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Play and Learning at Ulster and Sheffield (PLUS)
Executive summary

Children’s early mathematics skills are predicted by how much their parents engage
in Home Mathematics Activities. Differences in early mathematics skills are closely
linked to socioeconomic circumstances (SEC) and predict later participation in
advanced maths courses in high school and the likelihood of attending university.
This project aimed to explore the relation between home engagement in
mathematics and young children’s mathematics skills, and how to support families

with home mathematics.

This project had three goals: 1) to better understand the relation between Home
Mathematics Activities and early maths development by collating and re-analysing
existing quantitative datasets; 2) to co-create with parents and early years
professionals a set of Home Mathematics Activities that can support 3- to 5-year-
olds’ early maths skills and put them at the centre of an early intervention; 3) to pilot
implementing and evaluating the intervention in Northern Ireland and Northern
England, checking how feasible it is for parents to implement and for researchers to

evaluate.

Key findings

1. Secondary data analysis: Engagement with home mathematics activities
and early mathematical skills

We replicated findings of a small positive association between the frequency of
engagement with home mathematics activities and children’s mathematics skills.
Socio-economic circumstances were related to early mathematics skills but not to

how often families engaged in home mathematics activities.

2. Co-production: Development of a home mathematics intervention

Through iterative co-production with parents and early years educators, we created a
set of home mathematics activities that both groups judged to be enjoyable and
appropriate for 3-5-year-olds and that formed the basis of the early mathematics

intervention.

3. Feasibility and pilot study outcomes
After a small-scale promising feasibility study with 11 families, we conducted a



larger-scale pilot study. The pilot involved 84 families who were placed in either the
early mathematics intervention group or the matched active control group. The
activities were feasible for both groups to implement, with engagement rates
above a pre-set threshold and positive parent feedback. Parents adhered to the
engagement schedule and instructions, and randomisation, double-blind procedures,
and child assessments were all viable.

Recommendations

For researchers: Recruitment: Despite diverse recruitment routes, almost all
participating parents had university degrees, raising concerns about whether the
intervention — and the study procedures — appeal to families experiencing socio-
economic disadvantage. We recommend further qualitative research to understand
how to engage with families experiencing socio-economic disadvantage more
effectively. We also suggest careful consideration of where any in-person testing
takes place. Future recruitment may be better conducted in collaboration with social
economy daycares, pre-schools, nurseries or Family Hubs to encourage a more
diverse range of families with engagement. On-site assessments during children’s

sessions would reduce parental burden.

For researchers: Clear communication about activities at different levels:
Parents liked our videos which introduced home mathematics activities with
suggestions of easier alternatives, yet parents occasionally felt some activities were
too advanced. Future work should focus on clear communication, specifically for the
easier options. Additional short videos could be offered as parents liked this

resource.

For researchers: Understanding how families engage with resources: A great
deal of intervention level information was collected about engagement with the study
and activities; however, less is known about how families used the materials at
home. Collecting data during real interactions, such as observing play and language

use, may help refine future guidance.

For funders and researchers: Assessments: A longer-term follow-up, such as at
three months post-intervention, is recommended. This would allow time for parents’

practices to embed and for learning to consolidate.



For funders and researchers: Building on this project: This study was
purposefully not designed to assess the efficacy of our intervention. Given the
overwhelmingly positive feasibility and acceptability information was gathered in this
project in response to our intervention we suggest that a future, large scale study
should be conducted to assess efficacy, when our other recommendations have

been actioned.

Take home points for policy makers on working with families: This project
highlights the importance of working closely with families when developing
interventions to be used at home. Diverse family perspectives should be
incorporated into the design from the outset and needs must be accommodated.
Feasible and realistic approaches must be used to ensure the best chance for

intervention success.



Play and Learning at Ulster and Sheffield (PLUS)

Introduction

A vast body of research suggests that there is wide variation in children’s
mathematics skills at school entry (e.g. Davis-Kean et al., 2022). This variation is
associated with socio-economic circumstances and is predictive of uptake of
mathematics courses at high school as well as college attendance. Disparities in
mathematical skills widen throughout childhood (Caro et al., 2009), and are
negatively associated with health, income, and quality of life, perpetuating cycles of
inequality (Numeracy for Health, 2015).

The home mathematics environment

The home mathematics environment (HME) is thought to provide an important basis
for children’s mathematics skills (Anders et al., 2012; Byrnes & Wasik, 2009; L. Elliott
& Bachman, 2018a; J. LeFevre et al., 2010; Mufez et al., 2021), with access to
resources (such as books) and parent practices that support learning in the early
years being positively related to later academic success (Ribner et al., 2019).
Research on early home learning experiences has traditionally focused on literacy
development (Lefevre, 2000; Ramani & Siegler, 2015). Given mathematics has been
found to be a stronger predictor of overall academic attainment compared to reading
skills or attention (Duncan et al., 2007), interest has shifted toward the relationship
between families’ engagement in home mathematics activities and children’s
mathematics skills (LeFevre et al., 2009). Recommendations have been made for
supporting home mathematics activities in the early years, such as engaging in early
quantitative reasoning in the home, with a view to building on these experiences at
school entry (Clements, 2010). Overall, findings from numerous studies indicate that
home mathematics activities are important for the learning of mathematical concepts
(Daucourt et al., 2021; Phillipson et al., 2017) and are associated with children’s
future mathematics skills (Cahoon et al., 2017). Nevertheless, further research is
required to determine if there is a causal relation between doing certain mathematics
activities and children’s developing mathematics skills, and if there is, what type,
format and approach is needed to increase the uptake of home mathematics

activities.



What is the home mathematics environment?

The HME encompasses a range of mathematical experiences that may benefit
children’s mathematical skills and understanding (De Keyser et al., 2020). Typically,
researchers commonly measure the HME through the presence of one or more
mathematical aspect of the home environment (Figure 1).

Figure 1. The Home Mathematics Environment.

The Home
Mathematics :
- y The frequency that
Environment \ caregivers and children
/ \  engage with home

mathematics activities

The amount Parents’ beliefs,
and content attitudes and

of expectations
mathematical towards
language mathematics
used in the

home

Note: The terms ‘beliefs’ and ‘attitudes’ are often used interchangeably in the literature, though they

represent distinct constructs within the home mathematics environment.

Caregiver beliefs, attitudes, and expectations

Caregiver beliefs and attitudes are related to children’s mathematical skills (LeFevre
et al., 2010; Skwarchuk et al., 2014; Susperreguy et al., 2020). Positive beliefs and
attitudes towards mathematics may positively impact caregivers’ motivation to
engage in mathematics activities with their children (De Keyser et al., 2020).
Research literature focuses on both parents’ beliefs about their own mathematics
skills and in relation to their own children’s performance (such as what is required for
children to be considered ‘good’ at mathematics; Yilmaz et al., 2025). In addition,
positive caregiver attitudes (such as “I enjoy maths) towards mathematics has been
observed to be related to the frequency of engagement in home mathematics



activities (LeFevre et al., 2010; Missall et al., 2015; Susperreguy et al., 2020), and
children’s mathematical skills (Kleemans et al., 2012; Susperreguy et al., 2020).
Caregivers’ expectations, both short and long-term, are also observed to be related
to engagement in mathematics activities (Skwarchuk et al., 2014) and children’s
numerical skills (Segers et al., 2015).

Mathematical language in the home environment

Caregivers use of mathematical language (or maths talk) when interacting with their
children predicts children’s mathematical skills upon reaching school (Casey et al.,
2018; L. Elliott & Bachman, 2018b; Gibson et al., 2020; Purpura et al., 2017; Ramani
et al., 2015; Susperreguy & Davis-Kean, 2016) and the effects of increased
caregiver maths talk on children’s maths skills have even been detected up to one
year after experiencing interventions (Susperreguy & Davis-Kean, 2016). Commonly,
the occurrence and quality of maths talk are generally collected through structured or
unstructured observations (i.e. researcher planned interactions vs natural
interactions). Structured cooperative activities have indicated a concurrent relation
between maternal maths talk during play and child mathematics skills (Gurgah Ogul
& Aktas Arnas, 2021; Ramani et al., 2015). In a natural observation study of families
eating meals together, the frequency of maternal maths talk was related to their
child’s mathematics skills one year later, after controlling for maternal education,
child self-regulation, and the length of time of recordings (Susperreguy & Davis-
Kean, 2016).

Frequency of engagement with home mathematics activities

A wealth of literature has investigated the relation between engagement with home
mathematics activities and children’s mathematical skills (see James-Brabham et al.,
2024). Typically, caregivers complete self-report questionnaires documenting their
frequency of engagement with a variety of home mathematics activities (e.g. from
never to daily) over a prescribed time (e.g. weekly, monthly, etc).

Overall, engagement with home mathematics activities has been found to be related
to children’s mathematics skills across the globe with increased levels of
engagement with mathematics activities in the home typically being positively
associated with children’s performance on measures of mathematical skills
(Daucourt et al., 2021; Ellis et al., 2023; Hunt et al., 2025; James-Brabham et al.,



2024; LeFevre et al., 2009; Skwarchuk et al., 2014). However, there are some
inconsistencies, with some studies finding both negative (Blevins-Knabe et al., 2000;
Ciping et al., 2015), and null associations (Hornburg et al., 2021; James-Brabham et
al., 2023; Missall et al., 2015; Zhou et al., 2006) between engagement with home
mathematics activities and children’s mathematics skills. Some explanations for
these inconsistencies lie in how home mathematics activities have been measured,
age groups of children in samples, and between country differences in child-care and
education systems. In addition, given that when observed, the relation between
engagement with home mathematics activities and children’s mathematics skills is
small (e.g. Cohen’s d= .1 to .2), mixed results may also be explained by many
studies including sample sizes that are too small to detect this effect (De Keyser et
al., 2020).

The potential influence of socio-economic circumstances on the HME

Evidence indicates that there is wide variation in children’s mathematics skills at
school entry, with family socio-economic circumstances (SEC) explaining some of
these differences (Caro et al., 2009; Jordan & Levine, 2009). Typically, parental
education levels are measured and used as an indicator of SEC, as this factor
represents an important aspect of SEC (Hornburg et al., 2021). SEC related
disparities in mathematics have been detected as young as age 3 (Blakey et al.,
2020; James-Brabham et al., 2023; Sarama & Clements, 2009) and can have lasting
effects on children’s mathematical performance (Crosnoe et al., 2010; L. Elliott &
Bachman, 2018b). Differences in engagement with home mathematics activities may
partly explain these gaps, as higher-SEC families often have more resources, time,
and confidence to support learning at home, consistent with the family investment
model (Conger & Donnellan, 2007).

In contrast to the literature on the association between SEC and children’s
mathematics skills, the literature on the relation between SEC and the home
mathematics environment is mixed and complex. While some studies suggest SEC
predicts the frequency, type, and variety of home mathematics activities (Del Rio et
al., 2017; Galindo & Sonnenschein, 2015), others find minimal (Pan et al., 2018) or
no relation at all (James-Brabham et al., 2023). Relatedly, some studies have

reported parents from lower SEC backgrounds use mathematical language to a



lesser degree than parents from high SEC backgrounds (Levine et al., 2010).
However, other research teams have observed no relation between SEC and
mathematical language (e.g., Leech et al., 2022; Thippana et al., 2020). The lack of
consistency in these research findings highlight the need for clearer understanding
before designing interventions to mitigate SEC-related attainment gaps.

Home mathematics environment interventions

Interventions to promote parent support of learning have been observed to increase
child developmental outcomes (Jeong et al., 2021), and interventions that include
parents are regarded as important for reducing social disadvantage (Clarke &
Younas, 2017). A recent systematic review and meta-analyses focusing on home-
based interventions for mathematics and literacy outcomes of children aged 3-5
years-old established three main findings (Cahoon et al., 2023). Primarily, there were
substantially more interventions focusing on literacy rather than mathematics
outcomes (i.e. 28 vs 10 respectively). Secondly, the overall impact of home-based
mathematics interventions was consistent but small (d= .18). Finally, many of the
included studies reported interventions that required limited levels of parental
engagement, that were relatively low intensity (e.g., receiving text messages;
(Baroody et al., 2018). The interventions employed various tasks and resources to
encourage engagement in the HME, including mathematics games and storybooks,
with the two studies that contributed the most weight to the pooled estimate both
using games as the primary intervention activity (de Chambrier et al., 2020; Niklas et
al., 2015). This suggests that games may play a particularly important role in

mathematics learning.

Evidence indicates that preschool-aged children can learn as much, or more, from
guided play as from formal instruction (Pesch et al., 2022; Sim & Xu, 2017). Play is
thought to facilitate deeper learning by providing abundant opportunity to compare
common structures across objects and concepts (Christie, 2022). Moreover, games
are enjoyable, which may foster positive emotions during learning (Mayer &
Alexander, 2011). The use of games to teach mathematics has long been a research
focus (e.g., Bright et al., 1985; Ernest, 1986), and children often show heightened
interest in mathematics when numeracy is presented through playful activities

(Cheung & McBride, 2017). In addition, games may be particularly beneficial in
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interventions involving parents who themselves feel negatively about mathematics,

as their accessible and playful format can reduce anxiety (Cheung & McBride, 2017).

The feasibility and acceptability of an intervention is predictive of its potential
adoption and success (Perepletchikova, 2011; Sanetti & Kratochwill, 2009;
Vermilyea et al., 1984). Therefore, the content of home-based interventions must
appeal to both parents and young children to sustain engagement and reduce
attrition. The use of participatory design and co-production methods has received
growing attention in intervention design (Vargas et al., 2022), especially in the
context of educational interventions (Honingh et al., 2020). Embedding research
users from the beginning of the research process not only ensures that intervention
materials are applicable and usable by the target groups, but also the co-production
process itself may act as an intervention (Khan & Beltran-Grimm, 2020).

In the realm of the HME, recent intervention research has aimed to build upon
current family routines with the aim of boosting positive mathematical interactions in
the home, with intended subsequent benefits for children’s mathematics skills.
Through co-production processes, researchers have reported that families engage
with researchers to understand the value of early mathematics and the potential
impact of informal interactions with home mathematics activities for their children’s
learning (Khan & Beltran-Grimm, 2020). In addition, Maths Made for Me (MM4M), is
a HME intervention which aims to promote positive family mathematics interactions,
by building on families’ current reported activities, which is tailored to family’s needs
(Leyva et al., 2023). This intervention used short videos to provide ideas for how
families could support mathematics skills and weekly text reminders to engage with
mathematics with their children over a 6-week period. Although this study was a pilot
study, findings indicated a significant boost in parental mathematical language use
(as measured during a video-recorded parent-child play session) and family
engagement with home mathematics activities (as measured through a self-report

questionnaire). However, no gains in children’s mathematics skills were observed.
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The current project

Given the previously reviewed literature, the current project aimed to address the

following research questions:

-

RESEARCH QUESTIONS

cale data set

Building on prior research and WP1, can we create
and co-produce mathematics activities with
stakeholders that target key areas of early maths
learning?

Using these resources, is a home-based
intervention for 3-5 year-olds and their
caregivers feasible and acceptable?

Using our co-produced resources can we recruit,
retain and assess participants in an 8-week pilot
intervention study? Do we generate any evidence
indicating potential impact of the intervention?

