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Early mathematic skills have a substantial impact on later school achievement. Children with
poor school achievement are at risk for adverse consequences later in life. Math competencies
also have consequences for the economy at large because societies are becoming increasingly
dependent on skill sets including mathematics. Proficiency with basic arithmetic, also known
as math fact (i.e., 3+8, 12-3), is considered to be a critical early math skill. Intervention
research in mathematics have demonstrated that math fact deficits among students with low
math performance can be improved with additional targeted, non- technological interventions
(i.e., small-group tutoring).

The aim of the present thesis was to investigate the effect, using a randomized placebo
controlled design, of addititional adaptive, behavioral based, math training on a tablet on low
performing second graders. The first study (study I), investigated if arithmetic skills could be
assessed in a reliable and valid way on tablet. The examination showed that arithmetic scales
could be transferred from paper-based tests to tablet with comparable psychometric properties,
although not for a pictorial scale, and that separate norms are needed for tablet. Study II
demonstrated that training on a tablet, for on average 19 hours across 20 weeks, improved basic
arithmetic skills after training in the math conditions compared to control/ placebo conditions.
The effects were medium sized at post assessment. There was a fadeout of effects at 6 months
follow-up, where small effects were shown, and the effects decreased further at 12 months
follow-up. Children with lower non-verbal IQ seemed to gain significantly more at follow- ups
than children with higher non-verbal 1Q. The study found no additional effects of combining
working memory training and math training. Study III, using a machine learning analysis, found
that children demonstrating a positive response at 6 months follow-up were characterized by
having completed 90 % or more of the math program at the default level, in combination with
having a fairly favorable socioeconomic background.

In summation, this work demonstrates how an adaptive behavioral based program on a tablet
can help low performing children improve critical early math skills.
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Introduction

The impact of math on school achievement and society

The ability to read has long been acknowledged as a skill of outmost im-
portance for the individual and society. Math competencies, on the other
hand, have not been viewed as quite as essential to promote success in life
and improve communities. However, evidence gathered during the last dec-
ade has repeatedly proven the last assumption wrong.

The impact of early math competencies on later school
achievement

A meta analysis by Duncan et al. (2007) on six longitudinal data sets across
three countries found that math competencies among 5-6 year old are the
strongest predictor for general school achievement on standardized tests up
to 13-14 years of age. In this study, including well over 40 000 children and
controlling for several background factors, math skills were followed by
reading and then attention skills in descending order of predictivity. These
findings were replicated by Romano, Babchishin, Pagani, and Kohen (2010)
who reported that math skills in kindergarten were the most powerful predic-
tor of 3rd-grade school achievement, succeeded by literacy and attention
skills. An additional interesting finding in this study was that math perfor-
mance significantly predicted socio-emotional behavior. Pagani, Fitzpatrick,
Archambault, and Janosz (2010) also replicated that math skills were the
strongest predictor in a longitudinal study from kindergarten to 2nd-grade,
followed by attention skills and receptive language skills. Although not pre-
dicting school achievement, a British study by Parsons and Bynner (2006)
contributed with findings regarding the relative importance of math skills
and literacy. The authors concluded, after examining two cohorts of approx-
imately 17 000 persons followed from birth to 30 years of age, that low math
skills (framed as low numeracy) was more strongly associated with negative
outcomes on employment, physical and mental health, and legal infringe-
ments than low literacy (Parsons & Bynner, 2006).
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The impact of later math competencies on the economy

In the book "The Knowledge Capital of Nations" (2015), the economists
Hanushek and Woessman summarized their rigorous theoretical and empir-
ical research by claiming that knowledge is the key to a nation's develop-
ment. They conclude that a country's prosperity is directly related to the
skills of its population. Furthermore, the authors claim that the pertinent
cognitive skills - called the knowledge capital of a nation - could be ade-
quately assessed by achievement on international math and science tests
(e.g., Programme of International Student Assessment, PISA, and Trends
in International Mathematics and Science Study, TIMSS). By analyzing
historical data sets dating back to the 1960s Hanushek and Woessman
demonstrate that fairly modest improvements in these skills can be worth
multiples of a nation's current Gross Domestic Product (GDP). Additional-
ly the authors point to examples that educational reform is possible, espe-
cially if educational institutions can align incentives with performance, and
that countries which successfully reform will systematically depart in eco-
nomical terms from other countries. More concretely, in a report by the
Organization of Economic Co-operation and Development (OECD) the
same authors stated, "an improvement of one-half standard deviation in
mathematics and science performance at the individual level implies, by
historical experience, an increase in annual growth rates of GDP per capita
of 0.87%." (OECD, 2010, p. 17). Other long-term projections, this time not
directly involving Hanushek and Woessman, indicate that gains for high-
income OECD countries could gain 1.5 times their current GDP if every
15-year old acquires at least basic numeracy and literacy skills by 2030.
For upper-middle income nations the gains were estimated to be about
seven times their GDP (OECD, 2016).

Hanushek and Woessman (2009) have also found that high school stu-
dents math proficiency drive the economic growth of a country more dis-
cernibly than proficiency in other subjects, which again supports the relative
importance of math. At the individual level some research, though not con-
clusive, point to math skills as a better predictor of individual future earnings
than other skills learned in high school (Bishop, 1992; Murnane, Willett, &
Levy, 1995).

Plausibly, the demand for jobs requiring advanced math competencies is
increasing compared to jobs without these demands, indicated by a report
stating that growth for math-demanding science and engineering jobs were
outpacing overall job growth three-to-one in the US (National Mathematics
Advisory Panel, 2008).

Given the substantial influence of math on the prosperity for the society
and the individual it is troublesome that almost every fourth student (23 %)
in the OECD nations does not acquire the PISA baseline level 2 of mathe-
matics proficiency and are duly defined as low performers. This level is
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viewed as essential for students to participate effectively and productively
in the community (OECD, 2012). The required skills are by no means ex-
cessively advanced, for instance being able to interpret an ordinary table of
values for different products, or to use a known exchange rate to convert a
given amount in one currency to another. As an example in pure economi-
cal terms of the costs of poor math skills, the annual cost of low numeracy
in the United Kingdom has been estimated to £2.4 billion (Gross, Hudson,
& Price, 2009). A simplified summary of the relations presented so far sug-
gest that early math achievement is a predictor of later school achievement,
and that later school achievement predict long-term economic growth. Next,
the relation between later school achievement and adverse consequences for
children, as well as risk and protective factors for later school achievement,
will be discussed.

Effects of poor school achievement: adverse
consequences for children

While the previous section focused on the effects of math performance on
school achievement and economical outcomes, this part presents the adverse
consequences for children with poor school achievement (i.e., overall per-
formance, not just achievement in math).

There are many detrimental psychosocial effects for students with poor
school achievement. Bjorkenstam et al. (2011) found that the incidence rate
ratio for suicide for students with the lowest grades was 2.7 for women and
4.6 for men compared to those with highest grades. The sample consisted of
of a cohort of close to 0.9 million Swedes, followed over a time span of 9-18
years. The study controlled for a number of parental moribidity and socio-
demographic variables, and measured final school grades from compulsory
school. In a study by Griffin, Botvin, Doyle, Diaz, and Epstein (1999) on
743 seventh-grade students, poor grades were found to predict heavy smok-
ing in twelfth grade. Pitkanen, Kokko, Lyyra, & Pulkkinen (2008) followed
347 persons over a course of 34 years and found that low school success was
associated with problems due to drinking in early middle age. Criminality
has also been found to be associated with low school performance (Farring-
ton, 2015; Fergusson, Swain-Campbell, & Horwood, 2004). A striking ex-
ample of the increased risk for criminality was reported by the National
Board of Health and Welfare (2010) in Sweden, where students with low or
incomplete grades from elementary school were at 8-10 times increased risk
of serious criminality in young adulthood compared to those with medium or
high grades. This pattern was evident in all socio economic groups. Yet,
according to a systematic review the relationship between psychosocial
problems and meager academic school performance is reciprocal, not caus-
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al, and exhibits a stable pattern from the beginning of school to early
adulthood (Gustafsson et al., 2010). This implies that poor psychosocial
conditions can lead to poor school outcome, and, conversely, also that low
school performance can lead to psychosocial problems.

The same review pointed out that avoiding school failure during the first
years of schooling is of particular importance to prevent subsequent nega-
tive trajectories.

Risk factors for poor school achievement

Since early math performance is the strongest predictor of later school
achievement, it follows that low math performance is a risk factor for poor
school achievement (Duncan et al., 2007; Pagani et al., 2010; Romano et al.,
2010). This section describes what other factors, especially risk factors, have
been found to influence poor school achievement (i.e., math, reading, and
science). The concept of risk factor has been used frequently across different
scientific disciplines (e.g., medicine, psychology, and education). The defini-
tion of risk factor used here is similar to how the term has been framed in
other research fields, namely a risk factor is a condition that increases the
likelihood of poor school achievement. Although the associated concept of
protective factors, defined as an influence that inhibits, reduces, or buffers
the probability of a behavior (Brounstein, Zweig, & Gardner, 2001), also
applies to the current topic, the main focus here is a brief look at risk factors
for poor school achievement.

An interesting finding in a recent PISA-study was that poor achievement
at age 15 was not an effect of any single risk factor, but rather a combination
and accumulation of different obstacles and disadvantages that have life-long
consequences for students (PISA, 2016). While these findings may not be
surprising or new to many people, they are important to bear in mind when
discussing school policies and educational reform. Furthermore, this data
parallels the results found in substance abuse prevention where the accumu-
lation of risk and protective factors, not individual factors, is considered
crucial (Brounstein, Zweig, & Gardner 2001).

Looking more specifically on the large amounts of data coming from the
PISA studies, gathered and analyzed by the OECD, as well as from a few
research groups, an abundance of risk factors for poor achievement at age
15 have been identified. At the individual level the following risk factors
for low performance have been identified across the OECD countries: hav-
ing low socio-economic status (SES), having an immigrant background,
speaking a different language than the instructional language at school,
living with a single parent, living an a rural area, having a year or less of
pre-primary education, having repeated a grade, being on a vocational
track, missing classes (truancy), low perseverance/effort in school, and low
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self-confidence (OECD, 2016; Sirin, 2005). For instance, in the OECD
countries students with an immigrant background speaking a different lan-
guage at home than at school are approximately 2.5 times more likely to be
low achievers. Students with low math performance tend to have less self-
confidence, perseverance and motivation, and skip school more. The last
finding is illustrated by students taking the PISA test where low performers
are three times more likely to have skipped school at least once in the two
weeks prior to the assessment.

As addressed above, the body of research on risk factors suggests that it is
not any single factor that leads to low performance, but instead an interplay
and an accumulation of processes and ordeals that impedes learning and
accordingly raise the probability of low achievement (e.g., Alexander,
Entwisle, & Horsey, 1997; Hao, Hu, & Lo, 2014). Figure 1 shows an exam-
ple of how the probability of being a low performer increases as a child pre-
sents with increasingly more risk factors. The upper line represents socio-
economically disadvantaged children, and the lower line represents socio-
economically advantaged children. For students not having any of these risk
factors, the original risk for being a low achiever is 7 % higher for disadvan-
taged than advantaged students. On the other hand, among students having
all risk factors, the risk of being a low performer is 16 % higher for disad-
vantaged students. This demonstrates how adding more risk factors leads to
differentially accentuated risks for students with low SES compared to stu-
dent with high SES. Another way to conceive this is that the "penalty" con-
nected to each additional risk factor is somewhat bigger for disadvantaged
students than for advantaged students. This pattern is representative for the
OECD-countries in general, but other patterns have been identified for cer-
tain groups of nations (OECD, 2016).
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Figure 1. Pattern of Risk Accumulation Across Countries. Cumulative probability of
low performance in mathematics. Average of the following 8 countries, which is
similar to the OECD average: Croatia, Finland, Iceland, Italy, the Netherlands, the
Russian Federation, Spain and Viet Nam. Figure reprinted with permission.

