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Abstract

Young chage@3nyears old) develop various

specmbht bemataibcadli ties, including symbolic nur
notssymbolic dot comparison, and arithmetic. f
to undertshteamdvel opmental pathways between t|
how theyeract across Tduchsaogreewamntge.nal mat hs

apps can engagdegt ewt chil dr ens eramda |aasr ga
data source which can be uses@getco fiimvestigate

devel opment al pat hways.

This tdhemarmsstrat es utslkee offeewnatic k og data fron
the educat iLapapl, nFatnhexpected, to investigate
mat hemati cal d eChealpapeme i3t .r evi ewed devel opment
viaxi stiinngrventi onCHapgteearad u4 eand 5 investiga
dosagamount of giamegdtag)gd per f ormwygmbeliimc non
(Chapter 4) and symbolic comparison (Chapter
aged 3 to 7 years old. Chapter 6 then compar
children who playeogp|l ot mgggpmeentexal differer
t hese abRilnalileyss,, Chapter 7 analysed app dat a

pat hways between comparison abilities and th
and arithmetic skills.

Results demonstrate that devel opment al p a
di fferentspeamafiinc abilities can be identifie
|l iterature (Chapter 3) and further, the 1 o0g

identified specific characeteopimetnit@as e@fathowayts

are i mplemented within the educational mat hs
highlight the importance of appropriate dosa
doma-speci fic abil i tdymbacluich masg miothude compar
symbol i c numbeorn.c ofmhpearoirsder of games played
also I mportant, as results suggest children

These results hold direct implications fo

pinpoint areas where the app especitiivel y enh
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abilities and areas for i mprovement, such as
l evel s. Furthermore, the findings contribute

understanding of devel opmentsaplecpdt cwasks |ilms.d

| mpact statement

From agesy®8ateo @lhdil dren develop key mat h
abilities such as number recognition, count.i
substanti al mar ket of math apps targets this
playful content via touchscreens | ike phones
stuedsi have investigated the devel opment al pa:
these apps, or how different app characteris

| earning and devel opment

To address this gap in the |iterature, th
coll aborative partnership with a popular exi
called Funexpected, in order to empirically
features of mathematical deseiogmexitstwhgl eh
of domsapienci fi ¢c mat hemati cal devel opment. Thi

Funexpectedods bi g-edmd adseetta otfh aébtaciks passively

from the app while chil drlefn rpsita yc oantd utchteeidr al e
review tooutmadpevel opment al pat hways evidenced
|l iterature. Using this theoretical mappi ng,
app specific features, and how-ghmeqgi fried at ed

pat hways. Key aspects of the app daesl gdeder e

how much dosage children spent on the games,
in which order, and the interconnected relat
of app design, and development of the chil d.

how key dopmwdinftceabsluich as counting and ari

taught and measured within the app.

This research will directly benefit the i
by providing t hbeans eedvigdueendcaence on opti mal dos
optimal order of the games, and highlight ar
further refinement. Thi s ienrc|duodseasg ee nocno usrpaegciin
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games and e
target theo
wi || benef
educational
informed by
academi a mo
mat hs apps

demonstrate
app data, i

numbers of

ncouraging children to play games
retically driven devel opment al p a
t the children who have access to

thhauscehds cacemenge né x peri ence has been
theory and empirical research. T
re widely by showcasing the use o
as a data source to understand de
s theomagy craét mad ant agesndt o usi ng
ncluding measures from many cogni

children and numerous timepoints.
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Chapter IIntroducatnidon i terature review

Il ntroduction
Chil dhood mat hemati cal abilities are predi:

secondary school amhDbawiaedalne ge ladamd 2a0r2el )an

i mportant skill that(Rat eursseadn ient. dalmdt¢,g 20 d6)
there i s gr eaensiiumtgeradlsitl dmen acquire and dev
relevant early mat hemahi makchabiklistiag, | itera

di fferentmaypemattir@aaini ng and i(rStienrmse retti ans ,
2019)

|l nterventions are i mplemented to alleviate
may face i n mat hemaAumnciad eatbiadliltni e@Bs0@&) t o en:
these interventions ar e eafhfaec ttihvwee, airte iesviidnep
basddPowel | ,alkdddbel opmentally appropriate for
group of .dMaitlheman i cs c¢ omapnryi sdeisf foefr ent cogni t
abilities (Gil more, 2023), some of which are

speci fic arbd Isittutdlyse,nggevel opment al pat hways b

these difadabrkenties can inform both theories
devel opment and intervention design.

One method to stspeéyidomaidrervel opment, and t
intervention and training of these abilities
such as tourtehsed eemps. Previous evidence sug
educational touchscreen mapbsrapmathaeemababltal
devel opment, although specific characterist.i

require further( Quntvhewsatiitgea teitoThael .d a t2a0 2c20)l | ect e
passively via these apps can be-supediifsiecd t o

devel opment ayls ,patnhdwa o understanofexisting t1l

mat hemati cal devel opment. Accessing these | a
requires coll aborating with industry partner
companies. As such, this PhD project was | oi
Funexpected, an existing edpa&mayi onal mat hs a

16



Thitshedinwvestigates devel opneeanrtlayl dpoamahiwviay s i
specific mat hemdatoircalhidhbdiriéintyiaegsed 81 d. Thi s t
al so demontshe auteislriatiynionfg datedutmoémoanl app i

exploring these questions from a devel opment

Research questions
Thitsheswid!l focus on two research question

compl ex relationship bet-wpeciditfabenht tdemali

to devel opment al pat hways for mathematics, r
1)What is the relationship bdkdwele:mmpmercthall doé
pat hways otfs pdeanafiinc abilities within the

mat hemati cs?

1. 1Which desnmpaeicni fic abilities do these d

pat hways comprise of, and how does t |

devel opment of children aged 3 to 7

1. 2How doffedoema-ispeci fic abilities aff e

another in terms of development? (e.

devel op mutualistically alongside on:

hi erarchically where one ability pre

The second research question wil/|l assess th

doma-ispeci fic develoameoanal apps allow for no

of data coll ection wiha cpaans shiev eu sleodg tdoataad dr e s
conceptual guesti ospeaxhdutc demaeilmpment .

2)What effect do educational mat hs apps suc

on domapeci fic abilities (i.e., such as ¢

arithmetic)?
2. 1What specific characteristics of edu

influence the training ands pdecviefliocp me

abilities in children (@igeda. 3 it trhe e.
dosage, i mplemented in educational a
chil dren of different ages, and are
di fferentspleoaeiafiinc abilities of appr oy

17



2. 2How does age of the child relate to

educational mat hs app?

Overview of thesis chapters

Chapter 1 provides an introduction and | it
consi da&rsting researsphe oinf idommaatnhemati cal ab
chil dren. It identifies a gap in understandi

which this thesis aims to address.

Chapter 2 provides an overview of the gene
approach wutilised@dhent hbhss amubesll 8§ sems as t he
chostmeoretical framework, and this chapter
met hodol ogi cal <considerations when working w

and | arge datasets of secondary app data fro

The first empirical chapter, Chapter 3, do:
theoretical framework of devel o-pment &l cpat hw
abilities in mathematical development. The f

Devel opment al Mathematical Pathways (EDMP).

Foll owing this, Chapteresndd lItoog 7d auttai |firsoend tbh
educational mat hs app Funexpected. Chapter 4
investigate how dosage (or time on task) of
trainingsymboloinc magnitudel compamMhsenaahbi ysi
dosage and gamepl ay response also considered
by comparispgpnse to dos aglde, bxitwmedwne &l d

children.

Chapter 5 investigates gameplay dosage res
symbolic number comparison. Again, an analys

was conducted betweemo tylfea-loadgdes of 3

Chapter 6 wutilises a subset dataset from b
of children who pl asyyendb dbloitch arhde snyombol i ¢ com
games in the app. This study was conducted t

responses between t hsepseec itfwoc dapbmeliistainees sianmp | e

18



of children, to assess iIif dosage responses d

comparison abilities.

Chapter 7 wutilises gameplay data from the
pat hways bet weepediomacnabilitiessesSpieanfical
traini ngsyfmbaoloinc comparison and symbolic com

werienvestigated as predictors to the outcome
arithmetic abilities. Devel opment of the chi
comparing a sample of children with a mean a

sample with a mgaarage of 7

Chapter 8 discusses the main research que
findings from each empiri-daChapapte8 &Chapte
revisits mutual i sammpginr fliagthitn gosf armde expl or es
practical i mplications of collaborating with
ut silnig their dat a.

Literature review

Mat hemati cal devel opment and young chil dren
Mat hematics -tcempomehti domprnsed of differer

cognitive(&®&bl mbteesZB23domain of mathemati cs
abilities relating tgoe onmentbreyr,, ansd wpeadtlt earsni ng
et al ., Z0Mi%) thesis awillyl niaotclmdsmaptmii dei t i es
involving the devel opmentte mdfisemsuimeasnbalt compe
skills (Geary, 1994) and understanding the r
guant i(tPlaegk & Nel son, 2022)

Mat hemat i cal abilities of chOEdDemesaea&r @ah g
foumd ¥boi nt decrease in Programme for I ntern
AssessnedtSgdt hs assessmdrmtr -yWlaebaarleds chi | dr en
across countries, and a decrease of this ext
20 years of RIOEADsc Pest)her to this, researc
UNESCO I nstitute for Statis838¢smi(RlOLdn eshiglge
aged 6 to 11 years ol dddioninmum meredif ir @igain o \e

mat hematics,| wthes ht haacadd land subtract numbe
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Mat hemat i cal abilities are highly predictive

subjebasvKean et alshoaitOl2dt) chil dren with | ow

mat hemati cal competencies prior to the start
demonstrated | ower mathematical abilities at
coll ege | eveNMattlBuretthers,howd@ldhat | mprovement
mat hematics in the first year of schooling a
mat hematics achievement at age 15. More spec

the earl|l YGeypagyr £t abhogud B3 ) ear | ys pdeaccmdiinc
abilities such as number | ine abilities and
age 6.8 years was predictive of mathemati cal

studhieghlight the |l ongitudinal andgpercediicti v

abilities to future mathematghtmighdiempdopmeante
of undersamaadi mgerowne miamagtyhemati cal abilities
Cognitive abilities rel aotfitnegn ttdomensaltelde mat i c

bet wedeoonma-speci fi c awgdendeondi nabwidmaidrs
specific referring umi cauedadllyattieals ttohatanar e@r edi

of, mathematical( PMewyvsdlopmemit & LanfThecdi b 2
include, but are not I imited tosymbhodiaoal ity
comparison, counting, and number identificat
Dorneles, 2021). | n-geonrtrradstaoidomaiers, such &
control ormewmoorrkyi,ngare predictive across diff.
as reading and mathematical abThetdesgi $iConi n
bet ween abilities comedidfeire da rde maeanai n s not

always clearly defined, as highlighted by De
di stinction not only depends on the definit.i
specific domain underexianmvpel set,i gl aatnigouna.geForabi | |

considered -gedemal npredictor for mathemati ca

mat hemati cal |l anguage, namebB asdngmbetitative
|l anguage, are then copescidferedi Wom@ae ncontext
mat hemati cal devel opment (Turan & De Smedt,

Al t hough it i1s acknowhbedgedl tbagndomaenahb
play an i mportant role in the devel opment of
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that while the predictivegemeémual of t

-Fwoeking memory and proicemissi aslgedpeeer ti
ismeci ficdamiclliudiiemg comparison abilities,
t-icnognt i nued to significantly predict mat|

S

thesis focuses on devel esppneecnitfailc pat h
es, including magnitude comparison ab
n and subtraction, and counting (Nogu
s studies suggexsti ftittatabddmaiires are i1
increasingly important, across devel
abilities may only be relevant early
167 particigrasntean d vfeau red gthitaty ewhi | e
a bielxietciugad vlei Kewuncti ons, reading skill
ntly supported math devel opment, t
abilities such as prior mathemat.

o

h
c
e, and basic arithmetic abilities i
y, Passolunghi and Lanfranchi (2012
6
h

—Q O o

n from age 5 years and 2 months to

tudies highlight the incspeacifhigci mpor

iti ebhemat maal devel opment over time, mak
rtant target for intervention research.

eraction bet we esnp etchiefsiec daobmaliint i es acr oss

The

eded.

speci fi
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t hr
att
pat

wWor

addi

pr e
rel
|l on
t he
rel

t he

10)

ee

p

need to further examine pathways betw
c abilitidseFiev reupppordtlede(M2y0el 0e)t al
a naasl syassceiddai anfrom 182 children aged 4

awnderstand devel opment al pat hways of mat her

athways: a |inguistic pathway invol vi

ention pathway including spatial working

hwahyi ch compesubedi af ngThdy Isugeesst further

i S

i o

u

c

n e eddeerds ttaondunt hi s quant ietxaatnmiivng pat hwa
nats pdeccmafiinc abilities notThesered in
s findings demonstrate a gap in the r
nship besweenfdomabnlities, and how t
dinal development of childrends gener
has the matdieonalxeltusioveny the i mpact
nships besweeinfi doambi Ini ti es. Consider

s i n the delwematpimealt odgmati on wi | | b
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Gi |l mor e

The
framewo
i nvol ve
compone
speci fi
al gebr a
compar.i
gener al
me mo vy ,
achieve
in this
the Opr
such, t
hierarc
abi | iTthii
l'iterat
theoret
under st
Figure
(2023) .

6s (204 F) erhulftriamewor k

mdi letviel framewor KGplrmpopee@@2b28des a
rk of mathemati cal cognition that dec
d in mathematical cognition. This fra
nts of different mathematical abiliti
c componentesofemgthemamber fact know
ic thinking), and 2) basic mat hematic
son, pattern recognition). These comp

cognitive a-gpiehieria¢ds apod idomasi, nsuch &

spatial abilities, and | anguage abil]
ment 1is at the top | evel of the frame
framework that the abilities that f a
oficientbéonithe aéeVél dpmemd of the ch
hese related cognitive ablidvdlies are
hy, whevell atwetities are rleevel ted by
ess . framework was designed to identify
ure where further work is needed, bot
ically. In particular, Gilmore (2023)
and mechanism, over association, betw
1.1 shows an Hlmage dfr atmeevomk!| tfirom Gi |
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Fi gulrlet he muketvel framework from Gilmore (2023)

A J

Overall mathematics achievement

t . f

a a a

Proficiency with specific components of mathematics

: 7N

Influence of learning experiences

/ \
Generaslkc“cl)?nitive —  —p Basic;?sz:;esr;]:tical
Figure 1.1. demonstrates that basic mathe
within the first | evel of the hierarchy and
next | evel of the hierarchy. However, furthe

the relationships betwéeéeniebBewdithfeéehentdtbabic

mat hemati cal processesd components. This 1inc
one ability relates to development in anothe
needed to understand the devel opment al pat hw

within onehéeeheerafchy-l eVled rmulatmework pl aces

symbolic comparison abilities and symbolic n
as a basic mathematical procesgymbdhieci mport a
doma-ispeci fic abilities wild.l be congdiderasd, f

Nonsymbolic and symboedpecidfdnmdiini es
Domaismpeci fic abilities that are investigat

divided into representations-symhbl ace symbol
Typical isymbmdn ¢ representations of numer osit
an unlearned and evolutionarily primitive ab
representation of numerosi ty a(rSh usatuegrhnia nb eettw
al ., 2P0He&)rol e of both of these representat:i
di scussed, including their relevance to deve

interventi on
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of

ma

co

rnsymbolmagni t ude

The approxi mate nygAbS8jefseyrsst eno a system of
presentation of -apmboki mageanbdbhnty, that is
fancy through(Feigdosbohoetd ®HDften20bé)s a no
mbolic magnitude comparison task Pirss cesed t
al . ,. P&AX2) ci pants are showymboloi @argtaiymu loif
ten dots, and are asked to select which of
mer e Smedt et .aNMari2a0i8hs can be made o)
crease the difficulty byfmaeinpel afi dotshée
e two arrays, ared Samerdetv ieetw gbhyo w( 2 @ 2 B)

i stinguishing between a ratio of O0.75 (such

an a ratio of 0.50 (12 and 6 dots). To ens
is task, typically, the time of presentat:.
ni pul ated so thanototamaKin@glrkey & Cooper Ji
95) Research has shown that infants are abl
mbolic magnitudes before formal schooling,
symbol i c( haiimpenrson et &ls. suzdPYmhowlni c

gnitude comparison abilities -laewvelcoslsildler e

mpared to the comparisofNGoffsymBolAnsanumbe

The accur aesyymbfolnioon magni tude compari son

i mprove throughout the development of childr

(Hal berda & Feigemoaoryve2008 he r edyembamiciec of n

ma
on
Sc
Sy
ou
ch

]

e

co

gnitude comparison to future mathematical

going debate i n Kirlagedlsiiatle.r,attdereda pal ysi s by

hnei der et faund@©20®27)at+on24%I bet ween non

mbolic magnitude comparison abilities and
tcomes, when | ookingfadbossudi sampheboth a
il dren. 't i s I mportant to medtiettolrati nageiiis
l ati onship, with children under 6 demonstr
.305). This suggests thesypmliedliictei maguoitti bde
mparison abilities wildl di ffer depending o
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age of
t his,

predic

the chil d. | nd@ierdh e rstt uati esluppp@Chd® BS)
as thegpymbohdcnomagni tude compari son si

ts mathemati cs-yeabl dg eme nh tyheao |l &ds . 7

Howevewyfsye redcCaomtlleyn et aclo n d(u2cOt2e3d)-sae cctrioosnsa |

study
symbol
measur
approp
speci f
t hese

compar

with children aged 3, 5, and- 7 years o

i c magnitude comparison consistently c
e of gener al mat hemati cal abilities. T
ri atenseygmbofignbmade compari son as a do
ic ability that predicts future mathen
studies demonstrat-symhati thmagol eudé n

i son abilities need refinement and c¢cl a

of dewelnap

Th e

]

eplic

o

(7]

y mb ol

mal | e

- 0

ound
wher e
been s
et al
abil iA
rel ati

compar

Fur
explor
magni t
Her weg
into t
interv

bet wee

i mportanceg mbfod ampariadohi ti es has not

ated acroskutadHi ddn eqtadaugiedd(@z02h)e rol e

f nsooyymbolic abilities may only be gwmlepnect t

ic quantities bettwaenthi sordnge of nun

r and |l earnt early in education, a sig
bet ween mat hemgmbods iandbndomties in | at
mat hs abilities baAdtmoumgdhr ¢ ed @amp loaxs .hi r

uggested Bgtmbodén cn@emmpari son and aritht
{RePdPRd9t edhit Hat el atsi omesdhiapg ed by symbol
ireesvi &Kw ah gtsi@2028)ggests there is no

bres hwiegn changes i n 4{styanbad uict ynagfninamrd e

ison and childrends acquisition of syn

ther to this, literature from interven
e potenti al devel opmentsayy mpaltihovay s bet
ude to otslpercidomaiabi | ities (Maertens ¢
en et al ., 2018) . | nt d rowe mtoiren ilnisti grhat
he relationship {segtewaedn ct mdbsd idamai,n as
ention studies allow for more possible

n abilities, beyond what coécetiati en s
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al ., 20RB))ervention studies can al so demonst

doma-ispeci fic abilities to intervention effec
training in-9specidfoimaiability may -apdédeicti ot he
abilities as out(cholnceo cnke aestu raels. |, 2016)

A revi ©&rv IBynedt et
interventions are eff
highlights that many

t

ure that may ¢

demoh20ta)es how s ome
ective for children, wh
met hodol ogi cal concerns

on f esuynndb otl hiec cilnatiem vtehnatti

are effectiiwme.l udrresessues regarding the types

utilised in these stu

usual comparison grou

dies, as they-ahsighlight

p may not sufficiently

devel opment oresrtepnegatiend utnder st anding-the ef/

symbolic int{®evé&meidodn

i ssues in interventio

et .aFurtbhet3met hodol ogi

n |iterat urSe Tarse amidg hl i

Myers (208&®d&nclude the brief amount of expos

experienceyimboddmn magnit wdeataryainmitn @ ,e

sufficient to garner

sampl e characteristic
meaningful compari son
studies. These interyv

inference for theory
to consider in the co
specific abilities.
Subitizing

Subitizing i1 s-sgmbbd
refers to the sudden
This recognition happ
1949) and twhda hmadgd t o
2010Br.evious evidence
to 5 years are able t
& Cooper Jr, 1995) .

significant interventio
s and methodol ogy make
s oxsfs dfhfeescet iiwmdreasvse nddrot
e nt afofne ccth atrhaec taebriilsittiyc st
and practice from the f

ntext of devel opment al

hec -sdpeai hic ability wh
recognistyimbro |l dfc opua mtuiltiy.

ens quickly, to an exac
count individual it ems
suggests that children

O subitize quantities u
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There are two types of subispaimngl that de
arrangement of:ptere epttiuradl iand conceptual subi
(Cl ement s,Pelr9c9e@pt.ual subitizing refers to th
gui ckKguf man et ,alamdhtc@pd®pal sdubfifteirzsi ngp t hi s
the stimuli iIs presented in patterns, such a
configuration,( Cdremkemmisnos 999). Stwaas esr gairc h
et al. R2PdPH9t t hat subitizing absbDi ties at
0.4) are a significant and unique predictor
Al t hough both subitizing and counting provid
information o,n xxuwhinttiiziireg and counting are d
as counting slower 1 s slower and all ows for
al ., 2002). Further to this, although both s
notsymbolic representations oftwagadiftfuere, ANE
is used with approxi matseubiatrigzi wa@al iue sl, i mihti & ¢
small er and exact quantities (Elgavi & Hamo,

ation
resentation of numerosity

Symbolic numpeesen
The symbolic re

t
p

Arabic numerals (such( Reshdene,, I2OEP )aet c)
h

children develop their .m&thhdmdateindasl ualdielristt iae
the quantities associated with symbolic numb
the symbolic number P®ompalki ke stylmboRdIC

magni tude comparison task, wdihthwélr abhi are pres
numer als and asked which repr(EeGeaexnttr d het | alr.g,e
2017)Children are regandetdhetounddelying repr
of quantity that is assigned to the symbolic
numeral, which is an ability beyond simply n
(Dehaene,. 1™pi)cally, this symbolic number <c
conducted with single di99it anurmmargh (d&. daslt
used widtilgia numbers, a@duemok e& dWigl kt.sne s, 200¢E
Considering the previ ouasnlayl ynsebnsthibogn edde r mestta a |
(204,7)this review found=a. 80 2t)ywebeant isoynrmboofl i (c

comparison abilities and general measures of
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hi gher than the associsgtmbord ifco wrxd I fi2ddril ¢rso nl t
i's importaphoweywmhmdate no studi esaniad ytshiss met a
included childrepwpeawpedsuynded &nly included ¢
aged96years old, and adul ts.
Counting abilities

Countiamg !l i ti psedoemiaant skill that childr
prior to ¢$tkeéteivireget By .KeyY0®t6gge 1 in the U
equates toag®dugbl g years ol d, children are e
subtracdi ginte aaddgt wonumbégNast itawna&l0 Curricul um
Engl and: Mat hemati cs Pr,0og2r0a2A2mes mbér Soudy
prerequi si tsepedcoinfiaiicn abilities are highlighte
counting, and these are referred to as the p
Gel man and Gal l.Theepr({bh6Bp)es of counting en
corredpogo five diffesmpercti fdamaibn |l i ties that
devel opment alt pat dbwrlyigmsg.l ydreh must grasp th
concept of stable order and understand that
have a permanent order. Next, children | earn
counted once-tbem@gcomeespondence, and that i
uniquely pairedemwiwdhrd inumeference to them.
| earn abstraction, which is the wunderstandin
be counted. This is followed by order irrele
the order in which objects are «cowmttadcdgdoes
procedure. The final stage in this devel opme
acquiring the cardinality principle, which i
word in a counting sequence represents the t
set, and thus, <choi lcdruent .are abl e t

I n order to measure a childés cardinal numl
n task, deWyinned( lbBbyS0) ypi cal Thistibsketdypical
involves asking the child to give the resear
corresponds to a number caworyYoufoirvexmepieur i
pebblod WWege et al.Then@itvaesk al so measures th
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knower | evel of the chil-dndweérs®) rewlkenmredchiol

are not caprdiimailplteye knowers, but are- able to
task to a specific value, for example, child
knowers, or two (IChewergs eet al ALtROQGgHM it was
previously suggested thatkmdwer, bektiolmd mgn aa rf
cardi nprliingi pl e knower s, however more recent
that instead chil dren may -kdneonmnoi nnsgt,r awiet huopu tt ob

a cardinal pte phKweajcsi & Fintor, 2023)

A systematic review by Wege et al. (2022) |
research usiing ttas&k @ivee the |l ast thirty year

ariations across the literature in the admi

<

i vne task. Variations whether tashkai matil ude st
ccompanies the instruction, whether, and wh

uestions follow each question in the task,

- O 9 «

or duringThleset aski ations in task administr

—

o considgrlaeadthe differing classification
Ssubset knowers -@miaarn gpianalkintoywer s, and this r
why the predictive findings of being a cardi
variable in tVYeriateoasure.the classificatio
carnality pri rmaieplienplomdvwent t o consider, as ¢
knowing is suggedtuddirteo pperrddirantancEeGe ar wr i t hr
& vanMarl e, ThG1s8)hi ghImpophttsa htcreeouath dng

cardinaasl ia yf oundadi mgalb! dak | f or more compl ex

mat hemati cal abilities.

Arithmetic abilities

Arithmetic abilities include using numbers
addi tion, subtracti on, mul tiplication and di

t he UK, children aged 5 to 6 years ol d are e
compl ete mat hemati ta&akht s uaaedediteitosn (+), subtr
(7) and eqQualignc=and should also be able to

addition and subdalrjaeccttisonamnud ipigct or i al repres
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(Nati onal Curriculum in England: Mat hematics

2022Arithmetic is an important ability for m
and arithmetic demands increase as children
schooling years (Xu et al., 2021).

The devel opment al pat hways to arithmetic h;

Butterworth WREg®OB)des milestones for arithme
For example, by 3 years 6 months most <childr
subtract by 1 using oljheeyas,use@df bygagecdunt
further develop their addition abilities (se
Thesmdilitipeecarsors to the developmetnti f a
further proposed that by the age of 7 years

retrieme &rithmetic fac{Buftemwmembyy2010)

Theoretical framewor ks -sryemhbaotliincg atnod nsoynmb ol i c
compari sonrefTihree mmecnctount , the mapping account
the access deficit theory

't i s suggested that two systeynbholai symbo
ones, are both important predictors for futu
(Lau et alDi,f f2e0r2elnt. t heori es and framewor ks
to explain the rel at tsoymsbhoilp cb ectowrepear inscoln a b i |
symbolic comparison abilities.

The refi
The r

=]

ement account and the mapping accou
finement account proposes that symb

D

understanding develops independently of the

ot her words, symbolic abilities emerge first

the refinemesnytmboofl incom epresentati ehisnemsnts uc |

account suggests that the ANS and symbolic s
rel ati vel yIl hckei Rteifn mte.ment account i s in opposi
account, and the Mapping account asserts tha
the devel opmentnoembseympbéi genson et al ., 200

it suggested that an understanding of symbol
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representati-oymbolfi caogquame it wmportance of bot

accounts wil/l be further considered in the e

Both the Mapping account and Refinement A
investigaanedebyal,. hiR06@rno-sagged panel model s
analyse data from 622 chil dr eD=( 83vé&r age age
mont)hs This study used crossol agmpanel t medel |
refinement account andAlntahpouonhg bactchoumadel s
demonstrated suitable fit, the refinement ac
to the dantuas suggesting the refinement accou
explanation for the rel-aymboa&md ps pmh owleieaa non
compar iFsuornt.her support for the refinement ac
directionality bet weexny mlyonbiod i a&bialnidt inesn c o me
Mat ej ko and Anwiath & 294dm®mpl e of 31 children
old who were. These findings support a direc

symbolic magni-sythéolt ocnomagni tude compari son

Access dbypothesi s
The accesdhypoftiheisftiisr st p rRoussseedl |lbey and Noel
(200, 7)argues that symbolic comparisoma abil it/

notsymbodnader standi ng qf amaglnalctkiaidneg access to

notsymbodnader standing of magnitude | eads to i
time and decreased accuracy in the clmpari so
argued that children who struggle with mathe

i mprecise representation of quantity and nun
del ayed activation of the corresponding info
symbomagni tude and trheeprsegysmebmotlatci on of Arabic
(Sasanguie etThls,i g208@8)n | eads to difficult
more generall RoudAselslue hand Nwegede t2 0tOhvgdt chi |
struggling with mathematics may struggle wit

not wi tdymmwml i c compari son.

Roussell e and dNomredutaddddiddy with 90 chil dren
7. 2thor . 5 year sasododwed t hat children with mat hi
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di fficulties demonstrated sl ower and | ess ac
abilities when companéeéadut o mahihleanrae m.cal di f f i
These group differences wseyrnebonlotc fnoaugnnd tfuodre n
compari son, and thus the study suggests that
are due to the childodés | ack of access to qua
with the symbolic numbvere fSouwnd awi rlesyodarmsger
chil dren, aged 6 yelayDse aSnnde d& naonndt hGsi |, mor e ( 2

whercehi |l dren wi ahi mat hkedenafrfnicaugdt ileosw achi ever ¢
did not dendoinfsftircatleti es i n accessing magnitu
notsymbolic magnitude representations, but di

representations.

These are key theories and framewor ks that
explain the directional rseyl mhkt d loincs hmapg rbiett uvkes n
comparison abilitiessmeadi foitcheabidloimtaiiens, i ncl
presentations of mat hemawiilclalbeabcionistiideesr.e dT he

throughout the empirical chapters of the the

Devel opment al pat hwayspedi fdioomaami | i ti es i n
mat hemati cs

An understanddewgelod p manettrael li dtrbset we e n

di fferent domain speceé¢édedabanhdtcescial ly fr
devel opmesnegmdipgernvsepecti ve. A developmental aj
requires attention to changes over time in c
abili(tSzess & Mammaraehbaas268dh, devel opment a

research requires a focus on the evolving na
task performance, and this is beyond simply
participants (ikKa rtnhiBlmsftioddy7As chil dren grow ol

—+

he demands of the mathematics they face wil

(Szucs & Mammar,eldmd &90D24AYych, the relationsh
doma-speci fic abilities wildl al soloontinue tc
particular, further work iIis needed to unders
interactions bestsweenfdomamabhhemati cal abi i ti
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022), and

el ationshi

-

under st and

that further work should investig
ps besweeinfi doalaihi ties in order

mat hemati cal de(vied Pepwreemtetofalc.h,i | &

Consideriamg apprsgach to understand the traj

devel opment

, or more specifically, the devel

rel evant -sdpemaiifni ¢ abilities, is needed to un

nature of mathematics @Al cbck dettnaldeve2@p6)

under st anfdurtthhiesr, wor k i s requgrewdwtheigardnaedg

ability may

i nf lasse nveed | a racsb hpebrsyrsd dbotl ieo n a |

rel ati @o#mesthween abilities.

Educational

Chil dren
at home and
that 94% of
smart phone,
either devi

by chil dren

mat hs apps

now have access to touchscreen t
in school, &adsbtuevewnliamnaf@Z@aR@sm
UK c hlill chraevre aagcecde s t o a tabl et
with reported screen time of wup
ce. Touchscreen phones and tabl et

and iqgfhfterana Ipioghtavkwd e pl atform f ¢

educational(l Keadrattent& Kim, 2022; Kucirkova, 2C¢C

al ., 20Ta@yc

devices suc

hscreen devices also eliminate th

h as a mouse or keyboard, which r

dextri(tfbuci rkovaYa@®#w1L4and Chakrabogyggs(20B4)

by the agea®id d2 chil dren can achieve goal di

screen, and

gestures on

Previous
handhel d to

b 4 tewieyeenaafl @dlurc hi | dren are abl e to

the touchscreen.

studies highlight the amount of
uchsckMaengarvdRO®RRYy'ss emati c revie

and matmnal ysis of 46 studies suggest childrer

age spend approximately 44 minutes per day o

Al ongsi de t
aged73year s

hi s, sRiirtvregyr datt aslu.gg@@E@xsaAZ1)chi |l dr en

spend approximately 20 minutes p
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apps. These studies demonstrate that childre

amount of time per day using these types of

Previous studies suggest that educational
mat hemati cal out c onmes eof ecdhuicladri eom,a l mat hs a|
defined as interacti vescsrodeanwadev iome ,a s walc has
or smartphone, which are designed with the p
the I earning and devel opment of mathemati cal
2022A1 t hough many apps are classed as Oeduca
app st(oCQelsl aghan & Reipcleyvid2Wuk8)studies have ¢
how educational, or developmentally appropri
targeted age group. Thi si sasipnepcotr toafn ta ptpo dceosn sg
when evaluating their effectiveness in suppo

mat hemati cal devel opment of young children.

A stud@alblyaghan and Reiveerst(iZyg®li8&)d t he desi
educational apps for preschoolers. They exan
both math and |iteracy targeted at chil dren

Amazon Appstore, and Gooaoldglaeg hPalnaya nSdt oReei.c h ( 2

suggestwhtihhaet many educational apps exist, thi
i ncorporate principles from developmental ps
The review suggests that these preschool app

teaching methodsof buhemanmet hods are not opt

esearch shows yound ¢ hialmémwem k -Regsrehki resth al

-

(2015) framework emphasi zes -gtheel iitmp oad ratneret o
educational apps and highlights four "pillar
characteristics: and these are app that are

engagedneaningful, and socially -Pasek actt i ale. |
(2015) wunderscores the concern that many app
d

evel opmentally appropriate features

Previous reviews have investigated the ef
apps on outcomesAfsystbémbtdrenr evdread yamnids mey a

Xie et al. (2018) found an overall effect of

34



ofd= 0.46 for children aged 0 to 5 years ol d,
moderating factors to consider, including ag
training took place in. the topic targeted b

moder ator, with STEM teonpatcisc ss uycihe ladsi mpatlhar ge

More specifically to natelva neaMabogatli caomd ent
Kim (2022 math apps found 22 out of 24 studie
effects for ch8.|l dkgeai mgemdo®er ators such as i
agappropriateness of the app significantly i

app on mathematical outcomes.

Areview and conte®ut hwal ysi st aglso (2023)
suggest that maths app are able to. iFipomve o

this review, 21 studies ffoomanddepnagdiitciate olue mefr

from the use of educational mat hs apps, when
di fferent control groups. These studies demo
can i mprove mathematical ab,ilhadaweweri,n young

consideration should be taken about the spec

that will affect if they are effective, and

This |iterature review had prxowitdendy are sewe |

directiof@aaldi mgchamnfi stmhe r el ationships betwee

doma-ispeci fic abilities in mathematical devel
the rol esymboaloinc magnitude and symbolic numb
been considered, and what role they play in
mat hematics. The investightpabhhwhydevel sptmea
the context of children using technology to

interventi on.
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Chapter @ener al Met hodol ogy

This gener al met hodol ogy chapter will dis
met hodol ogi cal approaches and choices that r
chapters in this thesis. First, this chapter
theoretical framework, which fdrnmgsattimg found
doma-ispeci fic mathematical abilities in this
uni que coll aborative relationship with Funex
project, this gener al met hodol ogy chapter wi
met hodol ogi cal obreknienfgi twsi tonf amm educati onal ma |
company, the big data that is produced by th
wor king with an industry partner. As such, t
principles of big data techniques, and how t
cotext of investigating devel opment al cognit
Theoretical frameworKk
Mutual i sm

The theoretical framework that underpins t
Mutuali sm proposes cognitive devel opment i s
bet ween cognitive abilities that are mutuall
cognitive abil(ikanr seti navlo.l,ve2d0 19 ; Mareva & Ho
More specifically, mudaaurnrsimng ecesv dlh@epment o
abilities as a key mechanism for cognitive d
devel opment of one skill will causally wunder
devel opment ofKaann cetth earl , 2019; Mareva & Hol
der Maas et .dhder 206 )assumption that cognit
devel op as part of a dynamic system, this in
bet ween abilities is mutually beneficial to
invol(v@ud et al.. , 2019)

The mutualistic perspectivesensatseoedeastrt
mutualistic relationship between cognitive a
age of the child, and therefore highlights t
and age to cognit i(vZeh adnegv e’ oPpermeghit ez @2 3 ) me
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sensitive differences are divided into qual:.

guantitative (Kifeveten®@dD)tative differences

the idea that certain cognitive abilities ar
ages, and this importance will dec(kiaswei tas d
2020)Considering this mutualistic perspectiyv
devel opi-sgmbhbomagni tawadmpari son abilities duri
years is important, and this ability become

conuento ddXelno@deuvou et al sho2wv0dh@q) how ti me

sensitive the devel opwmertcidfi ct lmibs | ddmaiirs.

