pP a&nvaaduadnss , researchers wused
to explore how children make sense of others
meastuha&ats requi rseveweerdbea ly ruessepdo ntsoe st udy chil dr

devel opmentt héolr-olt aatsglmymtciskhkmer andsPeehér aglc
unex peart tean t task Wéree nalbl nesahsbudrbes bil ® B 7)

under s.Mandbhmeg rc,onf | i cthiyn gMesbo(udrBoedsgs e dskneasur e
ment al state lgngoegeleqppaded ed o didadhancled! d
| anguagemaskkiinlgh st hem unsui table forard&f@om ni ng

ver bal Tohialddlress this | i mitati on, researcher



nowner bal responsmplmeaitakpbo&E®eec a ars graoceic @@ .| |

i n

pr

or

me

t er ac teixopne rsitenednidesE,swi t h chi,| dnoém vian i agplt et
o acitnitveetl we hsét eusteo-es ,lbeall avi or aslu crhecsgpsomesleys hel p
poame i maeadseutreerdmitnoeh iwhdertehrerar e abl & t o take
nt al states i nto account (e. g.F,orBlwetxtaenprman n
study by Buttel mann et al. (2009), an expe
uly or fal sely. b@HOoBedhregni @ r 10 yn aeapeshnginnisged @ m a
ast touchi,mgrnehsucedr asthbbkhdtgat®drtake t
' ief 1 nto aicgodimwe Meor ,acfthaielved trhepl i cati on
served effects fnoary aignesiteenaad Ipe odroicvean Hy nde

asoning about ot-Debdiss menY®ttt stva®Grdr (PO uabi

Vi olation of ExpMart aaVvmens ePdar pcahd t ugsneemoguosn s e

aspresi des a valwuable alternative for expl
i |Hlarbeint.-basedonapproaches, such as wvifodrati on
stlaomockee ng ti me in response to a participant
ntradict participantsd expectations are as
ents (e.g., Oni shi & ;Bvaiod wa r)gweho dl 9e9 8s000nde; aSru

at violation of telxepierctladw otna spka rdaedmagnnuss,, wa rt.

chil dren (Stahl & Ki bbe, 2022), others sugge
assumptions, making the findings difficult t
met hods ard i @acommemdehi | dren are presented

e expected to prefer one over the other (P

Anticipatory L oSokminl garHayt,a dakngt msc,isppearthaoda g ms
asurements of first hawo& e e mnstpdemtipdantendnuysd |

S proetsteods f or measuring mentAhtisdiap @&t grey sloc

ref ear spatrotg acz ep &(oswhansfot p ecu teaowenfeor e S uc ho cneceutrhso. d s
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sure gaze within milliselctongder wedg | &s tdire ia
ticipantsd predictiohs. @gbouSoanhgattatédts a
aciDur2iom@ )t he second half of their -first

ected eye-Ymdwameenitnsa lt(hFea 12D &)t . st udy assess
erstanding, wastuse¢oad pamgd otod mghCl ement s
4) .he@i, needc otmas a key met hod f or Wnluidkye ng i
| ati on of expectation paradigms, which as

e spontaneous assessment eodntpay d¢ahres ,p am di ek

robustness of anticipatory | oakisgugaead
orted mixed findings i1 n false belief wunde
ke, von Duhn et al ., 2018; NXxcharbengders et a

ticipants failed to anticipatiededhiegragentt @
vey the agentds goal( iwicgbhlacumd adeduidmi math e
ulting in high exclusi®ofn fridrkdismpgssd eflt i @i t i
ke Rei C et al ., 2018; Sc husweirmuedeaitt laansd o n2 0 1 &
teria estatbidisdsea &y c lowesbiggosmealt roint etrhiea as s un

y participants who correctly predicted th

sidered to have understood the agentds go
ual actioBeanuiebpat hgat¢ée@egener , i BBO0aAnNnce
ailed replication study no performance di

iSloaud egatbe .chsot{(e@B0O0F 3 e Wi es malntno geeetshadr.,, t2h0 1 &

n

b

dings underscore the need for further res

ustness of anticipatory | ooking measur es

. 3ME2r hods

| Aab Hyeacklirmgdi ti onally, research relying

beharvepui red manual coding by huiman|i albsrer ver .
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i ntensi ve, i naccurate, and prone to observer
i nTtater rel i abGdnistiyde(rQankge st,he 0alkyyanmement s i
bn@gr ai ned t ecpwmpgigluesalsepdérfadadskaivnego h e c osmeed wiod e |
dr awf er encheisl carbeorudés cBgndireet pngceaseared |
part idcieyaent t he r efrl elcati iomes tom ttheo cwdmemn o f
estimate of whegeaezehbkydep arcka mego aemtabl es a mor e
unbi ased assessmewer ©f pnmeadraln Xhgeny snptr loarte d

spati otempor atr aclkiongali lmaowsodf eyt he anal ysi s

of gaze behavior and enabl es the examinati on

within areas of i nterests (AOls) anldnpattern
preferenti al | ookil rog kp amga dsicgopmse sp rcamo rbtei amd Ic L
fi xattiiomes ohi |l dren | ookfidx attti i@ned aawhg e td rbeyn tlhoeo

target anhdexdlsudiamdeirtlb&s FoO®t sexasuprodenmtemm s | i |
pr opoorttarognett il BTklinn gvhi ch f i x ad iceomsnownsiesd ciarl c u
| anguage devel opment ye2@@r chf@ (@ @&étmr dp adatnii o &
ofdi f f elroeonktiinagl S cmorwehi (cLS)ooki,ing wsenk as amatlica
| ooki ng measures in Theory dfn Miuvemgwaclkisegr ch
enabl es the investigation of new research qu

vari abl es.

WeiBased-TEgekAIntghough wethagredls a ghkendngal r eady
begun prCioorli Pao dedreae, ®tdr rcti ons accel erated t |
| abohatserdy studi es -usaokgi cAHAmg st e @b kbtayy e€erde mot e
stubdeeamer easi Aylpye@dep wlpare h € a hbse loife ff aulnsdee r st
i n explwiedietr ti asksance successfuclallyl rseepslsii cmantse d
toddl ers (Schidel ko et al ., @%a2dp cialPetdf er ent

moder at-eal Ivi sfltedrd ioegses( i tah ., 2021) Ba&B8mekti unmod



al . ,,ako0BaPpugthutgiihesl@maegail reodi ng .y ahdmamsobs
such as Lookit (Scotiscal 8 clhnaedberda m2&ddt7i) nogurtatb | @
typicaltdgllayl cm nbafnruaarhe fado@teathieon. t hese stud
feasi bility of clhodwewdr ,n gmsvesel ade nadadiam@eokes s ar

To addisesns ttah i weydewvewotpeal €« hat wuse machir
techniques to autFooratien Gtazrehee,t asé6Efecatet oal

| ear ni ng t-Iradadn eidn foannth ammedbcam f oot age to cl as:

such as | eft, ri gwte] @rccawayx ywi tSh mhdmard vy, b c
al., 2016) and OWLET (Werchan et al ., 2022)
coti nuous gaWeb Gaozoerrd iinmfteerss gaze | ocations il
whil e OWLET proaz@apast Giheoceaar dehde | i mi t at i ons

such aut omat ed appsraova cnhge sa |l cliedrrea ttaewde isfroogr r (cadtz k
Their saelnme siebsc tggsesattea | ar ger ,mafycarcee | ditvaetr s e
i nternational <coll aboration. Nevertheless, t
wi th chall enges, i ncluding poorer i mage qual
reduced sampling arbatseed upesmp aVdesds kt 2 OH e c.eZ a 2 0 ¢
g udi es are needed -btacs ewlarl aigdka theg aauntdo nraetfei dn ew et bh

remote use in devel opment al resear ch.

Functional Magnetic Resonance Imaging (fMRI).To complement behavioral and
gazebased measures, neuroimaging methods like fMRI can provide insights into the neural
mechanisms underlying cognitive processes. fMRI iSravasive neuroimaging technique used
to localize brain areas of cognitive aaivaDuring cognitive activation of a brain region, blood
flow increases to a greater extent than oxygen extraction, leading to a rise of oxygenated
hemoglobin in active brain regions. This change in oxygeralears the blood properties,
detected as the BOLD (for blood oxygenation level dependent) signal (American Psychological

Association, 2018). The technique provides good spatial resolution but its temporal resolution is



limited due to the time lag in oxygen extraction.

In 2003, Saxe and Kanwisher first identified the terppoietajunction (TPJ) as a key
region involved in processing thpetson mental states such as goals and beliefs. In research of
the followingdecadegverlap in activation was detected in the medial prefrontal cortex (MPFC)
and bilateral posterior TPJ across different @sksirz et al., 2014)his supports the idea of a
core Theory of Mind network that is activated during reasoning about mental states, regardless of
task or stimulus (Mar, 201Thus, fMRI has become a valuable tool in mapping the neural

architecture underlying socadjnitive processes.

Mu I-ltailCo |l | abdcr ad Oe®. promi sing response to t

psychol ogwadsdnle $ eanipé¢ ®one A tast i(esn toefd | rcuoll tliabor at i

These studies involve coordinated efforts ac
same protocols to investigate the hsdme pheno
overcome | imitati @ams ssbducdhi reasd i € maolnla,l hsd mmogg een e
an overreliance on WEIRD popul ations:; Wester
Henri ch )ets ave. ,|] 22010 s scuiebsi loift yl,i ngietneedr arl e pzraobdi

(Nosek et Valssen2®@aReattab ZudAi es i n psychol oc¢
replicated approxi matelry dbm@li onfg sp r( ©Owpiemu Slcy ep
Col |l aborationse20Nwnsefkoretaanevi W22) , hi ghl i

accumul ating evidentabthepobpbaeasglotpmant £l mus

t Many Boarboijeesct exempl i fies this coll aborative
estimates of key devel opment al phenomena and
these vary across age groups, Il i nguistic conm

2017; ViBerrexamRRe¢, t heifhMamsyBidMainggdBadda sessf usltl
replicated prevdionsctf @adids pgeschhdednt @ese resu

popul ations across North AmgBaltiaes EQompert iAw
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1. 4Theory ofNeMirodi Weveglapment
1. 4A0¢t iSpmctrum Di sorder

Acocr ding to the Diagnostic and Statistical
(DSMauti sm specthrerumad)i, sonaderceur odevel opment al
characterized by two core symptoms: di fficul
restricted, repetitive behaviTdres d(i Arme rsiodd r &R
i nteracti on amd cwmammureiscatiinonvari ous ways. F
often report chal |l enngaensagiinng nuntsitartuicngueaequr vekiri

gestures anads twermad¢cafs dvionigceof conceptsamdach a:

drawing appropriate soci al and emotional i nf
both i mplicit and explicit mesAagkesminssoci a
conceptualized as a spectrumyepredeéertcdt ingn.t hw

| C-DO di stingui shed( xielvleirmad, dttyhEeldaSddi2lDatibi)i s m

classify autism as a single spectrum disorde
di sability, and the presence (0Amearbiseairc eP 0y c hi
Associ ati on, 2013; WQOUrPIrce vihd selntcle @rsd a miaz &tsi @m
(Zei dan et al ., 2022) , although rates appear

di agnosed with autism; Shaw et al ., 2025).