Risk factors are also assembled at the school level, and at an even more ag-
gregate level in the school system. At the school level, a number of risk fac-
tors for low achievement have been identified: schools with a high concen-
tration of disadvantaged students, learning environments featuring low ex-
pectations for students, unsupportive teachers (low teacher morale), lack of
after-school opportunities, uninvolved parents and communities, lack of
qualified teachers, and lack of quality educational resources (Gustafson,
Nilsen, & Hansen, 2016; OECD, 2016). Being a girl is furthermore a risk
factor for low performance in math, while being a boy is a risk factor for low
reading achievement. Lastly, at the school systems level a few additional risk
factors have been pointed out: lack of school autonomy, early and rigid se-
lection and grouping of students, and unequal allocation across schools. To
further illustrate the effects of being socio-economically disadvantaged, in-
dividual SES accounts for 14.8 percent of the variation in performance
across the OECD. This implies that a less-advantaged student in ninth grade
has absorbed almost one year less schooling in mathematics, only due to
socioeconomic factors, than a more-advantaged student. Another way to
present this difference is that a less-advantaged student has a 39 points lower
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performance (100 points being one standard deviation) than an advantaged
student, only because of socioeconomic factors. At the school level SES this
picture is even more pronounced with an average student attending a low
SES school scoring 104 points lower compared to an average student going
to a socioeconomically advantaged school.

Despite the wealth of data just presented and the presence of risk factors at
multiple levels, the PISA studies may not have covered a few dimensions
where risk factors for low achievement could be expected. In the section on
the effects of poor school achievement a reciprocal relation was reported be-
tween low performance and psychosocial problems (Gustafson et al., 2010).
This finding could eventually suggest that psychosocial problems may be risk
factors for low performance as well. It could probably be assumed that since
the PISA-studies do not explicitly collect data on the mental health of students,
they have not included this dimension in their analyses.

Another dimension that have not been addressed by the PISA-studies is
the importance of intelligence as predictor of school achievement. A British
prospective longitudinal study of more than 70 000 children, measured on
general IQ at age 11, reported that general IQ accounted for 59 % of the
variance in mathematics and 48 % of the variance in English on national
examinations at age 16 (Deary, Strand, Smith, & Fernandes, 2007). Some
additional support was provided by Streze (2007) in a meta-analysis on lon-
gitudinal studies, which demonstrated that intelligence was a powerful pre-
dictor of grades (considered a proxy for school achievement here) with a
correlation of .56.

Lastly, the dimension of heritability should also be considered a risk fac-
tor. Having parents with low math performance may be a risk factor for poor
school achievement in general, and for math performance in particular since
mathematical ability has medium to high levels of heritability. A study by
Davis et al. (2008) demonstrated 49 % heritability at age ten and an investi-
gation by Greven, Kovas, Willcutt, Petrill, and Plomin (2014) showed 46 %
heritability at age twelve. Kovas et al. (2013) found somewhat higher esti-
mates: 66 % at age six, 73 % at age nine and 56 % at twelve years of age.

After looking at risk factors for school performance, the adverse conse-
quences of poor school achievement, and the importance of math for later
school achievement, we will now look into what the critical skills are when
acquiring proficiency in mathematics.

Critical math skills

What is known about essential math skills in compulsory school?

The research on mathematical development has been said to pale in compari-
son with the exhaustive research that has been carried out in the field of
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reading (Clarke, Nelson, & Shanley, 2016). Fuchs, Fuchs, and Compton
(2012) also concluded that less is known about how mathematical abilities
evolve than reading, and provided some background for this fact. Measure-
ment studies have identified five basic components in reading: phonological
awareness, decoding, fluency, vocabulary, and comprehension (e.g., Mehta,
Foorman, Branum-Martin, & Taylor, 2005). Fuchs et al (2012) put forward
the need for corresponding measurement studies in the area of mathematics.
Additionally, the assumption is that more component skills (e.g., numera-
tion, concepts, math facts, measurement, procedural calculation, and word
problems in primary school) exist in mathematics, which is mirrored in the
curricula. It is also uncertain if improved performance in one component
affects other components (Fuchs et al., 2012). Yet, despite the complexities
of the mathematics domain, some more recent research has productively
focused on finding important predictors between earlier math skills and later
math achievement (e.g., Bailey, Siegler, & Geary, 2014; Siegler et al., 2012),
which will be presented in the next section.

Overview of mathematical development

Empirical evidence for mathematical competencies has been found already
in infancy, with 9-month-old infants possessing a magnitude-based estima-
tion system (McCrink & Wynn, 2004).

Looking at mathematical development from kindergarten to high school
several critical component skills have been suggested, at times leading to
intense debates were the relative importance of procedural skills, fluency in
basic facts (i.e., addition, subtraction, multiplication, and division), and con-
ceptual knowledge have been disputed (National Mathematics Panel, 2008).
However, even if much more research is needed to draw firm conclusions
about a comprehensive model of mathematical development, some critical
math competencies should be considered as established by research at this
point. Early number competence, fluency with whole numbers, fluency with
fractions, and particular aspects of measurement and geometry should be
viewed as essential mathematical competencies (Bailey et al., 2014; Jordan,
Kaplan, Ramineni, & Locuniak, 2009; National Mathematics Panel, 2008;
Siegler et al., 2012). Fluency with whole numbers and fractions, and certain
aspects of measurement and geometry all serve as distinct foundations for
higher order mathematical skills required in algebra which is considered an
essential part of high school mathematics. Even if algebra is not the only
mathematics component taught at high school, and may not be the only rele-
vant outcome math variable for mathematics at large, it has been viewed to
be of profound importance for entry into mathematics-intensive fields (Fuchs
et al., 2012; National Mathematics Panel, 2008; Siegler et al., 2012).
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Number competence

Early number competence has been studied relatively frequently, at times
under the concept of number sense (Jordan, Kaplan, Locuniak, & Ramineni,
2009), and it has been said to describe the ability to understand the meaning
of numbers and relationships between numbers (e.g., Gersten, Jordan, &
Flojo, 2005; Malofeeva, Day, Saco, Young, & Ciancio, 2004). The origins of
number competencies are found already in 6-month-old infants who can
differentiate between numerosities of 8 vs. 16 dots using a habituation para-
digm (Feigenson, Dehaene, & Spelke, 2004). Meanwhile the development of
number competence, as defined in research, typically takes place a few years
later before starting kindergarten and lasting approximately up to the first
school year. More specifically, number competencies include the capacity to
comprehend the value of small quantities instantly, differentiate between
numbers and their magnitude (e.g., 5 is closer to 6 than 3), join and separate
sets (e.g., 4 and 2 makes 6, and 6 take away 2 is 4), and understand counting
principles (e.g., the total number of a set is told by the final number counted)
(Jordan et al., 2009). Number competencies also include having a linear rep-
resentation of small numbers, for instance that a number that comes after is
always one more (Siegler & Booth, 2004). The last skill is also known as
number line estimation, and performance at age six on extensions of this part
of number competence (i.e., students estimate where numbers go on a num-
ber line from 0-100) has shown to predict math performance five years later
(Geary, 2011). A study by Geary, Hoard, Nugent, and Bailey (2013) also
demonstrated that a slightly different version of number competence (termed
number system knowledge) at age six predicted functional numeracy at age
13. Ngyuen et al. (2016) provide additional support for the claim that num-
ber competencies (more specifically counting and cardinality) in preschool is
the strongest predictor of math achievement in fifth grade in a sample of
mainly low-income and minority children.

Fluency with whole numbers

Fluency with whole numbers could be considered the next critical math skill
after number competencies, although the terms overlap to some degree since
fluency with whole numbers include extensions of number competence (Na-
tional Mathematics Advisory Panel, 2008). Fluency with whole numbers
consists of several component skills. Important components are an under-
standing of the basic operations of addition, subtraction, multiplication, and
division, and an ability to automatically recall such math facts (e.g., 7+8=15,
or 12/3=4), as well as to compose (e.g., 9+3 could be composed of first
9+1=10, and then 10+2=12) and decompose whole numbers (e.g., 8 could be
decomposed to 4+4). Other components included in fluency with whole
numbers are an understanding of place value, the use of commutative, asso-
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ciative, and distributive properties, computational dexterity, and application
of these skills to problem solving. Fluency with whole numbers also includes
a capacity to estimate the results of computations. It has been recommended
that students should be fluent with whole numbers using addition and sub-
traction at the end of third grade, and with multiplication and division at the
end of fifth grade (National Mathematics Advisory Panel, 2008).

An important component skill of fluency with whole numbers: Math
facts

The component skills described above could each be further elaborated, but
the focus here will be on basic operations with addition and subtraction since
this component skill is the primary target of the intervention in this thesis.
This component skill will subsequently be referred to as math facts, which
covers addition and subtraction facts up to 20 in most referenced work here-
after.

Proficiency with math facts is considered an important early skill in
mathematical development (e.g., Fuchs et al, 2012; Geary, Hoard, Nugent, &
Bailey, 2012; Gersten & Chard, 1999). A study by Bailey, Siegler, and
Geary (2014) showed that whole number arithmetic (i.e., math facts) in first
grade, together with whole number magnitude knowledge (i.e., number line
estimation), predicted fraction knowledge in 7-8 grade controlling for sever-
al cognitive abilities, parental education and income, gender and race. Fur-
thermore, Geary (2011) demonstrated that whole number addition at the
beginning of first grade predicts mathematics learning through the termina-
tion of fifth grade. Competence with math facts is also an indicator of risk
for long-term learning disabilities (Geary, Hoard, Nugent, & Bailey, 2012;
Goldman et al., 1988; Jordan et al., 2003), and viewed as a significant path to
more advanced mathematics (e.g., Fuchs, Fuchs, Compton, et al, 2006). The
importance of math facts has been explained by the bottle neck hypothesis,
which states that students with math facts deficits are slowed down when
solving more complex procedural calculation since their attention is con-
sumed by the inherent math fact problems (Fleishner et al, 1982; Fuchs et
al., 2012; Fuchs et al., 2009; Geary et al., 1987; Goldman et al., 1988; Jordan
et al, 2003; Vasilyeva et al., 2015). Indeed, a study by Fuchs et al. (2013)
concluded that improvement in math fact, due to their intervention, had a
transfer effect on procedural calculation.

What aspects of math fact skills are most important?

High performing Asian countries (e.g. China, Korea and Japan) focus class-
room instruction on intense computational practice in early grades, support-
ing a quick and accurate retrieval of math facts (Leung, 2001). Investigations
of cross-national differences on single-digit addition between Asian and
American students at the end of first grade also stress the importance of au-
tomatic retrieval of math facts, which was the prevalent strategy among
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Asian students, instead of counting which was the dominant method among
Americans (Geary, Bow-Thomas, Liu, & Siegler, 1996; Vasilyeva et al.,
2015). More specifically, the key predictors of accuracy on single-digit prob-
lems were the frequency of correct retrievals and mean retrieval time (Geary
et al., 1996). A similar result on single-digit addition was demonstrated in a
study on students with a higher level of math performance (Geary et al.,
1992). A study comparing students from America and Taiwan reported that
the frequency of automatic retrieval and decomposition (e.g. sequencing 4 +
5 into 4 + 4 = 8 and then 8 + 1 = 9) on single-digit addition fully mediated
cross-national differences on double-digit addition, emphasizing the im-
portance of math facts and decomposition for more complex arithmetic per-
formance (Vasilyeva et al., 2015). Another finding in this study was that
successful accomplishment of a decomposition strategy on double-digit tasks
seemed to require a high degree of fluency with math facts. Conclusively, it
could be stated that research so far has found that fast and correct retrieval of
math facts is the most important feature of the math fact component skill.
Plausibly, the ability to decompose number is a significant subsequently
developed skill within the math fact component.

Fluency with fractions

Being fluent with fractions includes being capable to place positive and neg-
ative fractions on a number line, and estimate magnitudes of fractions. It also
entails an ability to compare fractions, decimals and percent, and compre-
hend how finite decimal numbers can be fractions. Fluency with fractions
additionally means being proficient in carrying out operations where sums,
differences, products, and quotients are handled as fractions. Students should
also be able to describe probability, proportionality, and rates when used in a
various context. When accurately taught, fractions acquaint the student with
how to generalize and use symbolic notation, both being inherent in algebra
(National Mathematics Advisory Panel, 2008). Siegler et al. (2012) aimed at
finding early predictors of high school mathematics achievement in a study
involving more than 4000 students in two longitudinal samples from the
United States and the United Kingdom. Student knowledge of fractions and
of division at age 10-12 uniquely predicted performance in algebra and over-
all mathematics achievement 5-6 years later in high school. The study con-
trolled for other mathematical skills, working memory, 1Q, and family edu-
cation and income. Recommendations are that students should be fluent with
initial fractions skills at the end of fourth grade (i.e., represent and identify
decimals and fractions, and compare them on a number line), and with the
completive fractions skills by the end of seventh grade (i.e., operations with
positive and negative fractions and integers, and to solve problems including
ratio, rate and percent and eventually proportionality) (National Mathematics
Advisory Board, 2008).
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Why is fluency with fractions so important?