The quanti t-asteinse ttiivmmer el ationship refers t
the mutualistic reciprocal relatioKsédvipt petw
2020) The mutualistic perspective argues that
relationship and age of the child differ and
in terms of targeting developmentally approp
be maximally efficacioueapdepgndf hgcbas baewee
emerging associations bet WKémrvecaogniAOi@OW¢ dayabi |l
byBakker et afloundORwantitative differences i
associations between as maaabfeirc odbidloimaiieas acr
year study with 410 children, st a+4stpierctg fatc ag
abilities that were assessed in thinsonstudy i
symbolic comparison, symbolic comparison, nu
arithmehe cstudy found that the strength of t
bet ween these abilities depending on the tin

than r el atbhiedmghiegs her absent or present at

I n the context of the present study, a mut |
understanding the devespepmehicodabidomai @as of

mat hematics would suggest that the simultane

single specific mathematical abigrnowtovet ti
ot her demaicmfic abilities, as wel |l as mat hen
overall. A mutualistic perspective enabl es e
relationships amongs paaii foius matmad mat i c al abi
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approach contrasts with studies that have ex
i solation. The current approach aligns with
relationships are reciprocal (De Smedt, 2022
as separate constructs ( Canh oeoxna meptl ealt.o, 2021)
demonstrate how possible mutualistic relatio
doma-ispeci fic abilities, preymbalsi woa kd shyymwlso
abilities relate to genernalatmgtkloe RatAingsalr i gab iz
and that salbsdiizimmmrgoves gener al m@a¥ heenmat & c a l
Ol kun, .2011m@)t hi s i nstance, work has also inv
mutualistic relationships betwgenbhoduli ti zing
abilities, and s(yHnbtodhicsamidt t#lewev2020pns of
yet, little work has consideresipediefidevel opn

abilities in the context of this potenti al n

Mutuali sm suggests prioritising research i
underlying cognitive development to informt
intervefOuoes al.As Z20r%h) mutualism would proc
efforts to support childrends mathematical d
target varying cognitive abilities across <c¢h
interactions of development that can take pl
(Ari stodemou et Tahli.s, nut2u3a)l i sti c perspective
why children nmteesmpwendt itwnsg in varying ways, d
intervention having been administered consi s

children.

Previous research has investigated the mut
bet ween dgpenaemal cognitive abilities and the
mat hemati cal devel opm2entSmeAdtr e(vd @&2 Jbght s t he

mutualistic relationship between developing
doma-gmener al abilities, i ncluding but not | in
( Mi FQoeetrt o & Byrnes,ognh020)v e Zfhlaenxgi beitl iagtly. , 202

and executive functi d®Penmorke Kgeve®alt RP29DNH

the primasryffadadwre present t hsepseicsi fiisc oma tdhosma i r
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ab
un
al

be

ilities, -gdreerdaolmaliint erature is still ackno
derstanding mat hemati cal devel opment from
though there is |imited exploration of pot

t ween dopac inf iice saboifl imat hematics. Previous

asCool en et ahlavel 2e0x2pll)ored the mutualistic re

be
de
y e
i n

(@)
o O T

mu
do
mu
(2
s a
pe
mo
de
re
Ou
do
co
ab
w h
ab
t h

t ween dope@cinfi c angdendeondi mbilities in matt
vel opment. They conducted their re4earch w
arass,sessi ng-gkeamaian measures | i ke executive
hi bitory contsrpoat,i aandwovriksiunog memor y-, al ong
ecific abilities i nglyundbiodnd ccaradyinn & luidtey, no
mpari son, and nulnmhbeeyr snuagngielsg. a concurrent
ngitudinal correlation between executive f

ma-ispeci fic abilities.

As can be seen, comparatively, more work
tual i stic perspective to mathemati cal deve
ma-gmener al cognitive factors. One study tha
tualistic perspectsyeciffrioon me Woped tniav e
0lwho investigated counting abilities and
mpl e of 2,485 c¢ch0 lyYyegaemMagléd 2@ years) over
riod of 20 days and found, in support of t
del, that i mprovemehilli ncadlddtposi tively i
vel opment in the counting domain, and vVvice
ci procal relationsippchdét weamidomaiers . Furt
et al .st(a2t0el %t)hat a | imitation of their wo
ma-ispeci fic abilities were considered in th
ncept of mutualism could be -apediifeidc t o mul
ilities. This critigue was esn@motrttameésit®d co
erChapter 6 andaiChheagt es s@smsul t i p Fsep edcoinfaiicn
ilities. As such, the present thesis ai med

e |l iterature.
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The present thesis
The devel opment al perspective of mutualism
present thesis as the dsypelcopgmentabofiidomai mwi

considered over th& ggearsaomge.ofCodsidering t

opportunity to investigate a mutsupaelciistm cper sp
abilities, this theoretical framework underp
empirical chapter in the present thesis.

Chapter 3 demonstrates the construction o
framewor k ofspeemdiim mat hemati cal devel opment
Devel opment al Mathematical PathwayrseviTehw s <c h
of existing intervention st udioenssispseoc itfhiact a
abilities relevant to mathematics were inclu
to under st ansdp edcoinfaiicn devel opment al pat hways

investigated in previous intervention studie

<
Q

he pl otitnogrgi mtferewxdarstti on data, that mutu
Iy beneficial devel opmentalThtirsends wou
rch ipnrcoljuedcebdr oad r angespécidbimaiabi |l ities

sted by Ou et al.'s (2019) suggestion f

® © 9 @

(7]
c
«Q
> Q ()

matics research.

>
n

hi ghlighted in the Literatsaymbdleivi ew (
and symbolic abilities are foundational to n
such, Chapter 6 investigates the devel opment
bet weenssymbml|l i c magnitudaedcaempmbdoil $s@n magni t u.
comparison abilities. A subset of the sampl e

analysis to understand possible relat-ionship

specific abilities and hoWwacsclkid dramniegpdmd
these skilThaseas$!| owed i nvestdiogatuiran ngf ogposs
mutually beneficial I ntervention outcomes fr
wel | as relationships between these abilitie

age and devel opment was exdmianed m n ol iumea ewistt
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how mutually beneficial rel ations-Bppsi betwee

abilities may differ by age of the chil d.

Finally, Chapter 7 builds on this evidenc

devel opmentsyonibonloinc and symbolic magnitude ¢
abilities in the context of counting and ar.i
Again, in |ine witdymudluiad i amd syamhb osloinc ¢ omp
abilities were considered together to unders
abilities alongside one another, may expl ain
measures of counting and arithmetic. To furt
mutualistic rel atdafonsdurmt, i tdheas od epredi ctor

will also be considered. This wil!/ be- consi d

7 years to see how these relationships chang

It can be seen from the outline of these
perspective underpins the methodol ogi cal des
under investigati orChakpuretrhebt ittobsrehdata from

backend of an educational marteh ¢ od ep ,0ofarhd ga d ¢
investigating devel opment will be considered
Big data in developmental research
Educational apps passively collect app | o
and this is regarded as O0big dataé. These ap
dataset which can be used to investigate chi
devel opmhemt data provides many benefits to de
from both a data collection perspective and
perspectawve appbéecdtodensl opment al research w

considered.

Big data refers to | arge and compl ex dat a
advanced data analysis techniiqques dueTh e 0tlhbe
characteristics of big data are beyond just
datasdadd]j erid & Kellamy, i 261 &)ad are character.i
of big dat a, mecllbdrgg gaobhotitia@s)me velocity

creation and capture), and ver aci(tky t(cphd tne n&t i
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Mc Ardl e,. 2M4dtég velocity is the speed of dat a

b
I

a
2

Kai sl er et, anhi,l e20vle3r)aci ty concerns potenti.
ue to inconsistencies, incompleteness, or a
Rei mer & Madi.gaOf, nd@29) big datads ability
et ail | ongitudinally enables the investigat

hanges over Xiemaea @&Ddwaiger , 2017) .

Typigata coll ection for young -omohédren of
ssessments within the school or home, and t
XxXpensi vecontsiunme ng, and | imits participant cl
umbe(rBi gnardi et al ., 2021). Utilizing | og
l i minates the need for participants and the
ocation, such as |l abs or wuniversities, ther
nd sampl e dMivlelresn t y2012; Shi.elEddsu ceatt iaoln.a,l 2a0
rasoable to integrate data collection into t
hil dren and their families, capitalizing on
ature of s mar(tDeehtboerea uwveste al ., 20ZbnsMidleremg
his, |l og data collection does not require,
y, the presence ©ODumairesetara&lheirs 2Bé&4yuse of
og data not only increases dataset size and
Il I ows ftoirmer ecaoll | e c4gir@an nefd fiinrd(eHumastei e@n al .,

019)including | ongitudinal measures and el i

manual s¢Brgngrdi et al ., 2021, Debeer et al

t
S

a

Castellani and Rajqudéamt(RBORP)sing big dat
hehol e process of research, in particular,
tatistical model i ng. Datasets that follow t

|l so allow for the investigation of mathemat

mutualistic perspective, -acscbimgi l@atadexcahopma

(0]

f different cognitive abilities across ti me

Using |l og data from educational mat hs app fo

S

Previous researchers have al so recommende

houl d make use of i nnovative methods of dat
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will allow for further understanding

bet wedresttlse aptde sptosstt ypi cally utilised

eddy-toudet al . an2018preby can be used

t

n
I

and the variability of cogni(tliudel deve
Zh23 utilisation of big data all ows f
g more complex modelling techniques,

exibility in understanding forms and

tes, these include models such as |l ongi

t

u

t

generalised additive models, and | at

et al . | 202 2; Mc Cor mi ck et al . | 2021

previously mentioned flexibility in n
larly i mportant in the context of app

ion offers convenience but trades off

|l ementing gameplay trainingeanathptat adabhl

|l ected from educational apps in this cont

t andepbdstiata collection schedule that 1is

ditional intervention research. |l nstead t

ces

nts

e
d
f

r

u
d

a

oastiynuwith potentially irregular tir
and with variable number of datapoin
s. This in turn | eads to an increase
s of datapoints in & etnrtd dailtliyon éhlo udatna
thousands within big datasets. This

ans|l ates to complexity in data modell

rther consideration is that of the te
elling of big data. It has been sugge

ry data are typically more than compl

ment al Kdlesi gnet, adnd 2B22)t he skills n

e

e

S

e

utilisation of big data is currently
training and disciplines than it 1is
devel opmentAd) epsiyd h& | KglylAé¢ y ho2@h8)

x¢girdhecami ons are present for the wuse
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of data sources allow for a measure of mat he

ot herwise could not be achieved easily in hi
many children, and across multiple timepoint
of data allows for tbBéeapdtemathamatocahddevel

with naa more @pmamudam.si dering the methodol o

statistical benefits that are afforded from
the present study utilised these types of da
empicraill chapters.

Et hical considerations for big data and chil

Prior researckhBby mdNI GQERI brhaghtex 2I0Odr7egd
ethical considerations of collecting and ut.i
They argue that the shift to using big data
the ethical principles that are typically ma
of data onotobethi® new context of online big
present thesis used the BPS Code of Human Re

framework when conducting these cOatte®sewith

al .00212) and this framework was applied to the
collecting and analysing | og gameplay data f
remote measures within educational mat hs app
Obtaining consent from chil dreasevdhechatuasi ng
coll ection involves distinct ethical procedu
devel opment al research. Parent al or caregive

the onboarding process anttom tchha |ap pc.onlsre nrte g &
of a remote app to collect anonymised data n

aware their data may be included Iin a resear

As the app usage was not part of a formal i

conventional approach to capturing consent f
app research, was not applicabl e. Children's
app, al ongsigbd ntgheproomceng af Pphayi own pace &
choice of frequency, is considered as their
concept dfeveHilcbnsent, as highlighted by Oat
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emphasizing the child's ability to freely an
app's games. Moreover, the advantage of col l
remote and unintrusive nature of collection,
unaffected by the prcehseérDbomanos aetrab€hairg2014)
eliminates any potenti al pressure on the chi
gamepl ay. I n acknowledging power dynamics be
(Oates et althig&80approach allows children th

to resheaprarti ci pation without external i nfl u

Recommendati dOsswaflrdommi2wd&6bber (B0B3AB)i ght

that especially in the context of coll aborat
and research, issues relating to data sharin
clearly communicated and understood by indiyv

and using the dast ao,n dbsotdhnwsompany and resear

ethical approach the privacy and security of
the terms of use for Funexpected explicitly
with ®phirtdes, with includes data sharing for
Al ongside this, Funexpected state they do no
personally identifiable information about <ch

(Funexpectednd28233uch, no identifiable info

available to the researchers. Anonymised det
country, device model, operating system vers
and this information is also outlpionedcyin the
(Funexpected,Th2i0s2 &)swiitnh [iencommendati ons fror
and Al bright (2017), that children's big dat
that-identi fication Lisk ewits @,0stshirtbdwegh appropr
storage metulkdddsas password protection and enc
sharing via universitywirhdnaddtseod emnesruviec ash,e at
of the child is preserved in these studies.

The use of t-backscteemnol ogy may al so prov
to the characteristics of the sample who use

inequalities in the environment relating to
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smartphomeasernet access or tedHhnolad gioc dlhelni the

reflected in the dat @Eghonf 2B&3reSbaetbds et

2021)1t is Iimportant to acknowledge this met
present dataset, as the data used in these s
popul ation of children t hsadr éhearv ed eawicoeesss d rod t

nternet connect.

Ber man and Al brfiugrhtth er20hli7zggh!l i ght t hat altho

ethical challenges should be considered, the
benefit that can be gained from the use of b
particular these benefits are pronounced 1in
oudomeBol |l oway Hi2dHI9i)ght that the use of big
personalise | earning platforms and provide i
outcomes is an area where children will bene

analysis of big data.

Previous studies using app |l og dat a

Previous |iterature has employed | og dat a
study mat hemati cal devel opment. A systematic
(2022) identified four such studies in their

app8roda et a,JHas(an®h8)et adudd2®&did)KIingberg
(2021)aRdtchford et &ubsez:k&®) to the review
studies have reinforced the value of app | og
of these exampl es ldda e calts selds thfe@ie @ ) a

predomi nanlt2yga-dlild sample using |l og data from
to create profiles based on their progressio
fagptrogressors-saeadpybowessors.GWliamidmd | ygake
(202dl)so used | og dat a f{T6-yenaaga ds acmhpilled roefn 3t o

understand adaptive difficulty of gamepl ay I

incorrect responses to determine i1 f children
specific |l evels. A nunebserweorfe dmefafseurreendt vaibai |til
study, includi mgndgumigt iamnidng,r deering abilities:
previous studies highlight the wuse of | og da
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mat hemati cal devel opment, these studies al so
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that have not been investigated. Not abl

ure utilising |l og to explore potenti a
e -sdpoentaii fni ¢ anbei Isiutcihe se.x anpl e does inclu
| .wh(o2 Ouls9e)d | og data f rloOpeamabdmpl e of
n to understand mutualistic devel opme
es. Considering the unique appropriat
®m many abilities across many ti mepoi
utilise |l og data to understand the

es, as well as development within eac

her more, previous | og data studies ha
ing mathematical abilities longitudin
of |l og data, and big data more gener a

ed from these types of ssuiutde de st ometahne t

dinal <collection of mathemati cal abi |l
h informed this thesis, which extends
om a commercially available math app.
i al nature, ethei curargper dandscovers a
me than prior | og data studies. Anoth
om a commercially available educati on
ed from children in a natwuralistic se

l adbnvironmeartr & KirkoriAsn,suzh23)onsidering

context

addr es

se of

c

—+

arget

n

peci f
chil dr
Theory

I n

f or mul

S

of previous | og data studies, the pr

some of the gaps highlighted from pr

a commerci al appr eneaanrsc b hfadc seer radn
d, including, understanding the devel
c abilities from a mutualistic perspe
n, and over a |l onger period of ti me.

and big dat a

ontrast to theory driven approaches,

ate clear hypotheses and consequently
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answer theoretically driven questions, dat a
will generally collect data indiscriminately
consideration of research (qAicejsdariioth s& oK e Ihlyeyo,t
2018)and therefore enablferse eb oa nha [hyyspiost haensd s

hypot hésisen analysis (Wass & Jones, 2023) .

di ffering approaches to the wutility of theor
considered when using these unigmeofdat aset s,
i mpl ementing a theapprba¢breodaha present th

di scussed.

Ot her disciplines have movdeodwnf roéotnh e chrey tdyrpiiv
approach to hypothesis testing, to instead t
bott-am, unstructured, approach wi {(Oewal dr ede
2020; Qiu et. aThgse0whwg operate in a O0data b
6data drivend framework may argue that analy
the i mportant variables to consider, as oppo

where the variables have(Wdsszadlyldbren, ch®32)n

Howev®i pt al. dr2due& )t he theory driven approa
psychology is particularly important as it a
explanations of data, as opposed to a data d

a description of what has taken place from t

o

omsider is that of researcher biases potent.
practices i n second(aBayl ddwaitna eatn.aal Aycscies2 8 R A Y
datasets before forming hypotheses can al so
q

uestions addr essehd( HEynnotnh,e. 2r0els3e)ar c

Pr-eegi stering research proposals and dat a
accessing the secondary data source serves a
i ssues and provides a timestamped record for
compared to d@Kiaewictest.TaHi.s @Rr022ess al so al
research project to specify which variabl es,
and analysis techniques wil/l be used from th

(Oswal d, .RiOe2v0i)t et madbted20B2) many journal s ¢
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met hods

sections, making it challenging to a

and model building details. To address this,

researchers to share their R scripts in even

not ayv

regi s
met ho
use o
resea
t hree

Sci en

Col |l a

col |l a
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( Oswa
appl i

wi t hi

t
d
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r

n

0]

al Kiadoviet et al ., 20.22A1 tOsomadghd ,pr2e0 2 0)

r

o

ation is important in most contexts a
|l ogies, it iIs higllgightedilsenenptomdatanp

big secondary datasets to ensure the

csht iqgounes and hlympoadcheesriesnce to these prin

e

e

(0]

n

0]

e

e

u

mpirical studi es-riengitshtiesr etdh eosni st hwee rCep «

Framework before data access or anal

ration wiithunexdpesdtreed LTD
i que aspect to consider of the presen
rative work with Funexpected, an educ

n-7eygead s3 ol d.

xpected are an educational mat hs app

nded in 2019, and the primary aim of

pplying scientific |Iiterature to the pr

mati cal l earning. Second mot ® hmake Funex

matics Ol oveabled for young children wh

n

O-

t
F

g i n mat he maAcicceasls atcot itvhiet iaepsp. i s base
subscription service, which Thests te
ship betweendFuthexpeesedtaresearch te
hted as a unique aspect of the PhD pr
s in terms of stakeholder inclusion,
i ve relationship between private indu

|l der s .

ure -bapkedl startup companies are now

egpted, -dbnigenmtaech applications at a ra

|l d,. 2DRI0O9 i s a notable change from the

cations were primarily devel oped by aca

n

the context of t hedarc ardesm a&r sh agkredjod alte
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are now collecting, owning and (@Wialllyisamgonhe
2017) The shift in data ownership from acaden
highlights the need for collaboration betwee
and pacnhademi c stakBPdhmoéeé detr sal . , 2018; . Wil l i am:¢
This coll aborationisanohbasfor mat tbmagseedvi dence

produ-cotrs eval ulat k@eassessing the effectivene:

produ(cDhesre et adnd ROAB)di ng actionable feed

design to supp(oReddyetaorend edtg al ., 2018)

The increasing pace at which commerci al e
released, alongside their growing size and c
chall enges for the evaluation and assessment

a
and what mechanisms are presentowetbhnl tdhena
outcomeeddytomudet al. As2@81u8h, timely and t h
evaluation of commercially available educat:i
appropriate via traditional met hods such as
(Peddy-towmudet al . and0i18pstead novel met hods s
of Il og data from the backend of the app are
effecti Onebwaite et &lonsi2ad@22)ng this, the c
bet ween different stakeholders, including re
companies, iIis needed to meet these goals of
mat hs dE€wd |l i ver et Bhis @&®dm@®nNstrates the use
for understanding of the mechanism of change

the measur-eeset poet he proesatesnte of

Given the relevance of big data and | og d
psychology and mat hematical <cognition resear
apps as an appropriate data source, the pres
context of a collaborative pariwher shepawith
established educational app company. This <co
exploration of methodol ogical and theoretica
research wutilising children's educational ma
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the research within a practical and applied

valuable insights to both academia and the a

Characteristics of Funexpected

Funexpected as an app comprises of differ

select, and these games targets many differe
mat hemati cs, bgéehedamaanéds pdeocmafiinc .

As &fpr i | 2024, tghaenmmees awiet h3i3n t he app that
di fferent abilities. Regarding the research

current research project examined a subset o

of games for research and analysis was gui de

Firstheg,study primarily ¢ oRscpeenctirfaitce da boinl idtoineas
resulting in the exclusion ofgagmereasl dslkiilgine.d
Secondly, the suitability of games for inclu
deter mi nednatyurteheand structure of the | og da
did not collect sufficient gameplay behaviou
provided more detailed | og dat a. For exampl e

provide a percentage score of gbhaepglag behav
di fficulty |l evel that children progressed th
simply measured childrends behaviour on a bi
scale. Games that provided sufficient gamepl
present empirical rsdaudliteessd iamdf dadthri sdi fferent

were investigated in the empdX)i.cal <chapters

Not only do these games foscpecordidi fatberd en
but they also utilise differentlheatdeest wi't
understand the characteristics of the differ
Funexpected, the games used in the empirical

analy

7))

ed using the content analysis framewor
fro@Gut hwai te et wdli ch( 2 32s2t)etphrceoent ent anal ysi s
framework for the purpose of analysing the e
apps for c¢chg Ifdreemewdrhk provides descriptions

di fferent characteristics found within educa
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comprise of characteristics including feedba

task instruction and meaningf ul |l ea2h) .ng and
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TabRai An overvikewewxpected games and game features following framework from Outhwaite e
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54



the chil doés

perfor mance

Count i ng

cardinal

Basi c
arit hmet
(addi tid

subtract

rrect.
edback

— =
> oD o o

e geni
ow whi
swer i
rrect
correc
mad e

me s .

Mot i
edback
t he

vati
fe
geni
wi

de

geni e

pr
mot i

ovVvi
vat i
phrase,

a t humbs

v
e
c
s
i
t
t

o o o

Programmat.i

Little

interaci
with in
game

charact
or betw
child a

caregiwv

static, as
of the qui z
based on ag
the child 1

performance

ovi de
plicit
struct

ere t

Practici
basic

mat hemat
skill s i

i sol atio

I

I

estio
ad al
t he

d wrif
t he

reen.

55



wh e
cor

res

n the
rect

ponse
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The present gener al met hodol ogy chapter d
changing |l andscape of educational technol ogy
educational mat hs apps that children now hayv

the chapter also focused on t hle, tahred rsetta tciadt,

benefit to -asdnbobadkta to investigate the d
mat hemati cal cognition. The chapter provides
t heoretical choices of the resulting empiric
use of mut uatlhiesom eatsi caal fr amewor k.
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Chapter Barly Devel opment al Pat hways of Ma
The mapping of devel opment al pat hways i n

via mgteawi ew of Semexidic intervention st

|l ntroducti on

The domain of mathemat imud-tioamponresnitdear ed a

construct (Gil more, 2023). Definitions of ma
the discipline, but in developmental <cognit:i
often defines it as the development of numer

number sCeiarlys, (1994) .

Considering the longlasting influence tha
future outcomMesn(bPavias ., 2021), an under st an
di fferent abilities that wunderpin mathematic
order to ensure children are achieving a dev
of mat hemati cal abilities. Li kewi en,t adn unde

pat hways of mathemati cs mayasealdl acw ofi cre se v iod e It

mechani stic understanding of abilities in or
training to dsruepnp o(rSth acwni IGr een et al ., 2019) .

Devel opment al pat hways, in this context,
interactional relationship-shettwdemrc, dibhfl et e rets
relation to the changing age of the child. N
pat hways refer to the interacting relationsh
di fferentspeoceafiinc abilityWinhhimatthleemadowmain o
mat hemati cal d eedeolnapsmpeenctg,bi ity refers to ab
that are predictive of only mathemati cal abi

compari son and number recognition (Passolung
Ot hedmma-smecabitities include, but are not |
symbol i c &srydnbmdnc comparison and number i der
(Nogues & Dorneles, 2021)gemnara@lonabialsitt i €® ma
i nhi bitory control or wor kiagr onesnomany are pr

di fferent domains, such as readi(nCg ramd mat he
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al

2022) and thus wil/ not .be Alotnhsao wdgehr ed i

doma-gmner al andeds pdeocmafiinc abilities are both i

gen
fur
spe

fur

d o ma-is

par
stu
dev
ran
mo r

und

er
t h
ci
t h

ti
di
el
ge
e

er

chang

The

di f

i
Al

f e

al devel opment of maG@dstmatdatcadl .a,bid2018)e
er research is required to understand t
fic abilities in the development of ove
er work is needed to understand the rec
meci fic mathemaescabDeaBmedt, 2022), ando
cmpartance as tdeesei fdioomnaami | i ti es are o
ed in isolatiofCdhomnoet ahbgth2@2Il])

op alongside one another. As little pre
of -dpenaiifni c abilities alongside one an
gener al mat hemati cal devel opment, the p
stand how the redmtdomgiarc psi bealwi | i ties

e with age across early devel opment .

mportance of devel opment
t hough previous studies have investigat

rentspeadafiinc abilities to ma(tfheermaa i c al

review see,; Nogues &obDoremelienes 2G2F5e, studi es

Ssin
202

d o ma-is

t he
abi
ma p
dev
rel
org

con

und

abi

gl

1) .

e
[
pi
el
at
an

t e

Th
er
I i

e abilities and study them in isolation
However, it is suggested there are re
meci fic mathematical abilities (De Smec
e remaining questions regarding the rel
nmdesowat hese change over devel opment. A
ng of these relationships in the early
opment by wusing existing |iterature is
i onships Dbestpweeceinf idcomaabiinl i ti esateaantdhi s
ise the many interconnected devel opment

xt of mathematics (Szucs & Mammarell a,

e devel opment of a child is an i mportan
standing the predictive r-epacifoinchi p be

ties. AsGiamb erxta mptl edlound2dyb@ol i ¢
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magni tude processing is a significant predic
yeaal d chil dren,-ybdaal dhocthiilndr7fen. Thi s suggest
devel opment al pat hways to arithmetic may dif
yeats$ d, and thereforeesaiovas hbbouhedegel op me

pat hways that occur between the ages of 3 to

the age of the child under investigation wi/l
consider in the present study.
Previous theories of devel opment al pat hways
There are several frameworks that have be
devel opment of mathematical abilities. Whils
di scuss the overall relationships between ge
detail of-rehatimnsr bet wepeeficiidoambi hi ties (Giln
2023), others have -§etusétdadpmaeanfswbh abil itie:
the interlinkage bet wedmtthimveam,s 4 wc Mada hr etmad i
mod el (LeFevre et aMappkROgOACcbBadneheal ., 202

Il n sum, t hrerreentilsy cnuo framework that consider
doma-ispeci fic abilities together, and how the
devel opment .

Mul tlievel framework (Gi.l more, 2023)

Gil morebs (20@8¢!|l mut a mewor k provides an o
mat hematics and the many components that are
devel opment, and this framework was created

future questions in the fi&lld.of research (s
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framework from Gil more (2023)
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abi i ti
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t .
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more proficient and then mor

(whi ch
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ones,
Gi l highlights,
Moe e( p028) sellgge St $ moh a

ur es as mor e

a l processes (such as magnitude

p
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co

[ and mechanistic relationshi to

such as arithmeti c. I n t o

components of mat hemat
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g T DN

he | ater addition of the fourth pathway, wh

asks of pictoria patterning relate to arit

't is i mportant to note the data wused to
oncurrent data and was not coll ected over a
urther to this, LeFevre et al. (2010) argue

ocus on specific comporceaht slevfel mpmeeama part
xploring the role of quantitative mathemat:i

nterconnected relationshi ps-sltyentbwderc of subi

omparison, and exact number abilities.

Mapping between symboedymnbalnidc naomi | i ti es

There are currently a number of model s th
evel opment al pat hways and i4styenbadtiicomandbet w
ymbolic abilities. The refinement account (
evel opment al pat hhwayysmibelt i weemagni tude abili
ymbolic number abilities in young children.
uggests that symbolic abilities demonstrate
el ationshsymbol nonmagni tude comparison abil
ggested that acquiring symbolic numerical n
Il l ows children to usnymboeltiandseéethatohombj) ect s
abelled with abstract symbolics, such as nu
019) . I n support of thisi,ngsidmirleacrt ifoinnadiintgys |
een found by Lyonwi tent als.anip2l0el 8o9f 539 chil d
.17 year s Moudgetamad . (2022) with 216 chil dre
| d?vho support that symbolic number compari sc
o symbolic compari son.

The inverse of the Refinement account s
ccoyrntau et al, 2021), whi-svwmbaobpgpesmaghhttde
omparison abilities may have a unidirection
umber abilities. Although b¢o¢thumetehp. web8?2
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they found better model fit for the Refineme

of 622 children, who were aged 5.1 years at

Further to this, the access deRowsdeltlheor

and Noel ,(20Q@u)es that symbolic comparison at

under pi nnedsybnypbonloinc understanding of magnitu
| acking accesymbolacnoamder standing of magnit
increased response time and decreased accur a
sy mbiod numerals (Rousselle & Noel, 2007). Ol
suggests that children facing challenges 1in
di fficulties in accessing magnitude infor mat
rather than in processing nunsesr otsor tnioens. Thi s
symbolic understanding is particularly i mpor
struggle with mathematics, or disorders rela

studies have supported a devel o-pmmeboai cttaje
symbolic, folkikRxmatmps eet falund(EshyonbBogl i ¢
comparison did predict outcomes such as arit
objects) with a sample of children aged 3 to
foll owed over a 2 yeall Ipieortito de.t fSa umid (a2 0O 1ly8,)
bidirectional rel at i-soynmsbha lpi b ed ovepeanr insoonn  abi |
the TBMAN a sample of -xyhednds dnomrgedafB 18 mon

peri od.
This overview of I|iterature relati-ng to t
symbolic comparison and symbolic comparison

di ffering theories posit about the direction
abilities. Although indeditdauasuppandt esaa@ahlm eaw
in turn, currently an overview of I|literature
conducted to compare and contrast these diff

directionality against one another.
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Current issues related to development al pat h

Evidence for the previoul syglpdi swagsedadeve!

utilised correlational and association desig
model by LeFevre et al. (2010), and the evid
refi nement accasusnaciiat igodm od aetta al ., 2021, Lyo

2018) Association datastepamnoapmvepti gtae¢ e t he

(or |l ack therefore) bidirectional rel ati onsh
specific Albtihoughescorrel ational studies are
potenti al mechani stic r el atsipoencsehbiiptsi thiset swe eint

suggesttheagltvi defncean t er nmdtitvedoésgch as
intervention @t sdileoswafnoarymvest imedhami tfi ¢
rel ati @emesthwepen abintierivesnt i oanr es toufdtieenst i me s

designed to ipvepbbhdoberetni cal tmeathaex Elmai ns

change i n a (bShhaawni oGureen et al ., 2019; Si mms
DaviKe a&Jag,e2r0l)ywhi ch in the current instance,
i mproved mat hemafFobcat habel regsons, intervent
will be considered as a source of data to un
interplay of domain specific abilities on ma
An overview of previous studies investigat|
shows there is |ittle attention paid to rela
across manyspeaemiaiinc abilities. Oftentimes ab

considered alongside ot harosna-isapnedc iifnsct eadbd Isiitn
are studied in isolation. 't is important to

across a varying -apeayfot domadinbhies to under

wi || relate to overall mat hemati cal devel opn
3-7 yesar Furthermore, a greater understandi ng
devel opment is needed, with a particular foc
bet ween dopmacinfic abilities may change over

continues to develop.

65



Al ongside the previously mentioned i ssues |
devel opment al pat hways of mathematics in the
a |l ack of visual representations to explain
Moore and George (2015) t hsacti etnhcee sd ewoeul | odp nbeennt
from visualisation frameworks, allowing for

clarity when cacmmédrriarsg ianrgd di fferent devel opr

pat hways. As such, Johnson et al. (2021) al s
graphing will allow for a more detailed unde
within the cont-epécbobfi dodavel opment. This ha

botmapping pathways with considerable empir.i

pat hways with weaker, or no, empirical evide
such, a visual mapping of devel opment al pat h
mat hemati cal cognition to riefgi md aowervred mtp memd
pat hways, and also guide where future quest:
The present study wil|l use a visual framew
relationships over development to investigat
doma-sspeci fic abilities in mathematics using

intervention studies.tilmi sass-tafi py owidkeptf ohc

visually plotting devel opment al pat hways, in
understanding -offr ebdtei onmalt irel ati onships betw
domain specific abilities. As data from exis
col ldateomget her to plot the relationsbvpswbety
wi || be utilised to synthesise and | ocate ex

interventions for mat hematics for children i

Research questions

The present study has the following resea

1. Pat hwaywhat pathways will be construct e

significant and nonsignific-apecob@icome
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interventions for typically-7dgealrepi ng
ol d~?

2.l nterventions-s5gemaifnc aWhat ti es:
interventions have been condspéeedftbat
abilities of mathematical devel opment
children-7agear3 ?

3.Devel opmédlmtw: do t he relationships bet we

specific abilities change across devel

Met hods
I n Iine with Open Science Framework, and
of the methodol ogy, the -peviewoadndodevdl cp me

framework wagiptered with the OSF registries
(https://osf)..i o/ nddys/

The methodol ogy of this study foll owed th

Phasecdnsi sted ofr etvhetwmied ai ncl uded t he
systematic search and selection of suitable

focus on interventions of mat hemati cal abili

Amet-aevi ew was ctoon dcuacptteudr e t he breadth of
studies that have been conductedAometarly ye
review is a systematic review Safrreaxriisti ng r e
Foroushani et Aame-t a20Dd®Ww)was chosen over a st

systematic review as there are many existing

devel opment al mat hematical cognition and it
breadth of existing reviews, and thereby a b
studies. Moreover, previous scoping searches
doma-sspeci fic intervention studies may not uSs

6domasipreci ficd in their tiialltehso uagnhd tphuebyl iacraet i ¢
indeed i nvesti gapa migf idoo neabtinhern e fecsr, e awaul d nof

identified via typical systematic review met
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re
s o
r
i

r

n T 0 T

Ki
El
Pr
Nu

views in mathemati cal cognition have recen

mewhat overlap with the aims of the presen

evious reviews of more general interventio
mms et al ., 2019; and Ne)l.soln k& wMcsMa, s treerc,e n2
evious reviews have been conducted- that fo
ecific abilities (see Schneaiedrdre wetonaln.umbza
ne abilities, and Schnei daenraleytsiasl .o,n 2sOylnvyb,o |
d msoyyémbol ¢compari son abilities). As the aim
view was to collate a wide reach of previo

osen methodol ooggvotewawmet ahe most appropri

|l l ate the relevant i nformati on.
Wit hBFhhnase 1t he initial database search too
reening in |ine with PRISMA guidelines and

t-rater consistency (CohenPBPbhbakaep@mgi Stsed ud ff

Il ating the complete reference |ist from t
ese were then screened for relevant interyv
ma-speci fic mathematical abilidyieas si mldhil c

d relevant dacaPWWasee®&nsi sted of plotting

tract eadntdmttahe vi sual theoretical framewor

archrategy

ase 1
Pr-erints and protocol registries were che
mi |l ar nature. This included Prospero, OSF

e time of searchingevinewsiwedaearf onen d.

The foll owing search Cahtirlidnfg ORRa sNuu sseed:y OR
ndergarten*c h@R IPr eEOR Preschool * OR Toddl er
ementary OR fAEarly yearso OR AYoung chil dr
ogram* OR Treatment OR Intervention*) AND
meracy OR Numeri caODRORoANtt h(Retvh @y OR

AMetamal ysi so0 OR fiMeta analysiso).
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The search was cohdfucApdi t h20238 across se
electronic databases. These were Psyclnfo, W
Coll ection, Pubmed, SCOPUS, ERI C, ProQuest,
references from Google Scholar. Search resul

EppRevi ewer Web (Beta).

|l nclusion and exclwusion criteri a

Popul ati on

Review articles were included i f -They foc
years old, and the children included must be
that focused on children of a particular SEN

this stage of the r eevniteiwnepsr otcheessse, satsu doifets u't

typically developing control group.
Il nterventions

Review articles needed to investigate int

studies that are within the domain of mat hen
Out come

The review article needed to focus on mat

the review.
Study type

At this stage of the review process, the
were review articles, including but not | i mi

met-anal yses.
Ot her criteria

The included review articl eg ewareeverde cqaunidr e
available in the English | anguage. Only revi

20002022 were included.
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£0 at ed
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The
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cl ude

oOi ces.

udi es
asur e

stati

r e

evi

e

evant review articles were select

ws were coll ated together. This <c

that were then screened for appropr.i

l otting of t hemewosruknl t heoretical fr

0
[

p
0
t

v
d

o

n and exclwsion criteria

on

ants of the study must include ty
ndition that receives an interven
f a7l yleeatrvee eol d3 -tlkecstth aanttl eproes t | f
estigates SENDI pdpdl atconsrahdgro
eveloping children who also recei

up was included in the present st

ti on

i gible for inclusion, interventio

ne-spemaifnc ability, and use a mat hema

included training {sprecmdrie talbard idrye

needed to provide tSofdicsagotegatf ®r ima

|l ities and the associated i mpact
studies included training that t
skills, these el ements of the tra

th outcomes.