1. 4(2Zradi tional) Theory of Mi nd Research I n
Beyond its relevance for neurotypical developieedyy of Mind is also considered
highly relevarfbr understanding neurodivergent trajectories, especially in @untenT.heory
of Mind abilities arfundamental for understanding and responding appropriately in social
interactions, it has often been linked to one of the core symptoms of autigficithies in
social interaction and communicatibims led researchers to examine false belief understanding
in autistic individuala orderto identify potential differences in Theory of Mind reasoning
compared to neurotypical individuals.
BaronrCohen etl. (1985) adapted the puppet pimpducedoy Wimmer and Perner
(1983) andevelopd theSallyAnnealsbeligfskio test false belief understanding in autistic
children. In this task, Sally placesagblein her baskesnd leavedn her absence, Anne moves
it into a box. Children were then asked wherev&allgilook for her marbléAutisticchildren
but notneurotypical children and children with D@wyndromegp oi nt ed t o t he mar
location Thiswas interpreted adadlure to take the othirfalse beliefs into accourtrther
studies using explicit Theory of Mind tasks in children supported these findings, leading early
research to attribute the social difficulties observed in autism to a Theory of Mind deficit (for a
review, see BardPohen, 2000However, in each of these studies, at least some autistic children
passed false belief taskgg€F&lusberg, 2007), although they sometimes required a higher verbal
mental age than nautistic children (Happé, 1998)is haschallenge the notion of a
universal Theory of Mind deficit in autiSimfurther examindifferences ifheory of Mind
reasoning between autistic and-awatistic individualsesearch in adulthoodght provide
valuable insightassessingxplicitTheory of Mind in adults is challenging due to the limited
availability of suitable tasks (for a review, see Livingston et alC@db®)nly used measures
for distinguishing autistic from naatistic individuals include thgange Stories ,Tthskovie
for the Assessment of Social Cognitioarnth&R3ading the Mind in the Eyds thesStrange

Stories Taskhe secalledhigherorder Theory of Minis assessday presenting shovignettes



involving social scenarios requiringotiméicipants to infehe characté@ (social) intentions or
false beliefs to explain ithieehavior (Happé, 1994 the MASC participantsvatcha short
movie and answeuestions about tloharacted me nt al stat esAngtherz i ob ek
now-debatedtask is th&Reading the Mind in the Eyes Testich requires participants to infer
mental/emotional states from photographs of the eye region-Baen et al., 2001; but see
Oakley et al., 2016 for critigud$ing these methodsuhiple studiefound that autistic adults
perform equally well in explicit Theory of Mimsk§e.g. Bowler, 1992Schneider et al., 2013;
Schuwerk et al., 2Q0X%enju et al., 200@r schoolaged childresee Scheeren et al., 2013)
Neverthelesshey experience profouddficulties in social interactionsaveryday lifdt has
been argued thatisidiscrepancynay bedue tocompensatory strateg{&enju, 2032which
may not be flexible enough to use them in complex, social interaction (Livingston et al., 2019).
However, these findings highlight the need for more nuanced accounts of Theory of Mind in
autism.

With the development of implicit Theory of Mind measam@ésvelopmental
psychologythese paradigmere alsappliedo autisnresearchSenju et al. (2009) conducted
an eydracking study similar to that of Southgate et al. (2007) and argued that autistic adults lack
spontaneous Theory of Mind, as reflected in reduced anticipatoryitootspgnse to an
a c t false daliefAdditionally, ira multipletrial implicit falséeliefparadigm it has been shown
that learning processes do not mitittaseimpairment (Schneider et al., 20H8vever when
autistic individuals are provided with the outctimeg behave as neurotypical individuals in
subsequent trmlsuggesting that they quickly learn from actittome contingencies
(Schuwerk et al., 201&)onsequentlgxperiencéeadsto no differences between autistic and
neurotypical adult®ther studesfound no differences amimplicit Theory of Mind task in
autism(Nijhof et al., 20)&utrevealed that higher social symptomatology was associated with
lower falsébelief performance (Deschrijver et al., 20t@semixedfindings from implicit

Theory of Mind taskegether with evidence that autistic individuals perform well on explicit
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Theory of Mind tasks, indicate that the relationship between such task performance and social
communicative difficultiesay be more nuanced than previously assiaedionallyin their

review Gernsbacher and Yergeau (2019) cast serious doubt on the claim of a general Theory of
Mind deficit in autism, highlighting the failure to replicate seminal findings, the inability of
Theory of Mind tasks to predict autistic traits or social interactidhgdack of convergence

among these taskihese challeeg highlight the need for new methodological approaches that
more accurately capture the potentially nuanced relationship between Theory of Mind

performance and difficultisssociainteraction andommunicatin in autism.

1. 4Néurcalrel ates of Theory of Mind i n Auti sm

To further inform behavioral Theory of Mi
l nvestigate whether observed and experienced
|l i nked to di st ionpcrto cneesusrianlg . meSehvaenriasimsst udi es |
hypoac {Ciivaataiedd atkan a& Oelts ;al ., 2009 ; Kana et a
for anmetySugraspgeyg ats alel | 22611 e £GCi afruanntitdi aornoe
et alKanaoa®k9al Kanai etaatlti st201d4ndi vi dual s i
support Theor y( o.f g .Mi n@Pple,ecamdppdeucClantduusr)i ng soci al
cogwmé dslkns . i ne wi recehitsreview found reduced
t asks, partj cMPR@hya&md ot hei TBAIN aatuet icsotritce xi n(dA
(Dueal] 302 Gre@ws s onal comparisons of brain ac:
bot h-ahrydpohyper acttiewmparoanl isnt rfuomthnitroes i n aut i s
autistic adults duringlsocordsgaaisékdi ¢Hi tashe
similar braubnhiatiicvandonewr tthepiTbabriyndf v Mdao
during Theor(yDudfouMi red tadsks 201&;s dwaéisnsgaang e
passive watching of & Mmogihesi.etl adimpngee&éinal
Theory of Mind reasoning and rel ated neur al

conflicting findings, | eaving robust and r el



1. 4PAedi cti ve Coding Theory

The inconsistent evidence regarding social cognition in autism highlights the need for
alternative explanataspproaches. Theedictive coding femyses that the human brain
constantly attempts to match incoming sensory input with prior predictions or expectations
about the worldTheneural processes thereby tminimize the difference between predicted
and actual inpyt.e., prediction errors) by updating priors (Clark,.202B¥ context of social
i nteraction, t hi scambegedicedronhnzental statek ascrilsed based t | on s
availablgrior informationabout theactingperson, theorrespondingituation, andr people
in generalThus, nental states of othetanbe actively predicted (Kostéale & Saxe, 2013).
Following this hypothesis, social difficulties in autism may arise from weakened social cognitive
predictionsaanda stronger reliance on sensory input, leading to a more d@cduikess
experiencenodulated percetion of the worldPellicano & Burr 201 2As a consequence,
social interactions may appear unpredictable and stressful to autistic individuals, leading to
misalignments between their behavior and the expectations of interaction partners (Bolis et al.,
2017)Given that Theory of Mind tasks inherently involve prediction and extend beyond
Immediate sensory input, differences observed in autism can be understood within the predictive
coding framework (Sinha et al., 20E#)pirical evidence supports this accaautistic
individualsompared to neautistic individualshow distinctlifferencesn predictive learning
and responses, especially when predictive cues are weak or in€Qasistamiet al., 2021).
While autistic individuadse, for example, able to predintple action goals of others
(Schuwerk & Paulus, 2018), they tend to rely less on prior information and therefore often
require more time than nawtistic individuals (Ganglmayer et al., 20B3) has been linked to
an expectation of high precision between predicted and observed outcomes, as well as a tendency
to overweight prediction errors (Van de Cruys et al., Zag&4gtheoretical assumptions and
behavioral findings raise the question of whether similar predictive differences can also be

observd at the neural level.



Recent auroimaging studiesneurotypical individualsing movieiewing
paradigmgrovide initial evidence for testing predictive coding accounts at the neural level.
Neurotypical aduldsrior knowledge of a narrative seems to enable neural anticipation of event
patternsBrain regions within the Theory of Mind netwwekerecruited earlier in time,
indicating anticipation of the narrative during repeated exposure (Baldassano et al., 2017; Lee et
al., 2021)in a similar paradigm using a movie knanglitit responses in Theory of Mind brain
regions (Richardse al, 2018), Richardson and Saxe (2@p@yteda narrative anticipation
effect in children, with predictive responses increasing between the ages of 3 and 7 years. This
finding suggests that Theory of Miomdinr e gi ons are i nvolved in the
mental states during childhobtbreoverjn adultsTheory of Mind regions use current mental
state information to predict future social sthtepredictable sequences of mental states evoke
stronger neural responses compared to predictable ones (Thornton et &8inRIaiB),
unexpected outcomes, compared to expected outcomes, elicit a stronger response in Theory of
Mind regions when prior information about an @&behavior is available (Heil et al., 2019)
The magnitude of this effeatasinversely related to autidile traitsindicating that individuals
with more autistitike traits show a decreased respmnseexpected outcom@3ungan et al.,
2016) However heuroimagingtudiesexamining predictive coding mechanisms in autistic

individuals remailimited

1. 5Summ@alirheory of Mind Across Development an:
In neurotypical development, children demonstrate explicit Theory of Mind reasoning

such as understandioigfalse beliefaround the age df(Wellman et al., 2001; Wimmer &

Perner, 1983). Howeyatreadyn thar first year of life, infants shayatbasedaction

predictiosandone year latdrasic forms ofpistemistatebased action predict®nncluding

sensitivity t o odrlyhesdensedconkes foom vidatiofexpedationt e s . E

paradigmmeasuringaze behavior, as well as interactive tasks (Cannon & Woodward, 2012;

Liszkowski et al., 2Q0Bomasello & Haberl, 2003Researchers aiming to test eanlrging
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spontaneous Theory of Mind, applied-werbal paradigms, including gased violatioaf

expectation (Onishi & Baillargeon, 2005) and anticipatory laste(@outhgate et al., 2007) to

I nfant s, and found that ev e(falsgibalidfsahowvever,appear
subsequent replication attempts yielded mixed resylBafone et al., 2019; Kampis et al.,

2021), raisingoncernsbout the robustness of tharadigmsised and consequently the
interpretability of early implicit/spaneous Theory of Mind claims.

The development of mental state language, such as terms for knowledge and beliefs,
predicts Theory of Mind developmétooks & Meltzoff, 2015; Olineck & Poudlabois,

2007) Children first use these terms to describe their own mental states and then apply them to
others(Gonzales et al., 2018y ages-2, they begin using mental state landtiageas, Yang

& Cui, 2017; Shatz et al., 1988)ileunderstanding different degrees of speaker cgriaioh
asoknowo or othinkd, developdater by ages-8, as shown by verbal explicit meagimsten

Antonow et al., 201910ore et al., 1989)

In autism, a Theory of Mind deficit was initially proposed {@axiwen, 2000); however,
findings from explicit, implicit, and neuroimaging studies have since yielded inconsistent results,
challenging the universality of this claim (e.g., Duvall e23l.G&dnsbacher & Yergeau, 2019;
Moessnang et al., 2020; Nijhof et al.,; ZA§u et al., 200Despite thighe mechanisms
underlying social difficulties in autism remain insufficiently undeBstmtidtive coding
account®offer an explanation, segting that autistic individuatay us@rior informatiorless
which leado weaker social predictions and mismatches dodiainteraction(Clark, 2013;

Sinha et al., 2014). neurotypicals, predictive coding in Theory of Mrathregions has been
documented imovie viewingaradigmgBaldassano et al., 2017; Lee et al., 2021). In children,
such predictive responses increase with age, reflecting growing involvement of these regions in

anticipating othersdo ment al states (Richards
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2. Explomphgcit Theory of Mind

As reviewed in the previous section, thexeassiderable debate within the scientific
community on when children develop a Theory of Mind and how to measure it. Additionally,
research on Theory of Mind in autism presents divergent evidence regarding whether and how
Theory of Mind reasoning differerh that of neurotypical individuals. To comprehensively
explore impliciTheory of Mindand contribute to the ongoing debates in Theory of Mind
researchwe conducted four studiggh differingstudy focusage groupsocialcognitive
development (seedtre 1), methodsetting andcontributiors (see Figure 2). While Studies 1
and3 foctsedon neurotypicadocialcognitive development, Study 4 exadnmeeirodivergent

socialcognitive development.