\

12



Part 1: Using a large-scale data set, is there a relation between engagement
with home mathematics activities and children’s mathematics skills in a UK

sample?*
Study Aims and Approach

This study aimed to investigate the types and frequency of home mathematics
activities in relation to children’s mathematical skills and family SEC using secondary
data analysis. Given that little published research has focused on the relation
between home mathematics activities and children’s mathematics skills in the United
Kingdom (Daucourt et al., 2021), this study aimed to combine data from multiple
studies to increase understanding of the home mathematics environment and its

potential impact in the UK context.

The study took a data harmonisation approach, which combines datasets and allows
larger and more diverse datasets to be analysed (Adhikari et al., 2021). Nine UK
datasets on 3- to 5-year-olds were combined using data harmonisation, addressing
the scarcity of UK studies in this area home mathematics activities measures were
grouped into five higher-order categories (for example, operations) based on
conceptual similarity. Unlike prior research, which has focused largely on numeracy
(Blevins-Knabe et al., 2000), this study included broader domains such as shape and
pattern understanding (Ehrman et al., 2023). Confirmatory factor analysis verified
these categories. Subsequently, Latent profile analysis (LPA) was adopted, grouping
families by patterns of engagement rather than averaging frequency. This can reveal
distinct profiles of engagement, such as numeracy-focused or spatial-focused
activities, and show how these relate to SEC and children’s outcomes (Hickendorff et
al., 2018). Ordinal regression was used to assess associations between these
subgroups, SEC, and children’s mathematical skills. As this was an exploratory
analysis, no directional hypotheses were proposed, but both SEC and mathematical

skills were expected to be associated with profile membership.

1 Part 1 is a summary of the following published paper: Hunt, B. W., Cahoon, A., Blakey, E., James-Brabham, E., Matthews, D., & Simms, V.
(2025). Is there an association between frequency of home mathematical activities (HMA) and children’s mathematical outcomes? Data
harmonization and secondary analyses of U.K.-based data sets. Developmental Psychology. https://doi.org/10.1037/dev0001987
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Methods
Participants

From a potential total of 1,358 participants across nine datasets, only those who
provided both mathematical outcome data (child) and home mathematics activities
data (parent) were included in the analysis. This resulted in a final sample of 969
parent—child dyads. Of these, 921 provided socioeconomic data in the form of
parents’ highest educational qualification. Parent participants had a mean age of
35.33 years (SD = 5.51), while children had a mean age of 46.83 months (SD = 5.41,
range 35-69 months).

Variables

The key variables from each dataset were extracted (see
https://doi.org/10.17605/0OSF.I0/7TJCR for details on the variables taken from the
nine datasets). These included: (a) home mathematics activities, with corresponding

questions, items, and response options; (b) child outcome measures, with
standardised and/or unstandardised items; and (c) all available SEC variables.
Among the SEC measures, maternal education was the most used across datasets.
The extracted variables were then harmonised across datasets (e.g., scaling the
responses for equivalence; see below) so that analyses performed on the entire

dataset were statistically sound.
Socioeconomic Circumstances

Parents’ highest educational qualification was used to index SEC. There were six
categories (no qualifications, GCSE, A levels, undergraduate degree, master’s
degree, PhD). SEC data spanned the range of the socioeconomic spectrum across

all nine data sets.

Home Mathematical Activities: Data Harmonisation of Home Mathematics

Activities Items

The home mathematics activities questions varied across datasets in how they
assessed the frequency of engagement. Some questionnaires used time frames
such as “In the past month...”, while others referred to “In an average week...” (see

Supplementary Materials Table 1 for all nine questions). While this inconsistency
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was noted, the main challenge during data harmonisation was reconciling the
different time units used in the Likert scales. To address this, responses capturing
weekly frequencies of home mathematics activities engagement (e.g., three times
per week) were multiplied by four to approximate a monthly frequency (e.g., 12 times
per month). Once the harmonisation process was complete, the original 179 items
were mapped onto 36 variables for further analyses.

Mathematics skills

Each dataset included either a standardised measure of mathematics skills (e.g., the
British Ability Scales: Early Number Concepts, the Test of Early Mathematics Ability—
3, or the Wechsler Preschool and Primary Scale of Intelligence Mathematics subtest)
or an unstandardised, domain-specific measure of mathematics skills. For datasets
with domain-specific measures, accuracy scores were used to derive an overall
mathematics outcome score. Where a dataset contained both standardised and
unstandardised mathematics measures, the standardised measure was selected for
inclusion in the final dataset. The anonymised dataset and accompanying files
(including the key harmonised variables) are available on the Open Science
Framework at https://doi.org/10.17605/OSF.IO/7TJCR.

Justification of Variables

By harmonising across the nine data sets, 36 home mathematics activities variables
were generated. Following this, only those variables that matched across the
majority of data sets (i.e., five or more) were used in the following analyses. Further,
variables that contained a large amount of missing data (e.g., >70% missing) were
also excluded. This process ultimately led to 14 variables being available for further
analyses. After close scrutiny of the literature (e.g., Gilmore, 2023; Milburn et al.,
2019; Purpura et al., 2013), the 14 variables were placed into five ‘conceptual
categories’ that conformed to early years curriculum guidance (CEA Curricular
Guidance for Pre-school Education, 2018): Early number: Written number; Early
number: Counting and cardinality; Pattern, shape, and space; Operations; Size and
quantity. Subsequent analyses were conducted on these five conceptual categories
(see Table 1). Finally, to assess goodness of fit, a confirmatory factor analysis (CFA)

was conducted on the five conceptual categories. The CFA indicated that the model
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demonstrated excellent fit for the data (x2[61] = 123.70, p < .001; CFI = .970; TLI =
.955; RMSEA = .033, 90% CI [.024, .041], p-close = 1.00; SRMR = .046).

Table 1. Five conceptual categories with corresponding variables

Conceptual Categories Variable names Number of
included
variables

Early number: Written |dentifying names of written numbers;

number Write numbers; Board games;

Mathematics activities books 4

Early number: Counting Verbal counting; Counting objects; Using

and cardinality fingers to count; Rhyming related to
numbers 4

Pattern, shape, and space  Sorting objects; Building blocks

2
Operations Scenarios number games; Practice
simple sums 2
Size and quantity Measurements; Discussing quantities
with everyday objects 2
Results

Relations Between Home Mathematics Activities, Mathematics Outcomes, and
SEC

We explored the correlational relations between the home mathematics activities
variables, children’s mathematics skills, and SEC. The five conceptual home
mathematics activities categories, mathematical outcome score, and SEC were
entered into a correlational analysis. Significant associations were observed between
mathematical outcome scores and SEC, Early number: written number, and

Operations. SEC was also associated with Size and quantity (Table 2).

16



Table 2. Correlational relations between home mathematics activities
conceptual categories, child mathematical outcome score, and SEC.

1 2 3 4 5 6
1. Child maths skills score -
2. Socio-economic circumstances A9
3. Early number: Written number 207 .001 -
4. Early number: Counting and .01 -.01 417 -
cardinality
5. Pattern, shape and space -.08 .01 BT 47 -
6. Operations 237 .02 S 28 29%* -
7. Size and quantity .04 A2 40% 37 BT 420

Latent Profile Analysis

To explore patterns of home mathematics activities engagement, we first calculated
average scores for each conceptual category by taking the mean across all variables
in that category. We then used Latent Profile Analysis (LPA) to see whether dyads
could be grouped into meaningful subgroups based on these scores. Based on the
model fit statistics produced by the LPA model, a three-class solution was identified.
The model identified 405 dyads in Profile 1, 418 in Profile 2, and 146 in Profile 3. The
profiles were designated as being high, intermediate, and low home mathematics
activities engagement (Figure 2). Profile 1 was named high home mathematics
activities engagement as dyads in this profile had the highest scores in each of the
five conceptual categories. The dyads in Profiles 2 and 3 had the second highest

and lowest scores in each of the five categories respectively.
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Figure 2: Latent profiles across five conceptual categories of early

mathematics
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Predicting profile membership

Upon identification of the three engagement profiles, we then sought to predict
category membership from children’s mathematics skills scores and family SEC. The
model was significant X2(6)= 113.59, p<.001, and met the assumption of parallel
lines (proportional odds). Further, the model correctly identified 49% of cases and
explained 13% of the variance in home mathematics activities engagement profile
membership (Nagelkerke pseudo R?= .133). Dyads with higher children’s
mathematics skills were found to be 29% more likely to be in a higher engagement
profile (B=.26; SE= .07; 95% Cl= .13 to .39; OR=1.29; 95% CI= 1.14 to 1.45;
p<.001). SEC was not found to be related to engagement profile membership (B=
.002; SE=.05; 95% CI=-.10 to .10; OR= 1.00; 95% CI= .90 to 1.10; p=.961).

Discussion

This study examined how home mathematics activities relate to children’s
mathematics skills and whether family socioeconomic circumstances (SEC)

influence the activities families do at home. Using a large, harmonised dataset of
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nine UK studies (n= 969), we applied Latent Profile Analysis (LPA) to group families
by patterns of home mathematics activities engagement.

The analysis showed that families were best grouped by levels of engagement—
high, intermediate, and low—rather than by the types of activities they did.
Importantly, children’s mathematics skills were positively linked to profile
membership: children with stronger skills were more likely to belong to higher
engagement profiles. This aligns with previous findings that greater home
mathematics activities engagement is associated with stronger mathematics
outcomes (e.g., LeFevre et al., 2009; Skwarchuk et al., 2014). Our work extends this
research by including a broader range of mathematical concepts (e.g., shape, size),
which are often overlooked compared to number-based skills.

A key finding was that family SEC predicted children’s mathematics skills but not
home mathematics activities frequency. This suggests that early attainment gaps in
mathematics are not explained simply by how often families engage in home
mathematics activities. Instead, other factors, such as the quality of interactions, the
use of mathematical language, or access to resources, may be more influential.
Children’s early mathematics learning is influenced from birth by a variety of
contextual and structural factors. These include families’ economic and material
resources, parenting practices, cultural capital, and access to high quality early years
education, as well as individual characteristics pertaining to the child, including
genetics, vocabulary, and cognitive abilities (Ribner et al., 2018; Ruthsatz et al.,
2014).

These findings have practical implications. Interventions focused only on increasing
the quantity of home mathematics activities may not reduce attainment gaps. Efforts
may be better directed toward improving the quality of parent—child interactions and
supporting families’” access to resources, regardless of SEC.

This study had several strengths. We used a novel, person-centred method (LPA)
with a large, harmonised sample, covering the full SEC spectrum. This allowed us to
test new hypotheses and extend previous research beyond narrow samples and
limited measures. However, some limitations remain. Our data only measured
frequency of home mathematics activities, not quality, and did not include wider
factors such as language or executive function, which are known to mediate SEC
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effects. The cross-sectional design also means we cannot draw causal conclusions.
Longitudinal studies or, preferably, randomised controlled trials are needed to clarify
whether home mathematics activities directly influence children’s mathematical

development.

In sum, our results show that children’s mathematics skills are positively associated
with home mathematics activities engagement, but SEC is not. This challenges the
idea that lower-SEC families engage less in home mathematics activities and
suggests that narrowing early attainment gaps will require focusing on interaction
quality and broader aspects of the home learning environment, rather than frequency

alone.
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Parts 2 to 4: Developing a feasible and acceptable evidence-based intervention

Part 2 to 4 of this report summarises work that aimed to develop a feasible and
acceptable evidence-based HME intervention. This process followed the Early
Intervention Foundation (EIF) guide on developing effective interventions
(Asmussen, 2019).

The EIF guide includes a 10-step process for evaluation success. Parts 2 to 4 of this
report includes work that frames and lays out the intervention through to piloting the
intervention (Steps 1-5). Specifically, Part 2 of this report (Steps 1-3) focused on the
co-production of a home mathematics environment intervention, including specific
resources. Part 3 (Step 4) consists of a feasibility study to assess the acceptability
and practicalities of the intervention. Part 4 (Step 5) includes a pilot study to gain
insight into the feasibility and acceptability of the intervention at a larger scale,
identify appropriate outcome measures. Overall, this programme of work allows the
study team to robustly develop an intervention which may potentially be evaluated at

scale (EIF Stages 6-10) and, if proven effective, receive widespread roll-out.
Part 2: Co-production of resources

Aims and Approach

This element of the project aimed to co-produce resources to be used within a home-
based intervention. The findings of previous research, the results of Part 1, the study
team’s knowledge of mathematical development, and the early years framework
were used to identify some suggestions of activities. These initial ideas were brought
to co-production workshops with early years educators and parents to generate
ideas and discussions for new resources. We identified four key areas for the
development of the home mathematics activities for the intervention: (1) to develop
age-appropriate, educational mathematics activities, (2) to determine the degree of
parent-child enjoyment likely to be experienced when engaging in the activities, (3)
the likely attrition rate for this study, and finally, to (4) explore the logistical and
practical aspects of participating in the study (e.g., appropriate number of home
mathematics sessions per week, methods for parents to give feedback during the

intervention).

Why co-production?
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Co-production approaches — wherein stakeholders with a vested interest in
contributing to a knowledge base are actively involved in the design and delivery of
services (Clark et al., 2013; Honingh et al., 2020) — are rapidly becoming considered
best practice for improving the effectiveness and relevance of research (Albert et al.,
2023). With a focus on collaboration, this approach enables integration of the various
needs and expectations of participants (Beltran-Grimm, 2024). Instead of being
passive recipients of research and interventions as in traditional research methods
(Ishimaru et al., 2018), the power dynamic is shifted, so that participants take an
active role in shaping policies that will ultimately affect them (Bell & Pahl, 2018;
Ishimaru et al., 2018) which subsequently allows for trust to develop with the
community (Fledderus et al., 2014).

With specific regard to education, co-production research with parents of primary
school aged children has been shown to have a positive impact on children’s
academic skills (Honingh et al., 2020). However, in comparison to co-production of
childcare services — an area of research that enjoys a substantial existing literature —
research user (i.e., parental) involvement in educational research is relatively lacking
(Honingh et al., 2020). In addition, most co-production activities that aim to develop
interventions targeting child development and learning involves educators and/or
parents rather than children themselves. This may be because it is sometimes not
feasible, or practical, to include younger children in the co-production of services or
curricula. Parents and educators are naturally well placed to offer insights on the
types of pedagogical activities that children may enjoy participating in and receive
the most educational benefit from.

Method

Participants

Participants involved in the workshops included seven parents of 3—5-year-old
children and five senior early years educators (i.e., headteachers of primary
schools). Parent participants were recruited through an educational and community
orientated organisation based in Belfast (Northern Ireland, NI). Educators were
recruited by contacting the schools directly. Parent and educator sessions were

conducted separately.
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Ethics Statement

This study received ethical approval from the Ulster University Research Ethics Filter
Committee (RG3-FCPSY-23-079; December 2023) and both parents and educators

provided written, informed consent prior to participation.

Procedure

The co-production timeline is outlined in Figure 3. Early years educators were invited
to attend two online workshops. Parents were invited to attend three face-to-face
workshops.