«
—
o

up

i ntervention study must wutilise a typ

riction was placed on the type of <con

business as wusual, waiting |ist cont

terventiancehtudokesgwotutpowere excl

were included i f the nitretrevrevnentoinon gr

wa s

st

c

better than t hentceonvternoli ognr onuepadssu |

ally significant | evel
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Outco

me measur e

At ptreest, a measurepedi fdioocnaalmi | i ty was r ec

this cou
posttest,
gener al
conducte
were inc
excluded
must rep
i nf or mat
appropr.i
condseir ed

Study

The s
test mea
i nterven
nonrando
utilize
sampl e s

testing,

were ide
Phas3
Cl assi
Prior

measur es
doma-sipec
the dat a
the type
definiti
this vis

approach

Il d i nclude both st amaddaer dmesaesdu raensd. rAets
the study must udsipleicad iei tmeears ua edom
measure of mathembhercal omby | st uegises

d par amewirti it tahteelspirsdasi-tt epbsmeasur es

l uded. Any studi-partmatrcontdectedgnao
, sdss avaasl ef fect sizes was pludnasd,
ort effect si zceonadfi otigaeo v ind e r syefnftii mine
ion so that an effemand®&Dzlehecan be ca

ateness of tpher asmeatpelsetcisnigz ewafsort hen

at the quality analysis stage, wusin
type

tudy must be an intervdretsitomngdt pdys tw

sure are used. No further restrictio

tionsbudyraandngs such, both randomi

mi zed intervention designs were incl

i nferential statistics to investigat

ize of the study is too |l ow to condu
the studyOwcekel apprepcl attedintervent

ntified, rel evant data was extracted

i tionspécdbmai skill s
o the theoretical framework being

and interventicordetdr dainnitreg mee rod rmel ¢
ific abilities. This was conducted t
in definspeoinfSiygf aaltbiolmizetl i1 as consi st
of tasks used tDOabméasssummanai e a bt h e
ons used-specifhe dmamaiemati cal abil it
ual model . These codes wer-downi ti all

that wused codes outlined in Purpura
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(2018). However, to ensure that the framewor
captured all respeanti domhaidulps appriwmatctho wa s

used to identify additional codes. Training
original authors were ewtthroarc tasndddbeye ti me | fiinrest
with the -sdpemaiifni ¢ mat hematical skill categor
framewor k. 10% of the training and outcome t
the second author to ensur eymweltiha aiglrieteya bd red
Cohenbdts kaBBp<ob601

TabBé&inames and definit-spasi bfcdamiai nties included in the

Ter ms f

includ
Code Definit Exampl e
interve
studi e
Symbol i The use AdditiorChildren
arithmet arithmet Basi c gi ven a
operatioarithmetsymbolic
(such as addi tion
addition operatio
subtract exampl e,
mul tipl:. 3 = 2
and divi (Maerten
on sets al ., 201

numer oS i
(Butterw
2005) .

Speci fic
relation
arithmet
with sym
Arabic d

and requ
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an exact
approxim
response
Non See defi Non See exam
symbol i for 6symsymbolictask of
arithmet arithmet addi ti or6symbol i
although Non~n arithmet
these symboli chowever
exampl es Approxirpresent a
utilise arithmetof Arabi
symbol i c numer al s
present a replaced
of numer dots or
(dots or pictures
pictures
AOn each
Response chil dren
could be Vi ewed a
either ani mati o
approxim addi tion
or exact subtract
guantiti with two
arrays
containi
di screte
objects
paintbru
palm tre
Chil dren
asked to
choose t
right an
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(Par k et
2016)
Mat hemat Language QuantiteéChildren
|l anguag that is |l anguageassessed
to the cComparatthedbril it
of | anguagefor mul at
mat hemat Spatial definiti
examplesl anguagewords, w
includin prompt s
Aimor e, I do not r
near, an an
(Purpur a under st a
al , 201 of exact
qguantiti
e.g., pi
of gl ass
water wi
omored o
water
(Purpur a
Logan, 2
Number | The use SymbolicThe numb
abiliti number | number |l ine boa
with |Iinabilitiegame i nc
arrangednossymbo equally
consecut number Isquares
numbers, abilitiehorizont
such as array.
board ga The
6chutes particip
| adder so woul d sp
spinner
move the
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WRamani token th

Siegler, number o

2011) . spaces
indicate

the spin

Chil dren

be instr
to verba
the numb
on the b
as they

their to

( Ramani
Siegler,
2011) .
Cardinal The discCardinalChildren
and coun that theCountincgiven a
word in Object objects
count countincasked to
represen produce
cardinal vari ous
(i .e., t sizes (e
cardinal Gi ve me
principl pigs) (M
( Mi x et al ., 201
2012) .
Numeri ci Knowl edgTranscociAiCards w
knowl edc¢c about Number numer afl s

numbers recognitl0 were
numer osi Mat hematrandomly
that doel anguageorder ed.

indicate(numbercexperi me
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child ha

10) ; Nurhel d up

acquiredidentifia card a

cardinal Ordinaliasked th
principl child to
identi fy
numer al o

( Ramani

Siegler,

2008) .

Symbol i A measur Symbol i cAiChil dre
compari s childrennumber which of

understacompari csArabic

of symboabilitienumbers
number s presente
their Ssimultan
correspo on the s

guant i ti was t he

(Castro |l argero

2017) (Honor e
Noel |, 20
No n A measur Non Chil dren
symbol i childdés symbolicpresente
magnit uc t o magnitucarrays o
comparis di scrimi comparisdots/ pic
one quan side by

from ano
(Libertu
al ., 202
when

presente
wi th dot

pictures

had to d
which ar
containe
mor €Li be

et al . ..
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Ef

f ect size calcul ations

Effect size calculations were conducted t
magni tude or size of the effect of the inter
measur e beyoinglnitfhigewallcwkee ) of the i nterventi ol

Some deviations to the effect stze analys

registration tFookfelggceasi ze waleahaduo cfimerd

t h

e d

o-mpierci fic abilities t hadte vceolnotprmebnuttaeld t h

pathways to the asampwos &d t-opeadilfido mabinl i t i

fi

r st

proposerdegins ttriahtingarse. due to t he tvhaeri ati

reporting of descriptive statistics in the n

i n

0
t h

—~ =k
5 -

=)
o

ter ve,ntwhoincsh meants ecdduwlck motzebe cal cul at ed

ma-speci fic Tahbe lotthers.devi ati-nagfsbmathenpr

at
ndi

took place is that effect sizes from no

ngs were not included Agathesteif$edtestia

onsirsetpeonrtt i ng of appropriate descriptive

gni ficant intervention findings across
fore, in the interest of consistency fo

, WwWithin group effect si zd ycaslicguliaftiicoams

vention effects.

thin group effect size were calcul ated,
onstraints of data reporting in the inc
irst instance, descriptive data were ex
|l es, and these wdrmhe KCoddderitdee cctalsciuzleatfeor
devel opment al pathway. Falelfdwicrig stilzies,
hen convertgdftectHesgrés This conversio
suggest edatlH mtwsHddbge s cur ate measur e ¢
oOkyere, 2019) compawledar € ot IlCeorhe nadrse mul t
es that are smal/l and uamerp &ko IBed ntacg glet H
is of i mportance for effect size calcul
opment al pat hways, as participant sampl
Ci p®nt30. 63, rainbhe2 =cHi8l dren) .
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Ri sk of bias analysis
Il n order to assess the risk of bi as of t h

studies in this reivi@E@2x0l16he( RIOBk N&f Bi as 1| n

randomi sed -8fudineerventions) tool was used (
2016). This tool was chosen aist h ti ntse ravpepnrtoipor
that may or may not have been randomised. Ea
their respechtiiavse, rwhsikchofresul ts i n 7a4d,score o
with 1 being |l ow risk of bias, and 4 being ¢c
studi essovered Wwiow tisk of bias, and as such
were included in the final anal ysi s.

Resul ts

Phask® resul ts
Phase 1 entailed the seavitlkeeas The PIRé SMAL
di agram i 8. Rhgaur shows the flow of studies ar

their exclusi on.
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Fi gu3r2ei PRI SMA fl ow diagram ofr eehiasw tlo tlhec ante¢ aexi sting revi

[ Identification of studies via databases }
‘e
Records identified from database
c search:
.g Psycinfo = 2414 Records removed before
3 Web of Science = 2269 | Sscreening:
= ERIC = 679 - Duplicate records removed (n
k= Proquest = 634 = 1666)
3 Google Scholar = 550
- SCOPUS = 18
Other =8
— l
Records screened Records excluded
———>
(n=4,904) (n =4483)
Reports sought for retrieval
2 (n=421)
=
@
o
Q
n
Reports assessed for eligibili .
(n5421) gibility »| Reports excluded:
Not about intervention
studies (n = 118)
Not a review article (n = 32)
Not a Journal article = (n = 31)
Other = (n = 50)
L= Studies included in review
5 (n=190)
=
©
£
A total of 190 reviews were identified us
exclusion criteria. These were doubl e coded

assistwinth agreeabl e Cohenps. K@ppaThifs . 712,
demonstrated a high | evel of agreement bet we
di screpancies were consolidated by both revi

continued.

Foll owing this, al | the references and ci
review articles were compiled. The fulll refe
reviietwhi s included any references included i

di scussion of the papemsuThki Towas sdeme yt @acr C

the review articles, as some specified the s
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while others did not. This also ensured that
studies was included in the review and that
were mentioned in the introduction or di scus

of data anal ysi s.

Once all the references were collated, th
bi b2tex and i mported to Zotero for data cl ea
reference | ist was then exportedevoewenew r e
web. I n total, 16,627 indilvliatuead. rEfesgennwerse

taken forward to Phase 2.

Phas2 resul ts

Phase 2 of the study involved the screeni
intervention studies that were identified fr
1. See Fi3PoretBe full PRI SMA fl ow of Phase 2
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Fi gu3r3e- PRI SMA

Phase
were t hen
t hese ref

agreeabl e

agreememMde Hugh,

demonstrat

sampl e in

y i
year s

onl nt e
4.5
reported
studi

es w

regarding

flow diagram of Phase 2: review to | ocate ind
[ Identification of studies via databases and registers ]
Records retrieved from
E citations of intervention Records removed before
-] studies: screening:
E (n=16,627) Duplicate records removed
5 (n = 3801)
2
Records excluded:
Records screened —»| Mot mathematics interventions (n
(n=12,826) = 4006)
Date pre-2000 (n = 2634)
Mot an intervention study (n =
2190)
Mot a journal article (n = 2089)
o Other (n = 1598)
:
]
Re_pons assessed for eligibility Reports excluded due to
(n =309) insufficient reporting:
Age data = 117
Content/activities in the
intervention = 116
Other = 38
) Intervention studies included in
2 model
3 {n=38)
[
2 took the 16,627 references that w
screened using the inclusion and e
erences were double coded by the sa
Cohends pkaP@pal 3o0f T.hG&8,is consider e

.2FLU2) her

anal ysiag eof r

teth e aibnt e

ed some discrepancies regarding re
the interventions. Upon consolidat
rventepostedaage of the child i n mo
, or 6 years and 3 months) were inc
age via grade | evel were excluded (
ere excluded as they & icd sreotdapgraovi d
the age of the child, as grade | ev
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across 12 mont hs. For example, children in C
child aged 6 years 6 months and a child aged
plotted age data on the scale of months, stu
| evel snwenel uded. Thi s irretseurlvteendt iionns3 8t hat we
extracted for relevant i n€CoamdtAppgehder Bppe
Agai n, 10% of interventions were blindly dou
research assistant, with an agreeable Cohenbd

The final selection of 38 intervention st
indi vidual partici pdRit&3 rngrbtledhetdveseange for
those that reported it was 168 minutes (2.8
noted that dosage ranged widely from 10 minu
(Wang et al., 2021 and Baroody et al-, 2013
specific abieldi aice®sisnechede 38 interventions
and further consoli-daeedfiotoldemaincati on g
foll owing t hper enveitohuosdsy descri bed in (page 17
recoded édsopneaciinf i ¢ cl assification3s..2cdhike f ou:
data walken forward to Phase 3 where the visu
was constructed.

Quality assessment of intervention studie

The quality of the included intervention
the criteria for quaKnteitt aetti vad Tsht{uddli@etsh |biyt y
assessment comprises of a |list of 14 criteri
from D for ceachrion, with a maximum possi bl e
total score is then divided by 28. This mean
range frdm OFoll owing guidelines from French
scores betwedd Were cl assedO a6&sl omo, d elr. adt5e ,
and 0L 000 as high.

Of the included intervention studies, the
0. 611 M= 0. B 0.20). On average, the studies
classed as high quality, and a standard devi

8 2



there was |l ittle variance within the sampl e.

from moderate to high quality. A subset of t

doubl e coded on the same quality assessment

was used to arsastesrs i&lyiealdihle ACohenKappao fun

the R package fAnDesctool so was used to calcul

analysis, a Cohent6ts kappa of 0.48 was found.

Amoderateodo agreement between the two raters.
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n

-}

D

cluded rsethuadiinecesd i n t he theoretical framewol
sessment score was also used to compared s
thways to nonsignificant deusmelsapmemtdalt hp ast

scussed further in Phase 3 results.

ase 3 results

Overall results
I n total, 120 pathways were identified fr
udies. Of these, 74 pathways were statist.i

nsignificant.

Of the 74 significant pathways, 51 descri
ma-ispeci fic abilities (e.g., a number | ine
nths associated with a symbolic comparison
ese pathways were plotted across age to th
gudr.¢4. The remaining 23 significant pathway
t hin dsopneaciinfic abilities (e.g., a number |

tervention at 48 months associated with a

tcome measur e sat a4md mwenrteh not i ncluded in
d visual framework. These pathways were ex
cus of the study was to investigate develo
ma-ispeci fic abilities, as opposed to interyv
mdoma-speci fi cFambtihenr yto this, remeving wit
ecific ability pathways allowed for more <c
t weaemi | ity pat hways. For the 46 nonsignifi

scribed associati oty elxdtfiviesetra kedso mM&s2e)e Tabl e
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and were also plotted across age to the visu
3.)4. The remaining 18 nonsignificant pathway
within dsopneaciinfic abilities and were not incl

vi sual framewor k.

TabB&i doma-ispeci fic grouping and corresponding quantity of

Number
. . _ S Number o
Domai-sipeci Previous domacinfi of ) _
o _ . .nonsignif
classific abilities from rsignifi
pat hway ¢
pat hwa
Symbol i c Addi ti on; Basi c 3 1
arithmet
Nom ymbol i Nonmsymbolic addit 3 5
arithmet symbolic approxi me
Mat hemat i Quantitative | a 4 1
| anguage comparative | angu
| anguage
Number | i Symbolic number | 25 4
abilitio: notsymbolic numbe
abilities
Cardinal.i Cardinality; court 2 0
counti ncg counting
Numer i ca Transcoding; nu 2 1
knowl edg recognition; mat
| anguage (number:
numer al i denti fi ceé
Symbolic n Symbolic number ¢ 3 11
compari s abilities
Nom ymbol i Nomymbolic comp. 9 5

magni tud

compari s
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Vi sual pl otting of the devel opment al pat hway

Both significant and nonsignificant devel
pl otted to the vifssuaclanf rbaemesweoernk3f dotmhd&i gur e
theoretical framework maps the different dev
bet ween dopgacinfic abilities, acrosaxiage of t
The-awi s plots the dspéereint adbimai ni es, with
concepts on the bottsgrbo(ldwchmagsinawmde compar.i

and more complex abilities at the top (such
Gil more 2023 daotri aan jaursttifea basic and compl ex
abilities).
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Fi gu3rdei vi sual plotting of EDMP

—— Significant pathway

Early Developmental Mathematical Pathways
77777 Nonsignificant pathway

36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84

G ite measures. Composite measures

Symbolic arithmetic

Nonsymbolic arithmetic

Number line abilities

Cardinality and counting

Symbolic magnitude comparison:

Al IR IR N

Nonsymbolic magnitude comparison

36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83
-] <] bl

7-yearold @

2
)
s
<
=
B

4-year ol
5-year o
6-year o

Many observations can be made from the vi
the devel opment al paterswaytss, wand tdhescuss the
devel opment al pat hways that comprise of the
these pathways have a more robust evidence b

analysis was also conducted on these devel op

Nonsymbolic magnitude.compari son
Nomymbolic magnitude compari s-@&8 training
mont hs was significantly associated with fiwv

pat hways, including gener al mat hs at 43 and
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2020; Van
(Maertens
(Desoet e
compari so

2013) .

Her wegen
et al ., 2
et al ., 20

n -saynmdb mloinc

et al., 2018),
016), symbolic
13; Maertens e

arithmehs c( @l e 883t eniome r

cardinal it
t hmeti c

2016

ar i
t al .,

e |

n

(

F

c

0 (

Seddppendifor a table of outcome measures f
symbolic comparison devel opment al pat hways,
guantities of significant or nonsignificant

Four studies sufficiently reported infor
group effect s-tees (We@gastimmrethe intervent.
only) for eigBymbioltiltce magmitude compari son
Effect sizeg (rHhendygeedd sf-rloon? 80,. Iwsi t h an average
size of 0.8 BB unmmarliese3s these effect sizes a
pat hways.

TabB8-Effect siz-egmbotioopmompari son interventions and ass
measur es

Aut hor Sampl Hedgeg s Out come measul

si ze
Desoete and 132 0.49 Symbolic arit

(2013)

Libertus et 33 0.15 Composite mat hs

Maertens e 47 0.48 Symbolic arit

(2016)

Maertens e 47 0.50 Cardinality ani

(2016)

Van Her weget 19 0.93 Nomymbol i c mag

(2018) compari son
Van Her weger 19 0.98 Composite maths

(2018)
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Van Her weget 19 1.78 Nomymbol i c mag

(2018) compari son
Van Her weger 19 1.68 Composite maths

(2018)

I n addition, five nonsignificant pathways
notsymbolic magnitude compa883swmonthsi andgf aar
outcome measures, including number | ine abil
(Maertens et al., 2016), perceptandl gameradnc
mat hs at 83 months (Obersteiner et al., 2013

Considering both significant pathways and
the overall quality of this Mvide®®B®= was r at
0.06) wusing criteria for (QKmett idgtatalv.eA s2 @4 )e
comparison of the quality assessment scores
symbolic magnitude comparison development al
nonsignificant ones was conducted. tT8g¢ resul
=-0.2p57 0.81, suggesting there was no signif
gual ity score whseangnconmpcaarnitn gt o n esnysmbgonliifci c ani
magni tude compari Fsamgupet Bwaeby s.chows the visual

all the i neslyumdbeod icomompari son devel opment al
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Fi gu3rbei vi sual plotting -eymEBDMPcf magnohudes comparison devel
pat hways

———» Significant pathway
S » Nonsignificant pathway

Early Developmental Mathematical Pathways

36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84

Composite measures Composite measures

Symbolic arithmetic

Mathematical language

Nonsymbolic arithmetic

Number line abilities

Cardinality and counting ' !

|
I Subitizng
2

;/ | | I

Numerical knowledge |

| | !

|
Symbolic magnitude comparisan i

| magnitude

36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84
3 3 3 3 3
5] e 151 3 §
3 $ > z s
Number l ine .abilities

Number | ine abilities-6t6r anomitihg vatsween 44
significantly associated with five outcomes
notsymbolic arithmetic at 44 months (Cankaya
and counti-rbdp anondhs (CankayaRaemanal .et 2a0l1l4;
2012; Whyte & Bull, 2008), n+briermocmalhsknowl ed
(Cankaya et al., 2014; Ramani & Siegler, 200
Ramani et al ., 201 2; Siegler & Ramani , 20009;
symbolic comparison frdmadmmantio & BSimgrdtelrs 20 (
Ramani et al ., 201 2; Siegler & Ramani , 20009;
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symbolic arithmetic at 55 and 66 months ( Mae

& Ramani, 2009) .

Sedppendifxor a table of outcomenumebaesrur es f
|l i devel opment al pathways, and their correspo
significant or nonsi3evdn catnudipead hsmafyfsi.ci ent
i nformation to c@rlacwp adfef evatt hsinzes- for 25 of
symbolic magnitude comparison patdéways. Effe
ranged from.®. wWd3th an aver a@e 68dlhlde43 si ze of

summari ses these effect sizes across these 2

TabBd-Ef fect sizes for number I ine abilities interventions

measur es

Aut hor Sa.mpl Hedge' Out come meas
size
Cankaya et a 38 0. 26 Nomsymbolic ar
Cankaya et a 38 0. 414 Numer i cal kno
Cankaya et a 38 0.56 Symbol i c magn
comparison
Cankaya et a 38 1.13 Numer i cal kno
Maertens et 41 -1. 185 Number | ine a
Maertens et 41 -1. 185 Number | ine a
Maertens et 41 0.53 Symbolic arit
Ramani (20 6 8 0. 46 Number albiinle t
Ramani (20 6 8 0.56 Cardinality an
Ramani (20 6 8 0.62 Numeri cal kno
Ramani (20 6 8 0.75 Symbolic arit
Ramani (20 6 8 0.78 Symbol i c maghn

compari son
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Ramani (20 30 0.23 Numer i cal kno
Ramanfgi2011) 30 0. 27 Number | ine a

Ramani (20 105 0. 28 Symbol i ¢c magn

comparison

Ramani (20 6 2 0. 34 Numer i cal kno
Ramani (20 105 0. 35 Numer i cal kno
Ramani (20 6 2 0.45 Numer i cal kno
Ramani (20 105 0. 48 Number | ine a
Ramani (20 6 2 0. 68 Number | ine a
Siegler and 18 0.75 Number | ine a
(2008)
Siegler and 18 0.45 Symbolic magn
(20009) compari son
Siegler and 18 0.49 Symbol i c magn
(20009) compari son
Siegler and 18 0.98 Number | ine a
(2009)

aef fect sizes were converted to positive

decreasing errors was a positive outcom

I n addition, four nonsignificant pathways
number | ine abilité@&smdbrt weenOudt8comes includ
symbolic comparison and ar(iRamernii c& aSi 4@l enro,n

2011)numerical knowl ed@g®i agl &5 8snoRamaamd 200

cardinality and coun(tManegr taetn s6 6e tmoanlt.h,s 2016)

Considering both significant pathways and
the overall guality of thiM=eVi. E®FxOe OWAS r at
using criteria for qua(hkKmedtatdtv eals.tAud2 eG4 )f r on

comparison of the quality assessment scores
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|l ine devel opment al pat hways with nonsignific
results were nonss.iggmg f3@gand., 057, suggesting
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recommend cl ear reporting of intervention
materials and stimuli. They also stress d
di fferstfamadmard practice, and how the inte
devel opmental stage. I n terms of outcome

outcome measures in Réarek landrhdluderdblyd0 A2)

ﬂ
c
(e
—
(@]
—

or trhemoritnichgudes an explanation of
mechanism is under investigati onof anhde ens
0

out c

c h
et a
r v e

me a

A

ur i

me melampumreved reporting standards can b

of studies that can be included in the futur

Whil e the numbernef cobnsedeeprtdi during the

reyv

was extensive, the | imited inclusion suggest

practices within the field. Utilizing establ

transparency in intervention research.
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Further to this, reporting issues also in
cal cul ations that were conducted for the rev
inference that can be made from the resultin

Analysis of the effect sizestwaseunseontefted

beyond significance testing of the intervent
magni tude of the difference the intervention
pr-enterventionndredvegmngt on ti mepoints. Due t «
descriptivtehedaitraclimded i ntervention studies,

significant devel opment al pat hways coul d be

analysis. Further to this, no nonsignificant
effect size calculations. Thiks odgaiomsii streefcly
and transparency in reporting of mathemati ca
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The effect size calculations in this study s

with caution. Using multiple outcome measur e

sample may |l ead to inflated efhdepesniderasedue

of the sa(mMphHeuwng, 20dldi)ti onal-Bygnhbdbhncant

ef f e

Ssizes were excluded due totheeponsitasfnhgtnicea es i

intervention wwhudcihed i kely caused an overest.

effect sizes by only including significant i
these | imitatifdres,t ateateg § si s provides an init.i
understanding of the effects wascpreccsisf ivcari ous
intervenittt oins.i mportanhat oalhlotiencl uded
interventions in EDMP received risk of ©bias
assessment scores that were acceptable, and
in either the high or moderate categories. A
confidence in the qualuirtey cafr rtemea |lyi tiear dthe

t heoretical f rHomewaemrk sttrhiect rmensls specioffi city
the criteria thameti s( 2u0fkad) iguuakK i ty assessment

and ROBd(NSterne et affor 1210416 )sohfo ublida sb e

considerad wel | apsprtoperiiratteonebses used in this
study For exampl e,f nehietshreerasssessments consi de
t heor etmeccahlani sm tihmwuwedtsi gamt dche i ntervention

study, odekhewopmenamdriopribéatervention
g

re
me
ch

Q. O «@
(72}
c

racterafsttices sampl ot 1 nicnl vedietdher

arding intervention methodology, the

re mat hematical abclatiegrepodtithe

n is to the targe$pagiefiodalhy ] dgeasti on

type

assessmeArt sutbtfture research should consider

i mpl ementaddgti onal items to qguabbtwaassessme

arehat are spelbéefcondfextthe study, as al

SO

recommendArbogmat ari s and Muidhi 62tma@) all ow for

more accurate cl| asisntfercvaestioimanods t hat can be

consi delroesd moder ate or hRwthurgasadiinegcti ons
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Moving forward, future iterations of the

draw on current | iterature to refine support
devel opment al pathways and also to address a
l acking. Future iterations af tBhMP hwaisl Ib eiemc |
published since the originalWislelairzrms tetokalp.l'a

(2022) review on the heterogeneity of mathen
Wege et al.'s (2022)-nreais&kw dbotthhefgiwhe ch wc
study <cri therri a.ntfFourtthe fut ukept EOWMPr evatl | wibteh
upcoming intervention research via an online
created for researchers to contribute their
(https://forms.office.com/e/V4act CONMGp) .

Al ongside the use of further intervention
proposed theoretical framework, the use of |
particularly important, and to this end inte
children across multipleutdimeponntbe Pnkygehnt
theoretical framework utilised mulPuirplue at i me
et al., 2021; Van Her we geasttets tal .r,anzgl In8y) ,f rvoil

weeks to 6 mont hs.

Many of the journal articles thaévwewe sc

comprised of association studies-seacdtriroamladti o

studies. This is reflectedn3 n2lth®) ntuhmbte rwerfe
excluded from the intervention review despit
the relationship betspeenfiwoathomatmes. As th

intervention studies and therefore could not

argument they wercé uded in the final model . F
sourcesidkenee can still contribute to EDMP.
next step in the mapping of theoretical pat h
devel opment is to now consider other methodo

investigated the relationship betwepen domain
mat hematics. Given this, the present methodo

l ongitudinal studies and has been preregiste
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(https://osf.iol 2eg6w/ ). This second screeni
for the comparison of pathways between inter
predictive | ongitudinal |l iteature. Likewise,
|l iterature may al sointemedisatue tol eespanes fdioamai r
abilities missing from the first iteration o
met hods of iIinvest-sgpati hgcdamali nties shoul d a
considered and applied to EDMP. This include
findingstudiass®e, saaedctrosal data. This woul d
a comparison across methodol ogies to see whe

one another depending on the methodol ogy tha

As part of-rtelve emetcai teria of the present

from typically developing children was extr a
present model. This was an intentional choic
pat hways of mathemati cal develiolplmeaditf f er fSiEdN

typically developing pathways. Considering t
to investigate pathways of SEN children. Pr e
investigated mat hematical development and ma
for SEN chil dren,r etvhieswWabycHeardweesgen & Si mms (
on the mathematical development of Will i ams

Monei & Pedrom (iadle#)venti ons for Hgmombcati a,

al . (2vhlo5)conducted a review on mathemati cal
children with Downs Syndr ome.

Mapping theoretical pathways in mathemat.
children with SEN will allow for understandi
and difficulties in mathematics. Creating ELC

groups of SEN children widdt iad stoi an | @ofw dlotren

pat hways that c¢children may wuse i f they exper
doma-speci fic abilities. This wil/| provide f
mapping of atypical mat hemati cal devel opment
inform fututeonndesvgm and i mpl ementation.
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ncl usi on

The visual pl otting of EDMP demonstrates

ailable intervention evidence, devel opment
otted that follow the devel opment of wearly
unger ¢ hiylecarnoednd )( 3t hr ough to tdfe mMdevel opmen:
mpl ex abilities, such as aryddrmoded)c To ol d
emplify this, although EDMP suggests numbe
t comes-ykaal s, devel opment al pat hways prec
ilities beforceéeage BAsasechn further resear
entify the devel opment al pat hways of prere
mber | ine tasks. EDMP highlights that the

thways exist in isolation from othee pathw
t work of devel opment al pat hwayssp eaccirfascs t he

ilities included in mathematical devel opme

ighlights that the |literature of mathematic

nsider thesgediofmadc nabialti bines®fi mtiheols, as o
part of a | arge system related to mat hema
ndings for specific pathways, such as thos
symbolic comparison abilities demonstrate
rmati orel ofp nkeentt al pat hways that consider a

ma-ispeci fic abilities as outcome measures

The present study has demonstrated the <co

eoretical framework that visually demonstr
t ween dopge@cinfic abilities, for children be
ars ol d. Using data fr osnh uedxiesst,i ngh el mtreersveenn
eoretical framework is the first iteration
chanistic and directional r esl paet c iofnisch i apbsi Ibie
d highlights the complexity of devel opment
e devel opmbaet mbht bémati cal domai n.

It i s expected that existing theoretical f|
aracteristics (Borsboom et al., 2021) and
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variations in intervention characteristics ¢
theory and mechanism. The transl ation betwee
day to day practice <can ibnet eardvdernetsisoend, twhhreorueg h
addressing methodol ogical flaw in existing
strength the possible implicati{basrefotéate alh
2021)As such, it iIs expected that EDMP will
future theories in mathemati cal devel opment .
EDMP demonstrates the i mportance of consi
the context of mathemati cal devel opment of ¢
Across the age range of 3 to 7 years ol d, ED
i mportance of di-Epecehi cdam@&irerhitesagat rainfgfes.
Further to this, EDMP has supported the i mpo
doma-ispeci fic abilities in a network, or in a
ensure that individual effects are not overc
from other ehighbt $ ghTlsi $ he i mportance of con

toget
wi t h

corre
speci
of ma
mo v e

facto
organ

mat he

Th
devel
year s
infer
compa
part
Addi t

heSz,ucass and Mammar et dtae ,( 2t0€s4t)i ng a few c
high statistical power wil | l i1 kely resu
|l ati ons, and this results in -fragmented
fic abilities that do not adequately re
t hemati cal devel opment . |l nstead, they p
towards organising principles of interc
rs. As sausc hdenoDnwPt rhat ed the first itera
i sing network of development al pat hways

mati cs.

e construction of EDMP demonstrates the
opment al pat hway ss phbeed iwfeiecn aloimaiitni es i n
of mathemati cal devel opment . EDMP high
ence can be made from intervegsti anefind
red across devel opment, and considered
of a | arger network relating to general

ionally, EDMP is able to highlight area
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design of
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The first

as number

first
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future

iter

i terat.i

devel opment al

addr esses

abi

ities,

pat

gaps,

whi

e

devel opment al pat hways, and this

i ntervention research.

ation highlights the most p
ne-sylmbloil i ice snaagmd t uadre compar
on of EDMP offers a compreh
hways that ifsi eoltdh.erBADMR abs
ncluding changing pat hways

al so validating existing pr
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Chapter DDosage ofsynmobnol i ¢ and symbolic comp
games for chil d-7emreaxeglkd: 3Evi dence from |

data from an educational mat hs apry

Il ntroducti on

Previous evidence supports the positive i
apps on mathematical devel opment, but the fa
i mpact warrant fur t(h@ut hwavietset iegtatdlom, 2022)
example, the dosage, or amount children play
varies considerably (See Outhwaite et al ., 2
uncl ear what dosage children are required to
i mpr ov

app i

ement in the tar gkeitleldr emaitéhve maft i 4|l mat h

=}
~—+
(¢]
—
<

ntions (RY2Ki)mdetd alot find the wvar
to be a si ni ficant medi ator for out comes. T

abilities

e
g

anticipated that as dosage increases, SO Wwou
(Powell et al ., 2022). Kiinf iecta natl
y

finding ma be due to issues in the measuren
children spent on the apps, and they suggest
technology itself to provide more accurate e
time children spend oh@uhbwappe. eBiadisloa( 2022
did not find a significant relationship betw
mat hemati cal MBawewere,s.Out hwait ehigthlalg.ht( 222
variability across studies as mean dosage ti
mi nutes, or 13 hours but dosage varied from
mi nutA&lsongside this, it can be argued that t
in intervention papers i s not precise enough
bet ween dosage and mat hemat irctailmeosut comes, an
interventions report aver ag®6 mnifnudtossageer saa
for a week. Considering these issues, more r

amount of time children spend on maths tasks

perfor mance.

115



The current study addresses this existing
utilising gameplay data that i s measured dir

understand the relationship between dosage,

doma-speci fic abilit-specifTthe tdlemaiumder i nves:Ht
are +ssgmbolic magnitude comparison abilities
comparison abilities. The present study wil/
t wo games targeting these abilities to see W
childrebl areoademonstrate zero errors in the
present study wil/ investigate how the requi
devel opment, by considering a sample of <chil
7 years ol d.

The term dosage typically (rKafheer & tMartvhen, f
2016&@) more generally the O6@Bmgmatéo odt tale.a,t mz
the participant( Demietxrpowieadh tet Dalsage20 50 )an

i mportant aspect of intervention design in o
intervention is needed before benhWdsick a¢t out
al ., 20RA3)Y hough dosage is regarded as an i mg
i nterventi oo dfdiidnegl ietty ,alt at@2®h@)Y dosage of
interventions is an understudied aspect of i
is usually not reported in a way that all ows
I n addition to a | ack of appropriate repo

studies show wide variati onBewnsti nmdiegss emav en

compared the effects of different dosage amo

symbol i c-soyrmbnoodn ¢ comparison abilities, and .
currently Ilittle evidence to consider when d
in intervemtion desig

Within the training of symbolic magnitude
vary between 87.5 minut éPaandl 6aghmi BuCest a,
Siegler & Ramaintth 20OV studies all reaching

di ffer eneienst eprovsetit etomi.ch et abhbo HROBB) ght t he

when measuring dosage via sessions, training
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(see al so; Fuhs and McNeil, 2013).
ate dosage, examples are needed wher
ered the same task, but played the g

that variance i n doshaege ocmmar xlte oifnve

vement on -§dmecidfoimaiabi |l ity. The wutilisa

app
s ady

rou
I o
PP
fro
nt

and

ps provides an example where a | arge
ered thespemefdomgiame but spend vary
on the thheskrolAs stuucédducati onal mat hs

ation of dosage wil/ be considered.

tional mat hs apps provide a conveni e
i cal content (Ot mavmay tehiel,dmawhn | e2022)
viding a unigueoadndaaacecoal ecmeomod o
er s. Log data is g@omerdatced obdy tampgs a
ity (Kroehne & Goldhammer, 2018),

Q
(@)

=]
Q

mat hs apps, | og data can include
al clic&krsr @ms amade eiem,gamepl ay, and

rée utclsiecletomal As 20d4d®) | og data fr

o

=]
QD

mat hs apps provide a dataset tha
tionship between dosage and mat hemat
s are also able to measure | ongitudi
et memir progress within individual ga
ps. Educati onal mat hs apps are there
ngitudinal dataset that provides det
(or dosage) and t hsepeci fmpa oyaemean.t lwa
m the educational mat hs app Funexpec
study, in parti-sylmdbro,| itchaoitnclompad i

the symbolic number compari son game

Nonrsymbolic and symbolic magnitude compari so
devel opment
Nomsymbolic comparison abilities and symb:

are regarded asspevoi fdioomaalmi | i ti es that are i

gener

al

mat hemati cdlGodéveael &prmastaBot h 2dfl 9t)he s
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abilities are found to be predictive of gene
(Schneider et @&k. su20@l7)hese abilities are o
via interventions and training design. Evide
shows that -dymholniom and symbolic comparison
studied extensively, when comearddcto ot her

i nt enrtvieon s .