Figure 1.Graph depicting the content of Studies 1 to 4 on three dimeAglergrouf{x-axis),
study focugy-axis) andsocial ognitive development-éxis).

Mental State
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Study Focus

Mental State
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Toddlers Toddlers & Adults Adults

Age Group
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Zi mmeyr , RLchar dson, H. , Pl et t i, C. , Pau
Predictive thespw malé :meitnwotrtke A Cco0ompi
auti stCaer tagudl®®WM8& 7 ps: / / doi . org/ 10. 1(

The predi ct i(vGl acrolafi fn2gd H3ha ofrryamewor k t o un

di fficulties experisesngegasti n taluati sa utci dtnidd viid

soci al interaction (dond s8omanThéeoenwuat eMi nde
about onetnhtearls st at es, making soci al i( rBtod ri asc teit c
al ., 2017; Pellicano. &DBupirt e 20K Cor &t inhal ed |
replicabl e nédhearly do#&lfdired clersaiim regi ons rem

To test the predictive coding,thwasy i n a
previously tested in neuawvtiypiical adbitsdreRar
presentedhwrftehanmtoneindgnal state reasoninlgnt wi ce
t wo experiments wauéiX admii e durkehcertwi etrs ttnhaen Theor
net work earlier during the second viewing of
anticipation effewd)alamer evheiiMeextpibstcicead f & dal
noautistiwl dadauuHdavw pwoedi cti ve coding processe:
ef fect (Experi ment 1), (2) this-aaftfiedti cwauwlud
and (3) autistic adults woul d gladwcaerd atrt erbls
narrative anticipation (Experi ment 2).
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narrative a@xibsuitpaotuiront aesfkf eicst not sensitive ¢

that adults do not show a narr atHovnaee vaenrt,i ci p a
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3.GemerbDalscussi on
The present set of studies was designed to address implicit Theory of Mind across
neurodiversity by using novel methodological approaches and targeting core theoretical debates.
Below, | first summarizee mairfindingsof each study then integrate these results into the
broader research context by discussing developmental trajectories and methodological
considerationeelated tomplicit Theory of Mind, similarities and differences in Theory of Mind

i n autism, as wel |l s, abdhnglications fdrifutue esearthr e ngt h's

3.1Summary of Main Findings
First,in a multilab studywe examined whether remote, wekoased eygacking
using WebGazean complement traditionallabparadigmsWVe thereforassess goatbased
action anticipatiom 1827-monthold toddlersThe resultef Study kshowed that toddlers
tested remotely did engage in-gagkdaction anticipation measuredaméicipatory looking.
Althoughin comparison to Hab testing, théata qualitywas loweandthe attritiorrate was
substantially higheéhewebbasedmethod proved viable for capturing early social cognitive
processe
Secondin another muliiab studywe aimed to replicate findings of a pilot study
showing godbased actioanticipationn the familiarization triadésdinvestigated whether
anticipatory lookinglsoreflects epistematatebased action anticipati@pecificallywe tested
the ability to distinguish between knowledge and ignamek&27-month-old toddlers and
adultsusing both idab and the webased eygacking method validated in Studgtudy 2
replicated findings of the pilot study, revealingtithtadults and toddlers engage in-gaséd
actionanticipationn familiarization trialsurther, Study 2 showed that adults clearly
di stingui shed between these epistemic states
preference in the knowledge condition buimthe ignorance condition.dnont r ast , t odd

anticipatory looking pattern was unexpectedatimey i ci pat ed t he agentds ¢
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condition but showed even stronger anticipation toward the same location in the ignorance
condition,in whichno preference was expected.

Third, using a preferential looking paradigm, we tested epistemic states with a focus on
language understandigecificallyywe testeavhether toddlers implicitly differentiate between
epistemic verbs suchdmowd anddthinkd as markers of speakan)certaintyln Study 3,
toddlersatboth 27 and 36 months, showed a spontaneous preference for agents who were
descri bed as k nowasmdicatedbg thqirdferentieldoking behaviarat i on,
However, subsequentifter a few secondsshen bei ng explicitly askec
| ocation, childrends preference switched.

Fourth turning to neurodivergent social cognitive developmentyestigateevhether
predictive processimmgn be measured in the Theory of Mind netimaalatistic and neautistic
adults and whetheri# attenuated iautisticcompared tmon-autistic adultdVe tested this by
examining a narrative anticipation effect previously reported in chitdgenmeral narrative
anticipation effect was observed in Theory of lkachregionsn both autistic and neautistic
adultsHowever, exploratory apsés identified a specific scene involving complex mental state
reasoning that was processed differently by autistic aadtisticadults Specifically, autistic
adultgcompared to neautistic adultghowed reduced repetition suppressiahis specific
scene.

Taken together, these studies demonstrate that remabbasedeyetracking is a
feasible tool for studying early social cognition, especially Hlaincdliaborations, despite
some limitations in data quality. Adséism to be sensititeebasic forms oépistemic states
and goabasedredictionsgn an anticipatory looking paradigwhereas spontaneous epistemic
statebased action anticipatioml.5 to 25yearold toddlers appear less robust. Although
toddlers accouetl for the epistemic statuskmowledgeable agents, the/mbt differentiate
their predictiongoward ignorant agents. By their third gééfe, toddlers show developmental

progress in understanding epistesaiteverbs, distinguishing varying degrees of speaker
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certainty. In neurodivergent development, no broad differences in processing mental state
narratives were observed between autistic and neurotypical adults. However, subtle differences
emerged in predictive processing during complex mental state reasoning, irstibdéaragher

than generalized alteratiomgautism

32 Devel opment all miprlajcact olrhye oafy of Mi nd

A discrepancy between early findings on i
| at er r eplhiacsadtsheen ofngioli nrges debated questi on:
I mplicit Theocgnodofi Munhd?to this debate, one
Il nvestigate more basic forms of Theory of Mi

approach and as a basis for future research.

Among the abilities thought tthasgpde @aede ofna
prediction, which has been associated with I
al ., 208B8)ys typically begin to ant,i caspate ot

i ndi cated in peedi ctiCaengazRa lYdokoeiveaed, al20]122
Consi sttemds awdSthgdsy, 1 and Struedyi a2b &deecengooastttriactne d

anti ci batho -p2e-a@fitao d d3tewrdsy 2 furt her confirmed t

abilitylrhiumaddiblety. to anti ciepaksmemfideeadl act n
devel opment and remains robust in adulthood.
Beyond#hagedl| predictions, children in their

sensitivity to othersd basic epistemic state

Haberl , 2003) . They show awarenessabf, wB800p
Li szkowsKki et al ., 2008; O6Nei Il , 1996) . The
considered more fundamental than belief repr

l ine of research, Studgd@al examsaedt WbesbBeept
speci fiwha&altlhgr ot her s arfid ok mpowlde cge alhlea roracitg

reliably anticipated an agentds action in ac
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with findings on false belief reasoning in a
toddl ers, did not show the expected differen
(as described in section 3dEen)t. oThdjomnjhs mrgwee &
gohhdsed action anticipation performance. Hen
toddl ers either cannot yet difiaveneéein pt et det
task differentlyy . mmatehbuesa r Ityh ei ssotliamueldi tnhae epi st

ei ther timing differences between conditions

evidence reviewed above (Dunham et al ., 2000
sti mueluast ed eem$ apbhausnbbke. This issue shoul ¢
(see 3. 6. Limitations and Future Directions)

abilapiystoddmasedt atei on predi-celi aned Hbawewver s ¢
ruled out, the findings of Study 2 may furth
i mplicit false belief under standgadt ngl {,0n2G0N7)
scale replication efforts, such as those pla
determine when and how epistemic state reaso

Chil drends early sensitivity to epistemidc
understanding of mental state | anguage, offe
i mplicit TAedevwelodp mle nbteeaplm oppaotsteedr ni nhanshi ch ear
use of epistemic verbs between ages 2 and 3
(Moore et al ., 1994) as wel | as Theory of Mi
& PoDUbmi sVekb@GvV) eoxipwkensoswloendsge and i gnorance
bet ween 2.(5Haarnrdi s3, yReocanrjsAmedk p& i Barntt aand20k% andi
di fferentiation of epi stemdeyv ebeetphvse esnu cthh ea sa gke
4an® Kr i-Asntteoonow et al ., WNh1a%; rMoar en eat uanlc.l ,e alr!
whet her implicit understandi ngt beéardpyi sutseangiec

around3 aagned 2t he expl i ci t unde d5sTtoa nmdidngga $tsy ptihd :
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Study 3 assessed toddl ersvseéerdbtsypdevcddl aichdtehast a
chil dren in tahaeer slteims@ad ) dviefafr erod nd @ SAdi nb ostphe a k
27 and 36 months of age, children spontaneou
over those deslTchruishedatas hwen agret avhre.n toddl er s
expressinamei rooanl e disceerr teaxitnetnyt iont hseorcsida | I nt e
& Cui, 2017)peatrheéey alhdeady ampl varying degree
More broadly, results of Study 3 support the
understanding (Cl ement s MorPeeorvreerr,, t1h9i9s4 ;d ekvled
trajectory is 4dumghesti ef epede&émypnmegc rchap amene
show sensitfvnaly parsectit esce As early as age
| angsuppegcei f itd cqrl a mma k etre neixg r ceesrsti anignteypisver t h
uncertainty (Matsui et Studg2B8ab6)rasmirrbessg
l exi cal mar kers such as ORoodéraoadrdbhpi hkhé &
of | annmeaaigfei c grammati cal features in the de
under standi ng.

To conchteeslel, t s of trlaice @i deerct @apmemt al tr
robusiiasgedlacti on pr (eS8t ikcHtyuodny veinpedriggce sf oa amrsl yo f
epi stemic state sensitametly reesmaibfi Stsialgde 2n ic
with first evidence of ment al stadared | anguage

preceding( @xpdy c3)t one

3.3Methodol ogical: Eymreasc¢cldiemgti on$heory of Min

I n past decades, resea@sphbhese tamhkenlity 8t
under standing of epistemic states as wel | as
al ., 1987; Wi mmer & Perner, B8 F) .i nWhiglha st h e
cognitive devel opment, their reliance on adyv

i nvestigating mental -semabal rebhsbdreg.i n youn
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To overcome these | imitations, vreedardt res
met hods. Study 3 contributes to this methodo
e yter acpkairmmgdi gm t o assess toddlersd understand
they typical Wyt hapgndsr eekipdmcdhi Itdarskrs . di fferent
verbs arouedttalbd iasdhd ngf a3 . s moreraseouwmyg | pr et éri e
swi tafhteear r at or 6fhips ompéxpected pattern may i
chil dren anaicipatedesthieonar €onesmmtuiendlly ,i n h
foll owiTreg stwri it &lhs mawy prraenff leexeptin @@ alt oatyi oe due t «
curiosityuelbdo&r bé&adrh eagtdtbearctki on al dynami cs su
whi cthhei ss endency for a counteracti ve( Kleesipro,ns e
1988; Kl ein & Macl eheskdh®@dje rfeudthiersee sftawcdioa ss
preferentialsahdokihnong parathegmahceastax &@milm@angua
undanding mor e3. i encit aeli wynb6saeaead Future Direct

| n amdiatnito ci patory | ooking ipmapadihgmts have
devel opmentrads ggaycthh clud gy 'y for studying expe
spont ame ouescldymts egloalct i on ,awddgucei sptaitoinoend swhuedihee
obsepwvedigazievehi fts reflect another personds
path anGahopgpaayen et al .. How@k%®;u dG%mdlydst heotw al
when participants are ptoviadhadnwitthle sgeht &ise
prioritize goal(sGanwgelrmanoe/ire metnt a lp.a&Sti MAEOIRDr, | yP,a ut
hi-dedeek scenmarStoudws did anoi 5éddlyya rha 1 dcecaminz inmgg
agentds starting positiions and goal | ocati on