The integrated theory of numerical development provides an interesting ex-
planation of the significance of fraction knowledge (Siegler, Thompson, &
Schneider, 2011). The theory points out that a crucial part of numerical de-
velopment is to learn that many characteristics of whole numbers are not
universally true for numbers. For example, whole numbers are countable and
have a restricted number of units within any given interval, they have unique
successors, and they never decrease with addition and multiplication. For the
majority of children, fractions give the first chance to learn that many prop-
erties of whole numbers are not true of all numbers. For instance, in fractions
students learn that the product in multiplication can be smaller than the mul-
tiplicands, for instance 0.8 x 0.8 = 0.64, or that although 8 is greater than 4,
1/8 is smaller than 1/4. Other theories on mathematical development tend to
focus on whole numbers and view fractions as of secondary importance, and
not give any hints that fluency with fractions is a unique predictor of later
mathematics achievement. Rather, these theories normally just describe how
learning of fractions is disturbed by experience with whole number (e.g.,
Gelman & Williams, 1998; Wynn, 1995). Siegler et al. (2012) give an illus-
trative example of how fraction skills might be essential for later mathemat-
ics, and algebra in particular, and the necessity for students to be able to
properly estimate answers to simple algebraic equations:

For example, students who do not understand fractions will not know that in
the equation 1/3.X = 2/3Y, X must be twice as large as Y, or that for the equa-
tion 3/4X = 6, the value of X must be somewhat, but not greatly, larger than 6.
Students who do not understand fraction magnitudes also would not be able
to reject flawed equations by reasoning that the answers they yield are impos-
sible. (Siegler et al., 2012, pp. 692)

Support for this analysis has been provided in studies demonstrating that
correct estimation of fraction magnitudes is closely connected to the use of
fraction arithmetic procedures (Hecht & Vagi, 2010; Siegler et al., 2012).

Certain aspects of geometry and measurement

According to the National Mathematics Advisory Board (2008) knowledge
of similar triangles are of direct importance when learning algebra, since the
logic of similar triangles directly corresponds the slope of a straight line used
in linear functions. Additional geometric and measurement abilities sup-
posed to contribute to algebra knowledge are: determine area, volume, pe-
rimeter, and area using formulas; interpret characteristics of two- and three-
dimensional shapes; and find unrevealed lengths, areas, and angles. These
skills should incrementally be in place through the end of fifth to the end of
seventh grade.
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Problem solving: applying critical math skills in context

It could be argued that problem solving should be viewed as a separate criti-
cal math skill as well. However, it is not obvious that such a claim is sup-
ported by the literature since longitudinal studies on the predictive ability of
problem solving skills on later math achievement are hard to find. Perhaps
this could be due to how problem solving is conceptually defined. It makes
intuitively sense that the importance of math skills, on the individual and
societal level, is largely due to effects of utilizing math skills when solving
problems. Plausibly, mathematical problem solving abilities may be the con-
sequence of (1) gradually learning the critical math skills just presented, and
(2) continually applying these skills to math problems in various contexts.
However, when students apply critical math skills in different problem solv-
ing situations they do not solely rely on those mathematical skills, but also
on language skills as shown by Fuchs et al. (2006). A Finish study demon-
strated that reading comprehension in fourth grade predicts mathematical
word problem solving ability (i.e., word problems where math facts are pre-
sented in context) in seventh grade controlling for text reading fluency and
basic calculation ability (Bjorn, Aunola, & Nurmi, 2016). A correlational
study by Decker and Roberts (2015) found that verbal comprehension con-
tributes to explaining variance in word problem solving controlling for cal-
culation skills.

Given that mathematical problem solving depends on both critical math
skills and verbal abilities, the argument here is that mathematical problem
solving rather is part of an important outcome in mathematics than one par-
ticular critical skill that is to be developed within mathematics. Thus, prob-
lem solving should be incorporated throughout teaching of critical math
skills and seen as a capability that is supportive of learning those skills, as
has been suggested by the National Mathematics Advisory Board (2008).

Conclusions about critical math skills

Number competence, fluency with whole numbers, fluency with fractions,
and particular aspects of measurement and geometry are arguably the most
critical math skills to be developed in compulsory school. Yet, this conclu-
sion should be interpreted with some caution since the field of mathematics
development is relatively immature, for instance when compared to the ex-
tensive research on foundational skills in reading. In particular, the claim
that certain aspects of geometry and measurement is necessary for long-term
math achievement needs to be further studied. One reason for the relatively
large lack of empirically derived knowledge about mathematical develop-
ment could be due to difficulties in finding a manifest and broadly accepted
outcome criterion for mathematical achievement (e.g., should primarily al-
gebra be in focus or not).
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The contribution of cognitive factors to mathematics
achievement

The influence of cognitive functions on performance in mathematics has
been relatively widely studied with new studies being reported continuously.
Given the focus of this thesis, which will be presented in the next section,
the center of attention here is on how cognitive capacities, in particular
working memory, affect math facts (an essential part of the critical skill flu-
ency with whole numbers), and mathematical word problem solving (e.g.,
math facts presented in a text that provides a context for the problem at
hand).

Working memory influences math achievement

Among cognitive factors relating to mathematics achievement, working
memory has been particularly well investigated. There is evidence that work-
ing memory capacity is strongly correlated with general mathematics
achievement (Geary, 2011) and the ability of working memory to predict
math performance has been investigated by several authors. Two longitudi-
nal studies by Li and Geary (2013; 2017) demonstrated how visuospatial
memory, considered a part of working memory, uniquely predicts the ease of
learning some types of mathematics. The first study (2013) compared how
children's visuospatial memory, controlling other variables such as intelli-
gence, predicted achievement gains in mathematics from first to fifth grade
and concluded that gains in visuospatial memory stood out as the most im-
portant factor. In the follow-up study, Li and Geary (2017) measured the
same students on mathematics from sixth to ninth grade, and could finally
infer that improvement in visuospatial working memory across elementary
school has a unique influence on the ease of learning certain mathematical
skills and that this effect increases successively across grades. The types of
mathematics measured covered were number system knowledge and math
facts in the earlier study on first-to-fifth graders (Li & Geary, 2013), and
numerical operations, rational number problems and simple algebra and ge-
ometry in the later study on sixth-to-ninth graders (Li & Geary, 2017). Addi-
tional support that visuospatial memory predicts later mathematics achieve-
ment has been provided by Decker and Roberts (2015), and in another longi-
tudinal study by Geary et al. (2009) that followed children from kindergarten
to third grade. Since visuospatial memory is part of working memory it is
not surprising that a less differentiated investigation on working memory
showed similar influence of working memory on math performance (Kroes-
bergen & van Dijk, 2015).

Focusing more specifically on how working memory predicts perfor-
mance on math facts and word problem solving, Viterbori, Usai, Traverso,
and De Franchis (2015) demonstrated that working memory ability at age 5
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predicts performance on these math outcomes in third grade. Further evi-
dence for the impact of working memory on problem solving ability was
demonstrated in studies by Swanson and Beebe-Frankenberger (2004) and
Zheng, Wanson, and Marcoulides (2011). Furthermore, Swanson (2006)
found that the executive component of working memory predicted outcome
in math facts, computation, and problem solving. Lastly, Vasilyeva, Laski,
and Shen (2015) pointed out that working memory, besides contributing to
computational fluency, also is important when using decomposition strate-
gies, which has been suggested to be a vital part of fluency with whole num-
bers.

Other cognitive factors influencing math achievement

Although not to the same extent, studies on other cognitive functions have
also documented influence on math achievement. Fuchs et al. (2006) demon-
strated relationships between inattentive behavior and math facts, algorith-
mic computation, and problem solving skills. Phonological ability has also
been considered as significant, since phonological processing has been
shown to be important for word problem solving (Swanson & Beebe-
Frankenberger, 2004), and phonological decoding was found to be an inde-
pendent predictor of math facts (Fuchs et al., 2006). The latter study also
reported that processing speed was a unique predictor of math facts and al-
gorithmic computation, and Decker and Roberts (2015) found that pro-
cessing speed was a significant predictor of word problem solving. Finally,
fluid intelligence or reasoning has demonstrated a relationship with word
problem solving (Swanson & Bebee-Frankenberger, 2004), and to predict
subsequent word problem solving capacity (Decker & Roberts, 2015).

Interventions to improve math achievement

Effects of math interventions

Because the focus of this thesis primarily to teach math facts to students with
low math performance, using technology that will be further described later,
this section will attempt to describe (1) what constitutes a high quality study
in the field of educational interventions, (1) the effects of math interventions
and especially educational technology interventions, (2) interventions target-
ed at students with low math performance, and (3) interventions teaching
math facts.

To put the intervention evaluated in this thesis in context, it is necessary
to know what counts as reliable evidence according to methodological re-
search in the field of educational interventions.

A comprehensive methodological article by Cheung and Slavin (2015)
examined 645 studies from 12 recent reviews of evaluations of mathematics,
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reading, and science programs, including technological and non-
technological applications. The authors reported approximately twice as
large effect sizes for small-scale trials (i.e., < 250 students), published doc-
uments and experimenter-made measures, than for large-scale studies, un-
published articles and independent measures. Independent measures typical-
ly included standardized tests, but also experimenter-made measures if they
were comprehensive and not only measured objectives inherent to the objec-
tives of the intervention (but unlikely to be stressed in the control group).
Findings also suggested that quasi-experiments had significantly larger ef-
fect sizes than randomized experiments.

In this methodological study, Cheung and Slavin (2015) suggested three
possible explanations for their results. First, small-scale studies are often
more closely controlled than large-scale studies, and therefore more to likely
to preserve high implementation fidelity, or provide extra help that could
hardly be replicated in a large trial. Consequently, this type of strengthened
control in small-scale studies is more likely to produces positive outcomes.
Another potential explanation is that researcher-developed tests are more
frequently utilized in small studies. These measures may have a narrower
scope and are possibly more sensitive to treatments than standardized test,
which are often used in large-scale trials. This explanation is supported by a
meta-analysis by Li and Ma (2011) that found larger effects among studies
using non-standardized tests compared to investigations utilizing standard-
ized tests. The last explanation is that the limited statistical power in small
studies leads to over-reporting of high effect sizes since large effects are
required to get significant results. It is conceivable that small trials without
significant effects are discarded as "pilots" and put in the drawer by re-
searchers, or are rejected by journal editors (Cheung & Slavin, 2015).

A closer examination of educational technology interventions for enhanc-
ing math achievement revealed similar methodological effects (Cheung &
Slavin, 2013). As mentioned in the previous section, randomized trials have
produced significantly smaller effect sizes than quasi-experimental trials
within the larger educational field. This finding should be kept in mind when
interpreting the results in the meta-analysis by Cheung and Slavin (2013) on
educational-technological (ed-tech) math interventions, where only 35 % (or
26 out of 74) of the studies were randomized. The average effect size for
quasi-experimental trials was more than twice that of randomized trials in
this meta-analysis. The effects of small studies (< 250 students) were about
twice that of large studies, which repeated the previously reported findings
on technological and non-technological interventions in math, science and
reading. Because Cheung and Slavin (2013) only included published studies,
but not studies with experimenter-made measures, these two features could
not be investigated in the meta-analysis on ed-tech interventions for improv-
ing mathematical skills. Furthermore, interventions using short durations
may produce biased results since brief durations tend to produce larger ef-
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fects than long-duration investigations. Consequently, Cheung and Slavin
(2013) only included studies with duration of 12 weeks or more in their me-
ta-analysis. The authors concluded that there is an "urgent need for more
practical randomized studies in the area of educational technology applica-
tions for mathematics" (Cheung & Slavin, 2013, p. 101). A similar point was
made by Dowker (2017) in an overview of interventions for primary school
children with difficulties in mathematics, where she noted the discrepancy
between the number of computer games developed for intervention purpose
compared to the relatively few systematic evaluations of these programs.