Previous research has demonstr-atyendbovVvarcyin

magni tude compari son-atnraaiynsiinsg.ofA 1netsa udi es

overal/l nonsignifi-csambolifd emagoift mde trainin
symbolic mathematical ©Qite oente anle atbau@&@&Bdr) , it
i's important to note that age of the partici
moder ator i nanhigsmetashowing that <chil dren

under had a stronger rel-atyimbos$hicp abbet we e sn a
symbolic abilitiest,o whlederc oaortpialrcerden (6 year s
and adults (18 years and over)Qi Asesuah, the

(2021) suggests that age of the child is an

when i nvestgiating tshyemhbalaiionmimag mift nndben abi | i
considering age of the child and devel opment
i s evi dentcreaifmiomg studies of signif-icant 1 mp
symbolic magnitude comparison abilities with

3.75 y(dars Her wegen et Tahler,e 2arle7)al so trai nin
which show transfer-specofher mdbmamati cal abi
as arithmetyiecaowidt et h@ Hyden et a,] .gnd®0dedner al

mat hemati cal outcome-8, (svuch a&i TEMAN aged 4.

(Park et al .As ZmIh6)be seen from the ages of t

studies, all thesgeahnlidgdramd wenmekers. Consi der
findings, it is important to consider age of
possible intervent-sgmbeliecmagofarmdm®nc omp

abilities. Age is therefore another factor,
considered in the constembobfctcampangsaonon Bo
these factors wild.l be considered in the pres
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I nterventions have also targeted symbol i c

abilities
effects.
(2013)who
mi nut es e
and Desoe
chil dren
di ffer ©be

onsider e

O

dosage an

As p
have var.i
expl ana
studi es,
t he pract
regards t

rspecti

n be fu

, With some reporting significant e
Examples of signifOamsteinter veimntalo
found significant effects with a di
ach aged 6.1 years. NonsiRyrnaeti cant
te WROb4p dosage of 9 sessions of 2
aged 5.6 years old. Although there

t ween these intervention studies, d
d. Again, these studi ed weweggest an
d outcomes from symbolic comparison
viously mentioned, dosages across t

ed cobsedeiralbl|l gt BIitthie oBrOeltSi)c al

on has been provided regarding the
as oftentimes dosage considerations
i cal perspective of service provide
o frequedctyq @esn vipdheorsi ng dosage fro

ve that enhancing the outcomes of t

e

Mar vin, WM0illeg .both symb-seymbohnd abhnlities ar
o mat hematical devel opment, their potenti al
a

rther explored by ahfvest $ gae¢l agi o s

t o out comes

Consi d

sage fo

—
> O
D

t hree

ervent

>
—t

t hi s, t he

er i

5

g the gaps in the previous rese

>

rr t he tsryambnoilnigc oafndnosny mbol i ¢ compar |
studies presented her e aiametdo exan
i on dosage acr ose tdweov ed loiplmetnite ss.orFu

present studies also aimed to unde

(0]

dosage varies across devel opment (or age of

di ffers when chil dren-seynmbaaglei ovi mahg rnt ihteu cheo n

compari so

game.

n gamet oc otmMpearseydmbol i ¢ magni tude com
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Toget her
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Research
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Wh a't

require
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when con

Research

Wh at
in order
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when con

Research
How d

symbol ic
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Hypot hes

AcCcr os
i ncrease
in the p
| t i s

bet ween

1 examined the dosage required for

d to achiev
udy 2

magni tude

e -gemiboleirc omagmnint ad@ooo mp

examined the same response to

compari sonl ogwa nsei.miTlhaers e st
Study 3 aurnpil lei zodd

p Fsayynebdo | bioct ha ntdh es ynnobno | i ¢ ¢

and procedu dat a

had

re.

t hat 0

that dosage to reach zero errors co

t hese t hr eet hset ufdoil el sowianrgg erteesde ar ch g

guestions

Ques§tNiomsythbol ic magnitude compari so

dosage (i .e., number of sessions of
ttoh er eeavcemt of achi evisnyggmbOoleircr or s i n 1
on gamepl ay? How does this dosage di
sidering childvr-gpaag@d bet ween 3
QuestSiyonlbol i ¢ magnitude comparison g
dosage (number of sessions of gamepl
to reach the event of achieving zer
on gamepl ay? How does this dosage di
sidering childv-gpaag@d between 3
QuéstCioampari son between abilities
oes dosage to reach zero errers diff
magni tude comparison training to sy
on training?

es

s these three questions, it is predi
s (as measured by number of sessions
robability that children wild/ make e
predicted that age wil!/ be a signif
dosage and the probability errors. F
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i n

S e

sy
st
co
ga
41
s h

S a

creases (betwee-T-ytelag sgged hef ddsage needed
ro errors will decrease.

For research question 3, it is predicted
e a decrease in errors wislylmbdilfi fce rmalgenti weaian
mpari son game and the symbolic magnitude <c
at the symbolic magnitude wiormg aa i sioghh ggra me
sage. Further to this, it is it is expecte
creases (betwee-7T-ytelag sgged hef ddsage needed
ro errors wittHatdealrceearsechi | dren wi | | requi
d this is extplecdleidl iftoire D.

t hods

Participants

The sample from this study were children
mbolic comparison game in the Funexpected
udy children needed to be aged between t

mpl eted a minimum of tweoymbodompari sohhe

n

e a

i e

me . Mean age of the sangh=e lwd® 4edlsyealmactk
provides the number of participgdnts in
ows the sample after the removal of out/l
mpl e that was usediinng.i nferential tes

TabWhéaei Age distributi-eymbdél tbegamepl|l ay dat a/s eteaacsross ages

3-year 4-year b5-year ©6-year 7-year

ol ds ol ds ol ds ol ds ol ds

N 320 383 712 253 123

Percent a
the tot 17.87 21.38 39.75 14. 13 6. 87%

sampl e (

ac

Further to thishoWwabhew4thelsample was

ross different countri es. The first t en
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|l ocations with the highest frequency, foll ow

inclukde remaini ng aggrte gca tpeadnttlsynent s .

TabWe T Locatdiosnt ri but icdn | dfr etnh@a@mwmy mbhel i c gamepl ay dataset

Percentage «

Location Frequenc
sampl e

China 763 42 . &0
Russi a 568 31. %1
Uni ted St at 54 3. O
Tai wan 34 1. 90
Ukrai ne 29 1. 6
Hong Kong 25 1. 20
Net her | and: 25 1. 20
South Kor e: 24 1. 34
United King: 22 1. 283
Spain 21 1. Bw/
The rest of No 35 1. b
The rest of 98 5. &7
The rest of 6 2 3. &6
The rest of | 8 0. &6
Theest of Sout 19 1. 06
The rest of 4 0. 2@

Table 4.1.1 dteowsjtolratt yt of the sample (42. 60«
in China. Thi s means that children from Chin

children from a.single | ocation

Outlrnemoval

The nsoyéombol i ¢ gamepl ay dataset was assessed
analysis taking place. Box and whiskers pl ot
outliers in the first instance. Following th
outliers was used t o rsetnaatiinsitnigc aolultyl iteersst ifno rt

and this was classed as anything that was ou
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from the mean of the total sample. This was
EnvStmpasckakgel |l owing the descriptive analysis
data, some amendments wel ¢ emactefoOo trlRenoving
These changes were necessary to ensure that
excluded from the dataset. Some -criteria dev
registrationregssthatpona was written before
secondary dat ansteetd ,waasndgrtahus, the specific si

data could not be consThdeerree dwearte tthharte & ipreer.a m

for outlier testing. First, the number of se
Children outside of 2 SD of the mean were re
Next, the datasets were assessed for ei ther

any crheinl dwho either achieved 100% across all

all sessions were removed from the datasets.

Finally, the summative time children spent
Funexpected app was examined, and again, <chi
the mean were removed from the dataset. This
who had potentially spent atni neex cienp ttihoen aalp pa mo
across games targetismpecdtfher sdkarmhdisn Finally,
children spent on the Funexpected app was an
total app usage time was more than 2 standar

mean were exclhededamploen. t Thi s was to ensur e
within a standard range of gameplay across a
the app, and to eliminate data from children
unusually high amount of 4P2mshowsthkReappmbé&an

children who were remoswanb ofl i @am gtahme pdhary dat as

TabKW8i Removal of outliers frommbhod iscanmmimne pdfaynadmt a

Number of part

removed

Sessions per chsythbofi 30

compari son game ( 0OV«
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Ceiling (100% across al 89

(0% on all sessio

Summative time (second 0

whole app (over 2

Once the dataset was removed of outliers,
used in analysis.
Measur.es

Funexpected app

The Funexpected app comprises of 28 diffe

range of different abilities related to math
the sgmbolic magnitude compari son game. Thi ¢
di fficulty |l evels, with cionrcrreesapsoinndgi ndgi ftfoi caunl t
increase in the quantity of dot43pslkecwsnted t

screenshots of the game at each of the three
guantity of dots differs by | evel. Of note,
presenn etdhiis game fall withi@Sthekesyb&tCaopeg
Jr, 1.995)

TabKWdi Comparison of the thr ee nbeovielcs noafg ntihteudneoncompari son g

Mi n. Ma x .

Si ze
numbe number differe

of dc dots °F dot

Level
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Level 2 9 Yes

Level 5 13 Yes

Children are given explicit instructions
and these instructions are not repeated dur.i
symbolic compari son game vemltdlilck avhecrwi sywall
mor e dotheo.crhehadv@en indefinite amount of ti me
selection. However, children are encouraged

ani mation of a spaceship moving through spac
l onger taktegteci Hach gamepl ay session compri se

individual trials (or individual dot compar.

The game uses both explanatory and moti va

(Out hwaite et dInc,or2@®22) choices trigger a vi

the dot arrays, showing which of the two dot
correct responses propel an alien's spaceshi
provides explanation of incorrect negponse,
|l ongitudinal training, as opposed to |l ongitu
such, this dataset is able to mesaysmbreoel itche i n
magni tude comptarésooavabili me.

Data from this game wil/l be analysed per
average of 5 to 6 trials. This is due to the
that was extracted from Funexpected, as dat a
individual trial, and wasséesstend|l emeabured a
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Procedure

Et hical approval for thilstheft uAygwats 0 2aht
from UCLA Idet.a cl eaning and dat a-reamgalsyeiredpl
to the open science fbpéamAwoirk 80822he 6
(https:/ / osf) . oTl/ibsA 3mdgi ptered prior to acces

secondary dataset. Following this, data was
Funexpected dataset. The data used in the pr
passively from the app across 11°smo2a®dhs, st a
through to NoweOmRbler Alf4 er data extraction an
analysis took place, adjustments were made t
align with the str Adtthroau gt -tthlge pd &tad .i on

proposed analysis of individuadalnvtersitdalgsa,t eidn st
gamepl ay seahsictonsomprise of 5 téds6tihedipviedua
registration was written prior to acquiring
specific structure of tum&kngpamampd ayhemaée aowas

adjustments were made taéalbhgsadel yois,ptae. n

of minutes chil dr wass preeegti sptlearyeidngas a vari ab|
interest, however this was nsottudiyncl uded in t
Ast he game doesn't have a time | imit, a c
could be recorded as a |l ong period of inacti
However, thisnhaiynaataoetiauwdayl | y b e hoangbsaesde db y
factors, | ike being distr ascctreede na wdaeyv ifcreom t he

Gameplsaeyssi ons were considered a more accur at

childgeméyplpay for mance, as sessions reflect
by the child, whereas time (minutes) could b
homédasead stractions. Theorfe fgoarmee,p | naiyn umteerse not
included as a predictor in the analysis

Furt htehre, -pegi stration outlined the use of

generalised addi wheeetawedecdudrirnggnt st udy empl o

more specific method of this metésedadwaihi cheid
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mi xed modelling (PAMM), for analysis. This ¢

be further di scussed bel ow.

Generalised additive modeling
Generalised additive modepanamé GAMs) ar e
extension of | inear regression modalss itehat w

and TibshiranGAM4987¢ commonly wused for the
visualization of | arge datasets that may not
as such are able to model rel agawsnsihamp,s iig h
dat as(elt-spdar eno & MBoapw®s 2005; Wood et al .,
Considering this, GAMs were chosen for the p
use of childrends gameplay from the backend

data is firstly, very big,-gandsseaoddbky/syi buot

GAMs are able to pilotnemaot eretliaali omesmi ps i r
by computationally creating smootlhnmpezs splin

Moreno & Moaw®ds 2005; Wood eTtheals.mo o02t0Ohln5e)s s

splines are achieved via a method of overfit
fit, until a suitable compromise is met at e
variable. The method ensures that a compr omi
wi ggliness of théeé modebk, ngothlker under smoot hi

provide a gener al ooveers moioegw)i nog ( masking pot ¢
wiggliness ihBadadayema& ali nken bBbR2e)sense, GAM
able to produce plots of estimates of the tr

|l ess variable tha@Libe .2068Y itself

Previous research has suggested that GAMs
in the context of training studies as they a
intervention or training effects may vary an
children (Cho et al ., 2023 )f.unkuea otno otfh eGAnMsnN, |
model s are able to fit around the data as op
they are more sensitive to the changing rela
(McCormick et al., 2021). They are also comp

handl ing datasdethousands of observations ( Woc
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which is crucial for the present study, give
secondary datasets. Although GAMs all ow for

| arge dataset, i1t does not, however, provide
GAMs are descr ipoaerda naest rsiecmi ardedg rtes s i (oBhe cnko d e |

& Jackman,asloo98e)y rely on visual representat
the nature of the relatioBsbkpabet waekmaari a
(1998Yyrther state that GAMs are able to stri
bet ween theyfloéxinbinlparametric testing with t
interpret the results with some familiarity

these reasons, GAMs were still chosen as the

for the present study.

The type of GAM that was conducted for th
pi eecwese exponenti al additive mixed model (PA
GAMs all ows for atnelvesits daft at i wéhere the ti me
bef ore an event occurs can bei photTlraey iarea n

oftenti mes used as an alternative to the mor

model s of Cox proportional hazards model s (B
instance, the time variable under investigat
the children -pbBay tglmenespp The PAMM wi | | al | ov
nonlinear plotting on the time variable (nun
of the ddthnhagenti s instance, the event under i1
the child achieves zero errors in garhepl ay.

l inear hazard modelling as PAMMs are able to
across each timepoint (Bender et al., 2018).
all ows for random sl opes and intercepts, 1in

will allow for nonlfifneerarnottr eonndl sy tbheattwedein gr o

al so between each intervaWi afethé& Wi meingri a
Therefore, although typical l i near model s wi
hazard) of an event occurring are constant a
variable), a PAMM is able to assume the haza

constant at each ofs.the time iIinterval
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Model creation and checking

Prior to model fitting of the dataset s, PA

ade. order to fit a PAMM with a nonlinear f
dergo transformation in order to be restru
ese types of models (Bender et al ., 2018).

ok pl ace fsoyrmbtohlei cn ogna me p lga yt hdea t Gaa su_sp end 0

nction in the R package O6paamtool sé6.

Regarding the distribupdiomn$ emi It hef @Wdmdtai, on hy

ed in theemadelt he di screte binary outcome
1, where 0O indicates the event did not t a
e link function in these models was the | o

stribution of tHHi®Raevendtr aoet.chayhee 0f2aQh®) chi l
s included in the model as anniomteraction
mbolic and symbolic models. The categorica
yeany ea&Bms d) was converted to a factor and

an interaction.

Foll owing the creation esfy ntbhod i @AM afnoerp | tahye
taset, model checking took place to ensure
ta appropri at elgyam.Tchhee &fku rucsteidg n kainndd & xh e

t put was consulted regarding model fit. |t
sted uk-i ndexhwas as close to 1 as possible

nsigni fi c(amoto d e& uWotod, 2015)

Poshtoc anailcyosxi sproportional hazard model s
Foll owing the results from the pri-mary PA
c analysis took place with subsets of the
ta reduced participant numbers and data di
mpl ex methods | i ke GAMs Indd gy ,s Ciotxalplreo.poCdn

zard model s were seteentddédtoa amaleysi s.

Cox proportional hazard models all ow for

ta with a dichotomous event outcome (i . e.
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and t-reneated factors influencing outcome pro
1989). This is a statistical met hod based on
which Iis used to investigation the relations

(hazard) of an eventt a a&kitnigmda nv areilaltlieo,n wi t h

present (Bradburn et al., 2003). I n this ins
model i's the number of gameplay sessions, th
is the event where children achieve tzlkeo err
age of the child. Of note, and in comparison
hazard models are a |inear model

Considering these characteristics of cox
they are an appropriate data analysis choice
present study, as they are still able to inv
bet ween the time vari adileno fwigtaimetpl eaye wserst o

child scoring zero errors.

Tabl.esdmmari ses the softwar eRpadkagpes espo

t hat were used for the present study.

TabWei Software used in the present study with version code
Software/ pac Version Purpose/ funct
Microsoft E16.0.16827 Basic data cl €

R studio 4. 3.1 Datal eani ng, de s
statistics and
model |l ing

R packages

Envstats 2.8.1 Qutlier testing

test for multip

(Rosner)

mg c Vv 1.-82 Functions t o ghaum,

gam. check, summa
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pammt ool s 0.5.92 Function to -wius ¢
additive mixed 1

(dependencies o

gratia 0.8.1 Creation of grap
GAM (dependenci e

Survi val 3.-5 Creation of C 00X
hazard model-Botftc

texting

survminer 0.4.9 Creation of plo
proportional h az

(dependencies or

ggpl ot 2 3.4.2 Creation and edi f

(general/ descr

sj Pl ot 2.8.14 Creation and edi'

(general/ descr

Data transformation
Foll owing extraction for the Funexpected

transformation took place on the -ggyameplliayy sc

compari son game. As previously mentioned, th
|l evel s tosymeohioon compari son gamabl andochil d
progress across these |l evel s.

I n the first instance, the score per sess

percentage on ia@alGx.alRPueftd the three difficu
scale was muit 808d wbe®e scorédOlberwdemrch
gamepl ay withini?2e@e®0elslgamballraly dtand scores

1T300 reflect children playing at | evel 3. As
would reflect 50% on | evel 2, and a score of
| evel 3.
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TabWé provides a fegamepl &wi 6h t@lme mutated
across the three diffi-symbygll evemhgnbfutdhe no

compari son game.

TabWéiexample of data meymbbbnhncomagontude compari son gamep!|

Level Screenshot Mut ated

Level 071100

Level 101200

Level 201 300

This mutation was i mplemented to better r
gamepl ay behavior, where a scale ranging fro
the progression across |l evels. For instance,
| evel 1, they advance to theomesrguemallyenagi n

score on a O to 300 scale also accounts for
children playing all three | evels, some pl ay

pl aying solely within one | evel. Further, mu
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circumvented-lposwdarbilref |lOati on in the data, wh

interfere with model fitting in the GAM.

GAM creation

Il n order to understand the relationship b
gamepl ay sessions (time variable) to the pro
achieves zer o er fsoyrnsb odn ct hgea nmeo)n, a PAMM was

to further explore this rel dtisonohidpsamge Dde

gamepl ay. This model utilised surviidal as a
where children who achieved the event of sco
300) had an event of 1, or an event of 0 whe
place. To enpesdilgplae di fferences across age

added as a factor to the GAM.

Resul ts

Results are presented first for the pri ma
which is the full GAM and includes gamepl ay
|l evel s for all c¢children aged 3 to 7 years ol
dosage needed to achievemogzeroi efroulkt ohevéatk
notsymbolic comparison game, and how this dif

age groups.

Foll owing this, rehsoaud tandloyrsitshearpeospgr esen
hoc analysis was conducted on each of the th
game, in order to understand dosage needed t
of the difficulty | evdedtss. PpArse stehnet innugnbtear tohfe
di ffers across each |l evel, it was expected t

errors would also differ.

Descriptive statistics

Descriptive statistics reported here are
prior to the formation of the GAM. This incl
the number of sessions played per age group,

(on a scalB®O0OY9f per age group.
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The number of sessions peir6 4c hsiel sdsMroannsg e(d f
12.62D0= 9.0918n .order to be included in the stu

a minimum of two gamepl4ay slecws otnlse nmMedn enum

of sessions for each of the included age gro
TabWé&i Mean, standard deviati on, and range for -number of s e
symbolic comparison game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

M 13. 68 14. 72 11.64 9. 88 11.11
SD 10. 50 11. 41 9.03 7.92 8. 31
Rang: 1-61 1-64 1-55 1-55 1-46

As can be seend4d@,rotmel abumber of sessions
age groups range from 1 to 64, and as such,
behaviour within 60 sessions. Although the n
was 64 sessions (as showaaadlndst hiendi6lgagbglee of 4
no children aewemtvezdet hheerr osess diedimbedeh

anal ysis was contained within 60 sessions.

Further to #HAi shoWabthe descriptive stati
gamepl ay score by age. Children were able to
of 0 to 300.

TabKW8-Mean, standard deviation, and rangesfymbobamepl ay scor

compari son game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

M 172. 26 172. 73 169. 39 172. 8 197. 44

SD 67.08 69. 16 67.39 55.02 80. 46
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50.0@97.¢ft 38.88295 52.%1@92.9 75-273.3:93.%1Q@92.:
Rang

TabWBe& shows the number of children who ha

achieve zero errors) to those who achieve th

errors), by age of the c¢child. This was wused
GAM.

TabWO®i The number of children per age group who had the evel
nofsymbol i c compari son game

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

85. 6% 77.5% 72. 3% 27 . 7% 25. 2%
No

n = 2 (n = 2¢" (n =51 (n = 7 (n = 3
even

14. 4% 22. 5% 27. 7% 72. 3% 74. 8%
Even

(n =4 (n =8 (n = 1¢ (n = 1¢ (n = 9

The descriptive s#d8tsbtowcshian Thabkd eamaj orit
4-, ange8alds did not achieve the event of ze
hardest | evelsyordfbotlhiec moangni tude compari son (.
t he majorit-yeadl|l dsheaygdacd ds were abl e to achi

event .

These variables were then considered vi a
GAM.

I nferential .statistics

The model was created with number of sess
and survival as the outcome, with age as a g
modekwas selected as 5k, Tamids tchheoimnmededf fi t, w
assessed ugamgc hfherkct i on i n mgcv. Mo d el chec

confirmed k-ihmdex hwas sufficient for this mod
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model was neither oversmoothing nor under smo
the rel atk-iomddx p= p&¥.a9ue = 0.68). Likewise, t
littl e differ gbhceemsd bedfwe(ledn. 00 and 5. 11 respe

again supports appropriate model fitting to

The creation-syfmbtohe cngmamepl ay model demor
significant relationship between sessions (d

symbolic magnitude comparis@or @ambd)(chi keqi =

the model shows this relationship is nonline
(utilising a reference edf of 6.19). Wi th re
considered a completely Iinear model, and ed
represent moréeynonlinear:.

Further to this, the model demonstrated t
variables age, and number of sessions, expl a
in the dataset. The model al so demonstrated

This demonstrates t hatt weheen rseelsastiioonnss htiop zbeer o
and mnsoynémbol i c gameplay scores had a signific
Table 9 shows the model output and how they
3-yeaal ds used as the model FshobescRopuet.p uAtpp end

of t he .model

TabKhaOi Model charact er i sstyinthso loifc tGhAeM naogne i nt er acti on
Age Estima Standa zval ue pval ue
error
I nterc -5.23 0.15 -:34. 45 p< .00
Age 4 0. 35 0.18 1.89 p= 0.0
Age 5 0.98 0.16 5.908 p< .00
Age ©6 2.27 0.17 13.66 p< .00
Age 7 2.03 0.18 11.17 p< .00
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TabW® shows that, with the exgeadlidssn of ¢

t o-yleaal ds, each |l evel of the age factor sign
3-yeaal ds. This suggests that the relationshi
probability of achievi ngsyambrod ier rgarnse on ftflea s
bet ween age groups. I n order to further 1inve
across the age groups, graphical representat
age group were condtrieantoends.t rRitgeswsr eal | of the

i nteractions elamogtshedre, owmmi t h each col our rep

di fferent age group.

Fi gudrlei graphical pl ot tdymgbolfi d hrmagmintude compari son PAMM wi

interaction

Nonsymbolic magnitude comparison - GAM - Full model with all age groups

0.70- - 070

0.68- - 068

0.66- - 066

0.64- - 064

0.62- - 062

0.60- - 060

0.58- - 058

0.56- - 056

0.54- - 054

0.52- - 052

0.50- - 050

0.48- - 048

0.46- - 046

0.44- - 044

0.42- - 042
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0.38- - 038
£ 0.36- - 036 Z E °
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0 0.32- - 032 ©
Q 30- So30 T E 6

0.28- - 028 —| 7

0.26- - 026

0.24- - 024

0.22- - 022

0.20- - 020

0.18- - 018

0.16- — - 016

0.14- - 014

0.12- - 042

0.10- - 010

0.08- - 0.08

0.06- - 0.06

0.04- - 0.04

0.02- - 002

0.00- - 0.00

0 20 40 60
Number of trials
Fi gurle demonstrates that at 60 sessions,

di fferent the age groups reaching zero error

i ncreases.
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It can be segeaadlhdatchai I13d has a mean proba

of achieving zero errors on 4{styenblodridcest | eve
comparison game (level 3). The plot al so den
probabilitytraitalt hmar6l0, s howiyerotlldast ws d rhe have
a higher probability (7%)yeaa@ahnds | h&eei s ® s ome
probability of achieving z®irmi leanmrloygathe 64 s
olds had an 3% probability of scoring zero e
notsymbolic compamisompl eting 60 sessi-ons. Ag
yeaal ds, there is variance on thiel(p®.obabil it

Consideriswyegathds5 HBidemenstrates that, or
average, these children have a 6% probabilit
the hardest | ewvseylmboofl itchemangonn t ude compari son
sessions. This probability ranges from 2% to

The-ye@aal d data suggests that these childr
probability of achieving zero errors on the
symbolic magnitude compari son game at 60 ses

ranges from 7% to 67 %.

Finall y-.yetadled 7data suggests that, on aver
children have a 16% probability of achieving
|l evel of-styhmbodamr magnitude compari son game &
This probability ranges from 5% to 53%.

Findings from the GAM demonstrate the pro
zero errors at 60 sessions at-symboharcdest | e
comparison game across all age ranges. I n o
dosage needed to achieve zerepleay dinedviediht hi n
di ffer in difficulty by varying the number o
t hree-poocstmodel s were conducted using cox pr

model s.
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Posshoc anal ygamemwlfay 1 €oxl proportional
model s
I n order to understand the relationship b

and score within the different di fhfoiccul ti es

analysis was conducted. Due to the reduced s
this -postanal ysis, Coxzgradpmodelonrawermhea chose
Nomsymbol i c magnit ud-e ecvoerhplCabrxi spamporti onal

hazard model

Level 1 ofsytnmbeo Iniocn magni tude comparison (¢
easiest of the three gameplay |l evels. I n Lev
chil dren bet ween iqgbu adnottist,i easndofalll dot si zes
Therefore, to understand atcthe ede@es age oneedeod st
specifically in this easy | evel of difficult

was conducted.

Some of the children did progress beyond
sessions in |level 2 and 3. For t-hecpurposes
analysis, these children, alongside those wh
l evel 1, were included indtkexsasmanakys®nsof Thh

dosage needed to reach zero errors across th
1.0f the original sample of 1,791 children,
included i Rhachianaployssti s. The remaining child

gamepl ay Iwawvehli nl.

TabWhéeO the distribution of participants a

and also provides descriptive statistics for

children played in | evel 1.
TabWéal-Mean, standard deviation, and range for number of se
nosymbol i c compari son game by age group

3-yeaal d 4-yeaal d 5-yeaal d 6-yeaal d 7-yeaal d

N 294 360 348 97 43
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_ 1.49 1.92 3.42 3.65 5. 02
sessi
SD 1.52 1.55 3.22 2.67 2.93
Rang:¢
of 1-15 1-10 1-19 1-16 1-11
sessi
As can be seendfX,onmctlialbdreen across all ag
pl ayed few sessions within | evel 1 of the ga

statistics for the gameplay score achieved b
calcul ated. As only gameplay from aecvcel] 1 wa

possible scores irlaOn0g.ed from O

TabWa?2-Mean, standard deviation, and range for -gameplay sco

symbolic comparison game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

M 98. 55 99. 38 98. 68 99. 714 100. 00
SD 7. 45 4. 33 6. 27 2.514 0.00
Rang 251100 501100 501100 751100 100

The data ¥4aAlTabbes that, across all the a
children peeédordiedl evel l1 -9symhodli acooompari so
game. Further, all-yefact e Baobl aeaded ¥#¥he top s
100.

Further, descriptive statistics for the n
achieved the event of zero errors on | evel 1
calcul ated. This would also be used as the o
proportional hazard model . Qfhitsh essaempl ,hel 4 21 , cli
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of them completed the event of achieving zer
notsymbolic comparTiasbdre glame. shows the number

who achieved the event of Zero errors across

TabWaa3i Number of children per age group who achieved the ev

of those who did not

3-yeaal d 4-yeaal d 5-yeaal d 6-yeaal d 7-yeaal d

N o 4 .% 2. 3% 4. 6% 1% 0 %
even (n =1 (n = ¢ (n = 1€ (n = 1 (n =0
95. 6% 97. 7% 95. 4% 99 % 100%
Even
(n 281) (n = 3 (n = 33 (n =9 (n = 4

Cox proportional hazard model

The cox proportional hazard model was con
notsymbolic comparison data with sessions as
errors as the event, and age of41lt3heshcohwsl d as
the model output.
TabWe4i Model characterstics of age-Hod ecoaxc tproopdtni drhael thez g
model for Levelsymdl ithhemagmti ude comaprison gamepl ay

Age coef Exp(co Se(coce z p

4 -0. 30 0.74 0.08 -3. 70 <.001

5 -0. 95 0.39 0.08 -11.2¢€¢ <.001

6 -0. 99 0. 37 0.12 -8. 27 <.001

7 -1. 30 0. 27 0.17 -7. 83 <.001

Note: coef = coefficient of the curve,; exp

The output of the cox proportional mo d e |
test (183. p<onOH1df,s significant, meaning t

has been found between the variables of sess

the event of scoring 100 on the game are st a
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Li kewise, the Wald test is also significant
the covariate of age of the chWhtdcoesti bute
182.1 onp<4 0dOfi,. Finally, the Score (logrank)

p<.00Wwas also statistically significant, and
di fferences can be identified in the surviva
the age groups in the model. Al though this t

di fference presentofiid qtehteh efra catnoacl oynsdiusc tweads t o

see how this relationship differed between t

Ast he age interaction was significant at
factor, this suggests each age group demonst
bet ween trial and dewnemtr demroli@biulnidtey.st and hov

di ffers by age of the child, the dosage resp
group, and can be 420 unTdhiisn skhiogmusr ehow t he dos:
which children reach the probability of zero

varies by age of the chil d.
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Fi gudr2ei gr aphi cal plotting of the cox proportional hazard mo
symbolic magnitude compari son gamd 7s pyleiatr sy each age group
Age 3 Age 4
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I n lTine withd4d.tlddl s,0o Dabmoemstrates the probe
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age of the child. Although the age interact.i
|l evel , 4TAddh ews | it tl e variance in the number

reach 100% probability of zero errors.

TabWéaésSidosage needed to achieve zero drervers lbyfadgéd eofnotnhe c

symbolic magnitude compari son game
Age Number of sec:¢ Probability of
zero error
3-yeaal ds 15 session:t 100%
4-y e aal ds 10 sessionce 100%
5-y eaal ds 16 session:t 100 %
6-y eaal ds 16 session:t 100 %
7-y eaal ds 11 sessiont 100%
Nomsymbol i c magnit ud-e ecvoerhpglCa@rxi spamporti onal
hazard model
Much | i ke the methods for the Level 1 mod
hazard model was conducted for this subset a
gamepl ay sessions fromskebel i 2 obmphei son ga
Level 2 o fs ytnmbeo Iniocn magni tude comparison g
than | evel 1 as the number of dots pr-8sented
dots, and now the dot size does vary (See Ta
game) . For this r-basoafast Wwias pgosntduct ed t o se

dosage responses may differ as the difficult

i ncreases.

Again, this included gameplay from chil dr
regardless of their behaviour in Levels 1 or
childrend. ISshiolwes t he age distribut-ion of the
symbolic comparison subset, and descriptive

sessions children played.
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TabKWhaoe-Mean, standard deviation, and range for number of se

nosymbol i c compari son game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

N 108 162 590 81 52
M

5. 71 4. 009 2.05 3.32 3.50
sessi
SD 7. 86 6. 15 3.42 4., 23 3.64
Rang 1-44 1-39 17 38 1-22 1-18

TabWhelShows t-Waaal3ds spent the highest nur

sessions playing l-eymbol2i of madrei nowche compar.i
Further, the range in number of sessions per
more variance than was found in loefvel 1. Alo

number of sessd.olsehowFalloew gamepl ay score dif

across the ages in the sampl e. Il n this insta
scale of 0O to 100, to aid in the ease of int
TabWhéa7-Mean, standard deviation, and range for -gameplay sco
symbolic comparison game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

M 92. 22 96. 24 97. 38 97.00 96. 98

SD 12. 71 11.65 8.58 8. 95 11.78

Rang 28. 5357100 14.290028.571700 42.840028.357100

TabWhe lchows that, across all age groups,

well on | evel 2 of the comparison task, with

145



Finally4. Isibbdves t he number of children who d

event (of achieving zero ersymbBoloinc | evrap anri ©

game), and the number of children who did no
sampl e.
TabWa&a8 Number of children per age group who achieved the ev

of those who did not

3-year 4-year b-year 6-year 7-y eaal d:

ol ds ol ds ol ds ol ds

No eve 36.1% 14.8% 11.2% 13. 6% 9. 6%
(n = 3 (n = 2 (n = 6 (n =1 (n =5
Event 63.9% 85.2% 88.8% 86. 4% 90. 4%

(n = 6(n =1 (n =5 (n =7 (n = 4°

TabWelsthows that, across all of the age ¢
the sample were able to achieve the event of

order to further understand the relationship

of number of sessions, ageloft yt mnd cechielnd, andg
hocox proportional model was conducted.

Cox proportional mod el

The output of the cox proportional mo d e |

test (85. 0Ppb=xn 040 1df ,i s significant, meaning

has been found between the variables of sess
event of scoring 100 on the game are statist

Li kewise, the Wald test is also significa
that the covariate of age of the child contr

= 77.68 opx 4 0df1,) . Finally, the Score (lograr

dfp<. 001, was also statistically significant,

significant differences can be identified in

towards the event when comparing between the

Al t hough this tells wus ftflheereencies pa essiegqti fiinc an
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of aigfeurt her analysis was conducted to see hi

di ffered between the age groups.

As can be seend . fy&@mhdabbe interaction was
at every |l evel of the age factor in this mod
group demonstrated a different relationship
probabil i t4dyd. pHiogvwuirdees a graphical represent at

curves for each of the age groups.

TabKhao-Model <characterstics of the-haogee donxt eprraccpatoinonanl thhaez g
model for Levelsymmdl tdhemagmti ude comaprison gamepl ay

Age Coef Exp(co Se(coce z p

4 0. 45 1.57 0.15 3.05 p< 0.0

5 0. 94 2.57 0.13 7.30 p< 0.0

6 0. 48 1.62 0.17 2.83 p< 0.0

7 0. 42 1.52 0.19 2.22 p= 0.0
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Fi gudr3eegr aphi cal plots of t

magnitude comparison game
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Il n line with4.tl#6l s,0 Bdallwe t he probability
scoring zero errors, with the corresponding
the chil d.

TabWeoOidosage needed to achieve zero drerw@mbsd hheagonof the c

symbolic magnitude comparison game
Age Number of ses Probabilit
achieving ze
3-yeaal ds 44 70%
4-y e aal ds 38 90 %
5-y eaal ds 38 95 %
6-y eaal ds 22 90 %
7-y eaal ds 18 90 %
Nomymbolic magnit ud-e ecvoerhCa8rxi spampor ti onal

hazard model

Level 3 ofsytnmbeolniocn magni tude comparison g
hardest | evel of the game available to child
range fro& 8ots, and dot siz4¢. variesr¢seehdt
of this gameplay difficulty).