Mor eovevi,ops studies estiemagoglkainmglc igmat omy fla
bel i efreperetedhdi fficulties basednactsitemt arnyt
during familiarization trials (e.g., Grosse

et al ., 2018; Schuwerk et Zdemonza@&ibr8jt.e I n con
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spont andasedgaalti on anticipation can be robu
using newl yendgavgegimopkridn an anti ci.paasreysel ooki
stionuier a viable method for establishing pr
di fferent age gr oMaorse caredr i,eue tsurualli eso ratpgX ti £ d
cribasea@da on performante. gn, f8enj uaet zal i on2Q
200H9Qwever , thhass baepepnr ocabcahl | enged by findings
performance differences between children who
et al ., 2018),Stadmpuidgdt enrot dwif tf le r téomaicsgesd iarc t @ pins
anticipation based ontrpigahléscamancepanorfgami bola
further proved afbfaecite plecti mhakadtuat migon ant i
aduilnt sSt udgwe@ver, the unexpected (asudltrse adys ¢
di scussed pmecleced e ochef3i. 2. ) i ve concl usions r e
| ooki ng pauodtghiigsm eipni-bsa seend ca csttiadpeo amg i chiplad h @ o

Together, this ad$saterdmttiioinp @teanoynsamatpr e
paradi gms ofafpemr opel adakel enetdgels for capturing
of mental state | anguage (1Sttwdiyn2pPoandast het
suitability of anticipatory | ooking paradignm
t oddleemas ns uncertain andtmuedeyds2)f.urt her | nves

Mor eoeveeeant rad wvtarnacceeksi nign cepyeened new possi bil

studies r emvnd £d ¢ Heotiveogwssssebtappr oaches are st

of wvalidati on wi t hpisny cchdd reigtyiowes eV alnep md rutdd le
replicated devel opménmatbalr epetarehns sokbshenrasvsed al
(Schidel ko et al ., 2021). wSrepbatékg,i oompéana

traditional par aki gogns( Bghklei pEledeéeene® @a@Pl ;] 08Mm
Vi ol x menct ati on tasks (Raz et al ., 2024). B

based action amtitdiimatainommnitn cti padloerys | ooki ng
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remoteasewdhsetnpext ensi oinest o( emogd.e, r ag cehdi dset! ukdo
Smi-Rlhor es et a/l .unnko0d2elr;atSetdu dsyt uld)i es usi ng i Ca
with slightly reduced effect sizes and empha
of early soci al cognition T(Refgienedti nagls. ,a r2e0 2f4u;r

corroborat ed-abgl 93 h pasneanieye smiedt @mt-b avseedbd devel op me

studies, regardless of whether they oarse cond
produce results | argely comparable to those
reduced effect sizes (Chuey et al ., 2024) .

To date, WebGazet omdannotorbeeomdddepl| isedidi e
| earbmisregd t ool s | i ke 1 Cat cchherrlerd eaarrec mo(r Ra zc oartmec
Tenenbaum @t mmaared 20@5) Catcher +, which ¢l ass
WebGazer estimates continuous gaze coordinat
dynami ¢ gdxmne allaHWe hs@aheapsr osv,en f easi bl e, altho
data quality and ef fadotmmeir-ic ésby Isa cemysa r(eBdo gtdaa nt re
2024; Semmel mann & Wei gelStpecddl&;alYang i& kKmd
paradigms, WebGazer has been shown to reliahb
to brief or subtle effe8ttisdynay preduBiad chyd2 (S
evi dtemate WebsGazeesapatntt ¢ br oad gaze patterns
anticipatory | oorkiStguediyh ela dtbhgeame re Whihelhh @ b i n
s ampll ieldauley t o reduced spatifatl hkeeagrstoil it p atnorayn de
wer e sti Nbt dkeblbpgacsteabdisenumgphll ey hi ghes whamidanmnml
tested in(BRBRaklakor att oy 2022 ; StSeed'ymel;m&nn & V
Kraj bi cHho,we2v0e2rl,) .St udy 10 s -lsaubc cfe snsdfiunlg sr eupnldiecr a t
constraints supports the validity of WebGaze

research.
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Il n sum, this di sserhtaaste-tiorna gaksimngy s WeanGag et h
effectivel yl acdbo mpplpe nmeancth eisn ( Study 1) and offer
toddl ersd anti c;SpatdgaRt)i,ookanby (®hendyr dduced

acceptabl e.

3.4Theory of Mind in Autism: Similarities an
I n neurodi vergent social cogdiwvideatsvelo
experience soci al . iemshee rcahtad ¥l ecrnsy leasse thdnhkael dl etnog i n

di fferences in Tohevthypyughadmmdeopabecsessiame t he
defi cHawever, consistent findings remain eluwu
expl anafcicoonr di ng atud itshiixc Vvinelw vi dual swhima®n f or
can | ead them to perceive soci alcaiumtdeerraaccttiiown
mi sma¢ Bdlelsi cano & BurrThel2pr Sdinbtai ee abddin
autswsgngeat di fficulti easr naeieroonc iaall aicrkkt erf a clthie®
but from alpreaceeals spirnegd i ocft isvoeci al iNefuog rarhat i on
pr ediTchteiorey of Mhas Ipeorn eeusreordpwlendB &#ladl § ssano et
2017; Lee ethidldr,en2Q2Rl)c haarddrsloink & tShaexseeg f2i0M®1i)
fouma@lvi dence for narrative anticipation in t
| mportantly, alternati werexpludmredit iouags fast ¢
| ocali zed neur al Addi ¢inma tgir o pw aré o bfj@etd\seenecnee d .
auti st iacutansd irMcornald uil $ 6 Faculta nsdt Sticurmhye vwé alse d
compaprabdt¢essi ng of movi e.LsitBieniudlyi 4a c rha sgsh | byo tsh
responses i Rauatuitsits ecd eacdaunhet osin moh\vgv et chMamgnus

et al Fur 2B @sAc)a.llearsgteudi es found no measur abl e
net wortki arc th evtawe e n-a wtuit s tsité¢ cadawmnldt s o(hDuf our et
2020) . HowevVve Stapberadi mgps contrast with studie

in core Theory of Mind regi oensgidauraimnm gl asrooc iea |



20MD5ivall et al ., 2023; Kana et al ., 2009; K &
2011). A key difference |lies in tmermethodol
Sstruct utrhpedr aids g &f md p Indae di rtahlipresdt S ccn hhairg at i ve.
pr obfasdbdiyl i tated the investigation of neur al
condiltn osnusmif heoomt acal perspective, recent r
Gernsbacher MaYgmgesawet 2019; 2024; chaéssemarg
the view that a circumscribed and profound T
communication difficulties in autistic adul't

Recenwdrse,p oirtitaetd di fferences i n autism may
Mi nd reasoning becomes demAainiilnagr I(yS,c hiunweS tku &
i nvol ving compl el fmtttedcdelti éf onmnad s @gpiiimg si on
comparedut oshPap atdiutliten whiplpd estst emuati on of
responses upon repeated exposur e, i s shaped
suppression than unexpectadl onesw({B8bwmmbrcai eh
I ndi vtiydpuaclad 'y show heightened neur al respons
comparison to predictabl e onédmsSt(uHleyi 14 ,e tn eailr.o,t
adumathsabenefit from repeated viewing, l eadi n¢
respbnseonpgrapdsedsby predi autvetcaedimgi tvih e a
experience difficulti(elPselwhecnanuwsPidt gBupririad 2 9ilmif)
similar neur al responses upon mapeggesbn obs
reduced fl exibiliatnfdushaupddt.dNodrpt edpt §i Dot
f ouenddpl oratory evidence which iIis not support
a subtle differencieghlri gqaqlot idnd fehe nceed tfhemr efb
under st anadt hihe mpat emtei al alteration.

Taken together, the findings of this diss

processing in Thedrndicacfatmpiampabldiemasnngegiadohey n



and--anuotni sti c individuals (Study é4n .t BebTheody
Mi nd naepmwoakon seeinfdi emer ge during more c¢omp

reaso¢B®btongy 4)

35 Strengtheni ng REseaRegphoifc aMiinodn and Col | abol

I n recent years concerns about the replic
sci Baeeacdeasse for instance i n t hree dedgaddr ad f
replication failures raised doubts about the
been termed a replication cri si sPdjuBmEonosn eetet

al . )S20#8 landtIaddydinpe dsedetmphasi a8 ubdgyp|li c at
replicated the familiarization trials from t
a second confirmatimuwunl toieplteheiat i naeki dbmbnstyr a
paradi gm r@dbussaendy i el pat bsy | ooking responses
chall enges in achieving consistent participa
et al ., 2018) .

Mor edsveaurd,y 4 represent sThae fnairlread ievxet eannstiiocn
previously reported in children by aRadtlatr dso
samplevent tedenoghcal paradigm, stimuli, and a
wer e esBulcdy endu laintdh e ndnsagar emar triepwlrdarn ingg when
generalizabi,/rid yeqgualplry oirmpdrfteants for refini

theoretical <cl ai msl t{( Heleiagu &r &retr gpsrosp e t0ilvyg .

swall ed replication crisis not as a failure,
science. From this viewpoint, the transparen
credibility revol ut iasn amnyd cphraolmodan gegntg hpewbrleita
(Kor bmacher et al ., 2023).

Anotphreoomi si ng response to the r-epbication

col | abor aSttiyubdn aSa d2ddfi celsl. owe d a -l @ado rdceisn ggtne d eminla



robustness awondi geadammsll ¢ z awiiatibh itsry romlui leet sid iavw eer s e
t han t hose-l ahbpearodseweslionpgnieent al st;udStewsdy Si;nght
2), highligbhased méwhodveboffer the opportunit
| arge i nternational s a mMplwes eu nidresraSnipd cheysa T adn &
2wer e stil | predomi nantl y V&t & Dicraarieu & doany 1,
participants outside WHNstabhyEutbeepoecododi h
have access to a computer alreadyl ex81l wdyys2||
whi chl awagelaabhudhtaird ySt L@l.y3i%n olfduadtdace came fr om | |
out si de Western Europe, North America, or Au
groups). These proporrteipoira eadt Bleaco mypatau daibd £, t ol
for IiManpBEZle({ 8Hemd ei n oeMamyl .LalRs02D)( Schi mmel |
2028w met hodol ogi cal approaches can hel p se!
variation (e.g., YMut huwldruil d4hhrsat gt es! .a,h eavdZ G )e.n
homogeneous even within countries, masking i
for Mmuttesteudi es, recruiting representative a
whil e carefully consircemaimg dirwen aé .cul tur al
| n gdm,s dihg sgastthagthivan ue ( &ft LBy p Byt wabyn dd N
col | ahocSrtapBityadiyo r2 dimovendetransparent Theory of
supporting the view that the replication cri

cognitive psychol ogy.

36 Li mi tsamidomruture Directions

Il n Study 1, we employed a visual i nspect.
reduce data noise and successfully applied t
ti-mecked gaze coordinates alowmeyrsliaied tdre tphae t
Unl i ke detail ed manual coding, this method i

codeoulds dcet er mi ne at a gl ance whether gaze dat



effi Aisermcy.ext step, desveeleocptiinogn amme tahuotdo niaot efdl
potential exc¢clbwsitderwonulInd mhelept he amount of
Il nspecti on. Mor eover , afdudlatraes etes etalr&th <siamu lba
webcamTnai seng al gorithms utshgeug | ti hegs eandlatradea
of automat eidn gaure We lm@&4 eard dyestsisp hi Ghi dr bpsut
al rbady sudemsesssuflf Ayyed wit hi @atodlserl # k(eHaOgNLHEarl
2024) .