More recently published educational technology studies with similar
scope as the current study have improved somewhat on these issues, for ex-
ample larger samples (Burns, Matthew, Rebecca, & Megan, 2012; Carr,
2012; Pitchford, 2015; Riconscente, 2013). Nevertheless, the same studies
are obscured by the following limitations: short duration with only one week
(Carr, 2012), eight (Pitchford, 2015) or nine weeks of training (Riconscente,
2013), quasi-experimental design (Burns et al., 2012; Carr, 2012), experi-
menter-made measures (Pitchford, 2015) or lack of psychometric infor-
mation (Carr, 2012), lack of control of extraneous variables with significant-
ly fewer students practicing simultaneously in the intervention group than in
the comparison groups (Pitchford, 2015), or utterly few classes included
(Riconscente, 2013), and scarcity of participants characteristics which limits
generalization (Burns et al., 2012).

Many studies have investigated the effects of different types of interven-
tions targeted at mathematical skills. There are plenty of options on how to
categorize the various interventions (e.g., Clarke, Nelson, & Shanley, 2016;
Dowker, 2017), where format of delivery arguably would be an adequate
way since the ease of implementation and scaling of an intervention largely
depends on how the intervention is delivered. The argument here is that a
research-based intervention needs to be able to scale relatively well in order
to motivate the large resources spent in this type of research (i.e., random-
ized controlled studies). Categorizing interventions according to delivery
format yields three distinct types of interventions: whole-class instruction,
individual or small group instruction with a designated tutor, and different
versions of computer assisted training. The last category could also be la-
beled educational technology interventions, and will subsequently be re-
ferred to as ed-tech interventions.

Whole-class instruction

In general, teaching mathematics to whole-classes has not been regarded as
part of intervention research, but rather as part of curriculum development
and relatively few studies have investigated whole-class instruction using a
rigorous design. A study by Jitendera et al (2015) utilized whole-class in-
struction and it could serve as a good example of a well designed study with-
in this context, because it had a large sample, randomization at the class
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level, used multilevel analysis to account for nesting effects and effective
handling of intention to treat, high fidelity of implementation, and standard-
ized measures. The purpose of the study was to promote proportional prob-
lem-solving among seventh-graders including 1999 students, and 82 teach-
ers/classrooms that were cluster randomized. The teachers assigned to the
intervention condition participated in a two-day professional development
course on how to teach schema-based instruction to a whole-class. Students
in the schema-based instruction group scored significantly better than the
control group at post assessment and at retention tests after nine weeks, with
a small-medium sized effect (d=0.46). This shows how a whole-class ap-
proach can be used to teach specific skills, and that the requirements are very
high for this type of research: recruitment of nearly two thousand students
across 50 school districts, implementation of the program in 40 classrooms,
and assessments at four time points is an impressive work. Yet, to randomize
correctly, using classes as unit for randomization, such large numbers of
students are required to achieve the power necessary to detect relevant levels
of significance.

Since many countries have become increasingly concerned with improv-
ing mathematical performance, there is an increasing engagement in examin-
ing the potential of whole-class programs in reducing the shares of children
with mathematical difficulties (Dowker, 2017). As reported in Dowker
(2017), the British program Mathematics Mastery is an example of this. The
program is partly inspired by Singapore mathematics education and focus on
teaching a few topics in depth compared to regular curricula. An evaluation
(not peer-reviewed) by the charity Education Endowment Fund, including
more than 4000 students in 82 schools, reported that students in grade 1 in
the schools randomized to Mathematics Mastery made 2 months gain in
mathematics knowledge compared to control schools. Meanwhile, these
gains were not significant and the effect size reported was d=0.10.

Individual or small group instruction

Several effective intervention programs using individual or small group in-
struction have been identified within the responsiveness-to-intervention
(RTI) framework which has been a significant educational reform in the
United States in the 21th century (Johnson & Street, 2012). The first level of
RTI is general education (i.e., primary prevention), where students are regu-
larly screened to identify children with risk of poor learning outcomes. At-
risk learners are then provided more intensive instruction, usually involving
at least one round of small-group tutoring (i.e., second level of prevention),
and eventually individualized instruction if needed (i.e., third level of pre-
vention). The small-group interventions are often led by a designated tutor
following a manual, conducted in first to third grade, and take place about
three times per week during 15-20 weeks (Fuchs, Fuchs, and Compton,
2012).
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One illustrative example of a RTI study with small group instruction was
conducted by Fuchs, Compton et al. (2005) where 537 first graders, whereof
127 were at-risk for mathematics difficulty, were randomized to tutoring or
control conditions. Tutoring took place three times weekly, each session was
40 minutes, and the intervention lasted 16 weeks. Tutoring was led by a stu-
dent with a university degree following a script after completing a 1-day
training session. The tutoring program was based on the concrete-
representational-abstract model (Mercer, Jordan & Miller, 1996), which
departs from concrete objects to facilitate conceptual learning. The topics
covered were introduced sequentially: writing and identifying numbers to
99; identifying less, more, and equal with objects; sequencing numbers; us-
ing the symbols =, <, and >; skip counting by 2s, 5s, and 10s; understanding
place value; identifying operations; place value 0-50; writing number sen-
tences; place value 0-99; addition facts with sums to 18; subtraction facts
with minuends to 18; review of addition and subtraction facts; place value;
2-digit addition; 2-digit subtraction; and missing addends. Results demon-
strated that tutoring improved computation and concepts/applications, but no
fact fluency.

Another example of a RTI study using small group instruction was pro-
vided by Fuchs, Powell et al. (2009) where 133 third graders with mathemat-
ics difficulties were randomly assigned to one of three conditions: control
(no tutoring), tutoring on automatic retrieval of math fact (i.e., a scripted
program called Math Flash), or tutoring on word problems focusing on
foundational skills of math fact, procedural calculations, and algebra (i.c., a
scripted program called Pirate Math). In the randomization, students were
stratified across two sites and mathematics difficulty status (mathematics
difficulty only vs. mathematics and reading difficulty). As in the study by
Fuchs et al. (2005) tutoring occured three times per week during 16 weeks,
although the duration of a session was slightly shorter being 20-30 minutes.
The tutoring group was led by a research assistant who completed a check-
list to identify the percentage of essential objectives covered in each session.
All sessions were audiotaped and a sample was analysed showing that the
mean percentage of objectives covered varied between 98.1-99.5 % across
sites.

The condition training automatic retrieval of math fact (i.e., Math Flash)
practiced 200 math facts with addends and subtrahends from O to 9. For the
major part of the session the tutor, following a protocol (not reading verba-
tim), thaught strategies (e.g., counting up) and provided explanations while
students were practicing. A minor part of the session, up to 7.5 minutes, was
devoted to computerized training (thereby the name Math Flash because
numbers flashed on the screen), where students were briefly shown a math
fact on the screen and then required to type the complete math fact. If the
answer was correct the student heared applause and earned a point, and if the
answer was incorrect the student had another chance to answer correctly.
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The condition practing word problems (i.e., Pirate Math) consisted of four
units where the first unit focused on training math fact (not using computer);
review double-digit addition and subtraction; solve for X in any position in
easy algebraic equations; and teach students to check their word problem
work. The other three units consisted of training word problems of gradually
ascending complexity, while integrating skills from the first unit. Each unit
introduced a category of word problems, where the types taught were: Total
(combining two or more amounts), Change (an initial amount that decreases
or increases), and Difference (comparison of two amounts). Previously
thaught types were systematically revisited in the last units.

Results showed that Math Flash improved fluency with math fact and
transfer to procedural computation, but no transfer to algebra or word prob-
lems. Pirate Math enhanced word problem, as well as and fluency with math
fact, procedural computation, and algebra. No differential effects of tutoring
was found for students' with differing mathematics difficulty status (Fuchs et
al., 2008).

Fuchs, Fuchs, and Compton 2012 summarized the findings from the de-
scribed studies (Fuchs, Compton et al., 2005; Fuchs, Powell et al., 2009) and
two other RTI-studies (Fuchs, Fuchs et al., 2008; Fuch, Geary et al., 2013)
by concluding that these interventions make meaningful differences in de-
creasing the achievement gap, or at least stopping the growth of the
achievement gap, between at-risk students and normally developing chil-
dren. Effect sizes reported in these studies were medium sized (d=0.50-
0.79).

Programs using individualized instruction have also been found to be ef-
fective in remediating students with low performance in mathematics. The
Mathematics Recovery program, designed in Australia, is an example of a
program where teachers provide individualized intensive instruction to low
performing 6-7 year olds during 30 minutes per day over the course of 12-14
weeks (Wright, Martland, & Stafford, 2006). The effects of Mathematics
Recovery have been documented in a study by Smith, Cobb, Farran,
Cordray, & Munter (2013) with very small to small effect sizes (d=0.15-
0.30) compared to controls at post assessment. Number Counts is another
program targeted at 6-7 year olds with low math attainment. Children partic-
ipating in the program receive on average 40 hours of individualized instruc-
tion by a teacher during one semester. According to a report (not peer-
reviewed) by Torgerson et al. (2011) where 409 children were randomized to
either Number Counts or a wait list, children participating in Number Counts
improved significantly with an effect size of d=0.33.

It should be kept in mind that intensive individualized interventions, such
as Mathematics Recovery and Number Counts, are estimated to be needed
by only 5 % of mathematics learners (Dowker, 2017). Since at least 20 % of
adult people have persistent numeracy problems, with serious economical,
social, and practical consequences, there is clearly a need for less intensive
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interventions as well, such as the small-groups interventions described
above.

To sum up, well designed studies on whole-class instruction are rare but
some studies have been conducted showing significant, but very small to
small effects. Instruction in small-group has been more thoroughly studied
and typically medium sized effects have been found. Individualized inten-
sive instruction has been less well investigated, but findings indicate that
individualized training can improve students learning significantly.

Interventions using educational technology (ed-tech interventions)

Interventions using technology can of course also be delivered in the previ-
ously described formats (i.e., whole-class, small-group or individualized
instruction), but the point here is the difference in how instructions are giv-
en. In ed-tech interventions most or even all instructions and feedback are
provided by a computer instead of a teacher or tutor as described earlier.

Looking at the bigger picture of effects of ed-tech interventions in math-
ematics, Cheung and Slavin (2013) concluded that educational technology
programs for enhancing mathematics achievement are only making a modest
difference compared to traditional teaching methods without educational
technology. They authors reported an estimate of overall effect size of
d=0.15, including various types of ed-tech math interventions. To put this in
context, What Works Clearinghouse considers an effect size of @=0.20 to be
meaningful when comparing programs with equal dosage (What Works
Clearinghouse (2014). However, since the meta-analysis by Cheung and
Slavin (2013) calculated one average effect size for all outcome measures in
each study we do not know the effects on the best outcome measure in each
study. This implies that despite the very small effects reported in this meta-
analysis there could be effects on specific, and important outcomes in ed-
tech math interventions that are not put forward. Still, the meta-analysis by
Cheung and Slavin (2013) is the best, and most recent, available source on
such effects and will therefore be used when looking into a more detailed
analysis on different types of ed-tech math interventions.

What types of ed-tech interventions exist within mathematics education?
In their meta-analysis on ed-tech interventions in mathematics, Cheung and
Slavin (2013) derived three categories from the literature: (1) supplemental
computer assisted instruction (supplemental CAI programs), (2) computer-
managed learning systems, and (3) comprehensive models. Examples of
supplemental CAI programs were Jostens, PLATO, Larson Pre-Algebra and
SRA Drill and Practice, where the program supplements traditional classrom
instruction with additional instruction at students' assessed levels. Computer-
managed learning systems included only Accelerated Math, which continu-
ously measures students' math progress and performance, and assigns appro-
priate math material accordingly. Comprehensive models were programs
such as Cognitive Tutor and I Can Learn that use computer-assisted instruc-
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tion in conjunction with non-computer activities (for instance cooperative
learning and teacher-led instruction).