Again, much | ike | evel 1 and 2, a cox pro
conducted for this subset analysis that i ncl
from Level 3-sgyfmbtohe cn@mmpari son game. Again,
gameplay from chil dren wistshiod Itédweelr D,e hraevg an

l evels 2 or 1. The sample si4&20 walsows3 8t kcehi | d
di stribution of the sample across age, and a

on the number of sessions children spent on
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TabKhe1l-Mean, standard deviation, and range for number of se

nosymbol i c compari son game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

N 104 159 325 234 116
M 7. 45 8. 47 4. 79 1.83 2.48
SD 8. 58 10. 95 6. 06 2. 73 4. 79
Rang 1-44 1-52 1-35 1-22 1-31

TabWhel shows how gameplay score differed

the sample. Again, in this instance, gamepl a
of 0 to 100, to aid in the ease of interpret
TabWe?2-Mean, standard deviation, and range for -gameplay sco
symbolic comparison game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

M 87. 95 92. 80 93. 20 96. 84 97.16

SD 14.50 9.60 11.15 7.60 6. 95

Rang 30.0@00 60.0@0037.5000 40.0a0060.0@ao00

Further to dBRPRsshdwbl ehe number of chil dr

the event (of achieving zero-eymhmaolsi on | evel
comparison game), and the number of <chil dren
ages in the sampl e.
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TabKW@23-Number of children per age group who achieved the ev

of those who did not

3-year 4-year b-year 6-year 7-y eaal d:

ol ds ol ds ol ds ol ds

No eve 57.7% 46.5% 40.0% 20. 9% 18. 1%
(n= 60 (n= 74 (n= 13C (n = 4 (n = 2:

Event 42.3% 53. 5% 60. 0% 79. 1% 81. 9%

(n = 4 (n = 8(n =1 (n =1 (n = 09!
Cox proportional model
The output of the cox proportional mo de |

ratio test (1B82.56. @0l Y id$s ,significant, meani

-

el ationship has been found between the var.i

survival of the event of scoring 100 on the

(7]

ignificant.

Likewise, the Wald test is also signific

—+

hat the covariate of age of the- WaHidl d ecsantr

133.5 om< 4. WO . Finally, the Score (|l ogran

dfp<. 00lwas also statistically significant, a
significant differences can be identified in
comparing between the age groups in the mode
there is a significant di bfreoéntagephesent i n

anal ysis was conducted to see how this relat
age groups.

Al t hough age did significantly contribut
di fferences were not found at eveamnd-ldevel of
yeaal ds did not significantly differ from on
di fferences were found fngr aegeec lygrofu ptsh-& frreoma it

and-ytaagl ds). This means that these age group
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di fferent relationship between tri al and eve
characteristics of the age interaction from

mo d el are showr33in Tabl e

TabWe4-Model characterstics of agheod ndoex apcrtd pmt ii onn alh eh gpzoasrtd

for Level 2-syfmbtoHé cnamagnti ude comaprison gamepl ay
Age coef Exp(co Se(coce z p
4 0. 26 1.29 0.19 1. 38 p= 0. 1°
5 0.50 1.65 0.17 3.00 p< 0.0
6 1. 31 3.70 0.17 7.71 p< 0.0C¢
7 1.30 3.67 0.18 7. 08 p< 0.0C¢C

Fi gudrde shows the graphical pl ots for the
hazard models for LeymboBiof mbbaei hade compar

game.
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Fi gudrde- Gr aphi cal
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chi

age

I n
| d

of

S

ine with4d22dhiasl,soladbdmeonstrates the pro
coring zero errors, with the correspo
the chil d.

TabWes5idosage properties by age of t hes yarbiolld cf ara glnéd veuld e3 o f

comparison game

Age Number of ses Probabilit

achieving ze

3-yeaal ds 44 45 %

4-y e aal ds 52 55%

5-y eaal ds 34 65%

6-y eaal ds 22 82 %

7-y eaal ds 32 90 %
Di scussion

Study 1 examined the dosage that iIs neede
zero errorssymbal nomnmagni tude comparison gam
al so examined how dosagtehedicfhfielrds, -bbye¢angeee nof3
of age, and how dosage may differ by difficu
changes the quantity of dots presented to th
Study 1 suggest a significant relationship b
i mprovement nsny mbheel inoo magni tude comparison g
increase in dosage will Il ead to an increase
on the game. To answer Research Question 1,
whole sample of children under i nvagteingati on
have a 9% probability of achieswimbplaer o erro
magni tude comparison gameiahetlkethar dessts kaw
range frboé& 8ot s.

Further to this, the study also found tha
errors on-styhhonom magnitude comparison does
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by
ol

an
gr
na

pr

an
hi
wa
mo
st
s h

ac

an
di
ra

me

d
d

o

g
S
d
a
0

r

age of the child. Analysis of t-heamnge i nt

ayeadl d children did not significantly d

therefore similar dosage recommendations
ups. At 60t e sklsiigmesst number of sessions
ur al i st ibcotdhatoafs eethhese sampl es were, on av:¢
bability of scoring zero errors at the ha
For all other i ncludegeaglkdg)youpkbel( &, wér e
ni ficant differences in doesaayedsr aghi e@ nag

average of 6% probabi-laintdyyfdac| &G seds it dires .
hest average probabedioys odt s6Orsagsizeno,

21% and 16% respectively. The significan

el suggests adjusting dosage by child age
ndard errors indicate considerable varian
Wi ng sublhsettaentoigelnei ty in children's gamepl

0SS 60 sessions.

Poshtoc analysis was conducted to underst a

hin each of the three difficulty | evels o
S presented increlace. adhleysdi ssuatiplissed co
portional hazard model s taomeapnlaayy sdea tLae,v e |
ch is the first and easiest |l evel of the

I range from 1 to 5 dots. At this difficu

ardless of age, where able to achieve the
ms of dols acghei,| dar en were able to reach zer:
sions. This relationship between dosage a
ni ficant age interaction, showing each of

ears) demonstrated a differingg rcedsaagensh

i mprovement. Although considering this,

not vary widely, and with-tme-g7% acledsi ons
ging from 10 to 16 sessions. Considering
n |l evel, Bahd agesseof 3 to 7 years, childr
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to achieve zero wrymbrod icen magmornude compari sc

within 16 sessions, at this difficulty | evel

Al t hough the model found a significant ag
be considered Wi tlihoacagdltdooennn who perfor med at
across all their included sessiotass weir gt exe |

analysis showsgehptroporti achokeveldi ttheervent

zero errors in a | ow awudhbtsr safggess si t ey el 1
game is too easy for them. As such, it is po
actually refer to variations in other aspect

measured by-styhmbomnom magnitude comparison tas

include possible cognitive factors such as v

(Chew et al ., 2016) ofrFuihnshi& iMcoNeyi lac, n2t0rlo3l)

evidence suggests these abilities contribute
on neymbolic magnitude comparison. These wer
the present study, and missing information r
di fferences i n bgreonaedreari tdacbngalimay expl ain this
across age. Hpwesemt tshedy does stil]l de mons

relationship between dosage and gamepl ay out
increasing dosage does account for variance

apfpbased training.

Foll owing this, analysis toodkwhpelrac ed oftosr t
are presented in quantities between 2 to 9,
magnitude is now harder for the children. At

di fficulty, again, majoei ableftohacbhebdr eéhe

scoring zero errors. Again, age had a signif
model , again suggesting the relationship bet
i mprovement on this | evel of the game differ

yeaal dsuregqd the highest dosageyeoebtalddds sessi o

with the | owest at 18 sessions, to reach the
Final l yhocpoasntal ysi s for the most difficul}
showed that as a group none of the included
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rea

t he-

ses
ses
age
wh e

For

wi t
Sme
hig

gro

ch a 100% probability of achieving zero e

y88aal ds achieved the | owest probability,
sions-yeaaldds the highest probability, wit
sions. 't 1 s al so i nspoarntaa nyts itso cnoontsei dtehraetd
group at the mean | evel, yet some chil dr

re able to reach the event of zero errors
exampl e, 4-2 &awlfd tcdhkei I3dren were able to a

nt, @H tthhoew majority 58% did not. This 1is

ommendations, which wil/ be suitable at t
ortance of heterogeneity and individual d
Gener al Di scussion.

Previous | iterature highlights many met ho

hin tdhymlmholni c magni tude compari@Gbe traini

dt et al., 2013; Qiu et al.,TRIOL1st Bdyl cs
hlights the potenti al i mpact of varying d
ups as a factor contributing te the incon

symbolic magnitude training Fepohéred finndiheg

fro

ma g

m the presaentgetddyfuture r esesayrntbho Itiacr ge't

nitude pragnamg across children of differ
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Chapter AMnal ysidsosoafge i n -Basagypmbol i c

numbeacompari son game

l ntroducti on
Study 2 examined | og data from the symbol

compari son game to investigate the dosage th

achieve zero errors.

Met hods
Met hods for Study 2 similarly follow the

Participants
Much | i ke Study 1, Study 2 wutilised data
Funexpected app. See the Methods of Study 1

the app and the method of data extraction.

Children who had completed a minimum of 2
symbolic magnitude comparison game were incl
This study wutilised data from 556 children.

fromr7r-Bears ol d, with a meanSDegel.dadfd 5.ela® syyear
Tabbedhows the age distribution of the child

Tabbéi Summary of age in the symbolic comparison game
Age 3 yea 4 yea 5 yea 6 yea 7 yea
N 4 4 87 235 108 8 3

Percent ag:t
7.91% 15.65 42.27 19.42 14.093
total sam

As can be seenSfromodiatbohe sampl e §fell i nt
yeaal d category, with 235 children out of 55

category.

Further Taobltehib., 1.1 shows the sample by t

chilads wocated in dufhegf gasmept aglve values i
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show the individual counpterriceesntwagteh otfh et hhei gthoe

popul ati on. Foll owing this, remaining countr
continent for ease of interpretation.
Tabb@ I Summarycoountries children weresymbatied ¢omparisgnthe
gamel ay
Locati on FrequeIIIIIIIIIIIIIII
China 211 37. %5
Russi a 198 35. &1
USA 18 3. 2%
South Kore 12 2. 6
Net her | and 11 1. 98
Tai wan 11 1. 98
Ger many 9 1. 6
Hong Kong 7 1. 26
Spain 7 1. 26
Ukrai ne 7 1. 26
United King 7 1. 26
Tur key 6 1. 08
Rest of As 17 3. 06
Rest of Eur 20 3. 6D
Rest of Nortt# 10 1. 80
Rest of South 1 0. 8
RestOoéani a 4 0. PR
Outlier removal
Theseymbolic magnitude comparison gamepl ay
assessed for outliers. This process foll owed
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1. Té&bhlg&h ows the number of outliers that wer
symbolic magnitude comparison gameplay dat a

parameter they correspond to.

Tabb&8-Removal of outliers from the sample of the symbolic ¢

Number of participa

Sessions per child o 30
compari son game (o0ovV
Ceiling (100% on all 30
(0% on all sessi
Summative time (secon A
whole app (over 2
Measur es
This study used the symbolic magnitude <co
the Funexpected app. See Study 1 for more in

Funexpected &odpm®B.hoWwsblsecreenshots from the sy

magnitude compari son game. I nstructions wer e
written text: fAwhich is biggero? Explanatory
feedback, and programmatic (static and dynan

repodtien Study 1.

Like Study 1, the symbolic magnitude comp
|l evel s of Fduirftfhiecruldteyt.ai | s of this compari son
in the Material JabbeBhapti eesd4dan overview of
the three difficulty | evels, and how the sti

across | evel s.
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Tabbdi Compari son of the three | evels of the symbolic magni
Ma x .
. 1-di gi t-
Mi n nu numkt
digit nu
er
1-di gi t
Level 1 9
number s
Mi xtur e
di gi t2-a
Level 1 20
di git
number
2-di git
Level 10 40
number s
Procedur e
See Study 1 for more details regarding dat
registration, ethical approval, and model bu
Li kewise, the Study dataset under went da-
foll ows the procedure of Study 1.

Study 2 also utilised GAMs, more specific
analysis of the study. Similarly, cox propor
used for -hbe poatysis. More information of t
choices can be found in the Methods of Study
Resul ts

Much | i ke Study 1, here results are i rst
analysis of Study 2, which is the GAM, which
childr-enyé8&8rs), across all three difficulty
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hoc analysis is then presented, which analys
|l evel as three separate cox proportional haz
Descriptive statistics

Descriptive statistics reported here are
prior to the formation of the GAM. This incl
the number of sessions played per age group,

(on a scalB®O0O9f per age group.

Children playeid6ébesevesino®s of the symbolii
compari son game, with mean numberSDef session
9. 78). b5T.adbhloews how t he number of sessions dif

included age groups.

Tabb&-Mean, standard deviation, and range for number of sec:c

compari son game by age group

3 yea 4 yea 5 yea 6 yea 7 yea

M 8. 714 11.42z 11.84 15.47 16. 4¢
SD 7.28 9.87 10.84 14.81 11. 714
Range 1-36 1-38 1-57 1-60 1-49
Tabbedhows that, as the age group increas
number of sessions they have played in this
range in number of sessions by age group al s

with tyheammed ds playing up to 36-yseeawrsidens, wher

played up to 60 sessions.

TabbeS5hows the means and standard devi at.i
by each age group. This is for the mutated ¢
of TBOO.
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Tabbéi Descriptives statistics of gameplay scores on symbol |

Age 3 yea 4 yea 5 yea 6 yea 7 yea

Mscor e 116. 3 129.3 153.1 135.6 195. 4

SD 77.2%t 75.0:z 73.3¢ 73.9C 43.9/¢

Range 251300251 3002513002571 300501300

Tabbe6hows the distribution of age and th
number of children who had 6no eventoé (did n

those who achieve the 6eventd (achieved zero

Tabb&-The number of children per age group who had the ever

symbolic compari son game

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

N o 90. 7% 75% 70. 9% 65. 1% 73.5%
even (n = 3 (n = 6 (n = 1€¢ (n = 7 (n = 6
9. 3% 25% 29. 1% 34. 9% 26. 5%
Even
(n &) (n =2 (n =6 (n = 3 (n = 2
TabWeb6hows that, across all include age g
the children did not achieve the event of ze
which is the hardest | evel, of the symbolic
GAM creation
The symbolic comparison gameplay GAM was
model specifications previously mentioned in
symbolic gameplay modeling. Again, this mode

understand the relationship betweesn (numeer o
variable) to the probability of the event (c

symbol i c game) , and how this may differ by a
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Tabb8-Model characteristics of the symbolic GAM age interac

Age Estima Standard zval ue pval ue
Il nterc -5.29 0.51 -10. 34 p< .00
4 0.96 0.54 1.77 p= 0.0
5 1.13 0.51 2.20 p= 0.0
6 1.31 0.53 2.50 p= 0.0
7 0.92 0.514 1.69 p= 0.0
The modeling of the symbolic data demonst

interaction. The mod=.lIZmhauwsgpusi gmi fTiadkbdmret gr ou

di fferences wer e -yffeoaod dd sf d re stt Hben239¢ st andar d

error = 0.51;10z. 3pxl u®02) ;yefaat d5 (esti mate =
1.13, standard error = P=50.,027)yabwpweai=0or2. @0,
old (estimate = 1.31, staaldae d=pZr®»00£3D. 53,

This suggests these age groups demonstrate t
gamepl ay score that are significant differen
No significant group diff-gereanscsesyrede@ive f ound
chil dren, suggreesntd nbge ttvheeeir dosage and gamepl
not significant diffeadeAppeomKidowe amet RemoutPut

the full mod el out put.

The resulting GAM graphical out puts wer e

how the dosage pattern may di f(fréarguacer dbssl)t he
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Fi gusrlei gr aphi cal representation of the GAM for the symbolic

gamepl ay

Symbolic - Full model with all age groups
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ped_status
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Of

Age groups

Trials

note, this symbolic magnitude compari so

downward trajectory between dosage and the p

error
not i

traje

For
symbo

condu

Posho
I n

cl ose
numbe

condu

s at the hardest | evel of the symbolic

n |ine with the hypothetshiss odowrmwarmpa es e
ctory warranted further inwWestiagal yemsyv
this rel@fesonanplogsi s was performed on s
l ic magnitude compari son gameplay dat a,
cted for each individual difficulty | ev
c analysis of gaintopxl apyr ol peovretli on al model :
order to understand relationship betwe
l'y, and to understand the podbgbte infl
rs to a mdixdiutr enwrhbd@roxc, apmadtysi s was

cted.
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As this dataset was smaller, and thus had
dataset, a GAM would not be apprleeciate to c
analysis, and so for this reason | inear <coX
were conducted with the substet of the symbol

Symbolic¢c magnitude icoenpali C®anproportional
hazard model

The subset dataset was created comprising
Level 1 (single digit comparison). It 1 s i mp
may have continued to Level 2 and 3 foll owin
1, but only their Level el dTahtias wsaasmpilnec | huadde d4
children, and the age distribution of the su
32, alongside the number of sessions they pl
symbolic comparison game.

Tabb®-Mean, standard deviati on, and range for number of sec
symbolic comparison game by age group
3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d
N 41 80 182 82 22
M 3.10 5. 25 7.57 5. 27 13.50
SD 3.50 4.60 7.65 5. 48 7.90
Rang 1-18 1-22 1-57 1125 1-33

Further to ®BhBbhopwFabhe descriptive statis
sampl e gameplay score on | evel 1 of the symb
Her e, possi ble scores could range from 0O to
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Tabb&aoO-Mean, standard deviation, and range for gameplay sco
compari son game by age group
3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d
M 92. 07 99. 06 97. 25 100. 00 94. 32
SD 17.17 4. 78 12.01 0.00 13. 21
Rang 50-100 75-100 25-100 100 50-100
The descriptive statistics of the gamepl a
al |l i ncluded ages, the children performed ve
symbolic comparison game. Thisb5t 0 wihs chuppor
shows the number of children who achieved th
l evel 1 of the symbolic comparison game, by
Tabbél-The number of children per age group who had the eve
| evel 1 of the symbolic compari son game
Age
J 3 4 5 6 7
(year:
18% 3. 8% 6 % 0 % 18. 2%
No eve
(n = ¢ (n = : (n = 1 (n = (C (n - /
82 % 96. 2% 94 % 100% 81. 8%
Event
(n = 3 (n = 7(n =1 (n = 8 (n =1
Cox proportional hazard model
The cox proportional hazard was conducted
as the predictor on the survival event. The
zero errors on the single digit comparison.
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Tabbé&?2i Model charact er s thioccs coofx tphreo ppootsiton al hazard model fo

symbolic magntiude comaprison gamepl ay
Age Coef Exp(co Se(coce z p
4 -0. 34 0.71 0.21 -1.62 p= 0.1
5 -0. 74 0. 48 0.19 -:3.82 p< 0.0
6 -0. 31 0. 74 0.21 -1. 48 = 0.1
7 -1. 47 0. 23 0. 30 -4. 95 p< .0Q0
The output of the cox proportional mo d el

|l i keli hood ratio test was p3 gan.i@0Xk)antmdgari. B
the relationship between the variables of se

of achieve the event of Zero errors were sta

Li kewise, the Wald test is also significa
that the covariate of age of the-WaHidl d ecsdantr
= 37.36 oprx.dHOAf., Finally, the Score (logrank)

p< . 0OOMas also statistically significant, and
di fferences can be identified in the surviva
the age groups in the model. Al though this t

di fference presentofiid qiehteh efracatnoal ysc¢ sedvatso c o1l
see how this relationship differed between t
shows the age interaction from the model, sh
di fferences were found -gephy bHBweaadlgde groups 5
children, when compar ed hteo moldey e aaflsd3ant i n

children.

Fi gur.eehows the graphically plotting of t|
hazard model to show how dosage response dif

Level 1 of the symbolic magnitude compari son
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Fi gusr2e- Gr aphi cal plots for Level 1 of the symbolic magnitud
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Il n |'ine withb. .t s,0 Bdalwwes how the probabil

achieving zero errors with corresponding dos
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Tabbéa3di dosage information for Level 1 of the symbolic magni
the child

Level 1 of t he

_ Probabil it
Age magnitude c¢omg _ _
achieving ze
game
3-yeaal ds 18 100%
4-y eaal ds 22 100 %
5-y eaal ds 32 100%
6-y eaal ds 25 100%
7-y eaal ds 33 90 %

Symbolic magnitude icloenpali C®anproportional
hazard model

To understand gameplay data from |l evel 2
compari son gameplay, the same method of anal
Level 1. Of note, level 2 of gameplay requir

mi xture of  bdoitghi ts innugnmbekirgi tt on®mBecbi |l 8B6en

played |l evel 2 of the symbolic comparison ga
Tabbé&4- Mean, standard deviati on, and range for number of se
symbolic comparison game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

N 11 46 177 45 80

M 4. 55 4. 07 4. 05 4. 82 3.76
SD 5.41 3.61 3.90 3. 68 4. 17
Rang 1-17 1-15 1-23 1-14 1-19
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Tabbel3hows that, on average, all the 1inc

pl ayed | evéb 2ef6i o08s. Furth®r lsthoo wshitshe Tabl

descriptive statistics for gameplay score. T

reported on a scale of 0 to 100, in order to

interpretation.

Tabbé&é5 Mean, standard deviation, and range for gameplay sco

compari son game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

M 96. 10 95. 65 96. 13 98. 41 98. 10

SD 9. 24 12. 37 11. 24 5. 47 8. 86

Rang 71.4300 28.5357120028.572700 71.430033.3300

Again, 1t is shown that, across the inclu
performed well on this | evel of the game, wi
100, which was ceiling. 5Fash dws tthoe trhumhe T ad
children who achieved the event of zero erro
compari son game.

Tabbé&éa6-Number of children per age group who achieved the ev

of those who did not

3-yeaal d 4-yeaal d 5-yeaal d 6-yeaal d 7-yeaal d

No 18.2% 17. 4% 14.1% 8. 9% 6. 2%
even (n = 2 (n = ¢ ( n = 2 (n = 4 (n = 5
81. 8% 82. 6% 85. 9% 91. 1% 93. 8%
Even
(n = 9 (n 38) (n 1=52) (n 41) (n = 7
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Cox proportional hazard model

The cox proportional hazard model demonst
finding. The output of the cox proportional
ratio test (P=0D.®&1n 4 sdfmmonsignificant, me an i
statistically significant relationship could
survi val of the event of scoring 100 on the
Likewise, the Wald test was al so Indbntsagtni#fic
3.08 onp4 @f5%5), meaning that the covariate o

not ciobnuttre t o t he model

As such, the findings from this cox propo
any statistically significant relationship b
Level 2 game and gameplay outcomes. The mode
Tabbel6
TabBa&7-Model character sthioccs coofx tphreo ppootsitonal hazard model f ol
symbolic magntiude comaprison gameplay

Age Coef Exp(co Se(coce z p

4 0.12 1.13 0. 37 0.34 p= 0.7

5 0.14 1.15 0. 34 0.41 p= 0.6

6 0.05 1.06 0. 37 0.15 p= 0. 8

7 0. 34 1.40 0. 35 0.95 p= 0.3

Symbolic magnitude icloeamnpeali C®anproportional
hazard model
The samehposanal ysis using cox proportion

was conducted for data from Level 3. Level 3
children to codpgre obponmpels between each oth
sample in this analysis inclueeed!lal3l, c¢crigladde
of their sessions in | evel 1 or |l evel 2. Thi
children, and the age distribution of the sa

5.17alongside the number of sessions played.
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Tabb&a8 Mean, standard deviation, and range for number of se

symbolic comparison game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

N 10 26 110 51 27

M 2.80 4. 92 4. 45 2. 73 5. 48
SD 1.40 5.90 4. 93 1.92 5.41
Rang 1-6 1-25 1-32 1-10 1-23

Further to ®BhilsS8howsabmean gamepl ay scores

the child for I evel 3 of the symbolic compar

Tabbé&é9-Mean, standard deviation, and range for gameplay sco

compari son game by age group

3-yeaal d: 4-yeaal d 5-yeaal d 6-yeaal d 7-yeacal d

M 74.67 87.50 87.06 93.03 91. 98

SD 28. 34 21.16 20. 42 15. 22 19. 42

Rang 16. 67200 20.00020.0a00 33.330033.3300

Finallyb. Isatbhdvwes t he number of events (of
errors) by ageThé thakl ehsh@Wsoft h-ale eaad I3d
sample did not achieve the event of zero err
all other agel grgoepts,percentage of children

event (of zero errors) than those who did no
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Tabb20-Number of children per age group who achieved the ev

of those who did not

3-yeaal d 4-yeaal d 5-yeaal d 6-yeaal d 7-yeaal d

N o 6 0% 15. 4% 38. 2% 25. 5% 18. 5%
even (n = 6 (n =1 (n = 42 (n =1 (n =5
40% 84. 6% 61. 8% 74. 5% 81. 5%
Even
(n = 4 (n = 2 (n = 6¢ (n = 3 (n = 2
Cox proportional hazard model
Agai n, much | i ke the findings from the sy
cox proportional hazard model demonsTthreat ed a
| i kel i hood 7r.art ioon pgde (O)f Jwas not significant, n
that no relationship could been found betwee
(trial count) and the probability of scoring
gamepl ay.
Li kewise, no significant relationship was
including age in the model, as the ®alk8 test

on 4pdf0. OBhese findings suggests that an i nq

not associated with an increase in performan
comparison gameplay. The model obt 20Ot can be
TabbB.21l-Model character sthioccs coofx tphreo ppootsitonal hazard model f ol
symbolic magntiude comaprison gamepl ay

Age Coef Exp(co Se(coce z p

4 0.17 1.19 0.55 0.32 p= 0.7

5 0.23 1. 26 0.52 0.45 p= 0.6

6 0. 77 2.15 0.53 1.46 p= 0.1

7 0. 33 1.39 0.55 0.60 p= 0.5
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dosage increased, errors in the symbolic
is finding supphypoet iHewsy edyh@osanal ysi s
monstrates this significant relationship w
e gabmehot in | evleHi & roefl3ects the downward
at was observed in the vifsluoan g spildoet ttihnigs ,ofa
gni ficant age interaction was found in the

pending on age of the child, the relations

i mprovement in symbolic abilitieds hwisl | di ffe

downward trend was found in the full GAM whe
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t h
t h

cluded in the model

Poshtoc analysis was conducted to underst a
e of cox proportional hazard model i ng, mod
e gameplay was conduched. afkalbysitfei powas f

at a significant rel ati omarme pl ooyt ween dosa

i mprovement was present in Level 1 of the ga
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S i
t h

w h
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t h
Re

gni ficant relationship could be found for

haviour. This suggests the positive signif
sage and i mproveenzanht isoonsiynglre digit num
mpari son and is nodi giitgnndmlremtcdmparnri sons
or 3). This explains the downward trend of
gni ficant relationship was no | onger prese

rough Leoweldevieli n2 or 3.

Poshtoc analysis was conducted of Level 1
ich is the easiest | evel odi dgihte mameer and
mpari son takes place. At this level, a maj
e group, where able toeaohieevertshe Tadvent na
e-y8daal d children, where 80% of the sampl e

sults from the cox proportional hazard mod

18 33 sessions is sufficient for children to

game. Adh hage of the child did have a signif
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mo

del, unique dosage responses-yeaadledonadrwyd f ou

7-yeaagl ds. This suggests that dosaard-r&commen
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S e

co
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t h
nu

co

ga

ars old need not significantly di-22er fron
ssiaornssuf fi cient for children -@fi gtihi stuandpert

mpari son.

The plwmed analysis for Leveleatrl ssggegusr el
wgrameplsay si onsse g(sliBon hhayne alr|l ds s(e3s3si)on ®

hi eve zero er-dogstosaymbofl eTlkRempari son.
presentativeness of this sample of <childre
ese filnkiengys refl egé¢adlhdst ghtleib@h achievers,
il e -ybaal7ds ghtl dw achi evers, as -domgparing
mbers is typicall gaal(sSaddngwriveleotpeal ., 20
rther tbishsample of children may represen
rents winoot iavraet ed t o i nvest i n .eTdhuec artoiloen aolf
rent al motivation isnfGCGhap€EensbBdsidegetdhes
ique aspects of the sampletheder riesuéssi ga
ould be considered within the context of t

self, and the characteristicgandgs the chil d

Al ongsi dibeslei $j ndings have implications f

e training of number compadi dodbhbbef both s
mbers, and has i mplications for theories r
mparindigft2numbers, and i mplimations for
mepl ay.

Twodi git number compari son

do

The present study did not find a relation

sage with decreasing errordi gint trhiembceornsp.a rli

i mportant to note this does not suggest that

we
i n
ch
Co

re unable to succedsfuimbpresompatei 2stead t
creasing the number of sessions did not 1in
il dren consistently answering these compar
nsidering previous work predominantly focu
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single digit symbolic number and how this re
devel opm8@8aothnei der et &ahe, p2@seént study demon
some key differences in the prodiegisti-ntgo aznd ¢
digit numbers. These findings also suggest t
Sshould differ.

Findings from the present study are in |1
on the procedcgisgintg mdimilRer, and the i mportance
pl ace valuetandfbasehil drends mat hemati cal d

(¢
x

emplified by Fuson (198d0¢ ,v allnudlet masft azhdi ng p
numbers requires more skidilgi tt hamd @ rhsatta mdi rsg
including the differences in numerical words
of positional information in numbers. Li kewi
under st andiignigt 2Znumbans understandahget he pl a

system of the Arabic number system (Mann et

Al t hough the symbolic magnitude compari so

some explanatory feedback to childrends inco

(7))
c

ggested from the present study that there
for children to increase tiheom -dnifbgi2ti ti es i n
mbers. Cheung and Ansari (20217ydaudmdd in t
il dren, yeadl d hehi6l dren wer e a-wlaé¢ uteo util i

(g >
> C

understanding to-ciogrniptarreumudrts. They al so fo
relationship bet weoewl ecdhgi el dorfe nsépso kke n numer al s
ability to p-digot mcowmptri son. Considering th
findings, the present study did not find a s
i t her -ytelrel 8 <orea@l d group of chilhdacen i n the
nlaysi s, and this may relate to the prior kn
|l ready obtained prior to doing the task. It

e

a

a

knowl edge needed to achieve-digndgi stoanptalry samnc
has not been acquired bychhkedmapornthyudédt hn
a

nal ysi s.
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Nuerk & Willmes, 2005), may explain t
study. The decomposition model sugges
g kdti gint an wmber ar e pragmntedgntoggd che | dr e
ey are processing these numbers (Nuer
hil dren are now required to understan

to the quantity of 6206. Within the a

ngl ebedrisg,i tt onulnevel 2, where two digit
ced, does not provide sufficient teac
e value, or the decompoediigiitonnuwnmbdari.gi
, children who already undoedrisgtiatnd how

do not benefit from extra sessions o
e not acquired this decomposition und

ra sessions on the game.

e findings contribut-digotthembeteratu
i ng, by highlighting the differential
t he compacedisgoint ovfe rdsiugsg ttewnou mber s. Much
vious | iteratur e damgc hoidlidgrwebn onsu mibnedr esr s
s observations and cdumel atiahal (hetBb
er et )al HowxWllk¥), the present study i

g, oOor t edaicghiitngs,y nobfoltiwco number compari

ese@undty i nvestigated the nuance of this

t

rating how the variables of age of th

siabillacl ittherecomp-adi gi 2 number s.
ations

vious reviews of educational mat hs app
ce approaches can b(eOuwmt lswmeaictees sdtul alme,t h
ching chislpercerf idcomaiin iti es. Repeated ¢
omgpieci fic ability wil!/ |l ead to an incr
se in the variability of responses, an
ced (JuddAéobngbki de2028y, the findings
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suggestaltthrpough drill and practice may be a

i mprove the perfordnagictte mdmemgdeempari son, p

more scaff
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such, Leht
good for t
adaptation
This hasati
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It 1 s i
refine thi
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ay design.

mportant to see how educational m
s ability as it will have implicat
t . From the current findings, it ¢

increasing dosage al2ednegivi Iclo mpaatrhb aslolmocgwui r ed,
and that more explicit i nst¥fducgtiito maoyf btehe t e
required. Again, in |ine wiGuh hrwead d mmerntd atli.on
(2022)t he use of explicit instruction is 1 mp:
these dwoempaicnifiilci tai es. Considering the findin
i's suggested that increasing dosage al one wi

of t he ski

dosage doe

| | ssdngetdtedumber 2compari son, sugges

S be considered withnapedbieficont ext

ability targeted, and not just the age of th

The fin
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that dosag
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prescribe

dings from this study suggest a si
ngdiogi tsisnygrmbeol i ¢ number compari son
e should differ for -chedwd¥ eén acros
epercussionswherei mhbeyventeonmsntio

the same dosage recommendation to

(f or exalmphbieg ,2t02addmi ni stesanmethe@esage to the

sample of

preschool ers, although mean age of

from 45187.) The present study suggests that

bet we eye &r

model |l i ng

aiykeax ol d children. Evidence fron

suggests that all ocating the same
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may not be sufficient due to the variance in

comparison abilities across the same number
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Chapter Gomparing dosage b estywebeonl inconand

symbolic comparison abilities within a st

troducti on
Study 1 examined dosageymhbvtecnsmafortode

mpari son, and Study 2 on symbolic magnitud
th games are found within the same app, St
mpl e size and in the distriplue.i ofu rotfh earg,e on
subset of children from these samples pl ay
iI's, conclusions that can be drawn about th
ese dweompaicn fic abilities are | imited. To r e
ilised apasmutbisetpamts from both datasets wh
e 4sgmbol i c magnitude compari son game and t
gnitude comparison game. This subset all ow
sage betweempdaoimaiicn abilities, as they are

me chil d.

Study 3 will investigate children who pl a
mpari son game, and -sgwbklollcotomparmemomn gan
oice was made considering the findings of
|l ati onship was found bet ween ndotshaeg el eavned i2n
d 3 symbolic comparison gamedi gwhterneu ntbhoemrp ar
kes place. As such, the analysis in Study

vol vvdngi L compari sons.

This study wil!/ investigate the foll owing
es dosage differ whseynémbcoolmpca rmmanggn intonde ¢ o mp
aining to symbolic magnitude comparison tr
e dosage needed to see adidfefcere alset wanerertrloe
mbolic magnitude compari son game and the s
mpari son game, such that the symbolic magn
[ require a higher dosage. Further to thi

t he chil doeitmnwereena stehse -(aygeasr o), 3t he dosage
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Met hods
Measur es

0]

reach zero énharnts owidlelr ddcd easem wi

sage, and this is expected for both

See Study 1 for an osegmbiodw cofmatgme tuare
compari son game, and Study 2 for an overview
magni tude comparison game, both of which wer
Funexpected app. Due to the free roam nature
na directed to play the games in a particul e
Participants

Part.
and Stud

symbol i c

To be
| evel 1
game. Th
1.03), r

of age a

Tabbéi age

di

cipants for this study were a subset
y 2 who had plsaymolbiod hc drhpa miosmon an
compari son game available within Fu
i ncluded in this study, children re
of the symbolic compari sosymlaolei, c and
I's resulted in 152 childrenSD=with a

anging from 3 t o06.78 yevas st lhod digset.r iThaw

cr

o0oss the included age groups.

stribution of the subset sampl e

Age

3 yea 4 yea 5 yea 6 yea T7year

N

Percent ag:t

24 41 63 18 6

15.79 26.97 41.45 11.84 3.95Y%

total sam

As can be seen6 f,fameTalulmber of children I
sample is | ower than the samples from Study
sample is not equally distributed across the
particular, the sampl e consyedad dofc a& eqghoirlydr e
which 1i3. @hi%oyof the sampl e. | mplications of
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Russi a 60 39. %7
China 50 32. ®9
Uni ted St at 9 5. 9
Spain 4 2. 603
South Kor ea 4 2. 813
United Kingc 3 1. 97
Bel gi um 2 1. 3R
Japan 2 1. IR
Tur key 2 1. 3R
Australi a 2 1. 3R
The rest of No 3 1. Y/
The rest of 5 3. 30
The rest of 6 3. 9
As can be seen from Table 6.1.1, the majo
| ocated 1 B9RGoifathe tot.al sampl e)
Procedur e
First, the samples from Study 1 and Study
those who played | evel 1 on both games. The
As Dbot h tshyembnoolnn ¢ dataset and the symbolic d:
data cleaning for Study vlelaynd dSattuad yc |2e arnei snpge c
repeated for Study 3.
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The present study wutilised cox proportion
was built f-eseymbbli aoddata, and another for th
and results from these models were then comp
i nformation on the wuse afr dc oo dperlsp omittiho ntanle h
dat aset .