Foll owing adul t-sdsedcaasstupatetpr gt embki ng
i n the ManyBabies 2 project iIis to investigat
reliably captur e adulbtassde ds paacntti d@nenopuese diti rnwge /wii a
tihgl annkftlabltesl @ eef umsde@rhytcahnidlidorgen woul d not be
stage. l nstead, fut ur e -bsasuedd eesx pslhaonua tdi of nisr sftot
patternbypfaliegmichn®stsi mbdgduti ogspr ocefsosri ng de
i nstmamcdemi zi ng tamdochasenndemeack i n.the knowl
Addi tjianashebpwedrhbe t he bear i1 s no | onger Vvi si
(e.g., through tshiencues et hoifs onticg hutd ehraS/eec ,ocnodn f u s ¢
ot her meaturss| o0&l g, behwmwmi etupall. ,di2l0alt2i)on (¢
done i n a2 MsapfiyfiiB asbhicedsy i b & ou siemgvhd S9thii gatbeasi ¢ f ¢
of epi sbamed sasatatTehn rpdr,e doilcdteironchi | dren shoul i
the toddlers in our study were not si-mply to
based action prediction.

Regarding Study 3, futestapdseadultesh dhiel
of trials to better accommBpdkat,d ipdalilldy etnhbes |
narrat ol ngnepi am@tinyt raofdtuecrt itohne of Jchee tagenntyds
| i mi ti ng tthhee doidg pellcadayspriomet e mor e spontaneous

Thedksevel opment al | y aarpe reoxppr engatrt @ed/ etoa@ddr dt nltoonwseem e s



the high trial excluSubpeegawpddgddjen yneatretmnans t
state | anguage underssftoanhdi argpgavitireisih g dobbhe @pgeagd
our Bouaysessprwehfecirieek iitalde patterns can be r el
additthnesw, pracsckschwatélsleo vai ndalt @dr /ocrhia ddurletns awhdo
alreadandvavwveddnstamdstingmiod ver bs.

I n Study 4, we did not observe a narratiyv
same paradigm as a previous study that showe
(Ri chardsonF &kt braxer,e2®d9¢h s hoaup pdr ocpornisa tdee rs tei
for adult samples (e.g., Bal dassano et al .,
the devel opment of predictive processing and
nNeguwdi verseSpopyuyl atemmsnovas stolyoguced Theory

tadlksusing nat ur arhd vsttdi anu | @ mepteiommaal Ipydi sigel t i\

(Sonkusare et al . ,wo2u0lld9o)hbie nA ewp kart seb seemad i g tr
whi ch better capture the interafRaitvhee rn atthuarne
vi ewi ng awuat idsins bsuodleetleyd naswi t hin i ndi vi dual br .

emphasize dynamic miceemmatohgpi cal nentedavgerge
I nter permooreasl bleggqvoenld bi nary group compari sons

bi ases (Bolis et al., 2017).

37 Concl usi on

Ths wdvitmmender st anding of 1implicit Theor)
devel opmenmealhoidrodiogghtasadl newoodit vemgent per sp
studi es, we uedimomned rrad malt BKihlmgepr oved feasi bl
action anticipation, enabling more diverse a
Wit hi A4 aroulftriamewor ks wbea sceodn fpi crantei db letintedntts yg ceall
within an anti ciipmtmatyh |tomdkd Ingr paamdigdul t s.

| ooking al so reflected epistemicesddrdiwteieni t vy
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Together, the findings suggest that i mpl:.
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vel opment al and neurocognitive trajectorie
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eory of Mind and offers a foundation for m
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goal-based action predictions, although the proportion of
the goal-directed anticipatory looking was lower compared
to the in-lab sample (N = 70). As expected, attrition rate
was substantially higher in the web-based (42%) than the
in-lab sample (10%). Excluding trials based on visual
inspection of the match of time-locked gaze coordinates
and the participant's webcam video overlayed on the stimuli
was an important preprocessing step to reduce noise in the
data. We discuss the use of this remote web-based method
in comparison with other current methodological inno-
vations. Our study demonstrates that remote web-based
eye-tracking can be a useful tool for testing toddlers, facil-
itating recruitment of larger and more diverse samples; a
caveat to consider is the larger drop-out rate.

1 | INTRODUCTION

Eye-tracking technology allows researchers to better understand childrens' interactions with the world.
Compared to the manual coding of gaze behaviors, eye-tracking can automatically and accurately
track gaze patterns on more complex stimuli with higher spatial and temporal resolution (Oakes, 2012;
Wass et al., 2013). Best practices for using in-person eye-tracking with young children have been
outlined (Oakes, 2012); however, to date, eye-tracking with children has required in-person testing
using a commercial eye-tracking system. In adults, remote automated web-based eye-tracking meth-
ods have been established in both computational (Valliappan et al., 2020; Xu et al., 2015) and behav-
ioral research (Bogdan et al., 2023; Schneegans et al., 2021; Semmelmann & Weigelt, 2018; Yang &
Krajbich, 2021). So far, to our knowledge, none of these systems have been validated in an interactive
paradigm for use with young children (for automated gaze coding of already recorded videos, see, Erel
etal., 2022; Werchan et al., 2022; for an overview, see, Kominsky et al., 2021; for in-person vs. remote
web-based eye-tracking comparison in a looking time paradigm in infants, see, Banki et al., 2022).
Yet, remote automated web-based eye-tracking has become increasingly important in developmental
research due to the growing need for testing children at home. During the Covid-19 pandemic, many
labs around the world were unable to conduct in-person studies. Remote web-based studies have thus
become more popular in recent years (Kominsky et al., 2021; Leshin et al., 2021; Rhodes et al., 2020;
Sheskin et al., 2020; Su & Ceci, 2021), with new tools and techniques for moderated versus unmod-
erated remote studies emerging in developmental psychology (Lo et al., 2021; Oliver & Pike, 2021;
Rhodes et al., 2020; Schidelko et al., 2021; Su & Ceci, 2021).

While some of these projects measure children's looking behavior, they still require manual coding
from human observers (e.g., Bacon et al., 2021; Banki et al., 2022; Nelson & Oakes, 2021; Scott &
Schulz, 2017). Manual video-coding is still considered, among many researchers, the gold standard.
However, it is labor-intensive making it impractical for studies with a large sample size, and requires
comprehensive training (Venker & Kover, 2015). To maintain the reliability of manual coding, it is
common for coders to participate in lab-wide reliability checks (Yoder et al., 2018) and to report
inter-coder agreement for a subset of videos (Fernald et al., 2008), which - though key to coding
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reliability and replicability of results - even further exacerbates the problem of significantly greater
number of hours spent on manual annotation than on running machine algorithms. In contrast, auto-
mated web-based eye-tracking provides a resource-saving alternative. It is more efficient and has
—compared to manual coding of gaze direction from video replays— a relatively high temporal and
spatial resolution. As a result, automated coding methods are capable of capturing dependent vari-
ables that manual coding cannot (e.g., pupil size, or discrete fixations within an AOI), providing,
in conjunction with the technology allowing for at-home testing, exciting new areas of exploration
(Ozkan, 2018). Additional advantages of conducting eye-tracking studies remotely compared to tradi-
tional one-lab in-person studies are that they (1) make it easier to scale up for large samples; (2)
enable researchers to reach a more demographically diverse cohort (e.g., linguistic diversity, racial/
ethnic/cultural backgrounds, socio-economic status) as remote web-based studies can be performed
from around the world, improving generalizability (Byers-Heinlein et al., 2020; Visser et al., 2022;
(3) can potentially reduce costs associated with renting lab space, buying expensive equipment, and
other expenses associated with in-person studies; (4) are less time-consuming for participants and
more comforting as they can do the testing in their natural environment; (5) offer greater flexibility
in terms of scheduling and the ability to collect data from participants in different time zones and (6)
have the potential to facilitate international collaborations among research groups, as they are more
easily reproducible and less subjective.

Despite these clear advantages, the new remote web-based eye-tracking methods are still undergo-
ing development and involve limitations such as poorer image quality and uncontrolled experimental
conditions when compared to their in-lab counterparts (i.e., infant positioning, lighting in the room,
and presence of distractors; Wass, 2016; Zaadnoordijk et al., 2021). In a traditional lab, the researcher
can ensure that participants are following the instructions of the study, whereas in a remote setting,
the researcher may not be able to monitor the participant as closely, and the quality of the setup often
varies. Additionally, commercial eye-trackers have a higher sampling rate (one sample per two or
four milliseconds) compared to the average webcams available to participants taking about one sample
each 30 ms, leaving the data more noisy.

Here, we aimed to test the precision of a web-based eye-tracking system that uses the partici-
pant's webcam. Our experiment is based on jsPsych and WebGazer.js (de Leeuw, 2015; Papoutsaki
etal., 2016). jsPsych is a javascript framework used to create behavioral experiments that run in a web
browser. It was used, in this instance, to control the content the participants interacted with during the
experiment but cannot collect eye tracking data in isolation. Thus, it was combined with the WebGazer
plugin to produce the present paradigm and data collection set-up. WebGazer captures gaze coordinates
by predicting the participant's gaze location on the screen from the head and eyes position recorded via
webcam, relative to the displayed stimuli. To evaluate whether this web-based eye-tracking method
is comparable to lab-based eye-tracking, we aimed to replicate findings of an in-lab paradigm of
the ManyBabies2 project, which revealed spontaneous goal-directed action anticipation measured by
anticipatory looking using commercial eye-tracking systems (Schuwerk et al., 2022). The paradigm
involves two agents, one who moves through an opaque tunnel and hides from the other in one of two
locations and a chaser who also enters the tunnel and seeks the agent who is hiding. A goal of the
ManyBabies2 project is to replicate the finding that infants and toddlers visually anticipate an agent's
action which is based on a false belief (Southgate et al., 2007). Action prediction, measured by antic-
ipatory looking toward the outcome of that action, is a strong indicator of infant's cognitive reasoning
that drives these predictions (Falck-Ytter et al., 2006). In the employed anticipatory looking paradigm,
before presenting a false belief-based action, simple goal-directed actions are presented to familiarize
toddlers with the set-up. Showing that they anticipate a goal-directed action in these trials, something
that toddlers at that age are capable of (e.g., Liszkowski et al., 2007; Luo & Baillargeon, 2007), is an
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important validity check of this paradigm. We expected participants to anticipate where the chaser will
seek the hiding agent. We compared this anticipatory looking behavior recorded in-lab with anticipa-
tory looking behaviors recorded remotely via webcam in 18- to 27-month-old children.

Following the ManyBabies collaborative framework (Frank et al., 2017; Visser et al., 2021), we
conducted a cross-sectional web-based eye-tracking experiment with participants recruited and tested
across 16 different labs globally. Labs contributed to recruitment, data collection, data analyses, and
other related tasks.

The hypotheses of the present study were the following: First, we expected 18- to 27-month-old
children in our web-based eye-tracking sample to engage in goal-based action predictions, indicated
by above-chance looking toward the location that matches the outcome of an agent's action goal (i.e.,
finding the hiding agent). This would replicate Schuwerk et al.’s (2022) results obtained using in-lab
commercial eye-tracking systems. Second, we then tested whether the eye-tracking method had an
effect on the measured proportional looking score, but had no strong directional hypothesis either way.
It could have been that due to the reduced accuracy of remote web-based eye-tracking and increased
noise of the at-home test setting, the proportional looking score indicating goal-directed action predic-
tion is smaller in remote web-based than in in-lab eye-tracking. Alternatively, the proportional looking
score obtained via remote web-based eye-tracking could have been larger, potentially due to beneficial
effects of the familiar environment at home, the increased scheduling flexibility to match children's
most attentive times, and the lack of an exhausting trip to a lab. It could also have been that the method
would have no effect on the proportional looking score—as these two trends might pull in opposite
directions. Third, we expected that the proportion of children who contribute useable data would be
lower in the remote web-based setting as compared to in-lab eye-tracking.