What are the effects of these different types of ed-tech interventions?
Supplemental CAI was found to be the most effective type among these
three approaches, with an effect size of d=0.18 compared to d=0.08 for the
computer-management program and ¢=0.07 for comprehensive programs
(Cheung & Slavin, 2013). Kulik, Kulik, and Bangert-Browns (1985) and
Niemiec, Samson, Weinstein, and Walberg (1987) found similarly small
effects for computer-management programs in mathematics. However, it is
interesting to note the superiority of supplemental CAI programs to compre-
hensive programs since a meta-analysis on the effects of ed-tech programs
on reading performance by Cheung and Slavin (2011) showed that programs
integrating computer and non-computer instruction produced larger effects
(d=0.28) compared to supplemental programs (¢=0.11). This suggests that a
more integrated approach is more beneficial in reading than in mathematics
(Cheung and Slavin, 2013), where the evidence points in favor of supple-
mental CAI programs.

A study by Hotard and Cortez (1983) provided an early and representative
example of a study on a supplemental CAI program, in terms of effect size
and not being peer reviewed (Cheung & Slavin, 2013). A total of 190 stu-
dents were ordered in matched pairs and randomized to training CAI 10
minutes daily (content not described by authors), or receiving regular teach-
ing using the same total dose of mathematics teaching. The sample were low
performing students in third to sixth grade, recruited from two schools in
lower socioeconomic areas, who had successfully received compensatory
teaching, but were still behind in mathematics. The duration of training was
6 months, and effects sizes were d=0.19.

What are the characteristics of effective ed-tech interventions? Ed-tech
math interventions are more effective for elementary students than secondary
students (Niemiec et al., 1987; Slavin & Lake, 2008; Slavin & Smith, 2009).
Cheung and Slavin (2013) found a similar result when comparing effect
sizes, although the difference was not significant. Already in 1985, Kulik et
al. concluded that high school students have less need for computer drills
and tutorials with a very structured and adaptive format. Another characteris-
tic of successful ed-tech programs are that program practiced more than 30
minutes a week have bigger effects than those practiced less than 30 minutes
a week (Cheung & Slavin, 2013).

Even if it has been assumed that the effects of educational technology
would increase in more recent studies along with the advancement of tech-
nology, meta-analyses has found no such evidence (Cheung & Slavin, 2013;
Christmann & Badgett, 2003; Liao, 1998). Despite these shortcomings,
Cheung and Slavin (2013) stated that educational technology will continue
to play an increasingly important role in the near future and that the question
no longer is whether teachers should use technology or not, but how to best
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implement programs in the classroom. This conclusion may be surprising
given the small or minimal effect sizes presented above, but several argu-
ments have been made. Common arguments for the use of mobile technolo-
gy in teaching are reduced costs, increased adaptivity that facilitates learn-
ing, and scalability (Ozdamli, 2012). Furthermore, the National Council of
Teachers of Mathematics (2011), a significant educational institution within
mathematics, consider technology to be essential for teaching and learning
mathetmatics, because it affects mathematics teaching and improves stu-
dents' learning. One could also argue that technology may make it easier to
identify struggling students in need of help, and that technology could facili-
tate home work. These assumptions have many proponents, and there is gen-
eral trend of schools being encouraged to implement digital methods in their
daily practice. This is manifested in Sweden by a recent policy document
from the Swedish government stating that schools have a obligation to pro-
mote digital competence among students (Government Offices of Sweden,
2017). However, at the moment the past evidence does not support these
assumptions. The future will tell if the promise of technology improving
schools will be fulfilled.

Because the intervention in this thesis uses a tablet to teach mathematics,
it is of particular interest to look more specifically at investigations on the
effects of this relatively new technology. In a systematic review by HabBler,
Major and Hennessy (2016), including 23 studies across various subjects for
students between 5 and 20 years old, the authors concluded that the scarcity
of rigorous studies made it difficult to draw firm conclusions about the ef-
fects of using tablets. Among the few intervention studies in mathematics
using tablets, a study by Schachter and Jo (2017) is probably the most well
designed. The study tested a comprehensive math program called Math Shelf
with 4 to 5 year old preschoolers and found significant improvements after
22 weeks of training with large effects (d¢=0.96), and even larger effects for
low performing children were found in a moderation analysis. Some limita-
tions of the study should be noted: although classes were randomized the
analysis was conducted on an individual level, data on fidelity of implemen-
tation was not provided, and the psychometric quality of the instruments
could be questioned.

Among the few intervention studies in mathematics using tablets, a study
by Schachter and Jo (2017) is probably the most well designed, because it
had a large sample (N=433), a randomized design, and a long duration of
training (22 weeks). However, some limitations of the study should be noted:
although classes were randomized the analysis was conducted on an individ-
ual level, data on fidelity of implementation was not provided, and the psy-
chometric quality of the instruments could be questioned.

More concretely, the study tested a comprehensive math program called
Math Shelf with 4 to 5 year old preschoolers. Initially, each child took a
placement test to set the child on an appropriate mathematics learning trajec-
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tory in the linear progression of 180 unique activities in the program. The
program thaught sorting and matching, one-to-one counting, matching dif-
ferent quantity representations, numeral identification from 1 to 3, applying
the cardinal principle, subitizing, sequencing numberals and collections,
matching numerals to quantities from 1 to 6, and then 1 to 9. Significant
improvements with large effects (d=0.96) were found, and even larger ef-
fects for low performing children were found in a moderation analysis.

Taken together, the above presented studies show that ed-tech interven-
tions only are demonstrating very small overall effects. Supplemental com-
puter assisted instruction, where the program supplements traditional class-
room instruction with further instruction at the child's assessed levels, is the
most effective type of ed-tech intervention. Ed-tech math programs are more
effective when targeted at elementary school students, and when students
practice more than 30 minutes a week. Despite the advancement of technol-
ogy no increases in effects have been found in more recent studies on ed-
tech interventions in mathematics. Still, experts in the field expect educa-
tional technology to play an increasingly important role in the classrooms
(Cheung & Slavin, 2013). Lastly, although the effects of using tablets are
unknown studies are beginning to accumulate (HaBler & Hennessy, 2016).
Let us now turn to the important aspect of long-term effects of math inter-
ventions.

Lack of research on long-term effects

Even though math interventions, presumably, are created to make a lasting
difference, surprisingly few studies have actually investigated the long-term
outcomes of math programs, especially when counting studies using a high
quality design. Furthermore, no ed-tech studies measuring long-term out-
comes were found when searching the literature. Consequently all subse-
quent studies are on non-technological interventions. Accordingly, Dowker
(2017) noted that very long outcomes are not evaluated in most intervention
studies in mathematics.

The little evidence that exist point to a fadeout of effects after training has
ended, with control students catching up to students in the treatment group.
Clements, Sarama, Wolfe, and Spitler (2013) found that initial effects after
training faded out as children were followed across three years (the first year
being the intervention phase), from pre-Kindergarten to first-grade. Further-
more, Bailey et al (2016) conducted another analysis on this sample and
found that 72 % of the fadeout effects were attributable to preexisting differ-
ences between students in the intervention and control groups with the same
performance level after training. An intervention study by Smith et al. (2013)
reported similar fadeout effects when following students from the beginning
of first grade, when the intervention phase took place, to the end of second
grade. As noted earlier, these two studies were both non-technological.
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Interestingly, to the best of our knowledge there are no studies on older
children that measure effects beyond the end of the intervention using high
methodological standards (e.g., independent measures, large samples, ran-
domized design). If long-term effects are investigated, follow-ups typically
take place within 4-9 weeks for these older students (e.g., Codding, Chan-
lannetta, Palmer, & Lukito, 2009; Jitendra et al., 2015).

The same evidence of fadeout effects has been found when looking at the
broader spectrum of interventions aimed at increasing cognitive skills, socio-
emotional skills, or behaviors among child and adolescents (Bailey, Duncan,
Odgers, & Yu, 2017; U.S. Department of Health and Human Services,
2010), Although one overview demonstrated that effects may persist at close
to full strength for 1-2 years beyond the termination of the programs, a
fadeout effect was demonstrated after that (Leak et al., 2010).

In essence, most math intervention studies do not investigate long-term
effects, and the few studies that do give evidence of a fadeout effect after
training has ended when followed up to second grade. No studies on long-
term effects of educational technology programs have been documented so
far. After this exposé of different types of interventions and their effects, the
focus will now turn to the effects of interventions for students with low math
performance, since these students are in focus of the current investigation.

Interventions targeted at students with low math performance

Some interventions aimed at helping at-risk children have already been de-
scribed under the heading Individual or small group instruction. The purpose
of this section is to present additional meta-analytic findings on what inter-
vention elements are effective for students with low math performance
(whereof at-risk children is a part).

Chodura, Kuhn, and Holling (2015) conducted a meta-analysis on inter-
ventions for children with mathematical difficulties that included children
diagnosed as dyscalculic or learning-disabled, as well as at-risk dyscalculic
children (defined as having a percentile rank below the 26th percentile). The
35 studies enclosed children 6-12 years old, and the interventions could be
technology based or non-technological. The average effect size reported was
0.85 using Hedges g, which could be interpreted as Cohen's d but also more
conservatively according to some researchers, plausibly indicating a large
effect. Yet, the findings in this meta-analysis should be viewed with caution
because 76 % of the variance could be attributed to differences between
studies, and children with differing levels of mathematical difficulties were
treated as one population.

Bearing this important limitation in mind, it might still be interesting to
consider that effective interventions for children with mathematical difficul-
ties were characterized by direct instruction (compared to self instruction
and strategy instruction), a focus on basic arithmetic competencies, being
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computer based, and utilizing a single-subject setting (Chodura, Kuhn, &
Holling, 2015). Direct instruction, as interpreted in the meta-analysis just
referenced, is used in the same sense as explicit instruction, which is a meth-
od where the teacher provides clear models for solving a class of problems
utilizing a set of examples and non-examples on how to solve this type of
problems. Newly acquired strategies and skills are extensively practiced, and
students are provided with opportunities to think aloud in order to talk
through the decision they make. Students receive extensive feedback
throughout the practice. Learning disabled students, students with mathemat-
ical difficulties, and students who perform in the lowest third of a typical
class, have consistently demonstrated positive outcomes on achievement
with computation and word problems (National Mathematics Panel, 2008).

Furthermore, evidence suggests that age at intervention has little effect on
level of improvement for children with mathematical difficulties, at least
within the primary school age range (Chodura, Kuhn, & Holling, 2015;
Dowker, 2017). This proposes that there is no critical period for introducing
interventions, in line with evidence that age of starting school has little influ-
ence on the final outcome (Mullis, Martin, Foy, & Arora, 2012).

The above description suggests that math interventions are effective for
students with low performance, although the magnitude of the effects may
be somewhat uncertain. The most effective interventions are characterized
by a focus on basic math arithmetic competencies, direct or explicit instruc-
tion, computer based instruction, and teaching in a single-subject setting.
The investigations in this thesis utilize most of these characteristics to teach
primarily math facts, and secondarily problem solving and prerequisite skills
to math facts. The subsequent text will thus provide a more comprehensive
description of interventions targeted at math facts.

Interventions teaching math fact

Several studies have demonstrated the importance of timed practice when
acquiring math facts using a non-technological approach. Fuchs et al. (2013)
isolated the effects of speeded practice and found that at-risk students receiv-
ing timed practice made ground in catching up to not-at-risk classmates,
while students receiving untimed training did not. The authors concluded
that timed practice plays a substantial role in learning math facts.

Additional evidence has been accumulated by behavior analytical studies,
often using detailed analysis on smaller samples, on a technique called Ex-
plicit Timing where students are provided with a set of problems, usually in
paper form. A tutor or a teacher gives the student a time interval to finish the
given tasks and then times the student who tries to complete as many prob-
lems as possible (Codding et al., 2007; Rhymer, Skinner, Henington,
D’'Reaux, & Sims, 1998; Rhymer, Henington, Skinner, & Looby, 1999;
Rhymer & Morgan, 2005, van Houten & Thompson, 1976). Following these
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findings Gersten et al (2009) recommended that 10 minutes in each session
should be devoted to building fluent retrieval of basic arithmetic facts (in-
cluding addition, subtraction, multiplication, and division) at all grade levels.
A more comprehensive, and highly structured, behavioral based intervention
that also utilizes timed practice is the Morningside Math Facts: Multiplica-
tion and Division curriculum (Johnson, 2008). An investigation by
McTiernan, Holloway, Healy, and Hogan (2016), including 28 students,
demonstrated that 9-11 year old students receiving the Morningside curricu-
lum increased on fluency outcomes compared to non-fluency based teaching.
The students also showed improvement on measures of endurance and sta-
bility, as well as on a subtest of the Wechsler Individual Achievement test of
mathematical ability.