Figure 3. Timeline of co-production process

2024
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|

3 workshop sessions over 3 weeks Parents given prototype packs then
took part in a feedback session

x:vi(:l:ksmps —_| jll Educators Educators
educators 888 (n=5) (n=4)

Online sessions with educators
conducted individually at both sessions

Note: One group of parents took part in the first three workshop events, then a different group of parents took part in
the final workshop event.

Co-production began with a session with early years educators. The session started
by discussing the types of mathematical skills and knowledge that the early years
educators felt 3-5-year-olds should display. Then some simple activities aimed at 3-
5-year-olds were presented to the group and discussions ensued about the
appropriateness of the activities for the target group. Some suggestions of changes
to make these activities were made and amendments were enacted before the

parent workshops began.
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Subsequently, co-production workshops engaged with parents once a fortnight over
a period of six weeks. The first workshop included discussions on the types of
mathematics activities that the families already did at home (gleaning ideas for new
tasks), feedback on the existing activities and then a specific discussion on novel
ideas for activities. These ideas were taken and worked into resource ideas for the
next session by the research team. During the second session the parent group
were shown the updated and new activities and were asked for feedback. In the final
session all updated, and some new, materials were presented to the parent group.
Parents discussed the resources and provided ideas for final amendments. During
this session parents were also asked to provide feedback on the intervention
structure, intensity, and delivery mechanisms. After this session the research team

completed any requested amendments.

Subsequently, all co-produced resources were presented at a final early year’'s
educator workshop to ensure that the materials were developmentally appropriate for
3-5-year-olds. The resource templates were then sent to a graphic designer to

ensure that the resources were presented in an attractive and accessible manner.

Finally, three new parents, who had not been involved in the development process,
were recruited and sent all the co-produced resources. These parents were asked to
give feedback on the final resources and then any necessary changes could be
made before the intervention stage of the project.

By the end of the process, we had co-produced 16 activities to be used in the
intervention (Table 3). The home mathematics activities focused on a wide variety of
developmentally appropriate mathematical concepts (e.g. number, patterning,
shape) and provided suggestions for parents for related mathematical language that
could be used alongside the activities (e.g., bigger, more, less).
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Table 3. Summary of home mathematics activities

Activity (number of

versions)

Premise of activity

Mathematical

concepts (e.g.)

Treasure Hunt Bingo (2:
Dots, Numbers)

Children locate hidden targets marked with
dots/numbers from 1-9 and match them with a target
board marked with dots/numbers 1-9

Number, ordering,

space, mapping.

Scavenger Hunt (2:
Sorting 2/4 categories)

Children collect items then sort them into 2/4 groups

(e.g., large/small leaves).

Patterning, shape,

size, equivalence.

Let’'s Go Shopping (2:
Breakfast, Dinner)

Children and parents take it in turns to play shopper

and shopkeeper and buy and sell everyday items.

Number, operations,

size.

Number Race (2:
Forwards, Backwards)

Children and parents take turns to roll a die and

advance to the final space on the board.

Number, ordering,

space, mapping.

See It, Make It! (1)

Children recreate target structures using building

blocks.

Prepositions, shape,

space, pattern.

What Comes Next? (2: 2

Sequencing activity where children attempt to

Ordering, sequencing.

different sets) correctly order events (e.g., daily activities routine,
seasons) depicted on cards.
Copycat (1) Parents model a sequence of physical actions (e.g Pattern, counting,

two handclaps) then children repeat this back.

sequencing, timing.

Shape Windows (2:
Finding shapes, Keeping

count)

Children use stencils to find shapes that are present
in the environment (e.g., television set; rectangle)

and keep count of the number they find.

Shape, space.

Fingers Games (1)

A series of games and children’s songs that involve

counting on fingers.

Number, operations.

Chalk Rocket (1)

Parents draw a ‘rocket’, consisting of some squares,
on the ground with chalk, and write the numbers 1-
10 in each square. Children use a number spinner to

determine which square to jump to.

Number, operations,
shape, space,
symbol-quantity
mapping.
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Some examples of the finalised home mathematics activities are included in Figure
4.

Figure 4. Examples of finalised home mathematics activities.
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Parent feedback on the proposed intervention

During the workshop sessions, parents were asked about the processes and
structure of the intervention. Parents reported that they felt an 8-week intervention
period and completing three short activities per week was acceptable. Parents
reported that they would like a maximum of two text messages per week as
reminders to participate, before communications would become intrusive. This

information fed into the building of the intervention and associated logic model.
The intervention

The study team developed a coherent logic model (Figure 5) for the intervention. The
logic model specified the inputs, outputs, short-term outcomes and long-term

outcomes of an intervention.
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Figure 5. Logic model of the intervention
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Given prior literature and the information gleaned from our co-production sessions
the logic model laid out the components of a study that aimed to ultimately assess
the effectiveness of a home mathematics activities intervention. Based on prior
literature (e.g. Cahoon et al., 2023) the intervention was determined to be 8 weeks
long to allow for sufficient engagement with home mathematics activities resources
and the target population was 3-5-year-olds. The intervention provided home
mathematics resources and support via text messaging to parents (two times per
week), with the aim to engage families in mathematical interactions three times a
week over the course of the intervention. Primary outcomes included increased
positive mathematical interactions and parent attitudes towards mathematics. Long-
term outcomes were identified as positive changes in parents’ attitudes towards

mathematics and sustained increases in children’s mathematics skills.

Control group

The control groups activities focused on the topic of the ‘Story of Me’ in which
parents and children explored topics around their child’s interests using crafts and

conversations with prompts (such as their favourite things, their dreams, and their
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favourite places to go). The types of activities included within this resource pack
were like those used by local councils (e.g. Bristol City) to promote child wellbeing
(UKRI, n.d.) and were designed to be free of maths content/skills directly related to
maths. Instead, they focused on developing children’s sense of self through
autobiographical memories using parent guided art and craft type activities over the
same time-period and matched the time and intensity of parent-child interaction in
the active intervention group. The control group were provided with a resource box
and craft activities. The control group were asked to engage with three activities per
week with their child (i.e. two worksheets and one craft activity). Parents were also
provided with two messages per week. By the end of programme, children, with the
support of their parent had produced a folder containing the products of the 8-weeks’
worth of activities.

Measuring fidelity

All participants in both groups received an 8-week calendar, marked with three
sessions per week. Parents were asked to indicate on the calendar what activity they
completed in each session the date they completed the activity and as to whether
the activity went well or not with their child by circling one of the following words:
“Great”, “OK”, or “Not Good” per session. This information was used to measure
engagement with both intervention and control activities. In addition, parents were
asked to record themselves with their child completing an activity from the resource
pack. These videos were used to assess whether parents followed the instructions

provided to them.
Part 3: Feasibility study
Aims and Approach

This element of the project focused on assessing the feasibility and acceptability of
the 8-week intervention. The aim was to understand if the intervention and co-
produced materials were acceptable and feasible to parents and at a broader level to
ensure that processes, communication and logistics were feasible for the study to
transition to the pilot stage. We had several pre-registered research questions we
aimed to address (Table 4). We also pre-registered criteria to judge each research
question against.
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Table 4. Feasibility study research questions and pre-registered predictions.

RQ1. Do parents consider
engaging with the

intervention as acceptable?

We expected parents to provide positive acceptability
ratings of the intervention and methods of evaluation (>5
on a 7-point scale)

RQ2. Did parents find the
mode of evaluation

acceptable?

We expected the majority (>60%) to recommend the study
to a friend and to continue to use the resources provided to
them.

RQ3. Do parents consider
engaging with the

intervention as feasible?

We expected parents to express positive ratings (average
rating >6 on a 10-point scale) on their capabilities,
opportunities, and motivations to engage with the
intervention. Further, we expected most invited parents
(>60%) to agree to book a visit for a researcher to collect

post-test measures in person and attend the assessment.

RQ4. Do parents consider
the delivery of the

intervention as feasible?

We expected most parents (60%) to remain opted into the

intervention for the entire eight weeks’ duration.

RQ5. How will parents
evaluate the delivery of the

intervention?

We also addressed the feasibility of the intervention
regarding parents’ service evaluation. We expected some
parents (>30%) to share one home recorded activity video,
and for most parents to book an in-person home/lab/family
centre visit to engage in the pre- and post-test
assessments (>60% both groups, both times).

RQ6. Were there any
unintended consequences
from taking part in the

intervention?

We expected taking part in the intervention to have little to
no impact on parents’ self-efficacy. In addition, we
anticipated that taking part in the study may influence how
parents engaged with other activities with their child.

RQ7. Do parents engage
with the intervention

resources?

We expected parents to engage with the intervention
resources three times a week over the eight-week period
as prescribed.

Note: RQ= Research question
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Method
Ethics statement

The study received ethical approval from Ulster University Research Governance
Committee (approval ID: RG3-FCPSY-24-001) and a detailed protocol was

preregistered with the Open Science Framework (https://osf.io/enjdc/). The study

was conducted in accordance with the ethical standards outlined by the Helsinki
Declaration (Declaration of Helsinki, 1975), as revised in 2001 (‘World Medical
Association Declaration of Helsinki’, 2001).

Study design

A small-scale study was implemented to ensure feasibility of the processes included
in a future pilot study. It was important that the processes for both intervention and
control groups were evaluated. Participants were unaware of the broader aims of the
study (i.e., single blinding).

Participants

Participants were recruited through the research teams existing database, Eastside
Learning (the study community partner), and the research team social media
account. Participants were invited to complete an online screening questionnaire
through JISC (JISC Online Surveys, 2020) to determine eligibility. Participants were
then invited to take part, with eleven participating dyads from the Belfast (NI) area
took part in the feasibility study. Participants were randomly assigned to either the
experimental group (n=6) or the control group (n=5). Dyads were deemed ineligible if
the family lived outside NI, and/or if the participating child was younger than 36
months or older than 60 months (i.e. children who were pre-school age). Families
were also excluded if English was not the predominant language used in the home
(at least 50% of conversations in the home conducted in English to ensure that the
study team could code video interaction data). Eligible dyads were invited to take
part in the pre-test assessment, either in participants’ homes, in the lab on campus,

or in a local community centre.

Table 5 summarises the demographic information for the study participants. All
parents participating in the study (in both the experimental and control group) were

the primary caregiver of the participating child. Five (83.3%) child participants in the
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experimental group had at least one sibling, with 1 (16.7%) participant in this group
having no siblings. All 5 (100.0%) children in the control group had at least one
sibling. None of the 6 (100.0%) experimental group parents indicated their child was
diagnosed with a developmental condition (nor were there any parental concerns),
whereas, for the control group, 1 (20.0%) child was diagnosed with a developmental
condition (specifically expressive speech delay). The remaining 4 (80.0%) child
participants in the control group had not been diagnosed with a developmental

condition nor were there any concerns on the part of the parent.
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Table 5: Demographic data for feasibility study participants

Group
Experimental Control
Mean parent age (years) 35.67 (4.23) 37.60 (4.04)
Mean child age (months) 46.12 (4.83) 53.20 (9.04)
N (% group)

6 (100.0%)

5 (100.0%)

Parent gender Female 6 (100.0%) 5 (100.0%)
Male 0 (0.0%) 0 (0.0%)

Child gender Female 2 (33.3%) 3 (60.0%)
Male 4 (66.7%) 2 (40.0%)

Parent education (SEC) GCSE/O Level/Level 2 awards 2 (33.3%) 0 (0.0%)
A Level/BTEC/Level 3 awards 1(16.7%) 0 (0.0%)
Level 4 awards 0 (0.0%) 0 (0.0%)
Foundation degree or Level 5 awards 0 (0.0%) 0 (0.0%)
Honours degree/Level 6 awards 3 (50.0%) 2 (40.0%)
Postgraduate 0 (0.0%) 3 (60.0%)
degree/certificate/diploma

Birth order Participating child is first child 1(16.7%) 2 (40.0%)
Participating child is second child 3 (50.0%) 2 (40.0%)
Participating child is third child 2 (33.3%) 1 (20.0%)

Parent ethnicity White 6 (100.0%) 4 (80.0%)
Mixed or Multiple ethnic groups - 1 (20.0%)

Sample size calculations
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The objective of this study was to assess the viability of trial processes, such as
adherence and acceptance rates and to assess practical considerations around the
implementation of the intervention task (Teresi et al., 2022). As such, there was no
intention to generate effect sizes from the data with the aim of estimating power for
the RCT.

Materials and procedure
Child measures

Cardinal principle knowledge: 'Give-N task’, adapted from Wynn (1990) as per
Cahoon, Gilmore, et al. (2021).

Participants were required to give a requested number of items (plastic strawberries
~2cm in diameter) to a soft toy animal (“Fluffy”) using a plastic plate, which indicates
understanding of the cardinal principle. The numbers 2 through 9 were presented,
with the final four trials consisting of two requests for 8 items, and two requests for 9
items. Children were awarded one point for each correct number of items given. The
possible range of scores on the task was 0-10. Given the stopping-rules (and
therefore missing data) used for the scoring system, internal consistency could not
be calculated for the Give-N task (nor any of the child measures).

British Ability Scales (BAS-1ll) Early Number Concepts assessment (Elliott & Smith,
2011).

The Early Number Concepts subscale of the BAS is a standardised measure
designed for children aged 3-6 years and includes questions about number, size,
and other numerical concepts (e.g., mathematical language). The subscale contains
a maximum of 30 questions, and one point is awarded for each correct answer,

except for item 3 (6 points). The possible range of scores was 0-35.

Symbol-quantity mapping: cross-notation comparison task (as per Cahoon, Gilmore,
et al. (2021).

This task assesses children's ability to map non-symbolic numerical stimuli onto
symbolic numerical stimuli. Children were presented with an array of dots and were
asked to quickly (without counting) decide which of two Arabic digits matched the

numerosity of the dots. Participants received an accuracy score based on the
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proportion of presented items answered correctly. The possible range of scores for
this task was 0-18.

Digit recognition task (Batchelor et al., 2015).

This task measures knowledge of Arabic digit stimuli. Children were asked to read
aloud a series of Arabic digits (ranging from 1 to 20) presented one by one in a non-
sequential order. For this task the following digits were used: 3, 2, 5, 8, 7, 9, 12, 14,
11, 16, 20, and 18. One point was awarded for each correctly identified number, with
the possible range of scores being 0-12.

Shape task adapted from the Reception Baseline assessment: Shape subtest
(Reception Baseline Assessment, 2019).

The Shape sub-test is a standardised measure designed to assess educational
abilities of children upon entering formal schooling. Participants were asked to sort
shapes (squares, rectangles, circles, triangles) into four groups. Participants were
then required to identify the shapes. In the present study, scoring rules deviated from
the original sub-task as follows: participants received one point for sorting circles and
triangles correctly, but incorrectly sorting the squares and rectangles (e.g., by mixing
these shapes), and two points for correctly sorting the four shape types into four
separate groups. The task consists of six items, with the range of possible scores
being 0-7.

Parent measures
Demographics questionnaire.

This measure captured information regarding parent age, child age, gender, SEC,

and broader background questions.

Pre-school Home Maths Questionnaire: Frequency of Numeracy Activities Subscale
(PHMQ); Cahoon, Cassidy, et al., 2021).