A successful replication of in-lab results with our remotely tested sample would render remote
automated web-based eye-tracking via the participant's webcam an attractive alternative to in-lab
eye-tracking for research on cognitive development. Moreover, our open-source tool would provide
the community with a free and powerful method for future research.

2 | METHODS

The study was pre-registered on Open Science Framework (OSF).! All materials, data, and the analytic
codes are also available on OSF.? The software implementing the experiment can be found on GitHub.?

2.1 | Participation details

In this multi-lab study, participants were recruited by 16 different labs. For feasibility and data protec-
tion reasons, only 11 of these 16 labs were involved in testing. The labs were located in Austria (n = 1),
Canada (n = 1), Germany (n =5), Israel (n = 1), Italy (n = 1), Mexico (n = 1), Norway (n = 1), United
Kingdom (n = 1), United States (n = 2), South Korea (n = 1), and Sweden (n = 1). As participants
were recruited and tested by several labs, differing recruitment methods were used (e.g., internal
database of laboratories, selected kindergartens, online via social media, birth registries from local
registration offices). Participants were compensated according to each individual lab policy (e.g., by
gifts, cash). The present study was conducted according to guidelines laid down in the Declaration of

!permanent link to pre-registration: https://doi.org/10.17605/0SF.IO/SMYA4.
*https://osf.io/p3f67/.
*https://github.com/adriansteffan/manywebcams-eyetracking/tree/848504107fa8c25¢b3128444349a4d60151a7895.
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Helsinki, with written informed consent obtained from a parent or guardian for each child before any
assessment or data collection. All procedures involving human subjects in this study were approved by
the respective Institutional Review Boards (IRBs; for a full list see Supplementary Table 1).

2.1.1 | Time-frame

On September 27th, 2021 we sent an email to the ManyBabies mailing list inviting labs to join the
project. Three months later, in January 2022, data collection began and ended in August 2022.

2.1.2 | Lab participation criterion

Participation was open to all labs. However, there were some requirements to participate in data collection
or recruitment. Labs needed to: 1) provide ethics approval from their local ethics committee by the start of
data collection, 2) be able to actively recruit at least 10 participants and/or be able to test them using either
their own WebGazer setup or the one provided by LMU Munich, 3) read the Many Webcams Manual and
comply with the ManyBabies code of conduct (for details see OSF). Note that labs did not have to contrib-
ute 10 included participants. Each number of finally useable datasets was included in the overall sample.

2.2 | Participants

The final remotely tested sample consisted of 125 participants (67 girls, 58 boys) aged 18—27 months
(548-822 days, M”g(, = 21.83 months, SD = 2.45 months). All toddlers were born full-term
(>37 weeks gestation) and had no reported cognitive, visual, or hearing impairments. Since multiple
labs around the world collected data, the participants' places of residence were diverse: Germany
(n =52), Norway (n = 11), Italy (n = 10), United States (n = 10), Sweden (n = 9), United Kingdom
(n = 8), Canada (n = 6), Austria (n = 5), Israel (n = 5), South Korea (n = 5), and Mexico (n = 4) (see
Figure 1). For most of the participants, at least one parent had an educational degree comparable
to a bachelor or higher (n = 105). The parent with the higher educational degree spent on average
17.70 years in education. Among the participants, 26% were raised with a second language (n = 32),
and 6% with a third language (n = 7). Regarding the number of siblings, 54% of participants had no
siblings (n = 68), 35% had one sibling (n = 44), 10% had two siblings (n = 12) and 1% had three
siblings (n = 1). The majority of participants were going to daycare (n = 87) and spent there 31
h per week on average. An additional 118 participants were tested but excluded from the analysis.
There was no indication of any systematic differences between the included and excluded participants
except for residence country (for more details see Figure 1 and Supplementary Table 2 and 3). Partic-

age

ipants were excluded for three main reasons (see Supplementary Figure 1): participant-related exclu-
sions (n = 27), technical-related exclusions (n = 52), or exclusions after visual inspection (n = 39).
Participant-related exclusions were due to a mismatch between participants' age and our predefined
age range (n = 9), prematurity (n = 8), reported cognitive (n = 8) or vision (n = 2) impairments.
Technical-related exclusions and exclusions after the visual inspection process are described in more
detail in the results section.

The lab-based sample consisted of 70 toddlers (39 girls, 31 boys) aged between 18 and 27 months
(552-812 days, Mage = 22.92 months, SDW = 2.62 months). This sample was collected in seven labs
across the world. Note that for the analyses of the current study we were able to use data from 70
toddlers tested for a pilot study of the ManyBabies2 project (for the original analysis stricter criteria
were applied which led to a final sample of 65 included toddlers; for further details, including further
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Austria United States
Canada (605 days) (654 days)
(674 days)
.. United Kingdom
(670 days)
Sweden
(662 days)
South Korea
(685 days)
Germany
(669 days) (2‘6%%%

Mexico
(704 days)

Italy
(624 days)

Israel
(695 days)

FIGURE 1 Piechart of the different residence countries of the included participants alongside with their mean
age in days in brackets.

information on participating labs, see in Schuwerk et al., 2022). In this pilot study, the appropriate-
ness of the newly developed paradigm was measured. In particular, it was tested if toddlers engage in
goal-based action predictions when watching the stimuli.

2.3 | Sample size

Our sample size rationale was based on two effect sizes: Using the same paradigm with in-lab
eye-tracking, Schuwerk et al. (2022) observed an effect-size of Cohen's d = 1.03 in a sample of 65
toddlers (one sample 7 test of proportional looking score against chance level). In a pilot study for
the current remote web-based version, we tested 40 adults (M,,,, = 30.10 years, SD,,,, = 14.35 years)
and 15 children (M, = 23.25 months, SD,,, = 10.48 months). We observed an effect size of Cohen's
d = 0.56 in a sample of 20 adults who were included in the final analysis, and we did not find a statis-
tically significant effect from the 8 children that were included in the final analysis.

We anticipated two major sources of noise in our data: poorer accuracy of remote web-based
eye-tracking as compared to in-lab eye-tracking (Semmelmann & Weigelt, 2018) and more move-
ments artifacts and inattentiveness in toddlers compared to adults (Dalrymple et al., 2018). Based
on the observed effect sizes and these considerations, we performed a power analysis for our main
hypothesis with the conservative effect size estimate of Cohen's d = 0.3. To detect such an effect with
a power (1-beta) of 0.95 (using a one sample 7 test against chance, one-tailed, alpha = 0.05), a mini-
mal sample of 122 toddlers was required. Because in this multi-lab study the exact number of tested
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participants could not be determined before the end of data collection, we set N = 122 as the minimal
sample size of included participants.

24 | Materials and design

The experimental design was identical to the familiarization phase of the paradigm previously devel-
oped for ManyBabies2.

2.5 | Stimuli
2.5.1 | General scene setup

We used 3D animations representing a chasing scenario between two agents (chaser and chasee;
Figure 2). The scene depicted an open, blue-colored room divided into two sections by a horizontal
brown picket fence: an upper section, which was about one-third of the height of the room, and a lower
section, which was about 2/3 of the height of the room. At the beginning of the scene, two animated
agents of the same size were visible in the upper section: a brown bear (chaser) and a yellow mouse
(chasee). The agents communicated briefly with pseudo statements. When they moved, one could
hear their footsteps. The fence dividing the room was interrupted in the middle by a white inverted
Y-shaped tunnel through which the agents could pass from one section to the other. One exit of the
tunnel led to the upper section and two identical exits to the lower section of the room, one on the
right- and one on the left-hand side. In front of the tunnel exits in the lower section of the room, there
were two identical brown boxes with a movable lid, one box in front of each exit.

2.5.2 | Test trials

All participants viewed four trials, with each trial lasting 38s (for a detailed description see Schuwerk
etal., 2022). Each trial started with a brief game of tag between two agents, the chaser and the chasee,
in which the chasee started either on the left or on the right side. After chasing each other, they
stopped, did a high five, and ended up standing side by side in front of the tunnel entrance (left or right
position counterbalanced). Both chasee and chaser looked at each other briefly. The chaser continued
watching as the chasee headed to the tunnel and entered it. After the chasee disappeared in the tunnel,
the chaser moved to the tunnel entrance and remained there until the chasee exited the tunnel (left or
right, counterbalanced). During this time, only the sound of footsteps indicated that the chasee was
moving through the tunnel. After leaving the tunnel, the chasee turned back, implying eye contact
with the chaser, to which the chaser responded by raising their hands, and jumped into the opaque
box, which was positioned behind the tunnel exit. The chaser also entered the tunnel and, again, the
sound of footsteps indicated their walking through the tunnel (anticipatory period, i.e., 4000 ms).
The chaser exited the tunnel on the same side the chasee was hiding. Then, the chaser knocked on the
box, the chasee jumped out and, again, the agents did a high five. See the OSF repository for the full
animations.

“https://manybabies.org/MB2/.
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FIGURE 2  Astill frame from an overlay of the normalized predictions of gaze location (indicated by the blue
dot), the stimuli, and the synchronized webcam video. At the bottom, the current duration (left: frames, right: seconds)
is displayed. These overlays were used for the visual inspection process.

2.5.3 | Trial randomization

We used two factors for balancing in the study. First, the location from which the chasee started in the
upper section of the room left (L) versus right (R) and second, the box in which the chasee eventually
hid (L vs. R). This resulted in four trials: chasee started from the right and ended up in right box (RR);
started from the right and ended up in left box (RL); started from the left and ended up in right box
(LR); and started from the left and ended up in left box (LL). The order of the four test trials was
counterbalanced across participants using two pre-specified pseudo-randomized orders to which they
were randomly assigned: LR, LL, RR, RL (Order A); RL, RR, LL, LR (Order B). The trial orders were
identical to those used in the in-lab study.

2.6 | Apparatus and procedure
2.6.1 | Testing procedure

Participants met the researcher via a video conference software (e.g., Zoom). Before the test session,
the caregiver provided informed written consent via an online survey tool offered by their institution
or other third-party software solutions, given the use was covered by their local ethics approval. Subse-
quently, caregivers completed a demographic questionnaire, which included questions about linguis-
tic and racial/ethnic background, resident country, socio-economic status, caregivers characteristics,
and family characteristics. After explaining the general procedure, the researcher offered the caregiver
the following instructions. Caregivers were asked to have the child sit in front of a laptop or desk-
top computer screen with a horizontal screen orientation at a distance of approximately 40 cm. The
child could be seated either on their caregiver's lap or in a highchair. Then, the experimenter guided
the caregiver to obtain suitable lighting and webcam positioning: If a laptop was used, the caregiver was
asked to place it on top of a table and have the child sit in front of it. If a light source (e.g., a window)
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caused backlight, the experimenter asked the caregiver to reposition the computer to reach an appropri-
ate angle toward the light source or asked the caregiver to cover it. Caregivers adjusted the angle of the
webcam/laptop screen, so that the child's head was centered on the screen, and the caregiver's head was
outside of the camera's scope. Alternatively, caregivers were advised to obstruct, close, or move their
eyes away from the range of the camera during the experiment, as to not interfere with the eye-tracking
procedure. The experimenter then provided the caregiver with a link to access the experimental task and
reminded the caregiver to rejoin the video conference after the end of the experiment. Subsequently, the
caregiver left the video conference session and accessed the experiment on a browser of their choice
(Google Chrome and Firefox were recommended) and started the experiment. During the experiment,
the participant's webcam was used to record the child's gaze locations. We also saved the webcam
video, which recorded the child's behavior while watching the stimuli. We used a modified version of
jsPsych v6.3.1 (de Leeuw, 2015) to control the experimental procedure and stimuli video presentation.
To infer the participant's gaze location during the video stimulus presentation, we used WebGazer.js
(Papoutsaki et al., 2016). WebGazer is a browser-based eye-tracking library that uses webcam video to
infer the participant's gaze locations. It approximates gaze location using a regression model that learns
the mapping from pupil positions and eye features to screen coordinates. During the initialization of the
eye-tracking procedure, the software also controlled for the distance of the participant in relation to the
monitor. To satisfy the headpose requirements enforced by WebGazer, the experiment proceeded only
if both eyes were detected within a rectangle (with dimensions equivalent to %5 of the webcam feed's
height) which was displayed on the screen. Following this requirement, the distance range accepted by
the experiment's software spanned 40-130 c¢m (i.e., 15.7-51.2in). Distances outside of this range caused
the program to prompt the participant to move closer or further away from the screen.