Effective learning of math facts has also included goal setting (Gross et
al., 2014), reward (Freeland & Noell, 1999), and immediate feedback
(Duhon, House, Hastings, Poncy, & Solomon, 2015).

Immediate feedback is a corner stone in another behavioral analytic tech-
nique called Cover Copy Compare that has been applied to various subjects,
including math facts training. In Cover Copy Compare (CCC) students are
taught to view a problem and an answer on the left half of a paper, cover up
the problem and answer, write the problem and answer on the right half of
the paper, and uncover to see if their answer was correct (Joseph et al.,
2012). Joseph et al. (2012) conducted a relatively small meta-analytical in-
vestigation on CCC, using mostly single-case studies on students with some
kind of impairment (e.g., ADHD, or mental retardation). The authors con-
cluded that CCC improved academic performance across subjects, especially
when combined with other evidence-based techniques such as goal setting,
rewards, and opportunities to respond. Codding, Chan-lannetta, Palmer, and
Lukito (2009) found that a combination of CCC and goal setting, with a
specified number of problems correct, led to steeper slopes and better final
performance on math facts compared to most other treatment conditions,
with retained effects at one month follow-up.

An interesting comparison between Explicit Timing (i.e., including timed
practice) and Cover Copy Compare (i.e., including untimed practice) was
made by Codding et al. (2007). Ninety-cight second and third graders were
randomly assigned to control, ET, or a CCC condition. Both training condi-
tions focused on single digit subtraction using the training methods de-
scribed above. Training occurred twice weekly across six weeks during re-
cess time, the duration of training was only 5 minutes for each training con-
dition, groups had a mean size of nine students, and the two treatment condi-
tions attended 10 sessions on average. Before each session progress
monitoring, measuring digits correct per minute respectively digits incorrect
per minute, was used to assess level of fluency.

Results showed that students initial level of fluency influenced interven-
tion effectiveness. For students with relatively low levels of fluency (framed
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as being in the frustrational range) Cover Copy Compare was most effective,
whereas students with relatively high levels of fluency (being in the instruc-
tional range) benefited more from Explicit Timing. This points to the im-
portance of untimed practice in initial training on math facts when fluency
levels are low, and the value of timed practice once higher fluency have been
acquired. However, these results should be interpreted with caution, because
the study suffered from several limitation: only students from one elemen-
tary school were included, duration of training was short which could in-
crease the risk for spurious results (Cheung & Slavin, 2013), and the attrition
was 31 %. Despite these shortcomings, the study by Codding et al. (2007)
provides some valuable initial empirical guidance for how to best tailor
training with respect to level of fluency.

To sum up, the studies presented above suggest that several non-
technological techniques and interventions targeted at students with low
math performance have shown effects in improving math facts skills. Critical
program components are immediate feedback without timing for students
with low levels of math fact fluency, and timed practice for students with
higher levels of fluency. A more comprehensive curriculum, including timed
practice, possible enhances not only fluency, but also endurance and stabil-
ity. These findings will be somewhat more elaborated in the next section
where the intervention program in the current thesis will be described, along
with the theoretical foundations on which the program was built on.

Intervention program: description, development, and
theoretical foundations

Program description

The intervention program, built and evaluated in Study II and Study III with-
in this thesis, is called Chasing Planets (Planetjakten in Swedish). The pri-
mary goal of the program is to teach addition and subtraction facts (i.e., math
facts) up to 12, with a maximum of one double-digit number per math fact.
The secondary focus of the program is to teach prerequisite skills to math
facts and word problem solving including math facts.

The motivation to create a new math program was that the combination of
behavior analysis, Relational Frame Theory (De Houwer, 2013), instruction-
al design (Tiemann & Markle, 1991) and Precision Teaching (i.e., teaching
students to a set mastery criterion; Johnson & Street, 2012), had not been
tested before in mathematics, especially not in combination with modern
technology. However, the reading program HeadSprout had shown that these
theories and methods could be combined successfully when delivered on
computer (Huffstetter, King, Onwuegbuzie, Schneider, & Powell-Smith,
2010). The many paper-based programs of Direct Instruction had also shown
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that Precision Teaching and instructional design could be combined fruitful-
ly when teaching mathematics (Gary & Engelmann, 1996). Altogether, these
various inputs made an argument that a math program based on these meth-
ods and delivery format could prove viable.

Chasing Planets is an application on iPad with a graphical interface made
up of 261 planets on a space map. Each planet has unique math exercise
which has to be completed in order to unlock the next planet. In the first
session students design their own avatar and then start on the first planet.
Every planet included at least one of three phases used in all training: the
modeling, guide, and fluency phase. These three distinct phases of learning
is a well-established sequence that has been utilized in explicit instruction
(Archer & Hughes, 2011), and the Morningside Model of Generative In-
struction (Johnson & Layng, 1994).

In the model phase, a new skill or concept was introduced using audial in-
structions along with animations and hand-drawn examples that included
frequent student responding. One example of a model phase was when the
student was instructed on how to add 1 on the number line. A number line
from 0 to 10 would appear, and the student would be instructed by a voice to
tap 6 on the number line. After responding correctly (or receiving a prompt
if responding incorrectly), 6 was circled. A hand drawn line then started
from 6 and ended on 7, while the voice simultaneously said "Now I will
jump ooone on the number line. Where did I land? Tap the number!". This
sequence would then be repeated with a few more numbers. This type of
responding only involves previously acquired skills, which is typical for the
model phase.

The guide phase aimed at helping students acquire the just modeled skill,
with the ultimate goal of achieving high levels of accuracy, using untimed
practice and scaffolding (i.e., giving new instructions tailored to specific
errors committed). Using the example with adding 1 on the number line, the
student would practice multiple tasks where the student had to add 1 on the
number line, with gradually fading levels of scaffolding.

Lastly, the fluency phase involved timed practice and aimed at developing
proficiency, or fluency, with the skill at hand by using a set frequency aim
and immediate feedback. If the student was to build fluency on the skill add-
ing 1 on the number line, having the student avatar race against a computer
avatar would do this, with the goal of completing as many corrects as re-
quired to win over the avatar in a specific race. An algorithm that took pre-
vious responses into consideration set the frequency aim for each race.

As might have been recognized, the guide phase shares the features of un-
timed practice and immediate feedback with the Cover Copy Compare tech-
nique described above, which was found to be more effective for learners
with emerging levels of fluency. Likewise, the fluency phase shares the
timed practice characteristic with the Explicit Timing technique, also pre-
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sented earlier in the text, which was found to be more benevolent for stu-
dents with relatively high levels of fluency.

Gamified elements were used during the guide and fluency phases. In the
fluency phase, for instance, the students” avatar competed against a comput-
er avatar. When the student avatar won the race, a new race against another
opponent was initiated. An algorithm that took the outcome of the preceding
race into consideration set the difficulty level of the new opponent. Further-
more, the student avatar received stars for correct answers during training
which were later used to purchase edibles to feed a so called Knowledge
Monster which surfaced at the end of the daily practice.

The primary goal of the program was to teach math facts. Math facts were
trained as number families, for instance the numbers 257 were taught as a
family with two addition facts (2+5=7 and 5+2=7) and two subtraction facts
(7-2=5 and 7-5=2). The training of number families involved multiple com-
ponents including the three phases (i.e., modeling, guide and fluency phases)
of training. First, a model phase where a new family was introduced, an un-
timed guide or scaffolding phase with the goal of achieving a high percent
corrects, and lastly a timed fluency practice with a set frequency aim.

The secondary goals of the program were teaching of prerequisite skills to
math facts and word problem solving including math facts. Some examples
of the prerequisite components were: rapid tapping to facilitate swift re-
sponding on math facts, matching number to text (e.g., see eight, tap 8),
counting amounts from 3 to 20, and discriminating among smaller and big-
ger numbers ranging from 3 to 15. Word problem solving skills were: label-
ing problem parts, turning words to number problems, and vocabulary (e.g.,
at a very early level equating "take away" with "minus" or "-").

Program development

The program was created using a behavior analytic framework originally

developed by Tiemann and Markle (1991) and later refined by Twyman,

Layng, Stikeleather, and Hobbins (2004) when creating the online programs

Headsprout Early Reading and Headsprout Reading Comprehension. The

programming process can be summarized as follow (Twyman et al, 2004):

1. Analyze the content to be taught

2. Decide what the critical instructional objectives are

3. Determine the criterion tests (i.e., set explicit measurable goals for each
objective)

4. Define the required behaviors to enter the program

Build the instructional sequence

6. Test the instructional sequence and continually adjust the instructional
sequence (5) unit it meets the objectives (2)

7. Build additional components that maintain the progress made

9]
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Although our initial intention was to follow this programming process
closely, lack of resources and time constraints made compromises necessary.
The initial content analysis (1) was that math facts is a critical skill in math-
ematical development, and that problem solving using math facts is an im-
portant application of this skill. When deciding what the critical instructional
objectives were (2), we recognized that math facts skills could be divided
into several composite skills (e.g., discriminating between smaller and larger
numbers) that could be further decomposed to component skills were the
instructional objectives became more precise (e.g., student sees "15" and
"12", then hears "Which one is bigger?" and taps "15"). When determining
the criterion test (3), we specified what fluency rates the student had to mas-
ter for each instructional objective. The required behaviors to enter the pro-
gram (4) were to be able to count from 1 to 20 and a few other skills, alt-
hough in retrospect these requirements were probably far too liberal.

Designing the instructional sequence (5) and continually testing and revis-
ing it (6) was a major challenge in the whole process of building Chasing
Planets. Several iterations were made with students to try out various in-
structional sequences (e.g., how to model a number family effectively, or
how to present multiple math facts simultaneously without distracting side
effects). Even more subtle features, such as deciding the optimal size of
number elements at the bottom of the screen that students used for giving a
response, required attention as well. The building of components that main-
tained the progress (7) was not touched upon at all, due to limited resources.
In summary, the programming process outlined by Twyman et al (2004)
served as useful guidance when developing Chasing Planets. However, many
of the viable suggestions in this model were barely used, or not utilized at
all, because of financial constraints.

We will now move from the description of the overall method used to de-
velop Chasing Planets to how the behavior analytical perspective was used
when developing specific exercises. A non-linear approach was used when
creating tasks presented in a specific model, guide or fluency phase. "Non-
linear" is a term coined by Goldiamond (1974; 1979; 1984) meaning that a
target behavior is not only determined by the occasion and past consequenc-
es for the target behavior, but also on the occasion and past consequences of
alternative behaviors. For instance, hearing the question "Is 5+2 an addition
fact?" (occasion) and answering "Yes" (target behavior) may not only be a
function of having previously been reinforced for this target behavior. It can
also be a function of a learning history where hearing "Is 5-2 an addition
fact?" (occasion) and answering "No" (alternative behavior) has been rein-
forced. Thus, the presently observed consequences may not even exert the
greatest control over the target behavior, but instead the previous conse-
quences of an alternative behavior may be the dominant influence on the
target behavior. The instructions in the Headsprout reading programs build
on these multiple sources of control over behavior, or non-linearity. A sys-
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tematic analysis was not only conducted on the immediately or directly visi-
ble contingencies of the target behavior, but also on the contingences for
matrices of alternative behaviors that were part of the same skill set (Twy-
man et al, 2004).

In the same way Chasing Planets aimed at building exercises using a non-
linear analysis when teaching problem solving skills and the concept of
number families. When teaching very basic word problem solving skills, this
was done, for example, by reinforcing students for answering correctly to
target behaviors (e.g., seeing "take away", and selecting "-" from an array
with "+ - =") as well as reinforcing students for answering alternative behav-
iors correctly (e.g., seeing "get more", and selecting "+" from an array with
"-=+"). It should be noted though, that while Headsprout very systematical-
ly investigated contingencies for target behaviors and matrices of contingen-
cies of alternative behaviors, such analyses were done in a much more sim-
plified way in the current context due to lesser resources.

Although this section set out to describe how Chasing Planets was devel-
oped, some theoretical reasoning was brought into the description. However,
the next section will provide a more thorough account of the theoretical
foundations for this thesis and how it relates math training.

Theoretical foundation

Mutual and combinatorial entailment

Behavior analysis and Relation Frame Theory (RFT) assume there are
unique human capacities, related to math performance, that can be influ-
enced by training of certain types and thus provide individual variability
(Hayes, Barnes-Holmes, & Roche, 2001).