Resul ts

Descriptive statistics
Descriptive statistics were conducted for

children completed in both games. For the sy
the whole sample played a Pand4d .of2,4.rl8n¢ge ssi
T 25) . For -4 yhmb ;mmloinc compari son game, the whol

mean of 4.61SPessidds angde =(s2ee6.N2abl e
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Tabb8idescriptive statistics of the number of -sgmbBolbins ahdl dhensgymeokti oncobmparit senngan
child

Nomymbolic comparison g Symbolic compari son

3 yea 4 yea 5 yeab yea7 yeg3yeal 4 yeab5 ye b6 ye7 ye

2.50 1.83 3.59 3.44 4.83 3.5C 3.95 4.174.0( 7. 1¢
M (SD)
(3.34 (1.67 (4.3¢ (3.4¢(6.8{(3.2 (4.44 (5.2 (4.0(6.9

Range 1-16 17 8 1-25 1-117 17v18|1-13 1-19 1-24 1715 1-21
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As can be seen6.f,2z crmiTakleen across the age
few gamepl ay sessions plsayymbnog ieci tghaente tohre tnhoen
symbol i c Odamewhel,|] e t he seweri aqef oo-yEdaal ds
in thesynmobnol i c game was 1.83 sessions, so0me
group played for as mauny has & os dGhsdsgnsTabl e
provides descriptives statistics for -the gan
symbolic and the symbolic comparison game. A

the chil d.
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Tabbd-descriptive statistics of thesgamepli ay andotdef sgmboheécneompari son game, by age o

Nomsymbolic comparison s Symbolic comparison

3 year 4 yea 5 yea 6 yea7?7 yedad3 yeedyealb yee6 ye 7 yea

98. 81 90.9 97.3 98.0100. 96. 43

M (SD 100 100 100 100
(9.5) (21.1(12.°(11.1 (0) (9.45

Range 100 100 251100 100 100 |25-10@251 10257110t 100 751100
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Further to ®6hdbopw3abhe children grouped b
the event (of achieving zero errors) on the

number that did not have the event (of achi e

Tabk&i Number of children who achieved the event of zero er
symbolic comparison and symbolic comparison game
Nomymbolic ge Symbolic gam

Number of e vt

143 151
zero error
% 94. 08 % 99. 34 %
Number of no 9 1
% 5.92% 0. 66%

't can be seer6.fdrham Tetel enaj ority of the ¢

achieved the evenymbwml tbhecommari son game and

symbolic comparison game. Of note, the singl
the event in the symbolic comparison dataset
noisymbodompari son dataset. As such, there ar

presemat aset who did not achieve the event of

games.

Recommendati ons for power and sample size
hazard models oftentimes (éleeht & ffavdance 2D
which would suggest the models in Study 3 ar
Further to this, the more conser(v@gurmndei mwecon
et al . ,we&rfet6gonsi dered foOgQgus8dudy &t ahmhd (201
suggest 20 participants per variable in the
This number should be increased i f the numbe
achieve the event are | ow. As the number of
high for botslymbloé imonat asgmbahdct dat aset ( se
Table 6. 4), it is suggested a minimum of 60

these models. With a sample size of 152 chil
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hazard models in Study 3 are considered suff

caution wil!/ be taken with the possible age
due to individual age groups having a | ower

Considering this, these descriptive stati
inferenti al testing, where two cox proportio

conducted.

Nonsymbolic magnitude compari son cox proport
mo d e |
A cox proportional hazard model was condu

the ssgmbolic comparison gaméElpé agutfpom deviehe

o

oX proportional model shows the | ik=Ilihood
0. 05hNoinsignjifmeantng that no statistically s

relationship has been found between the var.i

survival of the event of-symboiling TOMhpami Soa
gameSee App@®©Ofdirx the R model owutypmbtolofc tchoex no
proportional hazaer dumhesdal aAmpsel ydadh s.he chil d w
also included in the model to investigate po
although as previously mentioned, these wild!/
due to the | ow number of children in some ag
al smonsigniifni aéhnts model , suggesting age of t
contribute to the model (Wa+f doOt@s). = 9.62 on

Finally, the Score (|l aognanighi(fleosggbmmes =al s

9.84 onp<4 0dOf5), indicating that no significa
identified in the sessions needed to reach z
bet ween the age groups in the model . Finding
in this model were unsur pri sismgnpdcen ssiidesr iornfg

each age group included6i 8howsst medmbdelTabute
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Tabbéi Model

out put -soyfmhbtohlei cnocnompar i son

gamepl ay

data f

or t

Age coef Exp(co

Se(coce z p

0.
-0 .
-0 .
-0 .

240 1.271
341 711
301 740

4
5
6
7 538 583

0.
0.
0.

0.259 0.
0.241 -1.
0 -0 .
0

-1.

927
4172
957
153

. 314
. 467

o O O o

. 354
. 158
. 339
. 249
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Tabk&i Model output of the symbolic comparison gameplay dat .

Age coef Exp(co Se(coce Z p

4 0.09 1.10 0.29 0. 32 0.751

5 0. 07 1.07 0. 27 0. 24 0. 807

6 0.13 1.13 0.32 0.39 0.695

7 -0. 52 0.59 0. 48 -1.10 0.270
Comparison of model s

Considering the nonsignificant finding fr
compari son model-sgmdothe omompari son model , ¢
model comparisons of the two cox proportiona
be conducted. The descri pti voedesltlaitnigs tviicas caonxd
proportional hazard models suggest some <char
Subsample investigated here. First, average
comparison taskmbodicomcompari son task were n
skewed, and this sugpest erhnbgdhlcphn ladwreernage, o
these games.
Di scussi on

The primary aim of Study 3 was to make <co
needed to achieve zero-sggrmbmrl 9 cb eetowgpeanr imom ar
symbolic comparison abilities. This was cond
children who had played |l evelsbnofbankeg(dy mbo
number comparison) and-slyanbell it ofo mphaa i som g ¢
(dot quantity ranging from 1 to 5 dot). Bot h
model s conduntoend iwgerid suggesting no relations
present in this sobsampéasbegygweesage and t he
of achieving zero errors. However, these fin
context of the descriptive statistics of the
i mplications for app design will be discusse

The descriptive statistics from this subs
pl ayed | evel 1 on both games demonstrated th
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ow, their number of events of scoring 1

erage scores were close to 100%. As such,

cl u
n b

mp r
cCo
000

equ

t h

nsi

ded age ranges, where close to ceiling
e inferred from Stugg RBandeas ,ofac3 otse T h
children require |little training dosage
ti mul i-dii guivto |l sryemblo | i ¢ Asuymbbeorl,i cord ontosn i n t
io5f. 1Thi s suggests | evel 1 of both game
rensi sample, and considering this, it i
rtional hazard models were nonsignifica
ionship between increasing -dogage and i
' ic number comparisonafQakeyseis2bandeérvek
the respective games in Study 3 would n

sis of gameplay in Study 3 focused on |

e sample size and age distribution shou
ontext of the findings from Study 3. As
ised of a subset from both Study 1 and
mparable smaller, althebghndufggestions
) Ogoddi mu et alindi(caQ@®6) hat the subset
atelryedowheen considering the entire sam
sufficient power when examining age int
i bution within the sample shows there a
roup, for example, there yraaocbdly 24 ch
, and only 6 -géaadldd egorHioumpe.vlee , 7consi der.i
the age interaction was maintained in
tigate potential age differaedcaesl drogert h
rr of children, particuyleaaull yd &3 oawlpi | dmen
1 chil diyermci d gheupg. Al though the varia
igni ficantfiinnditnhges nmordoem ,Study 3 shoul d |
e whole sample | evel, and not by the va

dering this, the majoryietagl d (B8 sampl e

children). Due to the nature of collaboratio
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these secondary dat

the sample size wil
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number of sessions

Zzero er
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rors -oymhdlei momompari son

asets will continue to gr

I al so continue to increa

ance and precise analysis

heoretical insights into
and symbolic compari son
such as the Approxi mate N
unt aaphaeareb albggeg0681l) hactc
er -aawe ciofnil ¢y d thiel idtoimas nb e i
number of sessions neede
and the difficulty | evel
umber of sessions used in
perspectives on mat hemat

and 3 be co

t he fi

udy wi | |

h e

1, 2
i mplications of
ng

mat hemat i

, and existi theories r

ies of cs.

comparison

ch asked what do

do chil
When ¢

guestion

of gamepl ay, dr en

game.

three difficulty | evels toegeshens anakbymagih
dosage children demonst rwaatse ds uifnf itchiesnts a noprl es)
children to achieve zero errors on the harde
Variance was found at this 60 sessions bench
variance betaweemgrtohes (3 to 7 years), and al
group. For example, even the ol desytearhi |l dr en
ol ds, demonstrated a variance of 5% to 53% p
errors on this hardest | evel at 60 sessions.

Further to-htohci sanaployssti s from Study 1 was .
dosage within each of the difficul-hgcl evels.
analysis found that more dosage was required
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game increased in difficulty. As such, the p
benchmarks for the dosage needed to see i mpr
guantities of dot comparison, and further su

di ffer by age of tihneplcihciatdi.onTshifsoyrmbawsildiecr non

magni tude training and intervention |iteratu
A review on methodol ogi cal i ssues in the
Dietrich et al. (2015) demonstrates that stu

number of trial s usesdy nboo|meca snuargenintounde ¢ omp al
with studies varying betwegermighIltioh&Od utrrtiheelt
is needed to understand a sufficient number
symbolic magnitude comparison. Of note, the
(2015) considers -smgpmbalri agdotoncomparison to
predictor i n ereesasartchhe pwhesent study consi de
when wusimsggmbon i c dot comparison as a traini.i
inclusion of the el ement of training here ad
dosage may differ to what is needed ttoo measu
training the ability. Howeséudi e bawveknowl e
investigated the varying dosages-siymbtohé ccont
comparison abilities, to see how it may i nfl
findings from this st udynaark sbe rused oarsmelned a t
for what dosage is needed to see i mprovement
appropriate, and also appropriate to the dif

taking place.

Further, a review by SzTcs and Myers (20:
met hodol ogi cal concerns which may address th
across the I|iterature-siynémhohlei ct rnaa gnniintgu doef. nTohn
highlight the i1issue of brieifngexpforsamet teo grhe
study address this concern by showing that i
may be a potential-siyembodnct hataimomg has de mc

inconsistency in the |Iiterature. This presen
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the child is an important aspect to consider

notsymbolic comparison task, as the present s
di fferent ages require different dosages. Ma
children across mulatnidplpe esge i breoupe same dos
whole sample, whereas the present findings d
vary across age ranges. To il | Wwgtbreatta st leits ,al
(202WHho administered 16 sessions, | asting ap
each, to a sample of children who ranged 1in
monthe® 7 years, and 11 mont hs. However, evid
stues suggest the probability of i mproving f

range from, on aveyreaage ds6 %t foo rntyo&aafl alrs 7

(when considering the dosageTheoontreht 66t s éd
therefore suggests that providing the same d
mi ght be one of t-gmbelasonsr aiomi ng studies d

consistently yiéfFédcswsgnificant e

The present study highlights that indeed,
aspect to consider i nsytnbeoltircaima gingi toudd en ocno mp
but considering dosage alone is not sufficie

0
the age of the childheasti mbei naConseidéritng
e

complexity, the present study is able to pro
age of the child, on three varying difficult
Symbolic magnitude compari son

Study 2 aimed to answer Research Question

dosage needed to improve symbolic magnitude
I nterestingly, analysis via GAM found a sign
increasing dosage and i mprovemani son theksyn
although this was | i mit-eidgto compar s sofhhio$ 1

relationship between dosageaoarsd ginmyghieaaerme nt

2-di gi't numbers were included in the compari s
that a dosage of upstogB@&ise sssoingpmas issfon |1 s s
for childr-ényaged 8l d to achieve zero errors
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Study 2 highlights that no relationship w
increasing dosage and the decreasi-dggetror i
numbers. This suggests that the drill and pr

sufficieditgiftorcdmpari son mayf cmmrott thee tsrudifnicn g

2-di git comparison, and that further scaffol d
fromdilgi t-dt gi 2 symbolic number compari son.
The-d2 git comparison findings are i mportar

previous evidence demonstrates that the rel a
comparison and gener al mat hemati cal competen
compari sedn goift 2number s ( Br anklateri £ts wdges t2éd
include compar-dsgmns ofumbwos al-dingistt de singl e
comparisons, as this allows for the measuren
devel oping symbolic compar i(sBrnanakbadri teite sala.c,r
2017). As such, undebadadcdmatgha@ad tapptrain ch
2-di git comparison is important. | mplications

| ater di scussed.

Comparing dosage bet wsepelc idfoincaianbi | i ti es

Finally, Study 3 wtilised a subset of chil
symbolic comparison game from Study 1 and th
game from Study 2. This study aimed to compa
notsymbolic compari son and sy mbBooltihc ocfo niphaersies ¢
cox proportional hazard model s were nonsigni
relationship was found between increasing do
in either the symboli-symbmpaci sompars.son dat

The descriptive dtsattihati chiduwdgeens across all
performed at ceiling on | evel 1 on both game
l'ittle i mpact on | mprLewieng 1t lbds ¢ nhlee lmiroens .

comparison game presented dots ranging betwe
symbolic game presented singTekedsgimsl bet weat
presented to children via educational mat hs

ensure they are appropri atsgdecitfriad nd migl itthye

197



targe
compa
uncl e
abil i
(20009

sSshoul

ted.

ri so

n

ar w h

ty i

n

) . w h

d be

magnitaddes

used,
i's in
of th
acade
Het er

An
the a
wi t h
i ncr e
de mon

was f

Tr
empir
gr owi
mor e
(Judd
repor
of t en
the s
regar
train
i nste
for a

char a

as
vol v
e st
mi c
ogen
i mp
spec
RQ2,
asin
str a

ound
adi t
i cal

ng s

empha

et
ting
ti me
ame
ded
i ng
ad i

par

0]
e

a

e
o

t

g
t

a

n

t

Some of the dot quangymbcelsi resent
game fall within the subitizing r
ether children utilised an approxi
this game. Thos$l|l owayi andi dhbaght e
o also support that numerosities o
used to measymépoloc Bpaproxi mane

i's to ensure that an approxi mat e
pposed d oe xaa cptr euwcnidseer sathandi ng of nu
d in the (Lukrimeinzisn gt p@aderswadtli9o)n s
mu | i used in the app wil!l be furth
nd industry partner coll aborations
ity in dosage responses

rtant factor to consider from both
of heterogeneity from the childre
age was a significant factor to co
dosage. Ho weev earg e egvreonu pw,i tthhien sot ud
ed substanti al het er og,enaenidt yt hiins r e

f osymbtoh i comnd symbolic compari son

onal |l vy, anal ysis of training typic
y i nvestigate performance in cogni
ze of data in the context of cogni
sis can be plycod orstploeseasr itabitlais
Il . As 28u2089.n et al . (2021) have high
of intervention effects should exe
there is heterogeneity in how dif
raheyngurther argue that, typicall
ighly i f they are able to demonstr
ffects on children. However, this
terventions should beedoasepoulal ng

icular group under particular cond

cterises of intervention and the interp
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further this, and as shown by the present st

al so heterogenous, as some dosages only work

This shows that, even when children are a
same educational mat hs app that provides bot
|l evel(lQuntghwai te ett hadt. ,c RRi0lI2d2r)en wi | | wvary in
needed to see equivalent 1 mprovements. These
i mplications for intervention de&igdiagd int
from the present study instead suggest that

should not only be made bcyonasgieédhegrr ompj vbduaal
di fferences ewiatghei m atnhgcess .

utility of educational mat hs app i n research
This study was, to our knowl edge,t htehe fir s
backend eodfucaant i onal tmatihrsdeamppt and Whsesabhier sanc
to invegptargatcaw!l ar how dosage varies within e
environment across a |l arge sample. The previ

data have been exercised within the present

meant that detailed data was cofbasedlfrom a
mont hs of gameplay behaviour. This study con
|l iterature oudileosy tdhmata csan be wutilised to un

within educationahdamatohd capmsgder stand wider t

guestions about mathematical cognition devel

Previous studKiem etucahl aarsg Q6 2dirheati ously wused

measures of dosage are inaccurate, as they d
within the app, ainmd tthhee saeec duwrsaiceys i h measurin
explain the inconsistent findings in app int

datian t hese pstowdides a more accurate and sens
the dosage children swheemt cwinmphairre dgane s etr os |
reported Tdbsagencreaseuirafctybhlke measure means
inference can then be made abmpmudsddet aotshag e

accuracy of the measure of dosage.
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The use of existing |l og data from a commer
provide a wealth of data that would be both
coll ect as a primary source, Although the wus
many met hodol ogi cal benebi be andsbasl pmevbaod

for future research, there are potenti al cav

Aml ysis with a dataset of this nature invo
ease of data collection against methodol ogic
For exampl e-sytmbelnen compari son task consi der
dot quantities within(Hbkel sewhyt &zAngamaing200
there is no measure of the weber fraction av
influence the measure of comparison (Dietric
this instance, age of thecalhiegdrwaal measumadd
opposteod a continuous variable, which | imits
made about devel opment abdspgteofhéhki mhi adi
mentioned, the ongoing collaboration between
Funexpected and the current academic researc
many of these issues for futtokl owsmgrch. Fo
coll aboration between the present research t
team, rtelqauest for a continuous measure of age

categorical one, was i mpleapnhe¢ercdambet eamt ¢ hi

Further to this, the dataset wil/l continue t
children continue to use the app, and this w
to allow for $duture anal ysi

Al t hough the present study was able to invi
dosage affects out esopreecsi foinc dnoartah enmat i c al abi

further question can be asked regarding maxi
dosage. Al though not 1 n meéeret alongeyxdh olfo glye,v e |
previous research on skil/l acquisition has (
maxi mize gains from practice, in order to | e
guickly (Stafford & Vaci, 2022), as opposed

spent on the taskmeaoatseeAsmpuoWwn, it 1 s i mpor
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this will allow affect the effe
Al t h o uugdhy twhaes pnroets eanbtl estt o capt ur
cting individual differences of
n utilising |l og data from an app

l'y respond to dosage.

this, the space in between game|]
ctor to consider. Although not i
studies such as demonstrate tha
ected by the pdmacisress sheotnBeemMsgan
ameplay tbBmefboed 26faband(2017)

«

e gameplay was spread across thi
those whose gameplay was in a n
dat dset2 famd St wdhy measured over
s such, the variance in how dosa
S not measured and should be con

r dat aset i s avail abl e.

nt study was able to provide con
|l og data from an educational ma t
rstand response t o-sdpoescaigfei cf or t w
loinc magnitude, anddsesymbmparci snamgn
ross various age ranges. As such
osage recommendations that diffe
ompl exi-speoffthetdeskkai Mmhis study

t hamateduucapgponarle able to succe

|l drends abilities on these two a

recommendations for gameplay can be made to

ma X i

mi s i

ng t

heir progress.
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Chapter Understanding devel opment al pat hv
counting and arithmetic abilities i mpl
educational mat hs app for children aged &
| mportance of measurement and dosag

Il ntroduction

Overview

The devel opmental pathways plotted in Chap:
nosymbolic magnitude comparison and symbol i c
abilities relatespecbtherodbmames, including
abilities and arithmetic abiiln tBEDMP iHocw euvdeerd,
counting or arithmetic abilities as outcomes
considering the i mportance of both counting
mat hemati cal déGebhopment al ., 2013;. SAsck et

previous associ aggeosnt sa urdeleast issunshi p bet ween
such assynmobnol i ¢ compari son and symbolic comp:
outcomes such as count(ilgnmemamr idthnmelt.i,c 201
Lyons et al .an 2i0nlvdelst i gati on of a potenti al

relationship between these predictors and ou

considered.

The present study wil|l investigate the tra
abilities alongside-stymbotiai ciompaofif sooanabili
opposed to comparing the effects of training
Previous interventi ¥¥anstHedwegesuehHasor € 2018

and Noel amddii)la et ahavdd20@mpared the effec

training one comparison ability to the other
perspective argues that further work is need
ef f ecttr aoifni ng of both abilities together, as
devel opment of two cognitive abilities toget

bot(thKi evit, POD2D3% suggested that training bo
abilities together may therefore | ead to tra

as counting abilities and arithmetic abiliti
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training of both abilities within the same ¢
comparisons of training effects within the ¢
chil dren.

The influenceymbohoa and symbolic compari son
Previous association studies have highligh-
relationship betswemmolbiod hamdnsymbol i c compar
t

(@)

ot her mat hemati cal oahalbyme sSsc(héneeed dee rmeetta a |

—~
N

0ldnd a systematic review see Nogues and D
|l ntervention evidence also suggests that tra
the format of either symbolic esoympbaorliiscon ( nu

comparison (dots or pictures) trlersmuldemainni mp

specific abilittiieosn. sAnMdign thgmrwemgen et al . (2
admini stered two different intervention prog
achieving children SDFed mdnmhrst)hs The study ¢
thi-etygyht children into two intervention grou
notsymbolic training or symbolic training. B «
i mprovement compared to controls. Van Her weg
t hat -aiyombol inci ntgr aaiesul ted i n i mprovements on
symbolic outcome measures as well as symbol.ii
sggesting a cross format training outcome. 1T
outcomes of the symbolic training, suggestin

f or mat benefits.

Similar intervention studies have been con:
symbolic training to symbomnorce tarmd nNogl, GaCh
with a sample of 56 children with a mean age

Al t hough this study found both training cond

the control, they suggest symbolic training
i mproving i mproved mor e oonmet hnee aasruirteh ntehta nc tohu
nossymbolic sample. This suggests that symbc
influenti al to aesymwmbeure,oandomhis differs

format benef iMasn ftbeurnnde gienn et dahi s( 208 &pt spe
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training effect Tiobiad seot faolunn di &2l )t r ai ni ng

wi t h

mat he

symbol i

f ound
outco

i nterve

abiliti

devel

abi it

anot her .

predi

al ongsi

measur e

Dosage

bi

it

89

f

me

op
both in
( Mar e

chil dren aged 4.76 years who were cl

mati cal di fficulties. This study also ¢

Cc comparison traisiymgodriacgrpamgtram mra
or mat s p(eic.ié.i,c seyfrmibeacltisc training infl
s, -aytbobdébnc tr aisnymbgoltioc noomnt comes) .
ntion studies compared-symbod¢fifcects of
es tadbidymbelsiic Mutualism argues that t
ment of cognitive abilities alongside
turn, as opposed to the devel opment
& Hol meand20Bily is i mportasmptcaditches
es of mathematical development do not
As such, further work is needed to
ive utility that 4sryanbroiln ge sayombdaltiic an
de one anot herl envaayn tp rdsoyneadi énf t € 0@t c 0 me

S .

of tradisryimbgplnan and symbolic compari sc

es

Chaptdearnd Ch abpotfert he thesi s investigated tr e

eeded to see i mpr esvyemmbeonitisc idhotnocnompari son a
ymbolic number comparison abilities, and fo
ependent on the age of the child, and depen
fhe comparison taking place (i.e., the numb
f digits in the symbodamdbnowméetri)gatCédptesag
ee i mprovements within-spemgartiiccuwlbard idomaiTre
hapter will extend upon this by considering
mprovements acispesidomaiabi | ities, or al so ¢

ransferRiebmhectand Li bargue (BABR1lprevious st

nvestigating the transf etrs peefcfiefcitcs abbeitlw eteine sd

ound i

nconsi st esnutb srteadmelti teasl oaggrechei ty regar di ng¢

fficacy of transfer frDhmeynfeu rsskth@tle ttoh aatn omah
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previous studies utilising intervention meth

of training one ability to outcomes on anoth
underpowered intervention studies. Consider.|
will aim to address t hswses nmeudio dood opmd werl tioc

understand the dosage needed t o ssepeectirfansf er

abilities.

Devel opment al pat hways to counting and ar
out comes

The mliletviel framewol kmofeof@R@gadprts that basi
abilities such as comparison abilities relat
proficiency with specific components of math
abilities and arithmetic abilities. The abil
number of ptreerperqiunicsiipl es of counting are mas:
byGel man and Gal l,i amal di 52868 ed in Chapter 1
stage of the principles of counting is the a
princ(ikijlaesi & Fintor, 20ZX3a;r dWywan,i tly99G6) t he
understanding that, when counting, the | ast
the number of obj &Met&l ey &®&hAnsatAis( ch01@)y en
begin to understand that references to 6éoneb
children will wunderstand each number refers

numbdMWagner & Johnson, 2011)

Previous associations studies have found

symbolic comparison andeaowyntainmdg , v assiMah | &s ( 2 C
who found that the symbolic comparison abil:i
years 10 months i mproved after acquiring the

Simil Mobygeg et alfoum@Ma0iédyat measures of cardir

years 9 months predict symbolic comparison a
Comparatively fewer studies have investigate
and mechani stsihd prselfatoimomymbol i ¢ comparison e
counting abilities, and the characteristics
these abilities.
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Concurrent correlation studies demonstrate
notsymbolic abilitiepriamdi galr dkmawing, such a
Shusterman et walth @2@heénpl e of 42 children ac
| ongi tudinavasMadlye bgt ,alc.ompald®e8&8) t he contrik
the object tracking system (OTS) to the appr
(ANS) to future counting abilities. The samp
years 10 months of age at T1, and the study
OTS was peecacfoatniti ng at both T1 and T2, 4 mor
Performance on the ANS task also contributed
became a capdimelpaly knower in the future. T
bet weweann Mar |l e et and t(ReO1Br)esent proposed st
vanMarl e et @dmpdgr2dd 8t)he predictive relation
the OTS, the present study will compare the
notsymbolic (ANS) to symbolic abilities in re¢

measur e.

Association studies finding 1 ncesnysmbsaleinct r €
compari son andVamibt mmet iet¢ .caoln.d u(c2tOeldy)marone

| ongi tudinal stsuedwenwichhi Isdrxerny aged 6 years a
(SD= 3 months) and showed bosywmbygmbolic and r
comparison remain better predictive of futur
when compared -genée€woalai abi |l ities such as verb
memory, Mipadalal-t esthmrmemory and processing sp

Howeer, studi e&obssdchrtasawith28ldampl e of 165

children aged 6 years and 3 months who were
and Bartelet et al. (2014) with a sample of
aged 71 months (5.9 years) instead found syn
opposed 4sy mbon i ¢c mdaoaswridwu,dinally contribute

arithmetic outcome measur es.

However, the predicti-speatflctagbofi domai on:
arithmetic devel opment are st{Mhl debateedalin,

2021) The |l iterature that has focused on inte
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demonstrate a relationship betywdernd itche train

ri son abilities on arithmetic abilities

3
o
(@]
=y
v

ni stic relati ompsyhmbpo Ibiect vaebein intones and al
An interventitlonsecrnta dayndyNosehows20al 6s)a mp-l e of f
six children aged 5 years 9 months receiving

on arithmetic more than their samp-le of chil

(@)

symbolic intervention. However, both groups

i mprovements comgamed ol o girloeu p .

Exploring the mechanistic relationship bet"

abilities and arithmetic outcomes from a mut
devel opment view suggests these abilitiesd d
enhance each other (van der Maoaasc het al ., 200
investigates training these abilities togeth

and additive effects of traspeoagfbotabibofithe
toget her . Further, due to the varying ages o

age and devel opmemporatreentalfsaoct ors to consi de

that the contrisbymtbiodn cofmamgon tude abilities t
changes across development, as Gimbert et al
notsymbolic abilities contributen,ittle, iIf &

particularly thosgeame®d andunhtda¥? ol der chil d

they are more reliant on symbolic abilities
Due to the variance in the ages of the chil d
app, this will almd kowst dleragqegeqgf at he chil d
devel opment affects these potential additive
abilities together, as opposed to two opposi

to one another.

The present study

The present study wil/l i nvestigate develo
comparison abilities (boytrmbaoclyimb)oltiac auntdc mmens
as counting and arithmetic. Further analysis
pat hways will also contr i beutree gtaor dtihneg otnhgeoi n g
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mportance of symbolic numbseymbompar magni and

comparison abilities in rel atsgmpeacitfoi anoo et com

measures such as counting and arithmetic.

As such the present study wil!/| Il nvestigat

training both symspombioti andbnodnties together

c

-

o

ounting as an outcome, and arithmetic as an

haracteristics of theselppapbowagsdaveéel opmsop

nvestigated| utdbhssdevel opment of the child (
el ationship differs across age), and charac
O see intervention changes (such as dosage
The present study wutilised | og data from al
all ed Funexpected in order to understand th

hange scores resulting from the training of

bi

| i ti essyamidolniom compartesopbpuadabomet measur es

ounting abilities and arithmetic abilities.

Research questions

t

The following research questions will be a

he

counting outcome and the arithmetic outc

1)Predi cthorres:t he dspmzihic abilities of syr
compari son -aymb cmmloinc magni tude compari sor
predictive t o tcheeu motuitncg/neer iotf emeotniec D f
the predictor variables more predictive
they both equally @owrdtiicng vendft tere
arithmeutcome measure?

2)Tr ai niHogv. wi Il the predictive relationsh
comparison abilities-sympmbok)ctandonoani
and arithmetic outcomes differ when con:
scores, or change scores (response to i
3)Dosagdow does dosage (or number of sessi
predictor variables of symbolic -magnitu

symbolic magnitude comparison) contri bu:
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predictive relationship to the counting
dosage have a different relationship wi:
depending on age of the chil d?

4)AgeWhen compayeaqgl dbs -y®aad7l ds, does t he
predictive relationship between compari:
and mnsoynmbol i c) and counting/arithmetic v
child?

Hypot heses
The hypotheses for each of the research q
here, first relating to the counting outcome

arithmetic outcome measur e.

Hypot heses for the counting outcome measu
1)Predi ctBoarsse:d on intervention results fro
(Van Her wegen eitt awas pRmOdd@di)cted that bot

number comparison changgymkBocbre @magninbuad:

compari son change score wil/l be signifi
counting quiz. TAbt hoeghadaddoBORE) and
Noel ( xthloew), it is predicted that symbol

contribute more.

2)TrainiChgagnge scores for both of the comp
(symbol i c -aywmdb wmloinc) will contribute mor e
predictive relationship to model than t
corresponding abilities.

3)DosagA&:nul | relationship is hypothesi sert
i mprovement on the outcome measures, CO

from Chapter 4 and Chapter 5.

4)AgeBoth comparison abilities wil!/l be si

sample and the | evel 7 ssaympbloel.i cHoaneivleirt,i
will decrease in predictive utility as
based on finGimgserfrem al. (2019).
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Hypot heses for the arithmetic outcome mea
1)Predi ctBoortsh: symbol i ¢ number comparison <c
and mnsoytémbol i ¢ magnitude comparison chang
significant and m@mmredihaogeutivze, odl ttheugh
symbolic change score wihlils ciosn tbraisbeudt eo nm
findingsohoom and Noel (2016)
2)TrainiChgagnge scores for both of the comp
(symbol i c -aywmdb wmloinc) will contribute mor e
than the average scores of thlei €£oirgs espo

based on findamgBHefwemen etanadlobi(a 0elt8)

al . (2021)
3)DosagA:nul | relationship is hypothesi sect
i mprovement on the outcome measures, CO

fromhapters 4 to 6.

4)AgeBoth comparison abilities wtylelarbe si
ol dsnd-yeaal ds, b-sy mboabicl wtiil és decrease i
predictive wutility as Tthhies cihsi Ibdarseend goent
findingé6Gfmbemrt et .al ., 2019)

Met hods

Participants
Participants for this study were the wuser

mat hematics app Funexpected. The sample of t
comprised of children who met all the criter
behaviour. Children were required to compl et

gamepl ay sessionsymbothe omompari son game and
of two gameplay sessions on the symbolic con
were also required to complete both the coun
are provided within the @pe. rEegut hed, pd¢laiyl d i
games i n a specinfoirsecy nobradleircc arhde symbol i ¢ game
required to take place prior to the outcome

arithmetic. This was to ensure the study was
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from the comparison abilities, and how it 1in

counting and arithmetic.

The |l evel 5 counting and arithmetic qui z
Funexpected for chedowdren aged Hhe | evel 7 qu
targetegeadl &d children. As such, two sampl es
included i n Tthhei sc hsitluddryeen who compl eted the I«
and thus comprised of the | evel 5 sample wer
age of 5.46 SDs=ar0s 39l.d Chil dren in this sampl ¢
from 46688 years. The | evel 7 sample compri s
with a mean age olff 5bc20a. yepr sChildren in thi
ranged in age from 6ChBltdoe@. pPayedr $ he game
bet ween thde 1@ly 2020 t hrtéoufg hAptro It h2ed 2224.

Procedur e

The secondary data was collected from Fun
game, the symbolic compasiymbonl gameoampdr hepon
game were available to children in a free ro

were able to play these games a®n amnlye fotelyaire n
hand, the quizzes ar pr es ednetfeidn etdo ocrhd € rd,r efni

e
the counting quiz and then the arithmetic qu

available to children until the counting qui
instructiohitdréeheboth verbally and in writt
individual game to guide them on gamepl ay ex
further discussed in the materials section.

Et hical approval for this study was obtai

committeePowm y262023.

The present studyewastfeiredt omr &1/ 07/ 2023.
upl oaded prior to access to the secondary da
extraction. Foll owing data extraction and an
statistics, it became apmpawemnmt trtlkeagwui medi tioc a
registration and data analysis plan to ensur

being answered appropriately with the avail a
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$§d hows

r-ydaal d chi

stion

(0]

D

m, t h
s oo ms .

ow man

s req
e | ev
I n t

y mus

was upl oaded httot p&GSF /oons 2.8 /00/ 22/ g2t 0

s, inferential analysis was con

d
tor variables and the outcome n

|l l ected within the educational

asecwmeanting quiz and arithmetic
t study has two outcome measur e

ondly an arithmetic qui z.

ng quiz is administered to the
six different questions. Each ¢
amount t heymlialnita tgt iorhulai npme s e
g., count howsmahwswi odowsotvh e

i's monster have?).

an example counting question f

the |l evel 72)qulLevéFi Guhas been d

dren, anydeaoewelch7 [doren7?7 Althou

uire the child to count the nun
el 7 qQuiz requires the children
he examidl ani@n Rihgurcéhi | dren ar e

hrooms are there?0 The app verb

oud,c hainlddr en are able to hear the question

eaker
e next
ake hi
correc
d the

i con.

ques

When the correct answer i s sel

ti on. When the incorrect answer

s head to indicate tnlge chhiilcee.hdd mad

t cho

qui z

ice is given three times, the <c

wi || progress to the next gquest
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TablFéa-Example questions from the counting quiz, from |l evel

Counting and cardinality outcome mea

Difficulty | eve Difficulty 1| ev

Exampl Fi gurrler screenshot of a | eveFigur2escreenshot of a |

guestion gui z question

MocuuTtai CKONbKO
rpuéon

-«

quest.i

ANSWER

The children are given six questions and
answer correctly. As such, each child wil!l r
01718. On this scale, a smaller score indicat

indicates children wusedtsfetweranosfwetrh etihre aqtuteesn

O =

correctly, ut for the purposes of interpret

coded, wher

D

a |l arger score wildl indicate be
wi || be used as their measure of counting ab
Arithmetic outcome measur e
Chil dren were also administered an arithn

guiz only takes place after the counting qui

counting quiz, children are asked six quest:
to answer cor r7ec@hloyws TsaobmMee exampl e questions
arithmetic quiz, and how they differ as diff
age of the child. The arithmetic questions r

basic addition and subtract sums, 3uch as 5
monsteris3 (=5 ?), and children are able to res|

symbolic numbers.
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Tabl7.@-Example questions from the

Exampl e

guestio

Like t
guestions
child wil
as their

| arger sc

Predic
The pr
symbol i c

Arithmetic

Di fficulty

Fi gut3eescreenshot

arithmetic qui

CxonbKo nupor

ocranercs, ecni

Kamawii MOHCTP
checT no opHoMy
nupory?

he counting
, and have
I receive a
measure of
ores indica
tor v.ari abl
edictor wvar

compari son

the app Funehhpe ;msomb

previous|l

y described

Chapt eRFurbstther det ail

Materi al s

Each ¢
each | eve
compari so
a mixture
children

symbol i c

of Chapter

ame had thr

| ev

of ¢

z qu

ol <)

gui

arithmetic quiz, one for |

out come measur e

Difficulty | eve

Fi gurde-screenshot of a | ev

gui z question

Ko nMporos
ecnu
e omHeTp
C€HeCT No OfHOMY
nupory?
<)

z, the children are

t hree chances to answer

S ciolr8e  tThhats rsacmogees wiirld m |

arit

hBmebi ceabrbetgodeé&ldi s

te better performance.

es
i abl

es of the present st

gsaymmeb oal nidc tchoempnaorni son gam

ol i c
i n
s of
4 .

comparison games ha

Chapter 4, and the s

this comparison gam

ee diffic@ubhgpwbketnews, an

|l of the comparison games differ. L

n game compdriigsietd noufmbseirnsgloenl|l vy, | ev e

of si Adyilgei tdimgumb earnsd, 2and finally i

c-domgat e ns nbgeari nst each other:- Level

comparison

game

showed dot iTdyantit.i
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in |l evel 2 they r@ngeotlset menan i2h | eivlied 3 bet
dot s.

Fi gutbei screenshots of both comparison games across three di

corresponding scores

E!/' GAYGRAWUz aANP ! GAYGRAWU: G HII
HYOGe¢!I Rt YU YOG Gel Rt YU

X 13 2NJ @ MpN MM
x 132230 N MpE M M
x 13200 = MNOMM

Fi guir5e al so shows how the scores were cal
the comparison games. Much | i ke Chapters 4 a
ranged from O to 300 (i.e., should a child p
score betiwle@®h, Oand i f they playelteowesc@rehey

bet weeni 200Q, and so forth.