At the beginning of the experimental task, a 9-point calibration of the eye-tracking software
was displayed, each point appearing for 3 s. During this calibration procedure, a looping animation
of a dancing teddy bear was presented as an attention-getter at each calibration point (coordinates
in screen percentage [width, height] in order: ([50,50], [50,12], [12,12], [12,50], [12,88], [50,88],
[88,88], [88,50], [88,12]) along with an audio cue to attract the participant's attention. This combi-
nation of a 9-point calibration procedure and child-friendly attention-getter was used to enhance data
accuracy (Zeng et al., 2023). We assessed the quality of the calibration twice: once after the calibra-
tion procedure and once after the stimulus display (the second assessment quantified the decrease in
eye-tracking quality over time). An attention getter appeared in the middle of the screen for 5 s, and we
recorded the average x/y deviations of inferred gaze locations from the center of the screen in pixels
during this time. Even though there was no ground truth to compare these values against (making the
absolute values difficult to interpret), comparing the average deviations at the two measuring times
with each other provides an estimate of the deterioration in eye-tracking quality.

After completion of the experimental task, which lasted approximately 6 min, the experiment
software transmitted the data to the experimenter's server for storage and the caregivers returned to
the video conference. Caregivers were debriefed on the purpose of the experiment and were given a
chance to report any issues faced during the test. The whole experiment lasted approximately 20 min.

2.6.2 | Software setup

The experiment was implemented as a webpage using a modified version of the jsPsych framework
v6.3.1 (de Leeuw, 2015). To deliver this page to the participants' machines, we hosted the webpage
on an Apache HTTP Server (Version 2.4; Apache Software Foundation, 2012) on a virtual machine
running Ubuntu 18.04 LTS (Canonical Ltd, 2018). The participant's browser ran the code controlling
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the experiment to present stimuli and record the participant through the webcam. Eye-tracking was
performed in real-time on the participant's device. After completing an experiment, the browser sent
the data back to the Apache server, where the data was processed and saved using a script written in
PHP (Version 8.0; The PHP Group, 2020).

Participating labs had the option of hosting the software on a server of their own using a compa-
rable setup. Alternatively, they could test their participants using the preconfigured server provided
by the LMU Munich lab. If they chose to do so, the experiments' software used the ManyKeys library
(Steffan & Miiller, 2021) to apply end-to-end encryption to the participants' data before transmitting it
to the server. This step ensured that only the lab responsible for handling the specific participant's data
could access the webcam recordings, enabling different labs to use the same infrastructure for testing
while still keeping their participants' data fully private.

2.6.3 | General procedure

We compared the data in the current study to the data collected by Schuwerk et al. (2022). Addition-
ally, data from our pilot study was only used to test our remote web-based eye-tracking paradigm,
method feasibility, and sample size rationale, and was not included in the final data analysis.

As WebGazer runs on the participant's device, the achievable sampling rate depends on the partic-
ipant's hardware capacity. Thus, the sampling rate could not be manipulated but was recorded with our
setup for reporting. While we expected a sampling rate of up to 30 Hz for commonly used consumer
hardware, our pilot study showed that 15-25 Hz was a more realistic estimate for most devices. Exper-
iments with similar setups reported ranges of 4.50-25.69 Hz (Semmelmann & Weigelt, 2018).

For all videos, we defined two rectangular areas of interest (AOI) around both tunnel exits. We
labeled the AOI covering the tunnel exit where the chaser will reappear according to their goal “target
AOTI” and the other one “distractor AOI”. The software tracked whether the child's gaze fell into the
left, the right, or neither AOI (Figure 3). According to tests conducted using an adult sample, a gaze

Distractor
QAOI

<

FIGURE 3 [llustration of the scene during the anticipatory period. Colored regions display AOI dimensions we
used for our analyses of the web-based eye-tracking data. “Target AOI " was the region where the chaser reappeared
according to their action goal. “Distractor AOI” was the region covering the other tunnel exit and its surroundings
(Dimensions relative to the stimulus video: Left AOIL: x: 0%-45%, y: 0%-66%; Right AOL x: 55%-100%, y: 0%—66%).
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point collected with WebGazer has an area of uncertainty of about 100-200 pixels on 1920 x 1080
screens in a practical setting (Papoutsaki et al., 2016). We assumed a similar area of uncertainty
for our setup, which is our rationale for choosing AOIs this large (as compared to in-lab data from
Schuwerk et al., 2022) for our main analysis. This constituted a necessary trade-off given the technical
limitations of our approach. The child's gaze-coordinates, AOI hits, webcam videos, and miscellane-
ous data (screen size, browser and system information) were submitted to the experimenters' server
once the trials concluded.

2.7 | Measures

The experiment consisted of only one trial type in which we manipulated the action sequences of two
agents to measure goal-based action predictions via anticipatory looking. We measured the duration of
children's gazes toward the target and distractor AOIs between the time the chaser entered the tunnel
(first frame the chaser completely disappeared in the tunnel) and the time the chaser exited the tunnel
(last frame in which the chaser was entirely inside the tunnel and not yet visible at the tunnel exit).
During stimulus playback, the experiment's software sampled gaze predictions as fast as the user's
device allowed for, producing the following raw data for every participant/stimulus combination: Per
update of the gaze prediction, it included X and Y pixel-coordinates of the estimated gaze location on
the screen, which AOIs the gaze fell into (left rectangle, right rectangle, none), and a timestamp spec-
ifying how many milliseconds had passed since the stimulus playback started. Using the height and
width of the user's browser window, these data were normalized to be relative to the stimulus dimen-
sions. Combining these normalized predictions with the stimulus and webcam video, a replay was
created that overlaid the gaze location over the stimulus videos and added the synchronized webcam
video in the upper-left corner. These videos were visually inspected to identify trials that had to be
excluded (see exclusion criteria below). These trials were omitted from the following pre-processing
steps. Participants with a sampling rate below our defined threshold (see Data exclusion) also were
excluded. Using information about which AOI is defined as the “target” or “distractor” AOI for a
given stimuli version (LR, LL, RR, RL), every captured gaze was classified to fall into one of three
categories: “target AOI”, “distractor AOI”, or “no AOI” (Figure 3). We only included samples with
timestamps that fell into the anticipatory period, that is, 4000 ms preceding the frame in which the
chaser exited the tunnel. We then calculated for each participant what percentage of gazes fell into
each category during this critical time frame aggregated across all trials (for the main hypothesis) and
aggregated by trial (for the second hypothesis and the exploratory analyses). This relative percentage
was necessary, as sampling rates differed between participants. We computed the proportion of look-
ing toward the target AOI by dividing the number of samples spent looking at the target AOI by the
number of samples spent looking at the target plus distractor AOIs (also referred to as total relative
looking time; Senju et al., 2009): Proportional looking score = target/(target + distractor).

The score ranged between 0 and 1, whereby a score of 0 meant that the participant had exclusively
looked at the distractor, a score of 1 meant that they exclusively looked at the target, and a score of
0.5 meant that they looked for an equally long duration at both AOIs (no preference). By using this
proportional score, we were able to compare data across different sampling rates from individual
webcams. Further, using this score we could statistically compare the web-based eye-tracking data
with in-lab data by Schuwerk et al. (2022), for which we computed the same proportional differential
looking score. The resulting data, which now assigned a percentage value to each participant/stimu-
lus/AOI category combination, were used for further statistical analysis. For visualization purposes
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(beeswarm plots, available on OSF), the gaze data were also resampled to 15 Hz; however, the resam-
pled data were not used to run statistical analysis.

The collected data points and the processing for the in-lab data by Schuwerk et al. (2022) were
comparable, with two differences: First, gaze points were collected using dedicated eye-tracking hard-
ware and resampled to a sampling rate of 40 Hz. Second, the AOIs for the target and distractor were
defined to be smaller, as they were not subject to the size increase, we later applied to account for the
lower accuracy of webcam-based eye-trackers (see Schuwerk et al., 2022 for more details).

2.8 | Data exclusion

Participants were excluded from analyses if technical problems occurred or if participants did not
provide at least one useable trial after the visual inspection. Technical problems included browser
freezes that halted the stimulus presentation completely (as reported by the caregiver), crashes due
to the hardware being unable to handle real-time eye-tracking, issues with transmitting the data to
the experimenters, corrupted data as a result of software failure, and other technical difficulties that
can appear in browser-based study setups. As pre-registered, participants providing a sampling rate
of 10 Hz or below were also excluded. We chose this cut-off at 1/3rd of the maximum achievable
sampling rate of 30 Hz because our pilot data showed that most participants providing sample rates of
10 Hz or lower had very weak hardware, resulting in low refresh rates (around 1-2 Hz). A previous
study reported a cut-off at <5 Hz (Yang & Krajbich, 2021), but no formal rationale for this cut-off was
provided. All webcam video/gaze plot overlays (see Figure 2) were manually checked and individual
trials were excluded if: (1) the caregiver interfered with the procedure (e.g., by pointing at stimuli
or talking to their toddler), (2) if more than 50% of the gaze data is missing due to inattentiveness
of the toddler, and/or (3) the toddler's gaze direction, judged from visual inspection of the webcam
video, did not match the recorded gaze coordinates, displayed on the stimulus material as a gaze plot.
Reasons for such a mismatch could include: visual properties of the environment (e.g., suboptimal
lighting, movements in the background), toddler was looking away, and the gaze coordinates froze
at the last location at which the toddler was looking, and/or the toddler attended to the screen, but
the gaze coordinates (locations and trajectories) did not match the head and eye movements of the
webcam video. Trials were also excluded if a mismatch could not be properly checked due to webcam
video and recorded gaze coordinates stemming from two different webcams. WebGazer ensured
during initialization that the front-facing webcam was used, but the part of the software responsible
for recording the webcam footage for manual checking chose the first available connected webcam,
which sometimes resulted in this mismatch in cases when two or more webcams were connected.

A third of all participants were randomly chosen and coded by a second naive rater to obtain
interrater reliability (IRR). Cohen's kappa resulted in x = 0.74, indicating a substantial inter-rater
agreement. Since in our study IRR varies considerably across labs we suggest providing additional
guidance for labs demonstrating low IRR in future studies.

2.9 | Statistical analyses

29.1 | Confirmatory analysis

All statistical analyses were carried out in R (version 4.1.1, R Core Team, 2021). To test whether
participants anticipated goal-directed action outcomes in the web-based method, we measured
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above-chance looking toward the location that matched the outcome of the agent's action goal using a
one sample ¢ test. To test whether the eye-tracking method influenced the measured proportional look-
ing score, we compared web-based eye-tracking data from the current study to lab-based eye-tracking
data from the study by Schuwerk et al. (2022) in a generalized linear mixed effects model using the
glmmTMB package for R (Brooks et al., 2017). This model was set to predict the proportional looking
score based on the fixed effect method (web-based vs. lab-based) and a random effect for labs and
participants. We also included trial number (z-transformed) as a control predictor—both as a fixed
effect and a random slope within participant. Because proportions are naturally bound to be between
0 and 1, we modeled the data using a beta distribution. The model specification was:

Proportional looking score ~ method + z_trial + (1llab) + (z_triallparticipant)

A main effect of method would indicate that the way gaze data is sampled in this paradigm has
an effect on the proportional looking score, suggesting that this measure of goal-directed anticipatory
looking is dependent on the eye-tracking method.