At the core of these capacities are the behaviors of mutual entailment and
combinatorial entailment. Mutual entailment is manifested in infancy in typ-
ically developing children, and means that in a given context, if stimulus A
is related in a characteristic way to B, as a result B is now related in another
characteristic way to A (De Houwer, 2013). When a child is in a room (con-
text), watching a lamp (stimulus A) and the parent says "Lamp" (stimulus
B), mutual entailment is present when the child enters another room (con-
text), hears the word "lamp" (stimulus B) and then looks at the lamp (stimu-
lus A). Combinatorial entailment (sometimes called equivalence) is present
in a given context, if A is related in a characteristic way to B, and A is relat-
ed to C, as a result a relation between B and C is now entailed. For a typical
developing child this would occur at about one year of age. A child who
learned that a cat (stimulus A) is the same as a simple drawing of a cat
(stimulus B), and that the drawing and the sound "cat" (stimulus C) are also
equivalent, would derive that the cat (stimulus A) and the sound "cat" (stim-
ulus C) are equivalent (De Houwer, 2013). A mathematical example of a
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derived stimulus relation (or a mutual and combinatorial entailment) is ap-
parent when a child learns to use numbers. The child has learned that the
sound "seven" and the symbol "7" are equivalent, and that the sound "seven"
and seven objects are equivalent (i.e., the child can identify seven things
regardless of type of object). Typically developing children will most likely
derive, without direct training, that the symbol "7" and seven objects are
equivalent. Deriving stimulus relation is a very effective way to learn lan-
guage and numeracy skills since many relations do not need to be trained
directly.

Mutual entailment and combinatorial entailment are, together with the
term transformation of stimulus function (not explained here, please read
Hayes, Barnes-Holmes, & Roche, 2001), defining features of a relational
frame and thus being at the core of RFT.

Mutual and combinatorial entailment explain why language acquisition is
so rapid among typically developing children, because children, after deriv-
ing a few initial stimulus relations, learn how to derive at faster a pace and
the gradual accumulation of previous derivations further facilitates new deri-
vations. Instead of using cognitive constructs, RFT uses this basic terminol-
ogy to describe and understand the unique capacities of humans, although
with several additional and important extensions which are beyond the scope
of the current text (for in depth explanations, please read Hayes, Barnes-
Holmes, & Roche, 2001; De Houwer, 2013). Even if mutual and combinato-
rial entailment can be found to some extent in other species, other species
are far less successful in using these capacities.

In the math training we did not wait for students to derive, but tried to
help them derive relations so that they could learn how to derive and create
useful rules that would guide later behavior. The assumption was that by
systematically, and over time, providing many opportunities of frequent
responding and immediate feedback, the relations between stimuli and the
derivation of stimulus relations would be strengthened.

In summation, according to the just referenced literature, the ability to de-
rive stimulus relations is the basis for learning mathematical skills, and gen-
eralized operants altogether.

The importance of math fact from a RFT perspective

From a theoretical point of view one may critique the importance of training
math fact, which was the primary target of the intervention in this thesis, as
simply training rote memory. However, both from an empirical perspective
and a RFT perspective training math fact would not be considered trivial.
From an empirical point of view, fast retrieval of math facts is a crucial
component skill for later, more complex skills (i.e., algebra), as stated in the
bottleneck hypothesis, which has strong empirical support (e.g., Jordan et al.,
2003; Vasilyeva et al., 2015). Learning math facts could possibly be com-
pared to the ability of identifying and using phonemes in reading, which is a
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necessary component skill when learning to read. Yet, from a RFT perspec-
tive, fluently using math fact entails more complex learning than phonem
identification, which is purely arbitrarily in its nature and dependent on con-
text (i.e., meaning that when context/language changes, the same phoneme
can have a completely different function). In contrast, when training math
fact fluency behaviors differential reinforcement is provided for a large net-
work of stimulus relations, both arbitrary and non-arbitrary.

To further explain what is meant by arbitrary and non-arbitrary an exam-
ple will be provided. It is arbitrary that the sound "nine" is the same as the
symbol "9", but it is not arbitrary, in any context or language, that yyyy (4)
objects and yyyyy (5) objects put together constitutes yyyyyyyyy (9) objects
because these stimuli can have physical counterparts. Moreover, the math
fact training in the intervention study not only involved correctly answering
math fact, but also training on prerequisite skills to math facts by explaining
and reinforcing correct responding on basic relations between arabic sym-
bols (e.g., 9), sounds (e.g., "nine"), text (e.g., nine), quantities (e.g., nine
apples), and number lines (e.g., placing nine on a 0-10 number line). The
relationships between arabic symbols, sounds and text are arbitrary, but
when relations between symbols, sounds and text, on the one hand, and
quantities and number line estimations, on the other hand, are introduced
non-arbitrary stimulus relations are also entailed. The point is that the cur-
rent math fact training not simply taught students arbitrary relationships such
as seeing two stimuli and respond by selecting a third stimulus (and math
fact teaching as a concept seldom does in other studies as well). Instead,
math fact training involves strengthening arbitrary and non-arbitrary rela-
tional responding in the mathematics domain in particular, and derived stim-
ulus relations in general.

The program also tried to vary the contexts, because RFT views the con-
text as an essential influence on behavior. Exercises were created to make
students practice mutual and combinatorial entailment in frames (or con-
texts) of coordination (e.g., the sound "five" is the same as 5, or the numbers
3, 5 and 8 are numbers that go together, i.e., a number family), discrimina-
tion (e.g., between - and +), comparison (e.g., 16 is bigger than 15), and
temporal relations (e.g., word problems containing a story with temporal
elements that are to be translated correctly into a math fact).

Arguably, on a daily basis, speaking, reading, and writing behaviors are
more frequently reinforced than mathematics behaviors. The reason is that
there is much more socially mediated reinforcement available for these be-
haviors, than for engaging in math behaviors. Furthermore, many contexts
provide corrective cues for speaking, reading and writing. If a person is writ-
ing a sentence with the words in the wrong order, it is likely that the same
person, when reading the sentence, will feel that something is not correct
(i.e., a cue). This would most likely not be the case in mathematics, were
corrective cues are much less common in everyday situations.
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Because of this relative lack of reinforcement and corrective feedback
from the environment for math behaviors, it is of particular importance to
ensure that the basic relations, such as the relations entailed in math facts,
are manifest in the behavioral repertoire. Given that the basic relations are in
place, these relations will become cues for later mathematics learning where
it is necessary to judge whether a solution to a problem is reasonable or not.
For instance, if you know that the basic relations in a triangle you will know
that two sides are always larger than the third side. If a solution suggests that
the third side is indeed larger than the other two, this will be a cue to try out
another solution. Accordingly, basic relations need to be automatized, espe-
cially in mathematics, because the environment usually does not provide
sufficient help to correct inadequate behaviors.

This section has tried to describe the intervention evaluated in this thesis
and the theoretical foundations for the program. The program is a tablet
based application aimed primarily at teaching math facts, and secondarily at
teaching prerequisite skills to math facts and word problem solving includ-
ing math facts. The exercises are built on an instructional design model using
recurrent model, guide and fluency phases. The program also comprises
gamified elements. A behavior analytical framework served as the theoreti-
cal foundation in the process of building the overall structure and the specif-
ic exercises in the program. Derivation of stimulus relations, as described in
Relational Frame Theory, was utilized to some extent when teaching basic
number relations. The next section will briefly address how the assessment
was conducted and validated on a tablet (Study I) in the intervention study
(Study II and Study III).

Assessment on a tablet

To facilitate screening and assessment in the intervention study almost all
tests were conducted on a tablet. However, because no existing mathematical
tests had been standardized on tablet, this posed several challenges. Most
importantly, this required an investigation of the comparability (International
Test Commission, 2006) between a standardized paper-based tests and the
same test delivered in a new format (i.e., tablet), which was investigated in
Study I. The test of comparability between formats was conducted with the,
on paper, standardized mathematics test Heidelberger Rechen Test 1-4
(Haffner, Baro, Parzer, & Resch, 2005). Some additional questions regarding
testing on a tablet were also investigated in Study I: potential administrator
effects (important when comparing results from teacher led screening, and
assessment led by research assistants), and psychometric differences in terms
of reliability for various populations and tests. The next section will briefly
describe the objectives of this thesis.
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Objectives of the thesis

The main objective and contribution of this thesis was to investigate the
short- and long-term effects of a math intervention on a tablet aimed at help-
ing students with low math performance to improve critical math skills
(Study II). An aligned objective was to identify characteristics of students
demonstrating a positive long-term response to intervention (Study III). Ad-
ditional contributions were to provide knowledge on whether a validated
mathematical paper tests can be translated into tablets without compromising
psychometric properties, as well as to provide Swedish norms for math tests
on tablet (Study I).

Study I - validating tests on a tablet

The first four hypotheses/questions investigated the comparability between
the paper and the tablet version of HRT (International Test Commission,
2006):

1. The test-retest correlations for the tablet version of the Heidelberger
Rechen Test (HRT)-scales Addition, Subtraction, Missing Term and
Count Amount would be comparable to the test-retest correlations
for the paper version.

2. The correlation between the paper and tablet format would be at the
same level as the test-retest reliability for each format.

3. The correlations, or convergent validity, between the tablet version
of the HRT-scales Addition, Subtraction and Missing Term and the
tablet version of the four subtests on the Grade 3 Math Battery
(Math Battery; Fuchs, Hamlet, & Powell, 2003), would be compara-
ble to the correlations between the paper version of HRT and the
DEMAT 4 test (Golitz, Roick, & Hasselhorn, 2006).

4. Are the absolute measures of central tendencies (mean and standard
deviation) for both formats comparable for HRT Addition, Subtrac-
tion, Missing Term and Count Amount?

The following research questions examined administrator effects for tests on
a tablet, and psychometric differences in terms of reliability for various pop-
ulations and tests:

5. Does the type of test administrator (i.e., test personnel or teacher)
have an effect on the test-retest reliability for tablet tests?

6. Are the test-retest reliabilities on tablet tests (HRT and Math Bat-
tery) comparable between a sample of students with lower math per-
formance and more representative samples?

7. What was the test-retest reliability for the Math Battery on tablet?
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Study II - investigating effects of an intervention

The following hypotheses were tested to investigate the short- and long-term
effects of training mathematics on a tablet, moderating effects, effects of a
combination of mathematics and working memory training, and if improve-
ment in mathematics performance had a positive effect on mental health:

8. Low performing children in second grade participating in math train-
ing improve mathematical skills compared to children in control and
placebo conditions.

. The gained effects will be maintained during the follow-up period.

10. Intelligence and socio-economic status moderate the effect of math
training.

11. Working memory training in combination with math training lead to
more superior outcome in terms of mathematical skills.

12. Improvements in mathematics achievement will show a positive ef-
fect on mental health.

Study III - predicting long-term response to intervention

Two research questions were examined in order to identify factors that pre-
dicted long-term response to intervention, and how these factors were inter-
related:

13. Which factors significantly predict positive long-term outcomes in a
mathematics tablet intervention for second graders with low math
performance?

14. How are these factors related to each other?
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Methods

Design

Study I

Test-retest reliability for HRT and the Math Battery on tablet was investigat-
ed by assessing three samples of students twice on tablet in various contexts.
Correlation between paper and tablet was examined by testing a sample of
children on both paper and tablet versions of HRT utilizing a counterbal-
anced design to avoid possible ordering effects. Convergent validity was
investigated by analyzing the correlation between the Math Battery and HRT
on a sample.

Study II

An experimental design with longitudinal data gathered at baseline, post
assessment, 6 and 12 months follow-up was conducted. Participants were
individually randomized to one of four conditions (independent variable):
passive control, reading (placebo), mathematics, or mathematics combined
with working memory training. Outcome (dependent variable) of the inter-
vention was test scores on mathematics test.

Study II1

Predictors of long-term positive response for students in the math group and
math combined with working memory training group were examined. Be-
cause these groups presented with similar results in study II, they were col-
lapsed in both study II and III.