The PHMQ is a parent-completed questionnaire that assesses different aspects of
the home maths environment (e.g., parent expectation, literacy, counting skills,
parent-child teaching methods, frequency of numeracy activities etc.). The frequency
of numeracy activities component of the PHMQ contains five subscales; parent -
child interactions, computer maths games, TV programmes, shape, and counting —
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and comprises 22 items in total. The measure is designed to capture the frequency
with which mathematics activities are undertaken in the home and is scored on a
five-point Likert scale (i.e., “activity did not occur” to “almost daily”). Only the
experimental group completed this measure at pre-test, to ensure that participants
remained unaware of the broader aims of the study. However, both groups
completed the measure at post-test. Internal consistency for the PHMQ was
excellent for both pre-test (o= .92) and post-test (a= .90) scores.

Parents’ beliefs about mathematics (Sonnenschein et al., 2012).

This measure assessed different types of parental beliefs about mathematics
learning (e.g., value of academic achievement, relationship with personal growth).
For the purposes of this measure, we only administered three quantitative items that
measured the importance of children’s maths activities and parents’ beliefs about
own maths sKkills. Participants responded on a five-point Likert scale ranging from
“Very unimportant/unconfident” to “Very important/confident”). Similarly to the
PHMQ, only the experimental group completed this measure at pre-test. Both groups
completed the measure at post-test. Internal consistency at pre-test was good (a=

.81), and acceptable at post-test (a= .66).
Child-parent relationship scale (Pianta, 1992).

This measure is a parent-completed questionnaire that assesses the quality of the
parent’s relationship with their child, and contains three subscales: dependence,
conflicts, and closeness. Example items include “I share an affectionate, warm
relationship with my child”, and “My child and | always seem to be struggling with
each other.” Items are scored on a scale of 1-5 (“Definitely does not apply” to
“Definitely applies”) and comprises 30 items in total. Responses to positively worded
items were reverse coded to be consistent with use as an overall measure of child-
parent relationship (e.g., instead of using the three subscales individually). Higher
scores therefore relate to higher conflict, lower closeness, and higher dependence.
Internal consistency was found to be good for both pre- and post-test scores (a=
.86).
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Me as a Parent Scale (short-form; Matthews et al., 2022)

The Me as a Parent Scale (short-form) is a four-item, parent-completed
questionnaire that measures parent self-efficacy (3 items; e.g., “| have confidence in
myself as a parent”) and parental self-management (1 item; e.g., “I can stay focused
on the things | need to do as a parent even when I've had an upsetting experience”).
Parents rated their level of agreement with each statement on a five-point scale,
ranging from 1-5 (“Strongly disagree” to “Strongly agree”). Internal consistency was
good for pre-test scores (o= .85) and excellent for post-test scores (a= .90).

Feedback questionnaire

The post-test survey contained several questions designed to obtain feedback from
participants, with the aim of improving several elements of the intervention.
Responses were collected using a Likert scale in the first instance, with the
opportunity for participants to expand on their response with free text. Questions
centred around the difficulty level of the activities, frequency of expected
engagement, the number of activities that were provided, whether engaging in the
intervention impacted other areas of participants’ lives (positively and negatively),
how parent and participants experienced the pre- and post-test assessments, and

whether the text messaging reminder system was useful.
Parent-child cooperative block task observation.

Parent-child dyads engaged in a structured cooperative block (Lego™) play task
observation (~5 minutes) at the beginning of the assessment session at both pre-
and post-test. Participants were instructed to “play like they would at home.” The
task was not directly related to mathematical concepts but gave participants the
opportunity to refer to them if they wished. The interaction was recorded with a digital
camera (Sony DSC-W800 Compact Camera) on a tripod. Verbal interaction
(utterances) was coded for mathematical language (e.g., cardinality, dimension,
magnitude, spatial language). The coding scheme was a synthesis of several maths
language coding schemes used in similar studies (i.e. Daubert et al. (2018), Eason
et al. (2021), He et al. (2022), Leech et al. (2022), Melzi et al. (2022), and
Schnieders and Schuh (2022)) and was designed to capture concepts presented via

the home mathematics activities intervention tasks.
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Calendar data — subjective experience of activity sessions

Pilot intervention fidelity and subjective experience of the activity sessions was
assessed using an engagement calendar which participants were instructed to
complete as part of the intervention. Both control and experimental participants were
required to indicate each time they undertook an activity on a calendar, and to
subjectively rate whether each activity session was “Great”, “OK”, or “Not Good” by
circling the word(s) that reflected their experience. No predefined threshold was set
for this metric, for either the number of sessions engaged in nor parents’ subjective

ratings of the activity sessions, given the novel nature of the intervention.
Recordings of activities

Parents were asked to record one activity with their child and return this securely to
the study team. This video provided additional evidence of the fidelity of how

activities were used.
Procedure

An individual not involved in the study based at Ulster University randomly assigned
each participant to either the experimental group or a control group. Participants in
both groups were then invited to undertake the pre-test assessment at their
convenience in which the child mathematics measures and the parent survey were
administered. Dyads engaged in a video-recorded cooperative block play task for
five minutes whilst the experimenter was out of the room. The experimenters then
administered the child maths measures in the following order: British Ability Scales,
Give-N task, Symbol-Quantity mapping task, Digit recognition task, NFER shape
task. Parents completed the survey on a laptop whilst the child maths measures
were administered. Assessments were administered by author BH.

Upon completion of the assessment, participants were provided with a pack of
activities to take home, a £10 shopping voucher, and a small soft toy for participation
in the pre-test assessment. Experimental and control packs appeared identical so
experimenter would remain blind to group. For the experimental group only,
mathematics activities were undertaken in the home environment over the course of
eight weeks. The control group did not engage in any mathematics activities as part
of this intervention, instead they engaged with craft activities with their child. Both
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groups of participants were instructed to keep a record of the activities that were
undertaken each week, and to subjectively rate the quality of each session on a
purpose-designed calendar. A text message system was employed to remind
parents in both groups to engage in the activities, and to provide support in the form
of instructional videos of the activities. The text messages were delivered twice per
week (Monday and Friday). Once participants had completed eight weeks of
activities, they were invited to attend the post-test assessment which was identical to
the pre-test assessment, except for the parent survey which additionally included a
feedback questionnaire. Finally, parents were offered a second £10 shopping
voucher, and child participants were presented with another small soft toy for
participation in the post-test assessment. Families were given a choice of where to
complete the session. Most opted to complete the session on the University campus
(13 sessions pre- and post) with some at home (8 sessions pre- and post) and one

session taking place at a community centre.

Once all post-test assessments had taken place, cooperative block play task footage
(pre- and post-test) was coded for mathematical language.

Data analyses

Due to the nature of the study, descriptive statistics for all variables were sufficient to
assess feasibility.

Results

Primary findings are presented as mapping onto the preregistered research
questions outlined at the beginning of Part 3 (Table 4), with secondary findings
presented as tables and figures.

RQ1. Do parents consider engaging with the intervention as acceptable?

Parents reported that they found the intervention acceptable (M= 5.62; SD= .74),
exceeding the pre-registered criterion on the Sekhon et al. (2022) Framework of
Acceptability of 5 or above on a 7-point scale. In addition, eight of the 11 (72.3%) of
participants’ overall scores on this measure were greater than 5, indicating that most
of the sample provided favourable acceptability responses.

RQZ2. Did parents find the mode of evaluation acceptable?
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Eighty-two percent of participants indicated that they would continue to use the
resources, exceeding the pre-registered criterion of more than sixty percent of
parents indicating that they “probably would or “definitely would” continue to use the

resources provided to them.
RQ3. Do parents consider engaging with the intervention as feasible?

Overall, parents reported feeling that they had the capability, opportunity, and
motivation to engage with the intervention (M= 8.96; SD= 1.08, with the pre-
registered threshold set at an average rating of above 6/10 on a measure adapted
from COM-B (Keyworth et al., 2020). Ten of the 11 (90.1%) of participants’ overall
scores were greater than 6, indicating that most of the sample provided favourable
feasibility responses.

RQ4. Do parents consider the delivery of the intervention as feasible?

Retention across the 8-week intervention was excellent (100.0%) and exceeded the
pre-registered retention rate of 60%. Relatedly, all 11 (100.0%) of participants
agreed to, and attended, the post-test assessment, which met exceeded the stated

minimum of 60%.
RQb5. How did parents evaluate the delivery of the intervention?

All invited parents booked a visit with a researcher to collect pre- and post data and
attended these sessions, exceeding our target of sixty percent. Adherence videos

were shared by fifty-five percent of parents, surpassing the target of thirty percent.
RQ6. Were there any unintended consequences from taking part in the intervention?

No negative impact on general caregiver self-efficacy was found from participation in
the study (Pre-test: M= 4.14; SD= .47; Post-test: M= 4.32; SD= .50).

RQ7. Did with parents engage with the intervention resources three times a week
over the eight-week period?

Parents in both groups engaged with around 20 of the 24 total activities that were
provided (experimental group = 20.8, control group = 20.3). In addition, 5 out of the 6
parents who returned recordings of engaging with their child with an activity precisely
followed the instructions that were provided to them.
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(a)

Assessing ceiling and floor effects in measures

Figure 6 summarises scores for all child measures at pre- and post-test. Ceiling
effects were observed on the NFER Shape task at both pre-test (55%) and post-test
(56%). Ceiling effects were also observed for the Give ‘N’ task at post-test (45%).

Figure 6. Children's performance on the five maths tasks at (a) pre-test and (b)
post-test for both groups overall.

(b)

Figure 7 summarises parent responses to the child-parent relationship scale,
frequency of home maths activities, and parents’ beliefs about maths at (a) pre- and
(b) post-test. We observed sufficient variance at pre-test for Parent’s Beliefs about
Maths, though not at post-test. The decision was taken to continue to use the
measure in the pilot study as it is a validated and recognised measure in the

literature. Good variation in responses was observed on all other measures.
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Figure 7. Performance on parent survey measures for both groups for pre- and

post-test.

(a) (b)

Score

Child-parent relationship scale  Frequency of home maths activities  Parents’ beliefs about maths Child-parent relationship scale ~ Frequency of home maths activities  Parents’ beliefs about maths

s
Parent measure

Interim conclusion

Overall, given the findings of the study, the intervention was deemed feasible to
proceed to the pilot study stage. In relation to our pre-registered feasibility

thresholds, all criteria were surpassed.
Adaptations from feasibility study to pilot study

Several changes were made to the design and procedure of the feasibility study to
progress to a larger-scale pilot study. Firstly, minor changes were made to the parent
survey. This included offering a response option for “No formal qualifications”.
Secondly, as ceiling effects were observed on the NFER Shape and Give N tasks, a
narrower age range for the pilot was recruited which was expected to reduce mean
scores on these tasks. Therefore, only children aged between 42 and 54 months
were eligible to participate in the pilot study, this change is inclusion criteria also
ensured that children in the study had not yet begun school. Thirdly, the decision
was taken to use Duplo™ rather than Lego™ in the cooperative block play task for
the pilot for safety reasons, as it was observed in the feasibility study that parent
participants often brought younger siblings into the assessment sessions. Fourthly,
the pilot study was planned as a collaboration between Ulster University and the

University of Sheffield and as such, Sheffield was added as a second testing site for
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the pilot. To widen the participant pool, participants from across the whole of
Northern Ireland and in South Yorkshire were eligible to take part in the pilot study.

Some qualitative comments from parents indicated that they may have found some
of the instructions for some of the activities difficult to follow. To aid accessibility brief
videos were made to go alongside each activity, and QR codes were provided at the
start of the intervention linking to each video. These videos were plain language
summaries to help support families (see https://youtu.be/I[VSO8MCODS5g for an

example).
Part 4: Pilot study
Aims and Approach

The pilot study aimed to recruit 80 families split across the control and experimental
conditions to assess the feasibility of administering the intervention and
assessments. Although the pilot was not designed or powered to detect intervention
effects, it aimed to examine descriptive changes in pre- to post-test scores.

Method
Participants

Participants were recruited via a variety of methods, including our existing lab
databases of parent volunteers, through contacts with local nurseries, and adverts
on social media (Facebook advertising), to maximise inclusivity and reach a diverse
sample of families. To be included in the intervention, parents must have had a child
who would be between 3 and 4.5 years-old at the start of the study and had not yet
started school.

The sample was made up of 84 participants, 42 of whom were recruited through
Ulster University, with 42 through the University of Sheffield. With regards to
experimental groups there was an equal split, with 21 experimental participants at

each site and 21 controls at each site.

The mean age of parents in the experimental group was 36.5 (SD= 4.6) years old.
The mean age of parents in the control group was 36.7 (SD= 4.3) years old. The
mean age of child participants in the experimental group was 47.8 (SD= 3.1) months,
and the mean age of control group child participants was 47.6 (SD= 3.9) months.
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Parents reported if their child had (or they suspected they had) any developmental or
health conditions (experimental group: 6 children (14.3% for this group); control
group: 7 children (16.7%)).

Thirty-nine (92.3%) participants in the experimental group reported being the mother
of the child participant, with one (2.4%) parent indicating they were the child’s father,
one (2.4%) an adoptive parent, and one (2.4%) not providing a response. Forty
(95.2%) participants in the control group reported being the mother of the child
participant, and two (4.8%) reported being the father. Thirty-one (73.8%) parent
participants in the experimental group indicated being the primary caregiver of the
participating child, and one (2.4%) parent indicated not being the child’s primary
caregiver. Nine (21.4%) parents in experimental group reported having equal care
with someone else. Thirty-four (80.9%) parent participants were the child’s primary
caregiver in the control group, with 8 (19.0%) indicating having equal care with
someone else. One (2.4%) participant did not provide a response to this item.

In terms of childcare/early education, 39 (92.3%) participants in the experimental
group reported that their child was in receipt of regular childcare, averaging 21.9
(SD= 8.3) hours per week. For the control group, 41 (97.6%) of parents indicated
that regular childcare was used, averaging 23.3 (SD= 9.7) hours per week. The most
popular form of childcare/early education provision reported by parents was
delivered via pre-school settings (64.3% experimental group, 52.4% control group).

Table 6 provides further summary demographic details of the participants.
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Table 6. Demographic data for pilot study participants according to group.

Group
Experimental Control

N (% group)

42 (100.0%)

42 (100.0%)

Parent gender Female 41 (97.6%) 39 (92.8%)
Male 1(4.2%) 2 (4.8%)
Non-Binary - 1(2.4%)
Child gender Female 22 (52.4%) 20 (47.6%)
Male 20 (47.6%) 22 (52.4%)
Parent ethnicity White 38 (90.4%) 41 (97.6%)
Mixed or Multiple ethnic groups 2 (4.8%) 1(2.4%)
Asian, Asian British, Asian Irish, Asian Welsh 1(2.4%) -
Not reported 1(2.4%) -
Parent education No formal qualifications - 1(2.4%)
GCSE/O Level/Level 2 awards 1(2.4%) 1(2.4%)
A Level/BTEC/Level 3 awards 1(2.4%) 3 (7.1%)
Level 4 awards 1(2.4%) -
Foundation degree or Level 5 awards 1(2.4%) -

Honours degree/Level 6 awards
Postgraduate degree
PhD

Not reported

18 (42.8%)
17 (40.4%)
2 (4.8%)

1(2.4%)

12 (28.6%)
24 (57.1%)
1(2.4%)

Birth order

Participating child is first child/only child
First with other siblings

Second child

Third child

Fourth child

Not reported

12 (28.6%)
14 (33.3%)
10 (23.8%)
5 (11.9%)

1(2.4%)

13 (31.0%)

15 (35.7%)
9 (21.4%)
4 (9.5%)
1(2.4%)
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Figure 8 summarises the IMD decile spread of the full participant sample, indicating

families from a wide spread of neighbourhoods were recruited into the study. No

difference was observed in IMD between recruitment sites (y2=2.7021, df = 9, p-

value = 0.975).