To check whether exclusion rates differed between web-based and in-lab eye-tracking, we
computed a Chi-square test on the 2 (web-based vs. in-lab) x 2 (percentage included vs. percentage
excluded) contingency table.

29.2 | Exploratory analysis

To investigate potential effects of age on the proportional looking score, standardized age and trial
(z-scores) were added to the model as fixed effects. Lab was included as a random effect with z_age
as a random slope within lab. Participant was included as a random effect with z_trial as a slope within
participant. The model specification was:

Proportional looking score ~ method + z_age + z_trial + (z_agellab) + (z_triallparticipant)

In addition, we analyzed the effect of the recording's sampling rate in the web-based sample on
the proportional looking score in an additional model. In this model, we added age, trial and the
sampling rate as fixed effects. Lab and participant were included as random effects, with z_age and
z_sampling_rate as random slopes within lab and z_trial as a random slope within participant. The
model specification was:

Proportional looking score ~ z_sampling_rate + z_trial + z_age + (z_age + z_sampling_
ratellab) + (z_triallparticipant)

3 | RESULTS
3.1 | Confirmatory analysis
3.1.1 | Anticipatory looking behavior

In our web-based sample, the relative looking time toward the location that matched the outcome
of the agent's action goal (target AOI; M = 0.62, SD = 0.18; Figure 4) was significantly different
from chance level (0.5), 7 (124) = 7.34, p < 0.001, indicating that the participants anticipated the
goal-directed action outcome. In the in-lab sample (Schuwerk et al., 2022), the average proportional
looking score was (.73 (SD = 0.22) and participants also showed above-chance looking toward the
target AOI, 7 (69) = 8.80, p < 0.001.
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FIGURE 4  Graph depicting the proportional looking score (looking time to target AOI/looking time to
target + distractor AOI) (y Axis) per method, remote web-based and in-lab eye-tracking (x Axis). The error bars
represent the 95% confidence intervals (CIs).

In our web-based sample, we observed an effect-size of Cohen's d = 0.66 (95% confidence inter-
val: 0.29-1.02) in the one sample directed 7 test contrasting the proportional looking score against
chance level. Schuwerk et al. (2022) observed an effect size of Cohen's d = 1.03 (95% confidence
interval: 0.50-1.56).

3.1.2 | Comparison of remote web-based versus in-lab eye-tracking in toddlers

To test whether the method had an effect on the proportional looking score, we fit a generalized linear
mixed model and found a significant main effect of method (# = 0.52, z = 4.46, p < 0.001), reflect-
ing the fact that the proportion of goal-directed anticipatory looking was higher in the in-lab sample
(Figure 4).

3.1.3 | Rate of exclusion

In our web-based sample, 125 out of 216 tested participants (58%), that matched our predefined eligi-
bility requirements, were included in the final sample. Thus, 91 participants (42%) were excluded.
From these, 52 toddlers (57% of excluded participants) were excluded due to technical reasons.
Caregivers had the chance to report any technical issues after completing the experimental task when
they returned to the video conference meeting with the experimenter for their debriefing. Techni-
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cal problems mainly occurred during the stimulus presentation or during data transmission from the
participating families to the experimenters (n = 35, 67% of technical errors). Other technical reasons
for exclusions were a sampling rate below our predefined threshold (n = 8, 15% of technical errors),
experimenter error (n = 2, 4% of technical errors) or technical error without further information
(n =17, 13% of technical errors). As a result of the visual inspection process, a total of 39 toddlers were
excluded (43% of excluded participants). They were excluded due to a mismatch between gaze coor-
dinates and their head/eyes movement (n = 20, 51% of visual exclusions), interference by caregiver
(n = 4, 10% of visual exclusions), inattentiveness of the toddler (n = 4, 10% of visual exclusions),
two different active webcams (n = 6, 15% of visual exclusions), suboptimal positioning of the toddler
(n = 1, 3% of visual exclusions) and error without further information (n = 4, 10% of visual exclu-
sions). In contrast, in the in-lab sample, 70 out of 78 tested participants were included, which results
in an exclusion rate of 10%. Reasons for exclusion were early termination of the experiment (n = 6)
and technical problems with data collection (n = 2; Schuwerk et al., 2022). We compared web-based
and in-lab exclusion rates and found a statistically significant difference, x> (1, n = 294) = 24.65,
p < 0.001. See Figure 5 for a comparison of exclusions for in-lab versus web-based methods.

3.2 | Exploratory analysis
3.2.1 | Change in tracking quality for the web-based sample

We ran calculations for x/y deviations during validation trials for all included participants (n = 125).
To adjust for different screen resolutions, all values are reported as percentages relative to the screens'
width and height. Across all validation trials, we found a mean deviation of 10.51% (SD = 10.18%)
for x coordinates and a mean deviation of 11.83% (SD = 12.59%) for y coordinates. We performed a
two-tailed 7 test for paired samples to compare both validation time points. We found no significant
difference for either coordinate (X differences: M =0.196%, SD = 12.539%, t (124) =0.175, p = 0.861,
delta =0.016; Y differences: M = 1.991%, SD = 16.898%, t (124) = 1.317, p = 0.190, delta = 0.118).
We thus assume that tracking quality did not deteriorate significantly during the trials (for more details

Rate of exclusion per method
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FIGURE 5 The graph depicts the rate of exclusion and reasons for exclusion (y-Axis) per method, remote
web-based and in-lab eye-tracking (x-Axis).
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about the participants' technical specifications see Supplementary Figure 2 and for visualizations of
the first and second validation see Supplementary Figure 3).

322 | Age analysis

Using the previously described generalized linear mixed effects model, we did not find a statistically
significant effect of age on the proportional looking score (f = —0.05, z = —0.88, p = 0.379), meaning
that in our sample the toddler's age had no influence on anticipatory looking in the web-based task.

3.2.3 | Sampling rate analysis

We observed sampling rates between 10.42 and 40.10 Hz, resulting in a mean sampling rate of 22 Hz
(SD = 7.3 Hz) in our web-based sample after exclusions. We did not find a statistically significant
effect of the sampling rate on the proportional looking score (f = —0.005, z = 0.08, p = 0.554), mean-
ing that the sampling rate had no effect on anticipatory looking in our remote sample.

4 | DISCUSSION

In the present study, we validated an open-source, remote web-based eye-tracking method for young
children by replicating an anticipatory looking paradigm designed for commercial in-lab eye-trackers
(Schuwerk et al., 2022). We measured anticipatory looking behavior via participants’ webcams and
compared our findings with results of an in-lab study. Although the eye-tracking performance in
our remote web-based sample was lower and attrition rate was higher than in the in-lab sample, we
successfully replicated in-lab findings, which demonstrates that remote web-based eye-tracking in
toddlers is feasible. The fact that we were able to replicate the effect of goal-based anticipatory look-
ing in multiple labs with multiple experimenters, introducing substantial variability in the data collec-
tion procedure, strengthens this conclusion. By testing children remotely and collaboratively, we were
able to access participants from diverse parts of the world (Asia, Europe, North America and South
America) and thus contributed an important first step in reaching more diversity in developmental
research, especially in terms of a diverse cultural background.

4.1 | Measuring goal-based action prediction using remote web-based
eye-tracking

We found that 18- to 27-month-olds’ goal-based action predictions—reflected in above-chance look-
ing toward the location that matches the outcome of an agent's action goal—occurred in our remotely
tested sample, replicating results obtained with in-lab commercial eye-tracking systems (Schuwerk
et al., 2022). This finding shows that web-based eye tracking can be used successfully to assess chil-
dren's goal-based action predictions and is in line with previous studies reporting that moderated
web-based test sessions with children are comparable to in-lab sessions (Chuey et al., 2021, 2022; Prein
et al., 2022; Schidelko et al., 2021). Also, in line with previous remote studies in children, we found
no statistically significant age effect (Chuey et al., 2022), suggesting that our web-based eye-tracking
method may capture anticipatory looking behavior equally well among 18- to 27-month-olds.
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4.2 | Comparing performance of web-based versus in-lab eye-tracking

We found that the eye-tracking method influenced the measured proportional looking score: the in-lab
sample's mean proportional looking score toward the target location was higher than the web-based
sample's score. This suggests that there may be limitations to remote web-based eye-tracking. Two
main limitations of the web-based eye-tracking we used here are lower sampling rate and lower
accuracy as compared to when using commercial eye-tracking systems in the lab. In the in-lab data
we used for a comparison, the eye-trackers had sampling rates ranging from 60 to 500 Hz. Further,
pupil-corneal reflection eye-tracking has a much higher accuracy in measuring x/y-coordinates of
gaze points than the regression model WebGazer uses based on webcam videos. Although we took
both these limitations into account and adjusted the AOIs in our web-based sample, we unsurpris-
ingly still were not able to track the gaze behavior as fine-grained as in the lab. We assume that lower
sampling rate and accuracy in the web-based sample led to noisier data which drove the proportional
looking score toward chance-level. Replicating main findings from the lab given such added noise is
thus a robust demonstration of the method.

4.3 | Comparing data quality of web-based and in-lab eye-tracking

We found support for our hypothesis that the proportion of children who contributed useable data was
lower in web-based as compared to in-lab eye-tracking; this is likely largely due to poorer data quality
and/or technical challenges with the remote web-based approach. Because the participating families
were responsible for allowing data transmission to our servers, the dropout due to transmitting fail-
ures were particularly high. For instance, if the caregiver accidently closed the experiment's browser
window after completing the last trial but before the process of data transmission was finished, the data
transmission to our servers stopped. In future studies, this source of data loss could be minimized by
explicitly instructing participants to keep the browser open for a longer time during the instruction, as
well as using clearly visible warning displays during the data transfer. Programming a regular backup
of the data during the experiment can be useful if this does not interrupt the experimental flow. Our
high attrition rate in the web-based sample is in line with results of previous web-based eye-tracking
studies with infants using a commercial eye-tracking platform (52% in Béanki et al., 2022), but also
with adults using automated gaze coding (62% in Yang & Krajbich, 2021; 66% in Semmelmann &
Weigelt, 2018). Interestingly, attrition rates in child and adult samples seem to converge when testing
remotely, despite the fact that higher attrition rates are usually observed in young children compared
to adults in in-lab studies using commercial eye-tracking systems (Holmqvist et al., 2023).

4.4 | Limitations

While this study examined the replicability of an in-lab paradigm, we did not explicitly measure
the accuracy of WebGazer for toddlers. Using an in-lab eye-tracker concurrently while running a
WebGazer experiment could provide us with a proper benchmark to compare against the inferred gaze
coordinates. These data points would allow us to create accuracy measures that are directly compara-
ble to the measures reported by Papoutsaki et al. (2016), thus providing a better idea of how the noise
levels differ between infant and adult data for webcam eye-tracking.

Even though WebGazer estimates x/y gaze coordinates, the reliability of these measurements is
greatly reduced by the noisy nature of the prediction. Therefore, WebGazer could suffer in designs

M p

1°1$202 'SLOLZEST

-sduy woay

jisdig) suonipuo.) pue suud] 34 208 "[S707/1012] o Amiqr] sunu AL “$9ST1BUY L[ [1'0]A0pAuex Ajia'L

> Rapuwk

582017 SUOLALE,) AaHEa1) djqeadde A Aq PausA0T ALE SHINIR V() 198N J0 SHNL o] KIeiqr] AuruQ) AdJ1p U






































































































































































































































































