This gamepl ay data was then used to calcu

for the present study. The first i s a change
indicates on average, how much i mprovement <c
game. Secondly, an average scchorien dwacsa tceasl cwhl aa
|l evel of gameplay the children perform at, o
four predictor variables per chil d:

1)Nomsymbol i c change score

2)Nomsymbol i c average score

3)Symbol i c change score

4)Symbol i c average score
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To illustrate how the average score and c¢
calcul ated, example dat d@3i. sHprevi aedhi hdTahk
compl eted five sessions of a comparison game
75/1185. 71, and the sum of their scores equal
divided by the five gameplay sessions, resul
1

12.14. Average score can range from O to 30

Change score is caavceulagiemelr vc al ttleange
bet ween gamepl ay se, sdarmd sdegma nosthriadvteersa, g e ,
how much i mprovement they have achieved acro
trai siesgi 6able 7.3 provides an example of ho
scores were wakceltéhhedd, coHaws a child achi ev
change score of 25 between $netshsiisoni nls tiadmrelc es e s

changeore col umn (i2$% t+ot8abll @B d)ALnd tdiewndde

by the total number of gameplay sessions the
sessions). The example in Table 7.3 results
this example child.
TablF8i an example of calculations used for predictor variab|
Sess Scor ¢ Change s

1 75. 0

2 100. C 25.00

3 100. ( 0.00

4 100. C 0.00

5 185. 7 85. 71
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The possible scale of the -80@Gnge 800re is
Negative numbers indicate phohbdees, hamd nast

have made errors that decrease their score f

A further variable considered from both ¢

number of gameplay sessions of each game. Th
symbolic compari s onsygnabmoel iacn dc onnepnar i son game
children can play these two gamesamd dasheir c
such, there is variance in the number of gan

Research Question 3 and understand the relat
i mprovement on the comparison games in the <c
present study exami hed béwgaamepham sessions
change scores in s-gmmbbiccandmpani son games.
session count does have a significant rel ati
present study also included session count as
rel athiipns et ween change score and outcomes of

arithmeti c.

Data cleaning for outliers

The dataset was cleaned for outliers prio
OQutliers were detdédemiRoscheusitegt of extreme
(Rosner,. 1D™Hi5s) i s a statistical test for cal
from a sample who fall outside of 2 standard
the sampl e.edah tdhfert,he predictor and medi ato
al so assessed for children performing at fl o
session) or who performing at ceiling (100%
30 children were excluded from the Level 5

excluded from the Leve4d Fhoeowmpti ke Aamber of

children excluded from each dataset and t hei

TablFdi number of c¢children excluded from the Level 5 and Lev

exclusion

Vari abl e Level 5 san Level 7 san
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Nomymbolic s 8 highest 19 highest
Nom ymbolic c
4 highest 1 highest
score

Symbolic se: 10 highest 15 highest
Symbolic chan 4 highest 2 highest
Symbolic aver 4 highest 1 highest and

Statistical .model ing

Mul tiple |Iinear regression models were ch
all ow for the analysis of possible significa
predictors and( Mdor nus €s®eye& RuxTbe,r2fdo8é83%sion
model s used to answer RQl and7BRQ2I arehsbown
instance, the predictor variables froem the s
symbolic compari son games were regressed ont
counting quiz score, and then secondly to th
the outcome nleafsfuerrs between the | evel 5 and
separate analysis wild./ be conducted for each
di fferent outcome measures, and two differen
four different regression model s.

Change score and average score for each c
included in the regression models. The aver a
achieved on both compari son games was al so i
predictor, to account for tmen gameipd agd |ierwv eb
games. Although the change score demonstrate
occurs, the average score demonstrates at wh
typically performing.

Tab7&-Regression models for RQl and RQ2

Sampl e

Predictors

Medi at or s Out come
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- Nomymboli
compari son g

scor e
Symbolic con

average SC

Nonsymbol i
compari son

count

Level 5 _ . Countin
- Nomymbolic - Symbolic
scor e comparison
- Symbolic ch count
scor e
- Age of the
- Nomymboli
comparison @
scor e )
_ - Nomymboli
- Symbolic con _
compari son
average sc
) count )
Level 5 - Nomymbolic _ Ar it hme
- Symbolic
scor e _
) compari son
- Symbolic ch
count
scor e
- Age of the
- Counting s
- Nomymboli
comparison @
scor e - Nomymbol.i
- Symbolic con compari son
average sc count ]
Level 7 ) . Countin
- Nomymbolic - Symbolic
scor e comparison
- Symbolic ch count
scor e
- Age of the
- Nomymboli )
. - Nomymboli
comparison @ .
comparison
scor e
. count )
Level 7 - Symbolic con Ar it hme

average sc
Nomymbol ic

scor e

- Symbolic
compari son

count
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- Symbolic ch
scor e
- Age of the

- Counting s

Il n order to answer RQ3 and understand how
the game affected training outcomes, regress
understand the predictive relationship betwe
sessions and changé sbdows. t hablregressi on moo
proposed for RQ3.

Tabll.éi Regression models for RQ3
Sampl e Predictor Out come
Nomsymbolic compar:i
Level 5 c¢h Nonmsymbolic chang
count
Level 5 c¢ch| Symbolic comparison Symbolic change
Nomymbolic compar.
Level 7 ch Nom ymbolic chang
count
Level 7 ch| Symbolic comparison Symbolic change
Power anal ysi s

Power analysis was conducted with the fin
the regression models were adequately powere
for multiple regression suggest that at | eas
per variable in the datg(s®as stoon a& oF adr .noevre,r f2
However, further analysis waw .d®nduwecttedd fwsicn
in the O0pwr & pack(adhea nipoerl yR Settu.dailloh] s2@db &k r

anal ysi s

being the ofumpbberdi ct or s

was conduct euda nudsii m gt hvea | fucersmau loa, wi t

i nvihbédiengnosiempl eansli ze,
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mi nus number of predicftotrat,i antiinawswds STédte at

significant | evel at O0.05.

After the removal of outliems, 14lbe Level
Statistical signipgc@ngd, watfsetuadt Zevaantd 0. 8

at 138. The regression model was consi dered

For the | evel 7n=dalt8ads,ets,t antiitsht i capl< si gni f |
0. 0bs;tatisticattlD8Band9, the power of the re

mo de |l was al so calcul ated at 100 %.

Resul ts

Participants

The Level 5 sample consisted of 146 child
sample was 5. 4@Dyef@r8)obhdd(ranged i-6.23Be fro
years. Fb6bgshews a histogram of the distribut

sampl e.

Fi gurréeil Age of the Level 5 sampl e

Distribution of Age of the Level 5 sample
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Fi gurirée shows an even distribution of chil.
included age range and shows a nor mal di st |

included age range.

Further to this, the | ocations of the chi
are reported. 6 Dulealiloe an error in the coll e
the | ocati5o®Bdoaft a,he sample are classed as
dat a.

TablFé. I Summar ycooufntries the Level 5 sample were | ocated in

~ China 56  38.®6

Russi a 4 8 32. %8
Mi ssingor mat 8 5. 48
Tai wan 5 3. 22
Hong Kong 4 2. P4
Ger many 3 2. b
South Kore 3 2. O
Spain 2 1. 3/

New Zeal an 2 1. 3/

United Arab | 2 1. s
Remaining | oc
13 8. 90

a si mp@lre i ci g

TablFle6shows thatmajority of the sampl e we
(38.36% of the )ttotal sampl e

The Level 7 sample consisted of 189 child
sample was 7. 25XDyef@tr50dldranging from 6. 13 t
Fi gur.eshows a histogram of the distribution
shows again shows a normal distribution of ¢

age range.
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Fi gut7ei age of the |l evel 7 sampl e

Age of the Level 7 sample

25- ]

Frequency

=k
=]
1

6.0 6.5 7.0 (< 8.0 8.5

Age (years)
The |l ocations of the children in the Leve

Tablfe6.The first ten values show the countri
percentage of the total popul ation. Again, a
t halt. 06 % of the sample did notowianvge tlhoicsat itohne
remaining countries were aggregated by cont.

interpretation.

TablFe.62 Summar ycooufntri es the Level 7 sample were | ocated in

Russi a 52 27 . %1
China 4 8 25 .0%
Net her |l ands 14 7. &
South Korea 9 4 . PO
United State 9 4 . b
Pol and 6 3. P/
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Tai wan 5 2. 6B
Ger many 5 2. 6/b
Sweden 3 1. 390
Hong Kong 3 1. 90
Mi ssingor mat i 2 1. 06
The rest of Sou 3 1. 98
The rest of 12 6. 3B
The rest of E 14 7. &d
The rest of Nor 3 1. 98
The rest of O 1 0. 33
Descriptive statistics
Predictor v.ariabl es
Nomymbolic average score
Nomsymbolic average score could range frol

noisymbol i c aver agle24s.c2®=e 3Wa.s12). This indica

that, on average, chilsdyrmebrolplcayednptalra smon g at
the second difficulty |l evel, whie9%9e Aveér gougant
scores for individual chi-l2dbrde b 5r aarcg eods sf rtchne 2
sampl e, adnids ttrhiebuti on of average scores acr o
children can be seen in “h&8 histogram in Fig
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Fi gu7r8ei Average scores -ymmothe magnitude compari son game f o
sampl e
Average scores of the non-symbolic magnitude comparison game for the Level 5 sample
10- ]
i 1 I 1 1
(.) 5‘0 160 ‘:f")O 2[‘]0 2%0 3(‘]0
Score
Figur8e al so demonstrates that a | arge pr o]
achieved an average score of 100 on this gan
score on | evel 1, where dot quantit7i.e& varie
al so shows that fewer children achieved aver
showing few children achieved average scores

he game (values between 101 to 200 demonstr

, and bet we3eOn0 200Ir | evel 3).

The average score from the | eSD=l 7 sampl e

2.12). This indicates that, on asvymbaglei,c chi

ompari son game at the third | evel of diffic
rom 5 to 13. Average scores for indi~vidual
63.33 across tipéel,eamld T heami stribution of
cross the sample of c¢children can b&9seen in
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Fi gur9e- Change scores fgymbdlhiec nmaagni tude compari son game f ol

sampl e

Average scores for the non-symbolic magnitude comparison game for the Level 7 sample

90~

80~

70-

60-

Frequency
3

IS
S

30-

20-

o T | _L
(.1 5‘0 160 Sci?‘e 2(‘]0 250 S(IJO
Fi gur9% shows the | evel 7 sample predomi nat
average scores within Level 3 of th&80@parme (b
No children in this sample achieved average

game (between 0O to 100).

Nomymbolic change score

Descriptive statistics of the change scor
understand on average, how much children cha
they played this game. The | evelsyonbsodmpcl e de
change sadvior e9.08® 8. 49. Scores ranged from O
note, 35 out of 146 children (24%) in the sa
of zero.7 10 gurcews the distribution of change
5 sample and demonstrates that change scores
with most dahitlherdmmwaer end of the distributioc

achieved a change score of values above 30.
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Fi gu7rle0i Change scores fgymbdlhiec nmanmgni tude comparison game f ¢

sampl e

Change scores from the non-symbolic magnitude comparison game for the Level 5 sample

125-

10.0- — —

7.5+

1ldlh flag

0 5 10 15 20 25 30 35 40
Change score

Frequency

The | evel 7 sampl e demoesnysmiraltiead omteaamg en osnc
of 8.56D& @0.21), with scores ranging from 0 t

sample (out of 165), achieved a change score
sample. Flhuskows the distribution of change
| evel 7 sampl e.
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Fi gurrlel-Change scores from the symbolic magnitude compari sol

sampl e

Non-symbolic magnitude comparison change score for the Level 7 sample

80~

60-

Frequency
=
=

20-

‘ o ChangZ‘erJ score “ .
Figurrlel demonstrates the | evel 7 change s
positively skewed, with most children demons

|l ower end of the distribution.

Symbolic average scor e

The |l evel 5 sample demonstrated average s
comparison Mame0®fS2DE,44. 1®hi s indicates that,
average, children played the symbolic compar

di fficulty la@eveglit whenber23 were introduced, &

to compare between sdingilte Aiagbitc amumiker s. Av
scores range@7 from2ll®.across the sample, and
of average scores across the sample of child

hi stogram i7dA2Fi gur e
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Fi gurrle2-Average scores from the symbolic magnitude compari s

sampl e

Average scores of the symbolic magnitude comparison game for the Level 5 sample

40-

w
S

Frequency

20-

Score

Fi gurrle2shows that the majority of the samp

score within | evel 1 (0 to 100) and I evel 2
children achieved average scores within | eve
For Level 7 participants had an average s

of 193SD=014q.2This indicates that, on average

at the second difficulty | evel of the symbol
digit numbers have been introduced, and chil
single di-gdigiandr2abi Aveumlger scores for indi\

children ranged from 123.81 to 292.59, and t
scores across the sample of children can be

Fi gu7rle3d.
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Fi gurrle3i Average scores from the symbolic magnitude comparis

sampl e

Average scores for the symbolic magnitude comparison game for Level 7 sample

100~

Frequency

50~

Score

Figurrle3 shows that the majority of the | e
average symbolic comparison scores within |e
digit numbers are cammdrte dhutmbegisndlbet ween Ve
101¥200). Comparatively fewer clsiclodreesn wadhii e
|l evel 3 of the gawndei,giwhenruemboenrlsy a2z e compared
bet weeni 20Q) .

Symbolic change score

The change score from training on the syn
were analysed to understand howjammemhl ayhi | dr e
score as they played this game. The | evel 5
score ofSD&. ®5 16). The wide standard deviati c
some children achieved negative change score

was8.33 to 38.33. Two children in the sampl e
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score8.,33 &And6). Further to this, 55 childre

achieved a change score of 0, which is 37% o
The distribution of the symbolic change s
the histogramliédn Figure

Fi gu’rled-Change scores from the symbolic magnitude compari sol

sampl e

Change scores from the symbolic magnitude comparison game for the Level 5 sample

45-

40-

Frequency
8

N
o

EN=Es 5 | NS FEES [RENSS

' ' ' ' '
20 25 30 35 40

) . \ \ .
-10 5 0 B 10 15
Change score

Fi gufrle4 shows that most of the | evel 5 sal
change score of 0, which suggests the symbol
i mprove their symbolic comparison abilities.
skewed, as most children ar e abtuttihoen,| ofwerrt heen
demonstrated by the children who achieved ne

The |l evel 7 sample achieved aMsyIndo6d4,c ch
SD= 49.63. The wide standard deviations indi
scores in this sample, as scores ranged fron

the sample (out of 165 children) achieved a
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26% of the sample. The distribution of the s

demonstrated in the hikF.ogram in Figure
Fi gurrles-Change scores from the symbolic magnitude compari sol
sampl e

Symbolic comparison change score for the Level 5 sample

50-

45-

40-

w
S

Frequency
N
&

20-

O

. . . . . ' |
0 50 100 150 200 250 300
Change score

Fi gurrles al so shows the | evel 7 symbolic c
positively skewed, with the majority of the
scores of O. There is considerable variance,
192. 86.

Dosage var.iabl es

Nomymbol i c compari son gameplay session c¢

The |l evel 5 sBmpBe78psessions playing the

symbolic comparSDskorw.@gdbmese(ssi ons). As can be
thdMand®&D there was high variance in the numb
spent in this game, and number of sessions r
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di stributi-foymmd| inmncompari son gameplay sessi

in the histogr7alm.in Figure

Fi gurrle6i Sessi on count -sfyorbotlhiec mamgni tude comparison game for

sampl e

Non-symbolic magnitude comparison session count for Level 5 sample
30-

25-

20-

|

Frequency

5 [ | [ T [ 1 [ ]

The | evel 7 samples spent, on average, 2.
(SD= 1. 31 sessions). The mean and standard de
there was very Ilittle range in the number of
game, varying between 2 to 7 sessions.

Symbolic comparison gameplay session coun

Descriptive statistics were conducted to
gamepl ay sessions children spent in the symb

l evel 5 samfe2sPensessions SDa L hé7game (

sessions). Children played very few sessions
game, as symbolic number of sessions ranged

The | evel 7 sampl e, spent , on average, 3.
symbolic comparSDsorn.gi8mes e(ssi ons). As can be
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children played very few sessions of the syn

Session count ranged from 2 to 7 sessions.

Outcome var.i abl es

Counting qui z
Descriptives statistics were conducted fo
outcome measure. The outcome of thiilsOOmeasur e

The mean score of thisSB=amnmpl.edsva.s BHRe 2s5c or e s

achieved in the sample ranged from 55.55 to
these scores is shown in t.he histogram in Fi
Fi gurrle7i hi stogram of counting scores for the Level 5 sample

Distribution of Counting scores for the Level 5 children

30-
= —
e 20 -
':Ud 1
=0
o
E —
L
10 -
I:I_
o0 10 20 30 40 50 60 FO 8O 90 100
Counting Score
Figurrler indicates a skew towards higher s

demonstrating average performance on the cou

children out of 146, which is 24% of the san

counting quiz. The negative skewness had i mp
and therefore, inferenti al statistics were ¢
sample, and secondly with a subset of the da
achieved 100 on the counting quiz (at ceilin
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The mean scores achieved by the Level 7 s
gui z was S8&. 89 .@07). Scores ranged from 33. 33

di stribution of these scores is §ha®wn in the

Fi gurrle8-hi st ogram of counting scores for the Level 7 sampl e

Counting scores for the Level 7 children

50 -

40- —
530~
-
[}
:5 ——
o
o |
w 20-

10 -

|:|_

0 10 20 30 40 50 60 FO 80 90 100

Counting Score

Fi gurr.eli8ndi cates a skew towards higher sca
demonstrating the Level 7 sample perfloar med w

this samplcehi |l dren out of 189 children scor e
guiz, which is 12.70% of the Level 7 sampl e.
5 sample, in order to circumvent possible mo
statistics were conduct esdanipilres,t ,a nwi tthh etnh ewiw hl
subset of the data where chil drceomnunwmigachi ev

(at ceilriengemee ed.

Arithmetic qui z

Descriptives statistics were conducted fo
qgui z outcome measure. The outcome ofithis me
100. The mean score of thSDs dadmplllg , wa1d83.cD8
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ranged from 33.33 to 100.00. The distributio
the histogram.il® Figure

Fi gurrle9-hi st ogram of arithmetic scores for the Level 5 sampl

Distribution of Arithmetic scores for the Level 5 children

40-

Frequency
&
8

N
=3

@_ [0l

, ! ' . | . ' . \ : .
0 10 20 30 40 50 60 70 80 90 100
Arithmetic Score

Again, much | i ke the counting quiz, the h

arithmetic scores are highly negatively skew

performed well lontthhes &G@mphil dren out of 146
is 25% of the sample, scored 100 on the arit
anal ysis wil/ be conducted first with the wh
children who achieved 100 (at <ceiling) remov
achieved a ®meah 8DF217{.52) on the arithmet.i
qui z. Scores rangdged 1f0r0OamM 022 .Th2z di stributi on
scores is shown in the7h.stogram in Figure
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Fi gurr2e0-hi st ogram of arithmetic scores for the Level 7 sampl

Arithmetic scores for the Level 7 children

40 -

Frequency
=]
=]

o ﬁ”ﬂﬂ.

50 B0 FO B0 90 100
Arithmetic Score

] 10 20 30

Figur2e0 i ndicates a skew towards higher s
demonstrating the Level 7 sample performed w
30 children out of 189 children scored 100%
is 15.87% of the Level 7 sampleduthédrwent hal

the whole sample, and then with children at

Il nferenti al statistics

Correlation .matrices

Tabl.er @ports a correlation matrix of al/l
medi ators and outcomes for the Level 5 sampl
correlation statistic is reported within the
p-val ue of the correl ai o®5,pan@. 0066) utdes
correct for multiple comparisons across nine
matrix in Mapbetd correlations with children

ceiling for both the counting quiz and arith
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Tabl7&@icorrelation matrix of all variables for the Level 5 sampl e

Non Non Non

Symbo Symbo Symbol Counti Arithm
symbol symbol symbol _ Age
sessi avera <chang: Scor e Scor e

sessio averag <chang:¢

Nonm ymbol i
session
Nom ymbol i
average

Nom ymbol i

change
Symbolic s
Symbolic a 13
Symbolic ¢ 0. 01

Counting ¢ 0. 04

Ari thmetic 0.00 0. 12 0.01

Age 0.07 0.08 0.04

greem<=0.005
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Of note, the correlati®homatthati nomabbeé
included variables have a significant correl
outcome measure, which is the first outcome
study. Arithmetic, the second outcome measur
did not signnédliztasmtwiyt toany of the included
however, did correlate with counting. This s

of the study correlated with one another.

A correlation matrix was also conducted f
foll owing the same procedure as the |level 5
valuep<ofO5 pxnd. 005 were used to correct for
compari sons across nine variables.78he corre
shows only one of the included variables sig
counting outcome measure, which was average

comparison task.
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Tabl78-correlation matrix of all variables for the Level 7 sampl e

Non Non Non
Symbol Symbol Symbol Counti Arithm
symbol symbol symbol _ Age
_ sessi averat chang Score Score
sessi avera: chang

Nonsymbol
session

Nonsymbol
average

Nonsymbol

change . 53

. 45
Symbolic g 0.20 0.17
Symbolic a 0.114 0.20
Symbol i c ¢ -0. 01 0.10
Counting -0. 07 0.03

Arithmeti d -0. 07 0. 06

Age 0.05 0.05
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Results for Research Question 1 and Resea

mpl e)
Level 5 counting outcome
To address RQ1 and RQ2 a multiple linear

understand the predictive relationship fr

riables to the outcome of counting score.

re -sgmbol i c averageymbcolhi@egpgeoscore, symbol
erage score, symbolicscymbahge secerse onnaemunt
mbolic session count and age of the chil d.

gression model novasi gpgooRi7gddit3) =px. 367,

24. The adpuated Bf the model was 0.02, su
del explained 2% of the variance in the ou
rther to this, no significant relationship

cluded predictors asdr éeéhef oaogbupnmengeaThe o

e full model can beQ.found in Appendi x

This model output suggests that neither ¢
t hesyimmmol ic comparison game, nor training
mbo¢ompari son game, had a significant rel a
unting outcome measure. Agé dfaveha child a

ignificant relationship with counting score

This regression model was repeated with a
moved children who achieved 100 on the cou
sue of ceiling effect on the sample. This

s sufficireed |Ifyorpotwee regressi on Rhodelt.heSee
sults of the power calculation. This regre

gni ficantF(modell)f ipt=2..I,6. The -adjuasted R

the mof@elQ7wagygesting the model explained
riance i n e hmeeasuutrceonnf counting. Of the ei
edictor variables, average score on the sy

gnificantly predicted countiandg .dOwb@Bsome (un

01) -poAinit i ncrease in average symbolic com
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ass

t he

poi
nor

was

App

e
sub

2
t hi
me a
abi
cou

Fur

ar i

ociated with a half point increas$éoirn cou

full mod el out put .
Level 5 arithmetic outcome
To address RQl1 and RQ2, a regression mode

erstand the relationship between the arit
l uded predictor wvariabl es. I n this model ,
l uded as a predictor vari ablnegy itre stthe |l moadye
ceded the arithmetic test for all childre
ni fF(Bant3,2) HP<3. DP,1, and reported an adju
ared = 0.15, meaning this model, expl aine

arithmetic oetcome measur

Of the eight included predictor variables

gni ficantly predicted arithmatecOpklcome (

1) -poA nit increase i n counting score was a
nt increase in arithmetic score. Neither
soorMmbol i ¢c) were significant predictors i
age of the chotdthé@&htubbtmpmatdef can be fo
endi X

This analysis was repeated with a subset

| dren who perform at ceiling on the count

iz. This subset sample of 106 participants

regressi onApmpedealifxorSetethe power calcul atio
set analysis. The regression moRI&Il 9Wgs st
. $S, .017, and r epor tResdguaanr eadd j=u sOt.eld0, me an
s model explained 10% of the variance in
sure. Ceooaotengemained as a significant pr
l'ities (unasd ah.dad,diG@H)poiAntl i ncrease 1in
nting score was associated with a 0.47 1in
ther, symbolic training change score was

thmetic quiz scorae =QuBptrandda’iyi sed
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An overview of ththdéiaoadumigisndg rmoengr essi on
can fbeceund i n7FRfuraend Figure 7.22 for the ar
measurlost.ted | i n@®nde gomtirdeigaraerstsi on predictors

l ines denote significant predictors.

Fi gurr2eli vi sual representation oftfotumeridhggnels sigesnfaowal yhies for
l evel 5 sampl e
Level 5, full sample, n = 146 Level 5 subset, counting at ceiling removed, n =129
. V—
Non-symbolic Non-symbolic
session count| ", session count|-.
Symbolic Symbolic
session count| -, session count| -
Non-symbolic| Non-symbolic|
average score| ... average score| "
) SR
Symbolic -4 Counting Symbolic B=0.05 Counting
average score average score
Non-symbolic| ..~ Non-symbolig| .-
change score change score
. .
Symbolic |- Symbolic
change score change score
\ ) | —
(—\ ".‘ (ﬁ .“.‘
Age Age
—
—

............... » Non-significant

— > Significant
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E
I

i gurr2e2-vi sual representation

evel 5 sampl e

Level 5, full sample, n = 146

S
Non-symbolic
session count |-
\ / .
S
Symbolic
session count | -

N
Non-symbolic
average score | "
-/

Symbalic
average score

Arithmetic

Level 5 subset, counting and arithmetic at ceiling removed, n = 106

Y
Non-symbolic
session count |-,
- J
Y

Symbolic
session count |
—

Yy
Non-symbolic
average score| -
—

S
Symbolic

average score|
-

Arithmetic

 —
Non-symbolic | .=

change score
~_ @/

Symbelic
change score

Age

~_

Counting

Results for Re

To answer RQ3,

and change scores

was conducted fir

(0]

Vv

n

utcome of symbol
ariables. This a

umber of session

main analysis.

mo ment correl ati

c

0.

The correl ati

o

o

hange score, whi

024. This sugge

s ~ .
Non-symbolic | .-~

change score
.~ @@/

)
Symbolic
change score
~

Age
~

—_—

Counting

R

oo Non-significant

—————» Significant

search Question 3
and investigate
, two regression

st with the predi

(Lev
the r
mo d e |

ctor

ofart hé mfegtgirdd snggisorf raoma ltyhsei s f or

el 5
el ati
s wer

of sy

i c changet esckc ofreesy mitha Isi ovas r

nal ysis was condu

s children played

cted

each

n makhows ia Hadl o0’ s

n between symbol i

to in

game

produ

C number 0

ch was sMadaB8oO3tEc@ENLPOsigni f

sts a weak, significant <cor
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symbolic session count is associated with 1in
score. Simple |inear regression was conducte
score could be predicted by the number of se
the game. The regressioanfpoldell 3®as Fs359 Niof8i,

024. The adpusated Bf the model was O0.03, wh
session count explained 3% of the variance i

effect of the number of sessions played on s

smal | butansti glnuinfsitcanad a=r dlijs4e9d, 024) . Thi s means
that each additional session played was asso
symbolic change score.

This was repeated for t-Bgmboltirespandahbfen
The correlation MmMaghows i a Had®dl ®omomemtr oduct
correlation bseytmtkececlni momumber of -semboloinc and
change score, demonsi gaicfoirgeadta(tli3oom)).=049
p= 0.561. This suggests no relationship is p

notsymbolic compari son-sdyarsbaode carmcd mpamr i son c¢h

(7))

core. As such, no further regression analys

—h

urther understand this r eseantiatnisohn po.f A hvel sfu

for the RQ3 regression mode&3.s is shown in Fi

Fi gurr2e3-vi sual representation of the findings from the dosac¢

5 sampl e

Level 5 dosage and training (n = 146)

s N
=1.49 '
Symbolic session B y Symbolic change
count » score
(training response)
. J
e A _
Non-symbolic session Non-symbolic change
Count ......................................... ) score
(training response)
(N J
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Results for Research Question 1 and Resea

sampl e)

Level 7 counting outcome

Regression analysis was conducted to inve
utilitysymbmloinc change scores (the ehildbs r
symbolic comparison training) and the symbol
and how these abilities rieggecsti oomenmeasihre

Further, the average score that the child
compari son games was also included in the mo
score demonstrates how much change occurs, t
demonstrates at what | evel the chgldren were

Mul tiple |inear regression was conducted

relationship between the outcome of counting

predictors. The outcome measure of the was ¢
predictors in thissymidelli oveawer axgpsny mocbr e, no
change score, symbolic average score, symbol
the chil d. Medi at orsywmbnil altl e sefi omomount anc
session count were also included in the mode
Model fitting results show the model fit
pooR( 7, 181) =p2.5094. The -adjuastteld oR t he mode
was 0.06, suggesting the model explained 6%

outcome measure of counting.

Two predictor variables were significant
average score on the symbolic comparison tas
pl ayed on the symbolic comparison task. Aver
compari sosni gmisfki cantly predictuedtaondatdngedc
(&= 0.,p% . 015)An increase of 1 point in averac
compari son score was associated with a 0.19
The relationship suggests that an increase |
symbolic comparipsendigameei ®f a higher score
outcome qui z.
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Further, the number of sessions played on
game significantly pred(uwn<estda rcdadrrd-ii negd scor es

2.5p=.005Nhe negative beta coeffowkeent sugge

number of sessions spent in the symbolic con
of higheronscdcreescounting outcome quiz. An i n
the symbolic compari son game was associated

counting score.

The analysis for RQ3 below shows there no

symbolic change score and symbolic session c
bet ween symbolic session count and counting
However, due to the narrow variiamnctehiisn snaumpbl e
(2 to 7 sessions), it is suggested that this

skewed distributions of both the counting sc

This regression model was repeated with a
where children who performed at <ceiling (sco
gui z were removed. The subset sample of 165
sufficiently powered. The modelwafsi tpoofr tamids

nonsignijRi7gdrmt7r) $=1.898B8,0. The -sduasted oR t he
model was 0.03, suggesting the model expl ain

the outcome measure of counting.

Level 7 arithmetic outcome
The next regression model was conducted t

relationship between the arithmetic outcome

variables. The predictor va-siyablo¢sci avievnadge
score, symbolic aveswyape®| scorneaaigmomgocl,
symbolic training age score, and age of the
symbolic dosage and symbolic dosage were al s
this model |, counting quiz score was also inc
in the model , iamg tqglue zcaumtays preceded the ar
al |l chil dren.
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The regression model was d(8at i)Bt@ .cla9 |y si
p< .001. The -asdjuastedoR the.m@8dmeelanwansgy t hi s
model , with all included predictors, explain
arithmetic outcdime measelr eut put demonstrated
one of the eight included predictor variahble
whi ch was counaddhgdpcor®e@Mbre specifically, a
increase of 1 point on the counting score wa

increase in arithmetic score.

Neither of the change sceryaebo(lsymbonMeirce no
significant predictors in this model, and ne

full regression outc®AmpendgiBxbe found in

This analysis repeated with a subset that
performed at ceiling on the counting and the
of 138 children was still statistically powe

SeddppendiCkor power <calculation output.

The model fit of this regressi &n8 whz9)st=at i
5.6pc .001. The -sduastteld oR the model was 0. 2
suggesting the model explained 21% of the va
measure of counting. The predictor of count.
significant predietoraepd. 4a< t.hOnddb ri e
specifically, an increase of 1 point on the
with a 0.42 point increafseviisnuaalr irtehpnreetsi ecn tsacto
theegression findings for the cokRiingumeg outco

7 24 , and in Figure 7.25 for the arithmetic r

SeddppendDft or the full regression model out
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Fi gurr2e4-vi sual representation ofcotuumeridnggne s sigenfawal y hies for

l evel 7 sampl e
Level 7, full sample, n =189 Level 7 subset, counting at ceiling removed, n = 165
R R
Non-symbolic Non-symbolic
session count| . session count |,
- \ )
Symbolic Symbolic
session count| . session count|
Non-symbolic | Non-symbolic
average score| "--.. e average score|’
=0.191 . )
symboic | Counting Symbolic | Counting
average score average score
—
Non-symboalic| .- Non-symbolic| ...
change score change score
Symbolic |~ Symbolic
change score change score
\ / ~
Age Age :
\_ | —

--------------- » Non-significant

— > Significant
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Fi gurr2e5-vi sual representation ofart hé mfeatgirdd snggisorf reoma ltyhsei s f or
l evel 7 sampl e

Level 7, full sample, n = 189 Level 7 subset, counting and arithmetic at ceiling removed, n = 138
FE— S
Non-symbolic Non-symbolic
session count |-, session count |,
\ S . AN J e
Symbolic Symbolic
session count | . session count | .
Non-symbolic Non-symbolic
average score| -, average score|

Symbolic Symbolic
average score 3 Arithmetic average score T
— ———

Arithmetic

J—
Non-symbolic | .-~
change score

Non-symbolic | .-~
change score

—
S — S
Symbolic Symbolic
change score change score
-~ -/
— SR
Age Age :
— —
 EEEEE— T
Counting Counting
~ ~

------------- » Non-significant

— > Significant

Research Quiedds agqe 3

To answer RQ3, and investigate the relati
and change scores, two regression model s wer
For the symbolic comparison analysis, the

TablFe8hows a Pear somoOmemptr odarctel ati on bet wee
symbolic number of sessions and symbolic cha

was nonsi gnilf8i7cam®4 p=.54Thi s suggests no st at

significant relationship I s present between
play i n the symbolic comparison game and the
change score. Considering the findings from

furthegression analysis was conducted.
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For thesymbmlic comparison variables, the

TablFle8hows the Pearsmomenproadmurcel ati on bet we

symbolic number of session and symbolic chan
signi fi(da&8wt)o53p< . 0@1imple | inear regression
conductendeéwst and the predictive felationshi
symbolic change sgombe®lamrd sresrsi ey mallnit c Non
change score was entered into the regression
notsymbolic session count as the predictor ve

model was s,HKlni fli8&7a)nt=pF4.0@1, with an adj ust
squared of 0.28. This suggsesymbolthat segsmbemnso
pl ayed explained 28% of-symbovaciahasagensoone
unstandardi sed bea=a4 .chped f.icdl)nti (di cates t ha
each additional sessi®ry mbfoltilkti £ hgaanmgee, smconm e

increased by A. Y'Vspainrepr dadentfatnidomgoff or t |

RQ3 regression model s 7i26. shown in Figure

Fi gu7r2e6-vi sual representation of the findings from the dosa;

7 sampl e

Level 7 dosage and training n = 189

. N
Symbolic SeSSION | ... » Symbolic change
count score
(training response)
- J
4 N
} . . B=4.17 Non-symbolic change
Non syn;tc))cl)JI:; session > score
(training response)
- J

These results suggest that the dosage t ha
comparison game in this study did not | ead t

symbolic change score.

251



Di scussion
The present study conducted secondary dat a
from an educational mat hs app to investigate

pat hway

(7]

bet-wgebohono and symbolic compari son

relating to the outcomes of countihgeabi Thteses
d

was conducted with two samples of children w
games from the educational mat hs app Funexpe
children completed the Level 5 quizzes, and
years, and t he s ecpolnedt esda nphlee Lceovne | 7 qui zzes

mean age of 7.21 years.

Symbolic andymboon i ¢ predictors of counting ali
(RQ1)

Research Question 1 asked about predictor
arithmetic, more preci-s@legi fArce atbohé idomasi mf
number compari sesymbholdi acomagnitude compari son
predictive to the outcomes ofdcoesnbhepgoédnthae
c

mparison abilities more predictive than th

—
> O

at botsty mbood i ¢ and symbolic comparison abil
significant predictors of counting abilities
can be found21l nf ori gturee | evel 5 sample and Fi

l evel 7 sample. Only symbolic abilities were

©
—
D
o

ictor of counting in the | evel 5 sampl e,
ached ceiling on the counting-smenbiodr e wer e
ities were not significantly predictive.

| ati onship was found, the strength of this

Q
®© @® T O

ry weak, and it can be inferred from this
counting abilities nwetrha snonodiedc | uFdoerd tihe | e v«
only symbolic abilities were found to be a s
when the whole sample was anal ysed. No signi
found when ceiling children -ssgmeolriemoalkidl i Ag

were not significantly predictive.
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Next, It was also hypot-Bgmbeopkdct hatt bygmho
comparison abilities would significantly pre
this was not found in the present study. The
identified was perforimgnoeaiaen tamed ddumst was f
both the | evel 5 and | evel 7 sample, and for
subset without TRidiing ieh fleiche with previous
studies &opbnas et awho (a20slo3)f ound counting .
wee a significant predictor of | ater arithme
with the previously proposed arithmetic deve
Butterworth WR®O0®)so highlight counting abil

mont hs as i mportant for future arithmetic.

Training scores or average scores as predict
arithmetic (RQ2)

Research question 2 asked how the predict

comparison abilities-sympmbok)ctandoomahi ng an
arithmetic outcomes wil/l di ffer when consi de
or change scores (response Itno tihnitse rsvteundtyi,o na vs

(7))
o

or es wer

(¢

comprised of the mean score chil

their gameplay sessions for each respective

scores were comprised of the amount of i mpro
across their gameAmlady sses dioansh.oth [ evel 5 ar
samples found training scores were not a sig
counting or arithmetic, across any of the an
ceiling effect removed).