Figure 8. IMD decile according to experimental group.

Group Experimental Control
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Outcome measures

As per the feasibility study the following outcome measures were administered at

pre- and post-test.

Primary outcome measures:

1.
2.

BAS-III Early Number Concepts (C. D. Elliott & Smith, 2011)

Summed scores from the mathematics tasks, including:

Cardinal principle knowledge (“Give-N task”; Cahoon, Gilmore, et al., 2021;
Wynn, 1990.

Symbol-quantity mapping (Cahoon, Gilmore, et al., 2021).

Digit recognition (Batchelor et al., 2015).

2.4%

1.2%

Not reported
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e Shape Understanding (Reception Baseline assessment: Shape subtest

(Reception Baseline Assessment, 2019).

Descriptive statistics (means, distributions) were examined for these measures. For
these primary outcomes, we expected a descriptively higher pre—post change in the

experimental group compared to the control group.
Secondary outcome measures:

e Parents’ Beliefs about Mathematics Scale (Sonnenschein et al., 2012).

e Frequency of engagement in home mathematics activities (Cahoon, Cassidy,
et al., 2021).

e Parent and child mathematical talk during cooperative block play.

For these secondary outcomes, we expected descriptively higher post-test scores for
parental beliefs and mathematical talk in the experimental group. Control group
scores were expected to remain stable or show modest increases, with medium—
large pre—post correlations. No specific prediction was made regarding frequency of

engagement in home mathematics activities.

In addition, ‘Me as a Parent’ (Matthews et al., 2022) and the ‘Parent-child
relationship’ (Pianta, 1992) scales were administered to monitor any potential

unintended negative consequences of the study.

Mathematical language

The cooperative block play interactions were video recorded, and recordings were
transcribed and coded for frequency in various categories of mathematical language
(“maths talk”). See Appendix A for the synthesised coding scheme.

Instances of maths talk were summed to create an overall score separately for each
parent and child. In addition, the number of categories (out of 14) of maths talk used
in each session were calculated to create a breadth of maths talk score for each

parent and children separately.

Sixteen (~10%) of the completed transcripts were double coded for reliability
purposes. For these transcripts, the total number of instances of maths language
across the individual maths talk categories was calculated. Reliability was found to
be “excellent” between coders (Hallgren, 2012) for both parent maths talk (ICC=.78)
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and child maths talk (ICC= .88). Transcripts from NI participants were coded by
author BH and transcripts from Sheffield participants were coded by author ES.

Procedure
Pre-registered outcomes

The procedure for the pilot study followed that of the feasibility study, with a small
number of changes. Firstly, we increased the target sample size, with the aim of
recruiting 80 dyads evenly split between experimental and control group. The
predicted sample size was exceeded, with 82 dyads being included in the study.
Blinding was employed in the pilot study, so that data collectors were unaware of
which group participants were allocated to for the duration of the study. Lastly, plans
were made to conduct follow up interviews to collect further feedback on the study
and activities. Qualitative analyses (e.g., Thematic Analysis) were conducted on the

transcripts from these interviews.

The following pre-registered (htips://osf.io/enjdc) outcomes were the focus of this

pilot study:

(a) Recruitment. We aimed to recruit 40 dyads per group (experimental/control)
from Northern Ireland and Sheffield to assess feasibility of larger-scale UK

recruitment.

(b) Retention. Retention was defined as attendance at the post-test session, with a

benchmark of 260% across both groups.

(c) Fidelity of engagement. Adequate fidelity was defined as 266% engagement

with intervention activities (216 of 24 sessions), measured via calendar responses.

(d) Data collection feasibility. Success was defined as <20% missing data on the
primary outcomes (BAS Early Number Concepts sub-scale scores, individual
mathematics domain task scores) across dyads.

(e) Blinding procedures. Feasibility of randomisation and blinding was assessed
via number of instances of unblinding across both sites. No threshold for this was

specified.
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(f) Statistical analysis feasibility. Distributional properties, variance, and
correlations of baseline and outcome measures were examined. Primary outcomes
were analysed using ANCOVA, with effect sizes reported.

(g) Lack of negative consequences. Parental self-efficacy (Matthews et al., 2022)
was monitored to ensure engagement in the study did not induce negative parental
consequences. A reduction >4 scale points from pre- to post-test was considered
adverse.

Results
Engagement

On average, participants engaged in 21.55 (SD= 3.69) activity sessions over the
eight-week intervention period, at a rate of 2.69 (SD= .46) activity sessions per week
on average for the two groups (Figure 9). Regarding between group differences in
engagement, control group participants were found to engage in a higher number of
sessions overall (M= 23.01; SD= 2.28) compared to experimental group participants
(M= 20.12; SD= 4.23), (50)= 3.47, p=.001.

Figure 9. Time series plot of weekly session engagement according to group.

Error ribbons represent 95% confidence intervals.

Group
g . —— Control

—— Experimental

Week
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Out of the 84 participants who began the intervention study, 72 participants (85.7%)
attended at post-test, with 94.6% of post-tested participants agreeing to take part in
a follow up interview on their experiences of the study. Twenty participants
completing follow-up interviews. With regards to testing location, 57 (36.54%) pre-
and post-test assessments were conducted in participants’ homes, and 99 (63.46%)
were conducted in a university laboratory. In addition, an average of 17.4 (SD= 14.0)
days elapsed between the end of the intervention and the post-test date.

Change in engagement with home mathematics activities, parents’ beliefs about
mathematics, and child mathematics skills

Parent-level measures

Table 7 summarises parent reported engagement with home mathematics activities

(on an average weekly basis) and their own attitudes towards mathematics.

Table 7. Parental survey responses at pre- and post-test by group. Mean (SD).

Experimental Control
Pre Post Pre Post
Frequency of mathematics activities  3.08 (.74) 3.24 (.60) - 2.85(.69)
Parents’ Beliefs about Maths 1.82 (.76) 1.64 (.60) - 1.73 (.60)

To ensure that we did not encourage parents in the control group to change their
behaviour around mathematics, these measures were only administered at post-test
for the control group. Frequency of engagement with mathematics slightly increased
from pre to post-test for the experimental group. Parents in the experimental group
reported more engagement with home mathematics activities than the control group
at post-test, {(71)=-2.67, p=.009.

Parents’ beliefs about mathematics declined slightly from pre to post-test for the
experimental group. At post-test, parents in the control group had slightly more
positive attitudes towards mathematics than the experimental group, but this
difference was not significant (p>.05).
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Child-level measures

Table 8 summarises the measures of child mathematics skills from a standardised
assessment and bespoke tasks.

Table 8: Pre- and post-test performance on child maths measures (raw score
means and standard deviations) for participants who were assessed at both
pre- and post-test, according to group.

Experimental Control
Pre Post Pre Post

BAS: Early number 16.00 (5.32) 17.49 (5.02) 16.00 (6.15) 16.74 (6.08)
concepts

Maths domain tasks

Give N 6.35 (3.17) 6.27 (3.07) 4.97 (2.80) 5.27 (3.14)
Symbol-quantity mapping 10.63 (4.17) 11.14 (4.58) 9.94 (3.81) 10.57 (4.17)
Digit recognition 6.17 (3.83) 7.03 (3.36) 4.50 (3.48) 5.35 (3.67)
NFER Shape task 5.62 (1.38) 5.92 (1.48) 5.38 (1.58) 5.97 (1.58)
Overall domain tasks (%) 59.6 (22.0) 63.9 (20.6) 50.9 (19.5) 57.1(20.2)

Note: BAS, British Ability Scales; NFER, National Foundation for Educational Research

British Ability Scales (BAS) Ill: Early Number Concepts

An ANCOVA was conducted to examine whether group predicted BAS scores at
post-test while controlling for pre-test BAS scores. The covariate (pre-test score) was
significantly related to post-test scores (p<.001, n®g = .51), indicating that higher pre-
test scores were associated with higher post-test scores. However, there was no
significant effect of group on post-test BAS scores (p=.425, n?g = .01).

Pre- and post- test scores were correlated for both the experimental group, r(35)=
.68, p<.001, and the control group, r(33)= .73, p<.001.
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Mathematics Overall Domain Task Scores

A second ANCOVA was performed to assess whether group predicted overall
domain task (%) scores at post-test whilst controlling for overall domain task scores
at pre-test. While pre-test scores were significantly related to post-test scores
(p<.001, n?g= .75), there was no effect of group on post-test scores (p= .806, n*g=
.001).

Pre- and post-test scores were correlated for both the experimental group, r(35)=
.91, p<.001, and the control group, r(33)= .82, p<.001.

Mathematical Language
Child maths talk

An ANCOVA was used to assess whether group predicted post-test total child maths
talk whilst controlling for pre-test total child maths talk. Pre-test scores were
significantly related to post-test scores (p<.001, n®g= .17). However, there was no
effect of group on post-test scores (p=.075, ng= .05). Pre- and post-test scores were
correlated for the experimental group, r(35)= .53, p<.001, but not the control group,
r(33)=-.04, p=.800.

An ANCOVA was used to analyse whether group predicted post-test breadth of
children’s maths talk, whilst controlling for pre-test breadth of maths talk score. Pre-
test scores were not significantly related to post-test scores (p=.191, n*g= .02), and
there was no significant effect of group on post-test scores (p=.073, n*g= .05). Pre-
and post-test scores were not found to be correlated for either the experimental
group r(35)= .18, p=.300, or the control group, r(33)= .01, p=.900.

Parent maths talk

As for previous analyses, ANCOVAs were performed to assess the effect of group
on post-test total parent maths talk, controlling for pre-test parent total maths talk.
While pre-test scores were significantly associated with post-test scores (p<.001,
n%g= .23), there was no significant effect of group on post-test scores (p=.350, n*g=
.01). Pre- and post-test scores were correlated for both the experimental group,
rn(35)= .45, p=.005, and the control group, r(33)= .50, p=.002.
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To investigate whether Group predicted the breadth of parent maths talk scores at
post-test whilst controlling for breadth of parent maths talk scores at pre-test, another
ANCOVA was conducted. Pre-test scores were not significantly related to post-test
scores, (p=.225, ng= .02). However, there was a significant effect of group on post-
test scores (p=.019, n*g= .08), with the experimental group scores (M= 4.85; SD=
1.53) being identified as significantly higher than control group scores (M= 4.20; SD=
1.16). Pre- and post-test scores were not found to be correlated for either the
experimental group r(35)= .17, p=.300, or the control group, r(33)= .04, p=.800.

Potential unintended negative consequences

Table 9 summarises parents’ reports of their self-efficacy as a parent (‘Me as a
Parent’, Matthews et al., 2022) and their relationship with their child (Parent-child
relationship’, Pianta, 1992).

Table 9. Parental survey responses at pre- and post-test by group. Mean (SD).

Experimental Control
Pre Post Pre Post
Me as a Parent Scale 4.00 (.45) 4.09 (.39) 3.84 (.80) 3.76 (.97)
Child-parent Relationship Scale 3.16 (.26) 3.13 (.24) 3.07 (.34) 3.17 (.35)

No group differences were found for the ‘Child-parent relationship’ scale or the ‘Me

as a parent’ scale at either pre or post-test (all p’s >.05).

No pre- to post differences were found for the ‘Child-parent relationship scale’ or the
‘Me as a parent’ scale for either the experimental group or the control group (all p’s
>.05).

Process analyses
Feasibility of blinding procedure

To assess the feasibility of the blinding procedure, experimenters kept a note of the
number of times they became unblinded at post-test — the point in the study in which
unblinding was most likely to have occurred. Experimenters were unblinded during

16.7% of post-test assessments (Ulster= 7; Sheffield= 5). However, no unblinding
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occurred during the 8-week intervention (e.g. through using the text messaging

support system etc).
Missing data

Missing data was checked to assess feasibility of data collection for home and
university laboratory testing locations on the child-level measures. Data was typically
missing due to a child’s refusal to engage with a task. At pre-test, for home-tested
participants, there was 3.5% missing data for each of the four summed maths
domain tasks separately (give-N, symbol-quantity mapping, digit recognition, shape
understanding). There was no missing data for the BAS for home tested participants.
Overall, for home-tested participants, 2.8% of data was missing.

For laboratory-tested participants, there was 3.6% missing data for the BAS and the
Give-N task, 7.3% missing for the shape understanding task, 9.1% missing data for
the digit recognition task, and 14.6% missing data for the symbol-quantity mapping
task. Overall, 7.6% of data was missing for lab-tested participants.

At post-test, for home-tested participants, there was no missing data for the BAS,
Digit recognition, or Shape understanding tasks. For the Give-N” and Symbol-
quantity mapping tasks, 3.6% of data was found to be missing. A total of 1.4% of
missing data was found for home-tested participants overall.

For lab-tested participants, there was no missing data for the BAS, Give-N, Symbol-
quantity mapping, or the shape understanding tasks. For the digit recognition task,
2.3% of data was missing. Overall, a total of 0.5% of data was missing for lab-tested
participants at post-test.

Participant feedback

Parents were asked a range of questions to explore participants’ affective attitudes
(Sekhon et al., 2022) towards the intervention and activity tasks. When asked about
the developmental appropriateness of the activities, 92% of experimental participants
and 78 % of control participants felt that the activities were “very much” or “mostly”
right for their child’s developmental stage. Participants also reported the number of
activities provided was gauged well, as 70% of experimental group participants, and
62.2% of control group participants felt that the number of activities provided in the

intervention were “just right.” In response to a question on the burden of participating
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in the study, 84% of experimental group participants, and 92% of control group
participants reported not having to give anything up to take part in the study. The
length of the intervention was found to be highly acceptable among participants, as
89% of experimental group participants, and 86% of control group participants felt
the length of the eight-week intervention was “just right.”

Finally, 64% of experimental participants and 70% of control participants felt their
involvement in the intervention influenced how they engaged in other activities with
their child, and 94.6% of experimental participants and 100% of control participants
felt that the activities provided a positive opportunity, other than for learning, to

interact with their child.
Parents ratings of individual activities

Participants in the experimental were required to nominate their three favourite and
three least favourite activities from the intervention at post-test. For each activity, the
total number of like least (LL) nominations was subtracted from the total number of
like most (LM) nominations to give an overall net “liking” value for each activity. The
activities were then ranked in order of their overall net value to determine the most
and least popular activities (Figure 10). A similar process was engaged with for the
control group, but instead of rating activities, parents rated their most and least liked
weekly topic, due to the structure of this arm of the intervention (Figure 11).

For the experimental group, ‘Let's Go Shopping: Breakfast’ was the most popular
home mathematics activities with a net positive score of 13, followed by ‘See it,
Make it’ with a net negative score of 11. ‘Scavenger Hunt’ (2) was the least popular

activity with a net negative score of 11 (Figure 10).
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Figure 10. Summary of ratings for individual home mathematics activities for

the experimental group
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For the control group, ‘My Family & Home’ was the most popular activity, with a net

positive score of 23, followed by ‘All about Me’ with a net positive rating of 21.

‘Dreams & Wishes’ and ‘Thoughts & Feelings’ received the lowest net negative

rating out of the control activities with -10 given for both activities (Figure 11).



Figure 11. Summary of ratings for weekly topics for the control group
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Qualitative findings

Participants were invited to take part in an online semi-structured feedback interview
after completion of the programme. In total, 20 participants scheduled an interview
with us (n=10 in each arm). Thematic analysis was conducted using a mostly
deductive approach, centred around developing a richer understanding of strengths
of the programme and areas for improvement. Five themes were identified. Firstly,
parents felt the programme benefited them, their child, and their relationship with
their child. They valued the practical and helpful activities, easy to understand and
organised materials, and the opportunity to provide some structured learning and
have valuable one-to-one time with their child. Secondly, parents had thoughts on
areas where the programme worked less well. Some parents perceived some
activities as too challenging; with some activities also considered too easy. A small
group of parents reported challenges around their child’s dispositions (e.g.,
confidence) or how accessible the materials were. Thirdly, some found fitting in the
activities challenging, but emphasised they made it work and tried their best. Parents
mentioned quicker activities were easier, but many found a routine, and some were
delighted to see children sometimes initiating activities. Fourthly, parents had
suggestions for areas to consider if the study was to be conducted again. Key
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suggestions included further video guidance, fewer activities, and control craft
activity materials to be set aside for each week. Finally, parents noticed changes
after taking part in the programme. Primarily, it helped them to have more ideas for
incorporating maths into their daily lives. Parents also reported noticing that as the
programme progressed their child not only improved in mathematics but also
observed growth in language skills and confidence. Overall, parents reported feeling
the study had a positive impact on themselves and their child. Importantly, when
asked, all participants said they would take part in a similar study again in the future,
noting they “really gained from it” and it “benefitted us.”

Interim discussion

Through the evidence gathered from the pilot study it was observed that it was
feasible to recruit and retain a larger sample of families to engage in an 8-week long
home-based intervention. Parents providing overwhelmingly positive feedback on
their experiences engaging with the materials with their child for both the intervention
and control group). Through follow-up interviews parents gave some suggestions for
improvements for a future study, such as additional videos that would explain more
activities, or decreasing the number of activities within the intervention. These
qualitative suggestions must be held in tension with the overwhelmingly positive
guantitative feedback.

Although feedback was positive, overall, we did not observe any changes in child
attainment or parent self-reported behaviours. This is perhaps not surprising given
the brevity of the intervention and the length of time after the intervention when
children’s mathematics skills were measured (i.e. mean= 6.7 days; range= 1-4
weeks). There is a clear theoretical and empirical argument that in order to observe
boosts in children’s mathematical skills long-term follow up may be required as
children may need compounded exposure to mathematics activities that their
caregivers may adopt into their everyday routines and/or new skills may take a
protracted period of time to emerge through conceptual development (Leyva et al.,
2023).
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General discussion

This project aimed to further explore the relation between home engagement in
mathematics and young children’s mathematics skills, and to develop a feasible and
acceptable programme to support families with home mathematics. There are
several key findings from this project.

First, through our secondary data analyses which harmonised datasets from nine
UK studies, we replicated previous findings that indicated a small, positive relation
between the frequency with which families engage with mathematics at home and
their child’s mathematics skills (e.g., Ellis et al., 2023). Of course, these data are
correlational and therefore emphasise the need for intervention studies to be able to
understand the causal link (if any) between family engagement with home
mathematics activities and children’s learning. In addition, we observed the regularly
reported relation between SEC and children’s mathematics skills, with children
experiencing lower SEC having lower mathematical skills (James-Brabham et al.,
2023). However, importantly, we found that SEC was not associated with frequency
of engagement with mathematics at home. We noted that instead of simply focusing
on encouraging families to ‘do more’, we may need to focus on the quality of the
mathematics interactions - and the range of the mathematical content that families
engage with. This study emphasises the power of collaborative working across
research teams, and the opportunity that data sharing can have to produce

meaningful research contributions.

Secondly, the research team believes that co-production with research users is
essential for effective and engaging intervention development. Through a rigorous,
multi-pronged co-production process with early years educators and parents of 3—
5-year-olds, and by building on prior evidence and data and the early years
framework, we developed a set of activities and a programme for the intervention
that was deemed as feasible and acceptable by parents. Although co-production is
time consuming and requires substantive resources (Oliver et al., 2019), the
feedback from parents in the feasibility study suggests it paid off. Parents deemed
that the activities were suitable for their children to engage with, were enjoyable to
use and their rates of engagement — reported through completed calendars —
showed that general engagement instructions were followed. Some feedback from
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parents did suggest that some activities were more advanced than others, and this
led the research team to emphasise in communication with parents in the pilot study
that children are varied in their skills and development.

Third, in our pilot study, which included 42 dyads in an arts-and-crafts based control
group and 42 dyads in our home mathematics activities intervention group, parents
indicated positive feedback around the activities, with some specific mathematics
activities and craft themes being particularly popular. Parents in the pilot study
showed that they followed instructions on the rate of engagement with activities over
the eight-week period through calendar completion. The purpose of this study was to
ensure that we could randomise dyads to one of two groups, conduct the study with
a blinded procedure (i.e., experimenters being naive to group membership),
complete assessments with children, and gain substantive information from parents.

These factors were generally all completed successfully.

This component of the project was not sufficiently powered to detect effects of the
intervention, as this was not the aim of the study. However, looking just at descriptive
data, we saw no changes from pre-to-post-test in child mathematics skills or parent
and child mathematical language use. Why might this be? The period over which the
intervention took place (i.e., 8 weeks) may have not been substantive enough to
induce change in children’s skills. However, most parents indicated that the
intervention period, and the required frequency of engagement was about right. In
addition, as already mentioned, we did not include a long-term follow-up
assessment, and it can be argued that consolidation of learning may take some time
to embed (e.g., Leyva et al., 2023). Finally, although we have evidence on the
frequency with which families engaged with our materials, we have little insight into
how families engaged with them. Some families in the feasibility study sent
adherence videos when completing a small number of activities- indicating that they
were able to successfully follow the activity instructions, but we cannot extrapolate
that this was the case for all participants.

A striking aspect of the pilot study was the sample characteristics of the participants
recruited into the study. Our aim of the project was to attempt to target families
whose children may have weaker mathematics skills at school-entry, specifically

families experiencing low SEC. Participants were recruited through a variety of
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methods, including existing research team databases, community partners and
social media. Throughout the recruitment process, IMD scores were monitored to
ensure the demographic spread of participants which was achieved based on this
measure. However, once all families were recruited, we were able to look at the
educational background of participants, which revealed that the majority had at least
a university undergraduate degree. Therefore, an important next step will be to adopt
different recruitment strategies and ensure the intervention is appealing for families
experiencing low SEC, especially when the intervention requires adoption of
activities in real life. We would suggest that more qualitative research should be
undertaken with families experiencing low SEC to understand barriers and facilitators
to participation in this type of research.

Recommendations

Several recommendations for future research have been identified through this

project:

Recruitment: We attempted recruitment for the study using diverse means,
including through existing lab databases, local nurseries and community learning
partnerships. However, given the high education levels of the families in the pilot
study, we recommend that future recruitment should take place predominantly
through social economy daycares, pre-school, nursery settings or Family Hubs,
involving trusted existing contacts to reach out to families. This approach may help
encourage a more diverse range of families to engage with the intervention,
especially given the evidence that suggests that families experiencing SEC may
respond more favourably to key gatekeepers in their communities (e.g. early years

educators, Hoskins et al., 2024).

Assessments: Assessments should take place during children’s on-site sessions at
(e.g.) nurseries or daycare, reducing the burden on parents to attend pre-and post-
test appointments. Importantly, this would not impact randomisation of dyads to
groups (at a class level) or the blinding of experimenters to group membership. Most
children within the pilot study attended pre-school or childcare settings, so this is
deemed a feasible suggestion. Given that we observed no descriptive changes in
children’s mathematics skills or parent or child mathematical language, we would
propose a longer-term follow-up assessment, perhaps at three months post
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intervention. This follow-up would provide time for embedding of parent practices
and consolidation of learning.

Communication vs information sharing: In response to the feasibility study
feedback, we secured additional funds to develop brief video descriptions of the
activities. Parents provided favourable responses to these in the pilot study.
However, there were still issues with parents reporting that some activities were too
advanced for their child, even though we had provided written information to
reassure them to be responsive to their child’s skills. Therefore, in the future we
would spend additional time co-producing this communication with parents, perhaps
developing more short video resources, to ensure that this message is clear and

relevant.

Understanding how families engage with resources: We received excellent
information from families at the end of the study, including calendar records that
showed rates of engagement over the intervention period. However, we know little
about how families engaged with the materials. Perhaps by spending time collecting
data whilst families are interacting with the materials and observing the language

that they use whilst playing, would help tailor further guidance.

Link between early years educators and parents: This project solely focused on
children and their parents in the home environment. The study team has previously
worked within childcare and early years settings and, using co-produced materials
and training, have observed a boost in children’s mathematics skills, specifically for
children experiencing low SEC (Scerif et al., 2025). Given the strong evidence base
on the importance of parent and educator connection and communication (Desforges
& Abouchaar, 2003) - an effective approach may be working through setting-parent
partnerships to deliver this type of home-based intervention.

Building on this project: This study was purposefully not designed to assess the
efficacy of our intervention but instead to examine the feasibility and acceptability of
a new programme to support maths learning at home. The intervention produced
excellent feasibility and acceptability evidence. Therefore, we would suggest that a
future, large scale study should be conducted to assess efficacy of the intervention,

after actioning our other recommendations.
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Public engagement and dissemination

A key component of this project was a broad approach to public engagement. We
aimed to share our findings and promote the importance of early maths. In addition,
in some cases, we aimed to use the opportunities as a chance to gather further
feedback on our programme. We detail these approaches below.

Maths trail maps

During the Northern Ireland Science Festival 2024 and 2025 we distributed ~3,000

Maths Mile and Maths Explorers maps (see below).

MATHS MILE ** jfale & S== MATHS EXPLORERS MATHS TRAIL % G & im0

1
e

Parents and their children were encouraged to physically move around Belfast city

centre, Derry city centre or the interior of the Ulster Museum to complete some
maths challenges with their child. Engagement was excellent - families emailed
completed copies of the maps to the team and they were entered into ballots for

prizes.
Maths Explorers Events

Two family engagement events were organised in collaboration with a play company
“‘Rabbit and Lark”. The company used our co-produced materials as inspiration to
generate interactive activities for families at the events. The first event was held in
October 2025, and as such, was themed around autumn (see below).
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Seventy families attended and feedback was excellent, for example “Absolutely
amazing event for children and parents to see how everyday maths can be
integrated into play. My 3 year old and 5 year old thoroughly enjoyed it!” and “Lovely
ideas that | can use myself at home!”. The second event was hosted in February
2026 as part of the Northern Ireland Science Festival programme, with a valentines
day theme.

Educator workshop

In November 2025, we ran an event for the Sheffield Hallam Maths Association. A
mix of trainee teachers and experienced teachers working in EYFS attended (n=15,
20% trainees, 80% experienced teachers). In the workshop, we discussed current
evidence on how early maths skills develop and then we showcased several of the
activities we co-produced as part of PLUS.

We were keen to hear feedback from educators on how they might work in their
classroom. In the feedback form gathered at the end, 100% of attendees said it was
helpful in informing their practice and 100% said they’d use the activities. They
especially loved treasure hunt bingo, and one teacher said they wanted to make this
a permanent install in their classroom. Comments included: "Great to see that simple
resources can have so much to adapt and use in a lesson”, "Great activities and
clear explanation of how to use them in classes”, "Lovely practical games with
resources we can find at school”, "They look like lots of thought has gone into them."
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Early Childhood Maths Group

In February 2025, we gave a talk to the Early Childhood Maths Group (ECMG) who
are a mix of practitioners, teachers, researchers and teacher educators in maths
education from birth to seven. They are keen to promote early maths and produce
guidance and resources for adults working with children. A blog post about the

PLUS project with example resources is hosted on their website.

64



References

Adhikari, K., Patten, S. B., Patel, A. B., Premji, S., Tough, S., Letourneau, N.,
Giesbrecht, G., & Metcalfe, A. (2021). Data harmonization and data pooling
from cohort studies: A practical approach for data management. International
Journal of Population Data Science, 6(1), 1680.
https://doi.org/10.23889/ijpds.v6i1.1680

Albert, A., Islam, S., Haklay, M., & McEachan, R. R. C. (2023). Nothing about us
without us: A co-production strategy for communities, researchers and
stakeholders to identify ways of improving health and reducing inequalities.
Health Expectations, 26(2), 836—846. https://doi.org/10.1111/hex.13709

Anders, Y., Rossbach, H.-G., Weinert, S., Ebert, S., Kuger, S., Lehrl, S., & Von
Maurice, J. (2012). Home and preschool learning environments and their
relations to the development of early numeracy skills. Early Childhood
Research Quarterly, 27(2), 231-244.
https://doi.org/10.1016/j.ecresq.2011.08.003

Asmussen, D. K. (2019). 10 Steps for Evaluation Success [Charity]. Early
Intervention Foundation.
https://www.savethechildren.org.uk/content/dam/gb/reports/families-
connect/kirstenasmussen.pdf

Baroody, A., Ferretti, C., & Larsen, R. (2018). Promoting low-income preschoolers’
school readiness through a text messaging intervention. Journal of Children
and Poverty, 24, 1-21. https://doi.org/10.1080/10796126.2018.1517939

Batchelor, S., Keeble, S, & Gilmore, C. (2015). Magnitude representations and
counting skills in preschool children. Mathematical Thinking and Learning,

17(2-3), 116-135.

65



Bell, D. M., & Pahl, K. (2018). Co-production: Towards a utopian approach.
International Journal of Social Research Methodology, 21(1), 105-117.
https://doi.org/10.1080/13645579.2017.1348581

Beltran-Grimm, S. (2024). Latina mothers in participatory action research: Insights
and reflections of a mathematics co-design session tool. Qualitative
Research, 14687941241246165. https://doi.org/10.1177/14687941241246165

Blakey, E., Matthews, D., Cragg, L., Buck, J., Cameron, D., Higgins, B., Pepper, L.,
Ridley, E., Sullivan, E., & Carroll, D. J. (2020). The role of executive functions
in socioeconomic attainment gaps: Results from a randomized controlled trial.
Child Development, 91(5), 1594—1614. https://doi.org/10.1111/cdev.13358

Blevins-Knabe, B., Austin, A. B., Musun, L., Eddy, A., & Jones, R. M. (2000). Family
home care providers’ and parents’ beliefs and practices concerning
mathematics with young children 1. Early Child Development and Care,
165(1), 41-58. https://doi.org/10.1080/0300443001650104

Bright, G. W., Harvey, J. G., & Wheeler, M. M. (1985). Learning and Mathematics
Games. Journal for Research in Mathematics Education. Monograph, 1, i—
189. https://doi.org/10.2307/749987

Byrnes, J. P., & Wasik, B. A. (2009). Language and literacy development: What
educators need to know. Language and Literacy Development: What
Educators Need to Know., xiv, 432—xiv, 432.