The present study does not suggest that t
comparison abilities are ineffective to coun
This null finding can be potentially explain
possible that <chil dr en gwerga me@tl agyl asywisrsg oerso u
comparison games to see meaningf ul i mpr oveme
scores. More specifically, is it suggested t
comparison abilitiespi istoonotthe ackaungt ipn g ceend
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arithmetic quizzes. The previous results fro

demonstrate that training -eymbloéi symbolpiac i a0

games are able to improve their abilities (w

of age and stimul:i charactyerdi amidc $) i nhewe v @Ir

dosage amounts were much higher than the dos

present chapter, and so children were abl e t
sessions improving their symbgmbol compari son
compari son. As such, hteheprfeisnednitn gsst ufdryom ntdi c a |
two i mportant factors, that being the order
of gamepl ay, are i mportant factors to consid
bet weaemi | ity i mprovement.

The second factor that may explain the nu

the outcome measures. The descriptive statis
and arithmetic outcome measures were potent.i
children, as the distribuhliynnedatiheelsgoslkaw
as most children scored 90% or above. This s
may not have been sensitive enough to captur
abilities and arithmetic abilndanseisgnitfhiucsa rcton
change scorenfitmei pgesent study. Measures ¢t}
floor and ceiling effects make the interpret
(Thomas et alit 268609pssible that wutilising a

t hatsnorsensitive to measuring variance woul d

nuanced understanding of the effects of the

trai

ning on the outcomes.

Further to this, the usgmbfolpicctpuresenamadi

guantities in the outcome measures should al

counting and arithmetic quiz utilised pictur

studies suggest thant ead iV ihsnyemhbocl ipcr esstei mu | | -

pictures result in highlangmrdndmeitnn c( Z3Cb5)es.

admi

aged

ni stered three types of arithmetic tasks

4 -gkdr swhich wer e a-snyemabsoulriec oefx ancotn
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arithmetic, arithmetic word problems, and wr
The study suggests that children aehieved hi
symbolic arithmetic, and | owest scores on th
suggested that a more oiff farcahmemeasusuch as
using more symbolic stimul:i l' i keZhhegwantdt en
Lin (2malys)have all owed for the measurement o

the sampl e.

Dosage and training response (RQ3)

Research question 3 investigated dosage i
specificallyhoRQBoaskedsage (or number of se
predictor variables of symbolic -siggnhiolt ude co

magni tude comparison contribute towards the

the counting outcome measure? To investigate
sesions children played a magnitude compari s
relation to the change score achieved. A vVvis

findings can be 7 of8odr itnheFilgeuvreel Fb gsiampl e an

7. 2f6or the | evel 7 sampl e.

Analysis found a significant positive rel
compari son dosage and change scores for the
increasing dosage |l eads to increasing change

not significantitsybtowd ecn adllmdsmogleange score. The

patterns were flipped for the Level 7 sample
relationship wassymuanldi d odosnaoage, and this re
nonsi gniffoircasmnwtmbol ic dosage. These difference

bet ween dosagegaeansiceches can be explained by

5-yeaal d spent higher dosage on symbolic than
7 did.

As mentioned previously, the dosages obse
| ower than the sessions under investigated i

SzTcs and Myehisgh(l2i0glth7t) t he i ssue of | ow dosa

|l iterature of-symBaohioagcommari son in their re

255



highlig
trying
compar.i
consi de
i mprove
relatio
and i mp
and | ev
t he amo
i mprove
i mprove

did not

Compar.i
As t

Researc

speci fi
(symbol
chil d?
outline
sampl e
anal ysi
this do

ineffe
menti o
mean ag
Previo
compari
7 years
the pre

symbol i

ht this a key methodol ogical factor t

to understand the mechani-syimbot ekatio

son and estpheecri fdiocmaoiunt comes. A further
rris how trainimg toilmpyode fwietrBBi nhoo
anot hepediofmac nability. The prelimina
nship between increasing dosage (numb
rovement in specibddcngnkéewaeatceS symbol
eds ymbmd n ¢ .tHroawierviemrg t he findings al so
unt of dosage used in this study may
ment within the existing abilities, b
ment across different abilities. In o

transfer to counting and arithmetic

sons between age groups (RQ4)

he present study analysed two differe
h Question 4 examined the age of the
cally how the predictive relationship
i ¢ -aywdb mloinc) and countriynwgbhywragdé meft i tch
Ther ©Fspration and data analysis pla
d the comparison of change scores bet
As change scores were not significan
s, thtsveguamondel comparison was not <co
es not suggest that training on these
tive at the ages of 5 to 7 years ol d,
d methodol ogi cal i ssues of dow dosag
di fferences cannot be investigated
S studGiemberutc hetasalugge?éstypnol i ¢

son abilities | ow predictive power be
, and i1t was hypoetshud stiss endo utl hda tb es if noiul na
sent study. The potenti al c-hange in p

c comparison could be investigated in
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data from Funexpected in the future, as the

and children continue to use the app across

A similar resul t t hat was found across b«

sample was that the counting quiz scores wer

arithmetic quiz scores. Although this was no
investigation, this reladiamdéhampi bemevteiean icHu
with previous findings iBarnrdedy i(teB&Wuvwer ,suc

t

i s important to consider that children sc

and an association between high scores on on

havei@gns ficant relationship with high score:¢

the counting measure in this study is not re

a
f

nw T o O —
—

(7))

o <
0]

S
i

sesses childrendés counting abilities at on

ndings should be considered with hesitatio

mitations and future directions

This study's I imitations include the simpl |

o 99 =

—+

ed and the minimal c¢change observed in perf
aining ,durnadt iassmsurcdigr ¢ ssi on model s show tF
cluded predictor variables did not provide
e counting or arithmetic outcome measur e.

nsider is the | ack cofgniift@alveeeniren refl adatelden o
vel opment of counting and arithmetic that

essnhtudy. Results from the typically devel o
udkyo,ponen et afloun(d20fla8c)t ors such as vocabul
ot erm memory at age 5 were predictive of ¢
ter . Li kewise, Zhang and Lin (20153 found

aal d children were predictive ofh arhietshemet i
sociation studies do not suggest a mechani
cluded variables and counting as an outcon
her tciogemiabi |l ities that may explain varian
il dren in thdowavékgkeyahesefit of coll abor a

industry partner is threambdlupdatesitnhadtue

257



pl acediumati onal ,maatnhd apipsi s therefore possib

Funexpected morenplaedectors into thkiapp in
will allow future studies to investigate the
cognitive abilities to outcomes of counting

Future remsmegarcomsi der theChaptédagd from

regarding dosageymbdoltihtehenyothbol i ¢ compari son
anexpl oreohnotw ol | ed vYami anaeg idohseaogrep aofi s on
gamemay i nflcihenaode en's counting andAarithmet.

such, a study of this nat upleaywoal |lhi gehmesru rdeo scah

the game, in |ine with dosage recommendati on
hel p determine the optimal traheauthgomdsati on
counting and Marid hanerntircal over the prescribe
woul d al so mean that meaningful compari sons
comparable groups of children.

Further tud utrfei ss;t ufdi es using educational ma

Funexpect edt iclbioddi -bpped and sednmdaasures,

such as ti8e oTEMA e British Ability Scale, to
mat hemati cal abilitiesed Bye aissurnegsasada moiraat d |
t estthe researmdircoaudaur ately depdpramiede i f t he

trainingi mpact on imptrlbevmatgibc ali tawidet her
t hits ansfers to metalsaumetsi wallt si Ale s bheh,app.
future study odoulhd si mvaeasutriegat e whet her 1 mpr

mat hematics only take place in the specific

Concl usi on

The present study demonstrates the i mpl eme]
devel opment al pathways between magnitude con
(symbol i c -aynmdb mloinc) to outcomes such as coun

arithmetic. The present study highlights cha

devel opment al pat hways, and highlights consi
research. Al though it is i mpor tsamedcitfoi consi d
abilities are considered within devel opment a
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highlights it is also important to consider
themselves, this includes factors such as ho
training one ability to see an effect on the
children are, and thetthaesldiifsi zpuprtgygproifate fo
the child. Theoretically, this study suggest
are oftentimes not considered in previous 1in
explain the heterogeneity across previous evV
reationships between both compar i ssomecaibfiild t i

out confeesr.rer o et ,alwho( 220210) hi ghl i ght methodo

make 1t difficult to make inference on the t
abilities underAs nsvuecsht,i gtahte opnr.esent study hi
met hodol ogi cal <choices may i mpede on the inv
an intervention study.

Al t hough there is sufficient evidence frc«

studies for a relati-oymholpi dedavlmpar inO®ON and
comparison abilities to outcomes such as <cou
specific characteristicsl ogmeéarmtealt rmatnhwagy and
requires further research. The present study
characteristics of the developmental pathway
specific abilities that should be considered
spend a suf fuincdi eofft tamme on training, prior to
appropriate outcome measure i s an important

the present study was able to comment on the

met hodol ogi cal <c¢choices, and col hdbbowti ons w
these factors influence the delivery of trai
doma-ispeci fic mathematical abilities.
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Thi s
pat hways
aged 3 t
i mpl emen
educatio
student s
key find
addreses
This cha
framewor

chapter

Chapter @enerilscussi on
thesi s ai madintderfsuratnrdemg of t he deve
bedmwaeiemeci fic abilities in mathemat
o 7 years old. The second aim of the
tation and training of these devel op
nal maths app Funexpecn etdhi & hRRh D ndus
hip. This Gener al Di scussion chapter
ings from the empirical chapters (se

gaRch Question 1 and Besthechh®sest.i

pter expl opniempltiheatmhidems ¢ hie mutual i sn
k, &g awdlilcads i mplications of the re:
al so discusses the | imitations of th

i nnovative approach contributes to the exi st
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TabBellan overview of the purpose and key findings of each empirical chapter of the the

Chapter 3: ChapteCorpar.i Chapter 7:
Chapter +4: Chapter 5: S
(Early Devel _ _ nosymbolic | Devel opment al
_ symbolic comcomparison g _ _
Mat hemat i c symbolic com to counting
gamepl ay do dosage _ _
Pat hways) dosage arithmetic o]l

Pur pose

To investigaitTo investigatTo investigatTo compare dqTo investigate
specific devi¢variance in dvariance in dgqresponses betdevel opment al
pat hways vial|(number of ga(number of gagnostsymbolic a|from the train
i ntervention|sessions) inflsessions) infifsymbolic comgcompari son ab-i
childrenés pegchildrends pdggameplway hin symbolic and s
on an-baapsped -n|{on an -baapspe d same sample dqoutcomes of <co
symbolic compsymbolic comgchildren. arithmetic, as
game. game. admi ni stered i

Funexpected.

Key findings

Domaismeci fic|The dosage negA significantThis sublBietdgApp based char
abilities of|see Iimprovemegrel ationship|demonst rlatwed mean that | ow
' i ne,~-symomol i dno+ssymbol ic increasing dgqdosages on bqwas spent on t

comparison aftcomparison abi mprovement 9gamewhich wagcomparison abi
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symbolic comjrelated to thcomparison wgassociatadnwiigames, and the

contributed tthe child andfor -dngit synsignificant rmeasures demon
number of number of dotinumber s. bet ween increceiling eTlhese
devel opment alpresented. Do dosage and aspects mean t

No significan

pat hways to frecommendati g i mprovement dqtheoretically

relationshinp

theoretical 1{1be made, althbetween incre°f these comgdevel opment al
substanti al dosage and abilitli es. were not iewvitdk
heterogeneityimprovemefnmrS dat aset .
found in dosatW{digniutmber
responses.

compari son.
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Research Question 1
Research Questionilhvaefsttityeetaddetsii asnshi p

bet ween a childbés age and devel opmeanitfailc pat h
mat hemalaibc¢ | iMoirees specRé&sealt th, Question 1.1 a
which demeaeicn fic abilities these devel opment :
of, and how these differ across devel opment
Findings from EDMP (Chapter 3) suggest numbe
most frequently targeted sdsfeorl opimecrt-@&ah page d w
year s Naulmb.er | i ne dteavle!l pegtntewnays resulted in t
number of significant positive riertadrewe ntoi drh e
wi dest variet-gpec¢i diomapuntocmmased to the ot he
included -dpenaiifni ¢ devel opmernt alle ngaet rowa yt h.e

positive significant effects of nusnpbeci fliioe

abilities was 3f duryc aa cyraaxfsdv &l opment al

pat hways t ar ge/tmbmg icomagni tude comparison al
al smvesti gaDMR. i-BBpmbol i ¢ magnitude compari sao
contributed fewer devel opment al pat hways t ha
a wideramge, rincluding children between 3.50
ol dhese devel opment al pat hways demonstrate t

complexity of the -dpédieffiemtabiolmat ines with th

of mat hemati cs.

EDMP highlighi aedegapgeetsiesar ch on devel opme

pat hways, particularly for foundational ski/l
and complex arithmetic skills in older child
This |imits the understandi-ageoiff howabialki bus
from-toroene correspondence to arithmetic, dev:
d3i7-year age range. Further research shoul d ac
investigating a wider range of abilities, en

and adopnsngteaot reporting practices for par
terminology. This wildl allow for stronger in

devel opment al pat hways across studies.
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This relates to Research Question 1.2, wh

doma-ispeci fic abilities affect one another oV
these abilities develop mutualistically al on
hi erarchically where one abiMuituyal prserc evédhass tthie
theoretical framework that underpinned this

i nvestigat-edcuheiog devel opmeretcidfi cdamailn t i e
opposed to investigating individual abilitie
EDMP foundevsiodemence of bidirectionality betwe
mul-t evel framework by Gilmore (2023), which

mat hemati cal processesmpdmerbtpamaft heimanti & s .

The empirical resul ts ffowmd Clhiatptt leg ss Bp g @r

mutualism in the devedsprmerdt cofmad dimanian i c al e
3i7-yeaal d children. The present thesis does n
mutualism is not relevant to -$specideivel opment

mat hemati cal nsbieladt i ¢ehi s thesis extends on t

mutualism by considering the specific charac
are required for mutualism to occur. This th
of mutuali smmemtadévehbophbways by examining spe
devel opmental characteristics necessary for
chapter investigates a key aspectheChapter 3
abilities thpaudedysn Chéa p(tCcArMs )4 expl ore the
needed for i mprovement, and Chapter 7 examin

Al t hougphathways i deDMPf i(eCcth aipnt emod epWwercat ed
using Funexpseet€Glapteesr®i,ndsihnghl i ght how

i mpl ementation chfarapgp etraiasnt niicnsfgl uence potent |

mutualistic relationships between abilities.

Kievit &20@86% that mutualism research nee
models to move from theory to practical appl
key factors that may hinder these mutually b
dosageage of the child, order oliataet gaimetsi, C ¢
of the stimuld.i (number Tonfi sd athse,s iosr poafo pdoisgeist sl
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training-spemnaifn c abilities with an appropri :
child's age may foster mutual.l yvulrdrhefri,cifdln dd
from Chapter 7 then suggest that the order o
appropriate dosage, is needed to I mplement t
devel opment al pat hways. As such, this thesis
of domsapienci fi c detvedaopsmeowl d be considered i1

studies of mutual i sm.

Research Question 2
Research question 2 of theftoésit&wefocused

educational mat hs aopnp dFounmagayce d ti e&¢edNMaobried i ti es.

specifically, WRat2.spacikfeidc wecharacteristics o
mat hs apps influence the trainingpanidfidevel o
abilities in children Fagedd n3gst o r7 nmy eCéhrasp tcelrd 2

Chapter 5 demonstrate the significanthepositd.i
doma-ispeci fic abi-symhelsi of magmi tude compari so
symbolic number comparison games within Fune
Chaptberf ound that increasing the ndmldert oof gz¢
increased per fTohrinkanwcaes f ound f or boetahc hgames,
age group between the ageHowdv @ret othntreaasres i o
dosalgad heterogeneous effects on tihmptr ovement
di fferent children may need dtid fiempmmmveamount
notsymbolic and symbolic clTdhmepar icshaamtelrisl i ti es

contritbouttelxe sti ng educati onal mO@uhbwappel Bt e

al ., 2mA2)X he sopmaiirht er vent i on SlziTtcesr a& uMyee r s |
201 dD)y investigating how specific characteri s
app, | i ke dosage, differendrds gi im@lfion(@rsu rdleer
age of theft¢hiehde chil dreonédasnesmmboliemeand

symbolic commarsi om.hl i ghts the i mportance of

training programs to enswure al/l children ben

Chapter 4 and Chapter -abibdtctyedmpnowiemiinn
(training ability A improves ability A). To
investigated dosage nekidleidt y oirmbeo wemeant (tr
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ability A improves ability dBue tCoh atphteerl o/w s ug
trai Wiom@ageamoaesfymbol ic and symbolic tomphrsson
sample, thiwagrmatnialgpl e to influence outcome

counting or @hapthenet7chighlights how appropr

should be considered alongside the order in
Training dosage for comparison abilities was
arithmetic outcome quizzes, so there was | it
trained aberaftorees,. tTthe devel opment al pat hway
magni tude comparison abilities to counting a

take place under the circumstances presented
devel opment al pathways i mplemented in the ed
wi tphr evi ously proposed devdlHomme ret a& Npetl h w a2yl
Maertens et 8Bhe, applédecomotahgee chi |l d to pl ay
games for the required dosage to target said

Chapter 7's discussion achkntolwed eadytecso ihée mne ag u

used. The simplicity of these measures, comb
period, may have contributed to minimal obse
performance. Consequently, the regression an

predictor vari abtlhees mondcellusd eddi d nnot have a st

effect on either the countihg oeramsi bhmeut aa

beneficial devel opment, an outcome measure s
measure change in performance is required to
mutal i sm as a theoretical framework. This th

i mportance of the characteristics of a) dosa

c) the stimulus for training iImportant <char a
educational maths apps.
| mplications for research methodol ogies and

This section explores t hbeacd&mpl ibogpagt i ons of
dat a dfeovre|l op mesms @mdarcédax pl ores the implications
findingsnetepedsedi scussed jthi €happeonaZh off e

several advantages: rapid data collection, |
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doma-ispeci fic games, and repeated measures o0V

enable the creation of rich |l ongitudinal dat

traditional (IHab tsthwd ineAss 2d0e2no)nstrated in the

e mp

t o

irical ahaptees,key benefit of this type

study stimuli variation (e.g., dot number

a more nuanced understanding of potential in

dos

edu
dat
res

Fun

pr e
ens
mi n
wer
100
t he

ben

202

[ it
t he
equ
ref
(Br
res

hav

age, order of gampeci &nd daoamabmes

There are some | imitations to consider wh
cational math apps. One such I imitation i
asets relative to the size of the usable
earch. Al though there tairwewe cmemkketd yofl0, 00
expected, upon closer inspection of the a
|l dren who produced data that met the crit
sent studies was comparatively much small
uri ng t hahtadc hpilladyreedn t he r,e qap daeye dj aane s

i mum of t wowesrees saipopnisi ed, final datasets f
e comparable to traditional stum*fes that
300 chiJAdrtehmm)ugh these models are statist
se smaller sample sizes mean the dataset
efits of app | og data, that being the wid
data from anntegd adtnatto icshi | Dbehéesr |l etveal .,
1; Miller, 2012)

The use of secondary data measured via th
tle control over the standardisation of o
gui zzes in the appefaerree nnceeidt h(ecro mpoarrnab | e 1
ivalent performance of otrhecrrictheirlidornen t he
er enxtelde t o measuunederfstaapnadnsti i d ul ar concep
eadmore & Carroll, 2021). This was exempl
ults suggest the measures of counting and

e been sensittoi wea paguaueg M arei asmatgnl ignhi s
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study, both the | evealenonasnd afh esdanepelids ng ef f ¢
wermregativel yi mr kbeometdo t imtei ng and oartictolmmet i ¢

|l ndeed, educational app companies and aca
have different goals from an outcome measur e
interest in creating an enjoyable experience
research has demonstrated t hwech mpormatnicwea toif o
(Gunderson etanad. maB4d 7QVxk evtiyc et falr., 2013
mat hemati cal ™Dhits odnefsf.f.ers from researcher s,
require an outcome measure to be sensitive e
after an interventeitom! (Cl efidfteremttiate bet w
children at risk of mathematical difficultie
children (Out hwai tTheetusal of 2Mm24) type of sec
means out comes mermmstulhmayaperve di fstoer emtatgodl
reseeamcshand this should be considered when i

of such studi es.

While utilising secondary big data in dev
l i mitations, future coll aborations between i
address these gaps. By |l everaging industry's
flexibility alongsi de ac asdieamida 'nsg,tshge@maeftn o a |
knowl edge, and methodol ogi cal rigor, such <co
mat hemati cal devel opmeaysi nAs naovlat future s

with Funexpected have been discussed which a
met hodol ogi cali gchdncgehrtresd hhere. This is in | i:
recommendat bons &y al . whd0h8p0 highlight tha

r e

(@)

ognizing the expertise of both pairties al

industry cos$.l aboration

|l nf ormed by the findings of this thesis,
Funexpected can explore devel opment al pat hwa
and acculrhacsy.i ncéluldew up st udi ewshitcoh Qhnacprteears e7
the sensitiwaurytiofg tehred ari t hmetic outcome m

alongside specific instructions to ensure do
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i's higher. pAlrprogssfairdpllyi nd, gt deat a potential o

educatiappatan also be utilised to understand
devel opment from specific cohorts of childre
educational needs such as Ddyisncgarlac velti aa.l . A (s2t0u
also utilised an app wyWearsvesdi ght €déen at r
dyscalculia, however this study wutilised a s
although app | og data was utilised, the bene
utili sdeéyr e¢io i ncrease the sample size, or toc
l ongi tudi nal measures via the app.

As such, the |l essons | earnt from the pres
applied to future studies utilised app | og d
devel opAeant mportant i nmpilsi cpaatritonne rosthitpi swvi t h i
that itfadltohwe direct i mpl emémntsetdi dn nafi negwi d

the 10,000 children who play the app. A guid
devel oped for Funexpected that demonstrates
guide the future verTshieontsh eosfi st hiedierntaipfpi.ed s e
wit htihre app that could benefit frdme further
gui daseceument will identify characteristics
effective trainin3onieorofc htihedrteonpi cs that wi l

i ncl ude:

Dosage: The thesis highlights the i mporta
doma-ispeci fic abilities. The guidance documen
evidemaseed dosage recommendations that consi

the age of the child from Chapters 4 and 5.

Outcome Measures: The | imitations of the
in the thesis highlight the need for more se
i mpl emented within the app. Coll aboration be

team and Funexpected mean a measfurkeotthhat sui

parties can be addressed.

Theoretically informed research questions

retrospective app |l og data, the guidance doc
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research projects that address specific theo
prospective approach will allow for targeted

predeterminesspdomihi @ games, and predeter mine

By i mplementing these recommendations, Fu
| everage the insights from this thesis to op
and maintain the currently implemented advan
app.

Limitations and factors to consider moving f
Future work wutilising | og data from educat |
consider demographics beyond agdge, tahre ggpmpEectnt
thesi Botenti al demographics that may influen
gamepl ay behavi outrecionncolmidce sstoactiuvos ( SES) of t |
mentioned in the discussion of Chapter 2, Fu
mont hly subscription basis, rsesdrhte gtardiied pm

parents that 1) can afford 2hiaf momd-hd yt cuwdls

screen daewB)are already interested in educat.i
Paying monthly for an app | imits the SES cha
under investigation in this thesisa and prev

relationshi pEbPedanwedemat hemat ( Maffeabeti alies 20
Ng et al .As 2t0Rd)empirical chapters in this t
measure of the SES of the families using the

mi ndful of this aspect of natwuralistic data

The present thesis had the primary aim of

devel opment in relapeontvel dpmanthal. pat hways
Howev,art i s acknowledged that mathematical de
use, take part in a |l arger and broader net wo
Frameworks | i ke that presented in Outhwaite
demonsta amwel evel network of both barriers an
successful i mpl ementation of maths app inter
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Figur8el-8Thhe miletviel determinant framework from Outhwaite et

Individual child-level factors:
Working memory, SES and language

Maths app
intervention outcomes

App design and content

This thesis focuseaddor o pednhde hisgrapp
intervention outcomes, whagmemtrset hde first t
framewdélowev,eOrut hwai te et halghl ({2m19 )wi der f act
affecting app use, such asSE®andl tcehaacrhaecrtser i s

|l evel factors such as their beliefs.surround
The empirical chapters in this thesis more b
environment and caregivers, and asushclas oth

se-eff fi caucsyi nigh appsnhahodgyecihh ®he homeortant
variables to considelXCognktuetr @l rasss @ &2&he

may be potential Dbarriers to children access

Mat hemati cal devel opment, including app us:
broader context beyond educatpsoyncall o sneatdelngs,
suggests (Szucs & Mammarell apf2@6d84e, saadFngu
considered in the present thesis, this frame
factors such as general anxiety, maths anxi e

of mat hs.
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Fi gur8e2i8T.he integrative view of math devel opment
Biological Societal influences
influences
(Sub)Culture Socio-Economic Statu
Sex Stereotypes Family values, attitudes School environment

Brain Structure
Brain Function

Parental pressure

Emotions: math/other

Negative
General Anxiety
Test anxiety
Math Anxiety

Positive

Enjoyment of math
Praise from others
Liking of teacher

Cognitive abilities

General Math Specific
Subject knowledge
Spatial skills Counting, Ordering
Visuo-spatial WM Symbols
Verbal WM

Memorized facts (3x3)
Concepts (0)
Algorithms (+,-)
Spatial assocations

Processing speed
Executive functions:
Inhibition
Task-switching

Self-efficacy

Teaching methods
High stakes exams

: Individual resources

Motivation: math/other

Achievement motivation

i Subjective value of subject

: Interest: Centrality of subjcctf
i Perceived utility of subject

Self-concept: math/other

i Mastery experience
: Controllability
i Expected outcomes

: Seif-esteem

STEM aspirations

Current Cpinion In Behawvioral Sciences

by Szucs a

The present thesis had the pmigmathy mat mcaf |
devel opment in relationspectcbgonitdeegel dpmanh
pat hways, however it is acknowledged that ma
and app use, take part in a | arger and broad
consi 8rucs and Mammarallda Hi2@RI4)glreined @armai n
abilities in their froaodele,r dndnitthaits oins tao c on:

f ol fupw st udhieess.eparati on

speci fic
doma-ge nal
education
i mportant
me mory an
t hat

essent

itahle hfeoorr et i

i s not

factors shoul

al

begwrenadomadndomai n

d be consi

al wMaBhes Srheedatr,| yazaXZa 1 esluc h,
der ed
mart ahgsg agpmpd . Gi | moirgeh I(i20ht4 )t h e

al ong

relationshi-gsndédrdlweami Idiowniaekss nsgu c h

d i nhi btida omayt ceoma triod a |

cal

i ntegr adioma-gefn elr atl h an ds pdeocmafiinc

Treey | ampgnea t

abilitie

u n dneartshteammadtiincga lofdevel opn
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Specifically in relation to educational ma

suggestagthat first t dwah shradyednd etd®Dé

mont was associated with incred®Bedffoirrde emo tadr.
2016) Consitienenmotor abilities and finger gn
mat hemati cal abilities sucBubsracittlomet aad( a

mul tiplication) with cWPelhnhdhdehgageedto6 a8 .yéang

this further suppamrtnertahatcodgomdiinve abilities
i mportant aspect to consider in future resea
apps. Thesegedwoemaaln abilities may mediate the

pat hways bet weepediomac nalpielcii ail ¢y, censi dering
devel opment al pathways i mplemented in touchs

mat hs apps.

Conclusi on

This thesis demonstratesbad&dend ndfotveant i ve u
an educationaFumax petadp@idnv est i gastpeecddmeai n
devel opment al pat hways in yoyre@arachil dmemrs (ag
industry coll aboration enabled the theoretic
pat hways in earl y yeFRarnsdimagtsh efnraoctm ctsharsmt hesi
current under gtedmd i ®fnsthhggs bet wesmchamisous f
agedoma-specabi titiesandodagegames, and how t

i mpacts childrenéswhmproVvameng the app.
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Chapter 4
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Figulr(d -R out put of the gam.chec-lyfmbodticomafgoi ttule mompari s
PAMM

Console  Terminal Background Jobs

R R4.3.1 - C/Users/zahra/Dropbox/PhD/Maths/Funexpected/Data analysis/Final Versions/Final_remove_outlie

Method: UBRE Optimizer: outer newton

full convergence after 4 jterations.

Gradient range [4.060596e-07,4.060596e-07]

(score -0.8579683 & scale 1).

Hessian positive definite, eigenvalue range [3.76809e-05,3.76809e-05].
Model rank = 14 / 14

Basis dimension (k) checking results. Low p-value (k-index<l) may
indicate that k is too low, especially if edf 1is close to k'

k' edf k-index p-value
s(tend) 9.00 5.11 0.9 0.68
>

AppendR x
FigulrG2-R model output of thesyYRAMM formadmri mnwche compari son

2t | Liop Lever) =
Console  Terminal Background Jobs

R R43.1 - C/Users/zahra/Dropbox/PhD/Maths/Funexpected/Data analysis/Final Versions/Final_remove «
Family: poisson

Link function: Tlog

Formula:
ped_status ~ s(tend, k = 10) + Tong_ped2_age_factor

Parametric coefficients:
Estimate Std. Error z value Pr(>lz|)

(Intercept) -5.2252 0.1517 -34.449 < 2e-16 ***
long_ped2_age_factord  0.3462 0.1828 1.894 0.0582 .
Tlong_ped2_age_factors 0.9820 0.1641 5.983 2.19e-09 *¥**
long_ped2_age_factoré 2.2688 0.1662 13.654 < 2e-16 *¥**
2.0257 0.1814 11.169 < Ze-16 ¥

long_ped2_age_factor?
Signif. codes: 0 “***’ 0.001 “¥*’ 0.01 “*’ 0.05 ‘.” 0.1 ° ' 1

Approximate significance of smooth terms:
edf Ref.df Chi.sqg p-value
s(tend) 5.111 6.19 225 <2e-16 ***

Signif. codes: 0 “***%” 0,001 “¥*’ 0.01 “*’ 0.05 ‘.7 0.1 ° ' 1
R-sq.(adj) = 0.0263 Deviance explained = 12.8%
UBRE = -0.85797 Scale est. =1 n = 29261

>
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Fi gulr8 -Out put esfy mboon i ¢horosatnal ysis for Level 1

> summary(NonSymb_levell_coxph)
call:
coxph(formula = surv(trial_count, Survive) ~ levell_nonsym_age,
data = Nonsymbolic_level_experiment_survival_meansplotting_onlyLevell;

n= 1142, number of events= 1104

coef exp(coef) se(coef) z Pr(>lzl)
Tevell_nonsym_age4 -0,29851 0.74192 0.08063 -3.702 0.000214
levell_nonsym_age5 -0.94753 0.38770 0.08416 -11.259 < 2e-16
levell_nonsym_age6 -0.99334 0.37034 0.12016 -8.267 < 2e-16
Tevell_nonsym_age7 -1.30238 0.27188 0.16641 -7.826 5.02e-15

signif. codes: 0 *

¥ 0,001 "w*' 0,01 “*' 0,05 ‘." 0.1 ¢ ' 1

exp(coef) exp(-coef) lower .95 upper .95

Tevell_nonsym_age4 0.7419 1.348 0.6335 0.8689
Tevell_nonsym_ages 0.3877 2.579 0.3287 0.4572
Tevell_nonsym_ageé 0.3703 2.700 0.2926 0.4687
Tevell_nonsym_age7 0.2719 3.678 0.1962 0.3767

Concordance= 0.69 (se = 0.011 )

Likelihood ratio test= 183.1 on 4 df, p=<2e-16
wald test = 182.1 on 4 df, p=<2e-16
score (logrank) test = 191.6 on 4 df, p=<2e-16

>
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Fi gulrGd - Noansymbol ic |
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> summary (NonSymb_level2_coxph)

call:

coxph(formula = surv(trial_count, Survive) ~ Nonsymb_level2_agefactor,
data = NonSymbolic_level_experiment_survival_meansplotting_onlylLevel2

n= 993, number of events= 848

coef exp(coef) se(coef) z Pri>lzl)

Nonsymb_Tlevel2_agefactor4 0.4509 1.5697 0.1476 3.055 0.00225 **
Nonsymb_level2_agefactor5 0.9441 2.5706 0.1293 7.301 2.85e-13 ***
Nonsymb_level2_agefactor6é 0.4804 1.6167 0.1701 2.825 0.00473 **
Nonsymb_Tlevel2_agefactor? 0.4210 1.5234 0.1894 2.223 0.02622 *
signif. codes: © ‘#*%' 0,001 ‘*=' 0.01 ‘*' 0.05 ‘.7 0.1 ¢ '1

exp(coef) exp(-coef) Tower .95 upper .95

Nonsymb_level2_agefactor4 1.570 0.6371 1.175 2.096
Nonsymb_level2_agefactor5 2.571 0.3890 1.995 3.312
Nonsymb_Tlevel2_agefactor6 1.617 0.6185 1.158 2.256
Nonsymb_level2_agefactor? 1.523 0.6564 1.051 2.208
Concordance= 0.64 (se = 0.014 )

Likelihood ratio test= 85.01 on 4 df, p=<2e-16

wald test = 77.68 on 4 df, p=5e-16

score (logrank) test = 80.96 on 4 df, p=<2e-16

>

Appendli x

Fi gulrd8 - Nonsymboilievel c8x ph

ST Uia y GOy reve | o CuAp)

call:

coxph(formula = surv(trial_count, Survive) ~ Nonsymb_level3_agefactor,
data = NonSymbolic_level_experiment_survival_meansplotting_onlyLevel3)

n= 938, number of events= 604

coef exp(coef) se(coef) z P>zl
. 2567 1.2926 0.1858 1.381 0.16718

Nonsymb_Tlevel3_agefactor4 0 1

0.5015 1.6512 0.1671 3.002 0.00268 **
1 7

1

Nonsymb_Tlevel3_agefactors
Nonsymb_Tlevel3_agefactor6
Nonsymb_Tlevel3_agefactor?

signif. codes:

3076 3.6972  0.1695 7.713 1.23e-14 ***
2904 3.6672  0.1837 7.075 1.50e-12 i

Q ®*¥*x’ 0,001 ‘**’ 0.01 ¥’ 0.05 ‘.7 0.1 * ’ 1

exp(coef) exp(-coef) Tower .95 upper .95

Nonsymb_level3_agefactord 1.293 0.7736 0.8981 1.861
Nonsymb_level3_agefactors 1.651 0.6056 1.1902 2.291
Nonsymb_level3_agefactor6 3.697 0.2705 2.6519 5.154
Nonsymb_level3_agefactor7 3.667 0.2727 2.5585 5.256
Concordance= 0.68 (se = 0.015 )
Likelihood ratio test= 132.5 on 4 df, p=<2e-16
wald test =133.5 on 4 df, p=<2e-16
Score (logrank) test = 143.8 on 4 df, p=<2e-16
>

Fi gurG6é -gam. check of the
UBKL = —U.0£U/ Dldlg €>xL. = 1 = J33u

> gam. check (pam_age_sym_Tong)

Method: UBRE Optimizer: outer newton
full convergence after 6 iterations.
Gradient range [3.961337e-06,3.961337e-06]
(score -0.8266976 & scale 1).

pammt ool s f

COX proporti

mo d @ lut

or

Hessian positive definite, eigenvalue range [3.710375e-05,3.710375e-05].

Model rank = 7 / 7

Basis dimension (k) checking results.

Low p-value (k-index<l) may

indicate that k is too Tow, especially if edf 1is close to k'.

k' edf k-index p-value
s(tend) 2.0 1.9 0.87 0.15
> |
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symbolic
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Family: poisson
Link function: log

Formula:

fidilmodmddelut put

ped_status ~ s(tend, k = 3) + Tong_ped_symh_age_factor

Parametric coefficients:

Estimate std. Error z value Pr(>|z|)

(Intercept) -5.2916 0.5119 -10.337 <2e-16 ***
Tong_ped_symb_age_factord 0.9635 0.5436  1.77 0.0763 .
Tong_ped_symb_age_factor5s 1.1336 0.5146 2.203 0.0276 *
Tong_ped_symb_age_factoré 1.3123 0.5259 2.496 0.0126 *
Tlong_ped_symb_age_factor7  0.9213 0.5438 1.694 0.0902 .
signif. codes: 0 “***’ 0,001 ‘**’ 0.01 “*’ 0.05 ‘.7 0.1 * ' 1
Approximate significance of smooth terms:
edf Ref.df Chi.sq p-value
s(tend) 1.896 1.989 124.9 <«2e-16 *¥**
Signif. codes: 0 *¥*** 0.001 ‘**’ 0.01 ‘*’ 0.05 .7 0.1 * * 1
R-sq. (adj) = 0.0345 Deviance explained = 16.6%
UBRE = -0.8267 Scale est. =1 n = 5530
> |
Fi gulr08- Sy mbol ic Level 1
Fi gulrG®8 -Symbol ic Level 2
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