Cahoon, A., Cassidy, T., Purpura, D. J., & Simms, V. (2021). Developing a rigorous
measure of the pre-school home mathematics environment. Journal of

Numerical Cognition, 7(2), 172—-194. https://doi.org/10.5964/jnc.6373

66



Cahoon, A., Cassidy, T., & Simms, V. (2017). Parents’ views and experiences of the
informal and formal home numeracy environment. Learning, Culture and
Social Interaction, 15, 69—-79. https://doi.org/10.1016/j.1csi.2017.08.002

Cahoon, A., Gilmore, C., & Simms, V. (2021). Developmental pathways of early
numerical skills during the preschool to school transition. Learning and
Instruction, 75, 101484. https://doi.org/10.1016/j.learninstruc.2021.101484

Cahoon, A., Jiménez Lira, C., Estévez Pérez, N., Benavides Pando, E. V., Campver
Garcia, Y., Susana Paz Garcia, D., & Simms, V. (2023). Meta-analyses and
narrative review of home-based interventions to improve literacy and
mathematics outcomes for children between the ages of 3 and 5 years old.
Review of Educational Research, 00346543231212491.
https://doi.org/10.3102/00346543231212491

Caro, D. H., McDonald, J. T., & Willms, J. D. (2009). Socio-economic status and
academic achievement trajectories from childhood to adolescence. Canadian
Journal of Education, 32(3), 558-590.

Casey, B. M., Lombardi, C. M., Thomson, D., Nguyen, H. N., Paz, M., Theriault, C.
A., & Dearing, E. (2018). Maternal support of children’s early numerical
concept learning predicts preschool and first-grade math achievement. Child
Development, 89(1), 156—173. https://doi.org/10.1111/cdev.12676

CEA Curricular Guidance for Pre-school Education. (2018). Council for the
Curriculum Examinations & Assessment.
https://ccea.org.uk/downloads/docs/ccea-
asset/Curriculum/Curricular%20Guidance %20for%20Pre-

School%Z20Education.pdf

67



Cheung, S. K., & McBride, C. (2017). Effectiveness of parent—child number board
game playing in promoting chinese kindergarteners’ numeracy skills and
mathematics interest. Early Education and Development, 28(5), 572—-589.
https://doi.org/10.1080/10409289.2016.1258932

Christie, S. (2022). Why play equals learning: Comparison as a learning mechanism
in play. Infant and Child Development, 31(1), e2285.
https://doi.org/10.1002/icd.2285

Ciping, D., Silinskas, G., Wei, W., & Georgiou, G. K. (2015). Cross-lagged
relationships between home learning environment and academic achievement
in Chinese. Early Childhood Research Quarterly, 33, 12—-20.
https://doi.org/10.1016/j.ecresq.2015.05.001

Clark, B. Y., Brudney, J. L., & Jang, S. (2013). Coproduction of government services
and the new information technology: Investigating the distributional biases.
Public Administration Review, 73(5), 687—701.
https://doi.org/10.1111/puar.12092

Clarke, B., & Younas, F. (2017). Helping Parents to Parent. Social Mobility
Commission.
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/592452/Helping_Parents_to_Parent_report.pdf?utm_sou
rce=chatgpt.com

Clements, D. H. (Ed.). (2010). Engaging young children in mathematics: Standards
for early childhood mathematics education. Routledge.

Conger, R. D., & Donnellan, M. B. (2007). An interactionist perspective on the
socioeconomic context of human development. Annual Review of Psychology,

58(1), 175-199. https://doi.org/10.1146/annurev.psych.58.110405.085551

68



Crosnoe, R., Leventhal, T., Wirth, R. J., Pierce, K. M., & Pianta, R. C. (2010). Family
socioeconomic status and consistent environmental stimulation in early
childhood. Child Development, 81(3), 972—987. https://doi.org/10.1111/j.1467-
8624.2010.01446.x

Daubert, E., Ramani, G., Rowe, M., Eason, S., & Leech, K. (2018). Sum thing to talk
about: Caregiver-preschooler math talk in low-income families from the united
states. Bordon. Revista de Pedagogia, 70(3), 115-130.
https://doi.org/10.13042/Bordon.2018.62452

Daucourt, M. C., Napoli, A. R., Quinn, J. M., Wood, S. G., & Hart, S. A. (2021). The
home math environment and math achievement: A meta-analysis.
Psychological Bulletin, 147(6), 565-596. https://doi.org/10.1037/bul0000330

Davis-Kean, P. E., Domina, T., Kuhfeld, M., Ellis, A., & Gershoff, E. T. (2022). It
matters how you start: Early numeracy mastery predicts high school math
course-taking and college attendance. Infant and Child Development, 31(2),
€2281. https://doi.org/10.1002/icd.2281

de Chambrier, A.-F., Baye, A., Tinnes-Vigne, M., Tazouti, Y., Vlassis, J., Poncelet,
D., Giauque, N., Fagnant, A., Luxembourger, C., Auquiére, A., Kerger, S., &
Dierendonck, C. (2020). Enhancing children’s numerical skills through a play-
based intervention at kindergarten and at home: A quasi-experimental study.
https://doi.org/10.1016/j.ecresq.2020.09.003

De Keyser, L., Bakker, M., Rathé, S., Wijns, N., Torbeyns, J., Verschaffel, L., & De
Smedt, B. (2020). No association between the home math environment and
numerical and patterning skills in a large and diverse sample of 5- to 6-year-
olds. Frontiers in Psychology, 11, 547626.

https://doi.org/10.3389/fpsyg.2020.547626

69



Declaration of Helsinki. (1975). 6(7), 65-94.

Del Rio, M. F., Susperreguy, M. |, Strasser, K., & Salinas, V. (2017). Distinct
influences of mothers and fathers on kindergartners’ numeracy performance:
The role of math anxiety, home numeracy practices, and numeracy
expectations. Early Education and Development, 28(8), 939-955.
https://doi.org/10.1080/10409289.2017.1331662

Desforges, C., & Abouchaar, A. (2003). The impact of parental involvement, parental
support and family education on pupil achievement and adjustment: A review
of literature. DfES Publications.
https://www.nationalnumeracy.org.uk/sites/default/files/documents/impact_of _
parental_involvement/the_impact_of parental_involvement.pdf

Duncan, G. J., Dowsett, C. J., Claessens, A., Magnuson, K., Huston, A. C.,
Klebanov, P., Pagani, L. S., Feinstein, L., Engel, M., Brooks-Gunn, J., Sexton,
H., Duckworth, K., & Japel, C. (2007). School readiness and later
achievement. Developmental Psychology, 43(6), 1428—-1446.
https://doi.org/10.1037/0012-1649.43.6.1428

Eason, S. H., Nelson, A. E., Dearing, E., & Levine, S. C. (2021). Facilitating young
children’s numeracy talk in play: The role of parent prompts. Journal of
Experimental Child Psychology, 207, 105124.
https://doi.org/10.1016/j.jecp.2021.105124

Ehrman, P, Ellis, A., & Purpura, D. J. (2023). Goldilocks and the home mathematics
environment: Parents’ rate activities ‘too easy,’ ‘just right,” or ‘too hard’ across
early development. Infant and Child Development, 32(6), e2458.
https://doi.org/10.1002/icd.2458

Elliott, C. D., & Smith, P. (2011). British Ability Scales Ill. NFER-Nelson.

70



Elliott, L., & Bachman, H. J. (2018a). How do parents foster young children’s math
skills? Child Development Perspectives, 12(1), 16—-21.
https://doi.org/10.1111/cdep.12249

Elliott, L., & Bachman, H. J. (2018b). SES disparities in early math abilities: The
contributions of parents’ math cognitions, practices to support math, and math
talk. Developmental Review, 49, 1-15.
https://doi.org/10.1016/j.dr.2018.08.001

Ellis, A., Cosso, J., Duncan, R. J., Susperreguy, M. |., Simms, V., & Purpura, D. J.
(2023). International comparisons of the home mathematics environment and
relations with children’s mathematical achievement. British Journal of
Educational Psychology, e12625. https://doi.org/10.1111/bjep.12625

Ernest, P. (1986). Games. A rationale for their use in the teaching of mathematics in
school. Mathematics in School, 15(1), 2-5.

Fledderus, J., Brandsen, T., & Honingh, M. (2014). Restoring trust through the co-
production of public services: A theoretical elaboration. Public Management
Review, 16(3), 424—443. https://doi.org/10.1080/14719037.2013.848920

Galindo, C., & Sonnenschein, S. (2015). Decreasing the SES math achievement
gap: Initial math proficiency and home learning environments. Contemporary
Educational Psychology, 43, 25-38.
https://doi.org/10.1016/j.cedpsych.2015.08.003

Gibson, D. J., Gunderson, E. A., & Levine, S. C. (2020). Causal effects of parent
number talk on preschoolers’ number knowledge. Child Development, 91(6),

e1162—e1177. https://doi.org/10.1111/cdev.13423

71



Gilmore, C. (2023). Understanding the complexities of mathematical cognition: A
multi-level framework. Quarterly Journal of Experimental Psychology, 76(9),
1953-1972. https://doi.org/10.1177/17470218231175325

Giirgah Ogul, ., & Aktas Arnas, Y. (2021). Role of home mathematics activities and
mothers’ maths talk in predicting children’s maths talk and early maths skills.
European Early Childhood Education Research Journal, 29(4), 501-518.
https://doi.org/10.1080/1350293X.2020.1858128

Hallgren, K. A. (2012). Computing inter-rater reliability for observational data: An
overview and tutorial. Tutforials in Quantitative Methods for Psychology, 8(1),
23-34. https://doi.org/10.20982/tqgmp.08.1.p023

He, S., Graf, E., Webber, R. J., Leffel, K. R., Suskind, E., Levine, S., & Suskind, D.
(2022). Assessing efficacy and benefit of a behavioral math talk intervention
for caregivers of young children. Child & Youth Care Forum, 51(6), 1155—
1173. https://doi.org/10.1007/s10566-022-09671-3

Hickendorff, M., Edelsbrunner, P. A., McMullen, J., Schneider, M., & Trezise, K.
(2018). Informative tools for characterizing individual differences in learning:
Latent class, latent profile, and latent transition analysis. Learning and
Individual Differences, 66, 4—15. https://doi.org/10.1016/j.lindif.2017.11.001

Honingh, M., Bondarouk, E., & Brandsen, T. (2020). Co-production in primary
schools: A systematic literature review. International Review of Administrative
Sciences, 86(2), 222—-239. https://doi.org/10.1177/0020852318769143

Hornburg, C. B., Borriello, G. A., Kung, M., Lin, J., Litkowski, E., Cosso, J., Ellis, A.,
King, Y. A., Zippert, E., Cabrera, N. J., Davis-Kean, P., Eason, S. H., Hart, S.
A., Iruka, I. U., LeFevre, J.-A., Simms, V., Susperreguy, M. I., Cahoon, A,

Chan, W. W. L., ... Purpura, D. J. (2021). Next directions in measurement of

72



the home mathematics environment: An international and interdisciplinary
perspective. Journal of Numerical Cognition, 7(2), 195-220.
https://doi.org/10.5964/jnc.6143

Hoskins, K., Wainwright, E., Arabaci, R., Zhai, J., Gao, J., & Xu, Y. (2024). Engaging
low-income families in education research: Examining the challenges in
Beijing and London. Compare: A Journal of Comparative and International
Education, 1-19. https://doi.org/10.1080/03057925.2024.2429825

Hunt, B. W., Cahoon, A., Blakey, E., James-Brabham, E., Matthews, D., & Simms, V.
(2025). Is there an association between frequency of home mathematical
activities (HMA) and children’s mathematical outcomes? Data harmonization
and secondary analyses of U.K.-based data sets. Developmental Psychology.
https://doi.org/10.1037/dev0001987

Ishimaru, A. M., Rajendran, A., Nolan, C. M., & Bang, M. (2018). Community design
circles: Co-designing justice and wellbeing in family-community-research
partnerships. Journal of Family Diversity in Education, 3(2), Article 2.
https://doi.org/10.53956/jfde.2018.133

James-Brabham, E., Loveridge, T., Sella, F., Wakeling, P., Carroll, D. J., & Blakey,
E. (2023). How do socioeconomic attainment gaps in early mathematical
ability arise? Child Development, cdev.13947.
https://doi.org/10.1111/cdev.13947

James-Brabham, E., Von Bastian, C. C., Brough, C., & Blakey, E. (2024). Do home
mathematical activities relate to early mathematical skills? A systematic
review and meta-analysis. Child Development, cdev.14162.

https://doi.org/10.1111/cdev.14162

73



Jeong, J., Franchett, E. E., Ramos de Oliveira, C. V., Rehmani, K., & Yousafzai, A.
K. (2021). Parenting interventions to promote early child development in the
first three years of life: A global systematic review and meta-analysis. PLoS
Medicine, 18(5), e1003602. https://doi.org/10.1371/journal.pmed.1003602

JISC Online Surveys. (2020). [Computer software]. https://www.jisc.ac.uk/online-
surveys

Jordan, N. C., & Levine, S. C. (2009). Socioeconomic variation, number
competence, and mathematics learning difficulties in young children.
Developmental Disabilities Research Reviews, 15(1), 60—68.
https://doi.org/10.1002/ddrr.46

Keyworth, C., Epton, T., Goldthorpe, J., Calam, R., & Armitage, C. J. (2020).
Acceptability, reliability, and validity of a brief measure of capabilities,
opportunities, and motivations (“COM-B”). British Journal of Health
Psychology, 25(3), 474-501. https://doi.org/10.1111/bjhp.12417

Khan, T., & Beltran-Grimm, S. (2020). Re-imagining the role of families as equal
partners in STEM learning. National Science Teaching Association.
https://www.nsta.org/connected-science-learning/connected-science-learning-
october-december-2020/re-imagining-role

Kleemans, T., Peeters, M., Segers, E., & Verhoeven, L. (2012). Child and home
predictors of early numeracy skills in kindergarten. Early Childhood Research
Quarterly, 27(3), 471-477. https://doi.org/10.1016/j.ecresq.2011.12.004

Leech, K. A., Herbert, K., Yang, Q. T., & Rowe, M. L. (2022). Exploring opportunities
for math learning within parent—infant interactions. Infant and Child

Development, 31(2), e2271. https://doi.org/10.1002/icd.2271

74



LeFevre, J., Polyzoi, E., Skwarchuk, S., Fast, L., & Sowinski, C. (2010). Do home
numeracy and literacy practices of Greek and Canadian parents predict the
numeracy skills of kindergarten children? International Journal of Early Years
Education, 18(1), 55-70. https://doi.org/10.1080/09669761003693926

Lefevre, J.-A. (2000). Research on the development of academic skills: Introduction
to the special issue on early literacy and early numeracy. Canadian Journal of
Experimental Psychology / Revue Canadienne de Psychologie
Expérimentale, 54(2), 57-60. https://doi.org/10.1037/h0088185

LeFevre, J.-A., Skwarchuk, S.-L., Smith-Chant, B. L., Fast, L., Kamawar, D., &
Bisanz, J. (2009). Home numeracy experiences and children’s math
performance in the early school years. Canadian Journal of Behavioural
Science / Revue Canadienne Des Sciences Du Comportement, 41(2), 55—66.
https://doi.org/10.1037/a0014532

Levine, S. C., Suriyakham, L. W., Rowe, M. L., Huttenlocher, J., & Gunderson, E. A.
(2010). What counts in the development of young children’s number
knowledge? Developmental Psychology, 46(5), 1309-1319.
https://doi.org/10.1037/a0019671

Leyva, D., Libertus, M. E., & McGregor, R. (2023). Math intervention targeting family
routines increases parental math talk and math activities. Journal of Applied
Developmental Psychology, 89, 101595.
https://doi.org/10.1016/j.appdev.2023.101595

Matthews, J., Millward, C., Hayes, L., & Wade, C. (2022). Development and
validation of a short-form parenting self-efficacy scale: Me as a parent scale

(MaaPs-SF). Journal of Child and Family Studies, 31, 2292-2302.

75



Mayer, R. E., & Alexander, P. A. (2011). Learning with Motivation. In Handbook of
Research on Learning and Instruction. Routledge.

Melzi, G., Mesalles, V., Caspe, M., & Prishker, N. (2022). Spatial language during a
household task with bilingual Latine families. Journal of Applied
Developmental Psychology, 80, 101409.
https://doi.org/10.1016/j.appdev.2022.101409

Milburn, T. F., Lonigan, C. J., DeFlorio, L., & Klein, A. (2019). Dimensionality of
preschoolers’ informal mathematical abilities. Early Childhood Research
Quarterly, 47, 487-495. https://doi.org/10.1016/j.ecresq.2018.07.006

Missall, K., Hojnoski, R. L., Caskie, G. I. L., & Repasky, P. (2015). Home numeracy
environments of preschoolers: Examining relations among mathematical
activities, parent mathematical beliefs, and early mathematical skills. Early
Education and Development, 26(3), 356—-376.
https://doi.org/10.1080/10409289.2015.968243

Mufez, D., Bull, R., & Lee, K. (2021). Socioeconomic status, home mathematics
environment and math achievement in kindergarten: A mediation analysis.
Developmental Science, 24(6), e13135. https://doi.org/10.1111/desc.13135

Niklas, F., Cohrssen, C., & Tayler, C. (2015). Improving preschoolers’ numerical
abilities by enhancing the home numeracy environment. Early Education and
Development, 27. https://doi.org/10.1080/10409289.2015.1076676

Numeracy for health. (2015). National Numeracy.
https://www.nationalnumeracy.org.uk/sites/default/files/documents/Numeracy

_and_managing_health/numeracy_for_health_full.pdf

76



Oliver, K., Kothari, A., & Mays, N. (2019). The dark side of coproduction: Do the
costs outweigh the benefits for health research? Health Research Policy and
Systems, 17(1), 33. https://doi.org/10.1186/s12961-019-0432-3

Pan, Y., Yang, Q., Li, Y., Liu, L., & Liu, S. (2018). Effects of family socioeconomic
status on home math activities in urban China: The role of parental beliefs.
Children and Youth Services Review, 93, 60—68.
https://doi.org/10.1016/j.childyouth.2018.07.006

Perepletchikova, F. (2011). On the Topic of Treatment Integrity. Clinical Psychology :
A Publication of the Division of Clinical Psychology of the American
Psychological Association, 18(2), 148—153. https://doi.org/10.1111/j.1468-
2850.2011.01246.x

Pesch, A., Ochoa, K. D., Fletcher, K. K., Bermudez, V. N., Todaro, R. D., Salazar, J.,
Gibbs, H. M., Ahn, J., Bustamante, A. S., & Hirsh-Pasek, K. (2022).
Reinventing the public square and early educational settings through culturally
informed, community co-design: Playful Learning Landscapes. Frontiers in
Psychology, 13, 933320. https://doi.org/10.3389/fpsyg.2022.933320

Phillipson, S., Gervasoni, A., & Sullivan, P. (Eds). (2017). Engaging Families as
Children’s First Mathematics Educators. Springer Singapore.
https://doi.org/10.1007/978-981-10-2553-2

Pianta, R. C. (1992). Parent-child relationship scale. University of Virginia, 427.

Purpura, D. J., Baroody, A. J., & Lonigan, C. J. (2013). The transition from informal
to formal mathematical knowledge: Mediation by numeral knowledge. Journal
of Educational Psychology, 105(2), 453—-464.

https://doi.org/10.1037/a0031753

77



Purpura, D. J., Napoli, A. R., Wehrspann, E. A., & Gold, Z. S. (2017). Causal
connections between mathematical language and mathematical knowledge: A
dialogic reading intervention. Journal of Research on Educational
Effectiveness, 10(1), 116-137.
https://doi.org/10.1080/19345747.2016.1204639

Ramani, G. B., Rowe, M. L., Eason, S. H., & Leech, K. A. (2015). Math talk during
informal learning activities in Head Start families. Cognitive Development, 35,
15-33. https://doi.org/10.1016/j.cogdev.2014.11.002

Ramani, G. B., & Siegler, R. S. (2015). How Informal Learning Activities Can
Promote Children’s Numerical Knowledge. In R. Cohen Kadosh & A. Dowker
(Eds), The Oxford Handbook of Numerical Cognition (p. 0). Oxford University
Press. https://doi.org/10.1093/oxfordhb/9780199642342.013.012

Reception Baseline assessment. (2019). National Foundation for Educational
Research. https://www.nfer.ac.uk/for-schools/participate-in-
research/participate-in-research-projects/information-about-the-reception-
baseline-assessment/

Ribner, A., Harvey, E., Gervais, R., & Fitzpatrick, C. (2019). Explaining school entry
math and reading achievement in Canadian children using the Opportunity-
Propensity framework. Learning and Instruction, 59, 65-75.
https://doi.org/10.1016/j.learninstruc.2018.10.003

Ribner, A., Moeller, K., Willoughby, M., Blair, C., & the Family Life Project Key
Investigators. (2018). Cognitive abilities and mathematical competencies at
school entry. Mind, Brain, and Education, 12(4), 175-185.

https://doi.org/10.1111/mbe.12160

78



Ruthsatz, J., Ruthsatz, K., & Stephens, K. R. (2014). Putting practice into
perspective: Child prodigies as evidence of innate talent. Acquiring Expertise:
Ability, Practice, and Other Influences, 45, 60—65.
https://doi.org/10.1016/j.intell.2013.08.003

Sanetti, L. M. H., & Kratochwill, T. R. (2009). Treatment integrity assessment in the
schools: An evaluation of the Treatment Integrity Planning Protocol. School
Psychology Quarterly, 24(1), 24-35. https://doi.org/10.1037/a0015431

Sarama, J., & Clements, D. H. (2009). Early childhood mathematics education
research: Learning trajectories for young children. Routledge.

Scerif, G., Sucevi¢, J., Andrews, H., Blakey, E., Gattas, S. U., Godfrey, A., Hawes,
Z., Howard, S. J., Kent, L., Merkley, R., O’'Connor, R., O'Reilly, F., & Simmes,
V. (2025). Enhancing children’s numeracy and executive functions via their
explicit integration. NPJ Science of Learning, 10(1), 8.
https://doi.org/10.1038/s41539-025-00302-9

Schnieders, J. Z.-Y., & Schuh, K. L. (2022). Parent-child interactions in numeracy
activities: Parental scaffolding, mathematical talk, and game format. Early
Childhood Research Quarterly, 59, 44-55.
https://doi.org/10.1016/j.ecresq.2021.10.004

Segers, E., Kleemans, T., & Verhoeven, L. (2015). Role of parent literacy and
numeracy expectations and activities in predicting early numeracy skills.
Mathematical Thinking and Learning, 17(2-3), 219-236.
https://doi.org/10.1080/10986065.2015.1016819

Sekhon, M., Cartwright, M., & Francis, J. J. (2022). Development of a theory-

informed questionnaire to assess the acceptability of healthcare interventions.

79



BMC Health Services Research, 22(1), 279. https://doi.org/10.1186/s12913-
022-07577-3

Sim, Z. L., & Xu, F. (2017). Learning higher-order generalizations through free play:
Evidence from 2- and 3-year-old children. Developmental Psychology, 53(4),
642-651. https://doi.org/10.1037/dev0000278

Skwarchuk, S.-L., Sowinski, C., & LeFevre, J.-A. (2014). Formal and informal home
learning activities in relation to children’s early numeracy and literacy skills:
The development of a home numeracy model. Journal of Experimental Child
Psychology, 121, 63—84. https://doi.org/10.1016/j.jecp.2013.11.006

Sonnenschein, S., Galindo, C., Metzger, S. R., Thompson, J. A., Huang, H. C., &
Lewis, H. (2012). Parents’ beliefs about children’s math development and
children’s participation in math activities. Child Development Research, 2012,
1-13. https://doi.org/10.1155/2012/851657

Supporting the creative use of technology to improve life story work for vulnerable
children—Trove as a case example from REACT. (n.d.). UKRI.
https://gtr.ukri.org/projects?

Susperreguy, M. |., & Davis-Kean, P. E. (2016). Maternal Math Talk in the Home and
Math Skills in Preschool Children. Early Education and Development, 27(6),
841-857. https://doi.org/10.1080/10409289.2016.1148480

Susperreguy, M. ., Douglas, H., Xu, C., Molina-Rojas, N., & LeFevre, J.-A. (2020).
Expanding the home numeracy model to chilean children: Relations among
parental expectations, attitudes, activities, and children’s mathematical
outcomes. Early Childhood Research Quarterly, 50, 16-28.

https://doi.org/10.1016/j.ecresq.2018.06.010

80



Teresi, J. A., Yu, X., Stewart, A. L., & Hays, R. D. (2022). Guidelines for Designing
and Evaluating Feasibility Pilot Studies. Medical Care, 60(1), 95—-103.
https://doi.org/10.1097/MLR.0000000000001664

Thippana, J., Elliott, L., Gehman, S., Libertus, K., & Libertus, M. E. (2020). Parents’
use of number talk with young children: Comparing methods, family factors,
activity contexts, and relations to math skills. Early Childhood Research
Quarterly, 53, 249-259. https://doi.org/10.1016/j.ecresq.2020.05.002

Vargas, C., Whelan, J., Brimblecombe, J., & Allender, S. (2022). Co-creation, co-
design, co-production for public health — a perspective on definition and
distinctions. Public Health Research & Practice, 32(2).
https://doi.org/10.17061/phrp3222211

Vermilyea, B. B., Barlow, D. H., & O’Brien, G. T. (1984). The importance of
assessing treatment integrity: An example in the anxiety disorders. Journal of
Behavioral Assessment, 6(1), 1-11. https://doi.org/10.1007/BF01321456

World Medical Association Declaration of Helsinki. (2001). Bulletin of the World
Health Organisation, 79(4), 373—-374. https://doi.org/10.1111/ddg.13528

Wynn, K. (1990). Children’s understanding of counting. Cognition, 36, 155—-193.

Yilmaz, B., Dogan, |., Karaddller, D. Z., Demir-Lira, O. E., & Goksun, T. (2025).
Parental attitudes and beliefs about mathematics and the use of gestures in
children’s math development. Cognitive Development, 73, 101531.
https://doi.org/10.1016/j.cogdev.2024.101531

Zhou, X., Huang, J., Wang, Z., Wang, B., Zhao, Z., Yang, L., & Yang, Z. (2006).
Parent—child interaction and children’s number learning. Early Child
Development and Care, 176(7), 763—775.

https://doi.org/10.1080/03004430500232680

81



82



Appendix A. Synthesised mathematical language coding scheme



Category Definition

Examples

Tally

Category score

Cardinal values
mentioning or asking for the number of
objects immediately, without counting

“Can you move six now?”
“Here’s your 3p”
“I need 10p”

Counting
counting objects or asking for the number
of objects immediately, without counting

“Mummy is going to move 5, 1,2,3,4,5”
“One, two we have to move to five 3,4,5.”
“Do you see on the dice 12345”

Naming digits

referring to numbers, reading of numbers
on paper and in other forms of media or
recognising names of written numbers
when seen, or writing numbers

“That looks like a number 77

“I think that says 5p”

“Isn’t that a 10p not a 2p?”
“That is not number 10”

“You need all your five moves”

Measuring
Using numbers to refer to units of measure

“You just turned 4.” [after the child said he turned 5]
“Count on 6 spaces”
“So, you move your whale four circles”

Conventional nominatives
using numbers as labels for things or dates

“No, only high fives for me. Punch five hurt me; could you
give me a high five?”

Number comparisons

Comparing numbers in a sequence
Comparing numbers to see which is smaller
or bigger (Schnieders & Schuh, 2022)

“What comes after 5?”
“So, the highest number is six and what's the smallest
number?

Ordinal numbers

Using ordinal numbers, such as first,
second, third, etc

Describing or asking about the numerical
series (Eason et al., 2021)

“The first thing on my list is an apple.”
“You can go first, and I will go second,”
“What comes after twelve?

Adding/subtracting
Performing or asking to perform adding
and subtracting calculations

“Here is a 1p and a 5p to make 6p.”
“Three, that’s two and a one.”
“Did you ask 3 divided by 7?”




Naming shapes
Identifying and describing geometric
shapes (Schnieders & Schuh, 2022)

“What shape is this here?”
“Rectangle at the top but what do you call this here?”
“So, the die only has six squares on it”

Magnitude
comparing two quantities or talking about
relative quantities (Eason et al., 2021)

“Look, you're nearly at the end?
“Oh, they are the same are they?”
“I've got three more things on my list”

Using spatial words

Describe the location or direction of an
object within the task (Schnieders &
Schuh, 2022)

“Does it go on top of these or down beside it?”
“So, this one's down at the bottom" “What's in the middle?”
“Go back to the start”. “That's on this one”

Estimating
Guessing a quantity without counting
(Schnieders & Schuh, 2022)

“My piece is about 20 places away from yours”

“How many goes do you think we could do to get to Mr
Seahorse there?”

“Do you think we could get him there in three goes?”

Mathematical prompt
Adult or child instigates a mathematical
interaction.

“How many blocks do you have there?”
“Who has the biggest tower?”

Total Score
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Table 1: Harmonised frequency of HMA engagement

Cahoon James-Brabham  James-Brabham 2  Van Bennett Trickett Duncan Simmons Chang Final harmonised
1 Herwegen categories
Activity did Activity did not  Activity did not Activity did not Rarely or Never/ rarely
not occur occur occur Not at all Rarely/never Rarely/never occur Never Never occurred
Afewtimesa A few timesa Activity occurred A few times a 1-3 times a month
month month one-three times month 1 to 3 times a
per month Once a week Monthly Monthly Occasionally month
Aboutoncea  About once a Activity occurred About once a 4 times a month
week week about once per A few times a week About once a About once a
week week Weekly Weekly week week
Few times a Few times a Activity occurred Few times a week 5-16 times a
week week a few times a Several days per Several days per Several times a About 3 to 5 month
week (2-4 times) Every day week week week times a week
Almost daily Almost daily Almost daily About once a day/ 17+ times a
Activity occurred ~ Several times Most days per several times a Almost every  month
almost daily per day Most days per week ~ week day day