Participants
Study I

Five samples were investigated. Some additional details on demographic,
math performance at the included schools, and attrition are reported in the
papers on these studies.
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The Test-retest sample 1 originally consisted of 152 participants in se-
cond grade recruited from five schools. The schools covered a spectrum of
low and high levels of diverse ethnic background, and low, medium and high
parental educational levels. Twenty-two children were excluded because
they were absent on one of the assessments. Fifty-three of the remaining 130
children were female. The mean age was 8.7 years (SD=0.3), ranging from
8.0 years to 9.5 years.

The Test-retest sample 2: different administrators initially consisted
of 164 participants from seven schools that represented low to high levels of
diverse ethnic background, and a rather even split between number of stu-
dents with low respectively high parental educational levels. Absence at
assessment or technical problems reduced the sample with 27 children to a
total of 137. Seventy-eight of the remaining 130 children were female. The
average age was 8.8 years (SD=0.3), ranging from 8.0 years to 9.5 years.

The Test-retest sample 3: same administrators in small groups with
low-performing students was the intervention sample (further described
below under Participants in Study II).

The Different formats sample at first consisted of 124 children in se-
cond grade. Children were recruited from four schools covering low and
high levels of diverse ethnic background respectively parent education.
Ninety-four children (41 female) remained after excluding 28 children, the
major reason being absence. The age was 9.0 years (SD=0.4) on average
with a range from 7.4 to 10.2 years.

The Normative sample (testing convergent validity) was made up of 265
second-grade and 289 third-grade students coming from sevens schools lo-
cated in privileged and socially disadvantaged areas in two smaller cities and
one larger urban area in Sweden. Approximately 62 % of the children had
parents with post high school background, compared to the national average
of 56 %. The proportion of participants with diverse ethnic background was
estimated to 41 %, compared to the national average of 21 %. A similar
share (88 %) of the children in third grade passed on the four arithmetic
scales on the Swedish National Tests in Mathematics, compared to the na-
tional mean (89 %).

Study II

The intervention study included 283 second-graders coming from two small-
er cities, Landskrona and Helsingborg, (140 participants) and the capital
(143 participants) of Sweden. The children were spread across 87 classes in
27 schools, situated in both privileged and socially disadvantaged areas. In
general, there was a distinct divide between schools with relatively low
shares of students with diverse ethnic background and high levels of parent
education (privileged areas), and schools with high shares of students with
diverse ethnic background and low parental educational levels (socially dis-
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advantaged areas). Children in this sample had a similar parental educational
level as the national average: 62 % of parents in the sample had a post high
school education, compared to 56 % for the general population. Although no
individual data on ethnic background was collected, a proxy for this could be
primarily language spoken at home, where 20 % of the students did not pri-
marily speak Swedish at home compared to the national average of 21 % of
elementary school children having a diverse ethnic background. Detailed
additional demographics, and some other variables, on this sample are de-
scribed in the paper on study II. The average age was 8 years and 3 months
(SD=4 months). Of the 283 children, 142 were female.

Study II1

The analysis of predictors of positive long-term response to the intervention
was conducted on children in the math group and the combined math and
working-memory training group, which had been collapsed (as described
under Design). Thus, the study included 153 children (81 female) spread
across 73 classes in 26 schools. The age was on average 8 years and 3
months (SD= 4 months) for this sample.

Instrument

All tests, except for Ravens and the paper version of Heidelberger Rechen
Test 1-4, were conducted on tablet. A higher score indicated a better perfor-
mance on all measures. To keep this section reasonably short, full infor-
mation on psychometric properties and some additional details on measures
are not provided here, but in the papers for study I-III.

Heidelberger Rechen Test 1-4 (HRT) was used in study I-III. HRT
comprises eleven subscales measuring basic math skills across grade one to
four (Haffner, Baro, Parzer, & Resch, 2005). The scales Addition, Subtrac-
tion (both covering up to three-digit numbers), Missing Term (covering tasks
such as 4+ =9 and -32=9+50), Count Amount, and the control variable
Speed were used in study I and II (where Addition and Subtraction were
both used as screening and outcome measures). Addition, Subtraction, and
Missing Term were utilized in study III. Haffner et al (2005) reported that
criterion validity for the total scale (including all eleven subscales) of the
original paper version was .67-.68 with math grades. Alpha for the interven-
tion sample at baseline (study II) on the tablet version was .90 for Addition,
.87 for Subtraction, and .60 for Missing Term.

The Grade 3 Math Battery (Math Battery) was used in study I-IIL.
Four subtests, each with duration of one minute, were utilized to cover basic
math facts: Addition 0-12, Addition 0-18, Subtraction 0-12, and Subtraction
0-18 (Fuchs, Hamlett, & Powell, 2003). Fuchs, Hamlett, and Powell reported
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that criterion validity for the Math Battery was .51-.53 with the total math
score on Terra Nova for the original paper version. Alpha for the interven-
tion sample at baseline was .83 for Addition; .75 for Addition 0-18; .70 for
Subtraction, and .66 for Subtraction 0-18.

Arithmetic Composite (study III) was an index variable on arithmetic
achievement computed by taking an average of z-values at pretest for seven
arithmetic outcomes: the HRT-scales Addition, Subtraction, and Missing
Term, and the four Math Battery scales.

Diamant AG1 consisted of twelve addition and twelve subtraction items
and was used as part of the screening in study II (Swedish National Agency
for Education, 2013).

Klurisen was an item response theory (IRT) scaled problem-solving
measure constructed by the authors and used as outcome in study II. It com-
prised 15 items, starting from easy one-step (i.e., having to perform one cal-
culation) addition-subtraction word problems, and incrementally moving to
more difficult two-step problems (i.e., requiring two calculations in a specif-
ic order to solve the problem). Internal consistency was found to be .83 using
Person Separation Index for a sample covering grades 1-5 (N=403). Test-
retest reliability for students beginning second grade (N=243) was r=.72, and
concurrent validity with the subscale Math Problem Solving of the Iowa Test
of Basic Skills was r=.59-.67 (Hallstrom Elthammar, 2015).

Mathematical word problem-solving test was used in the screening
(study II). The test includes 16 one-step and two-step word problems (Jiten-
dra et al, 2007). The same authors reported that the original paper version of
the test had an internal consistency of .84-.86, and a concurrent validity of
.64-.71 with the SAT Mathematics: Problem Solving, and .51-.57 with the
SAT-9 Mathematics: Procedures.

Ravens' Standard Progressive Matrices (Ravens) was used in study II
to assess non-verbal intelligence. Criterion validity has been reported to be
.98-1.0 in several studies, and predictive validity of academic achievement
ranges up to .70 for non-English and English speaking children and adoles-
cents (Raven, Raven, & Court, 2000).

Grid and Digit-Span backwards measured working memory and were
used in study II to check manipulation of working memory training. Grid
was based on Automated Working Memory Assessment (Alloway, 2007),
and showed a grid of dots (4 x 4) that lit up in a specific order that the child
had to repeat. Digit-span backwards was based on WISC-III (Wcchsler,
1991), and displayed a sequence of numbers that were then repeated by the
child in reversed order. Test-retest correlation, with a 2 year interval, was
r=.75 for Grid, and r=.74 for Digit-Span Backwards (Ullman, Almeida, &
Klingberg, 2014).
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Procedure
Study I

Teachers and test administrators in all samples followed test protocols con-
taining explicit instructions to be read verbatim and instruction on principles
to be followed during testing. Detailed information on procedures (e.g., in-
tervals between test and retest, time point of testing) in the five samples is
provided in the paper on study I.

Study II

Teachers administered the screening tests to their classes. Research assis-
tants (university students) conducted all assessments (pretest to 12 months
follow-up) in small groups with 1-5 students per group.

The Consort Flow diagram in the paper on study II presents the recruit-
ment, randomization, and attrition rates. The attrition rate for the whole
sample was 14.5 % from baseline to 12 months follow-up. The attrition for
each condition from baseline to 12 months follow-up were: Control 5.8 %,
Placebo 11.5 %, mathematics 15.8 %, and math and working memory train-
ing 22.1 %. Additional information on reasons for leaving the study, non-
attendance during training, cohorts, test administration, description of condi-
tions, and a detailed account of the implementation of the program and fidel-
ity are provided in the paper on study II.

Students in the reading (placebo) group practiced primarily reading, and
to a lesser extent motoric skills on tablet for 20 minutes each day during the
intervention. Participants in the mathematics training condition practiced
Chasing Planets for 20 minutes each day. Students in the mathematics com-
bined with working memory training group trained working memory (Nem-
mi et al.,, 2016) 10 minutes each day, adjacent to the 20 minutes of math
training, thus adding up to a total of 30 minutes combined training per day.
The math and working memory training were integrated in the same system,
requiring no additional login.

The working memory training consisted of four different exercises. Grid
and Digit-Span Backwards were the same as the measures described earlier
with the additional feature of feedback on each response, adaptive adjust-
ment of the level according to the student's performance and systematic al-
teration between exercises. The third working memory task was a rotating
circle consisting of dots that lit up in a specific sequence that were to be
repeated by the child. The fourth task was a three-dimensional cube consist-
ing of a 3X3 grid on each side. The cube was slightly rotated as different
parts on various sides lit up, which were then to be repeated by the child.
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Study II1

The same procedure applied as described above for study II. A response to
intervention was defined as a child performing above the average improve-
ment for the collapsed control/placebo group on the Arithmetic Composite.
To count as a response at 6 months follow-up, the child had to perform
above the control/placebo group at posttest and at 6 months follow-up. To
count as a response at 12 months follow-up, the child had to perform above
the average at posttest, 6 and 12 months follow-ups.

Statistical Analysis

Analyses of similarity between test formats (paper versus tablet tests), test-
retest reliability, and convergent validity was calculated with Pearson corre-
lation. Intervention effects were estimated with multilevel methods (Heck,
Thomas & Tabata, 2014).

Data mining and machine learning

Data mining, and in particular machine learning techniques, were used to
identify students with positive long-term outcome to the math intervention.
Data mining is usually not viewed as a set of specific methods, but rather a
process of selecting, exploring and modeling large amounts of data in order
to identify patterns that reveal meaningful information (Guidici & Figini,
2009). A number of different approaches gathered from statistics (e.g.,
regression, clustering, classification, and hypothesis testing) and computer
science (e.g., machine learning, multidimensional data bases, and data vis-
ualization) are often used in data mining. Predictive data mining is an es-
tablished field within clinical medicine where the goal is to derive models
that can support clinical decision-making by analyzing large data sets con-
taining patient information (Bellazzi & Zupan, 2008).

Machine learning is a frequently utilized technique within predictive da-
ta mining that has been valuable when predicting outcomes (e.g., Demi-
chelis, Magni, Piergiorgi, Rubin, & Bellazzi, 2006; Lee et al, 2009). Ma-
chine learning utilizes different types of algorithms that have been catego-
rized into five categories by Domingos (2015): symbolists (e.g., decision
tree induction), evolutionaries, connectionist (e.g., neural networks),
bayesian (e.g., naive bayes) and analogizers (e.g., k-nearest neighbor).
Specific techniques are also used to identify relevant predictors in a large
set of potential predictor variables, such as filtering techniques and data
transformation.

Overall, the greatest threat to a machine learning analysis is the risk of
overfitting the model. One crucial way of avoiding overfitting is to never

53



test a model on the same data as the model was built on. Ideally, two sepa-
rate data sets should be used where the test set is utilized to develop the
model, and the validation set is used to confirm the model (Witten, Frank,
Hall, & Pal, 2017). This is similar to how research findings are considered
to be more robust when replicated in a separate study. However, data is
often sparse and a common technique within machine learning is cross-
validation where data is partitioned data into separate folds that are then
used as separate test and validation sets (Witten, Frank, Hall, & Pal, 2017).

Following the guidelines suggested and used for data mining and predic-
tive modeling (Bellazzi & Zupan, 2008; Dagliati et al., 2017) an analytical
sequence, as it applied to Study III, was made up of three steps:

1. Selecting predictor domains, cleaning and reducing data. Based on
knowledge about the subject matter and a literature review, relevant
predictor domains were identified. Data mining filtering techniques
were used to obtain a few relevant predictor variables within each
domain.

2. Predictive model(s) construction. Classification methods (algorithms)
and a strategy for handling preprocessing problems (such as class un-
balance and missing data) were chosen.

3. Predictive model(s) validation. A validation strategy to measure per-
formance of the planned classification methods was selected.
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Empirical studies
Study I - Validating tests

The first study in this thesis focused on validating mathematical tests on
tablet for children in second and third grade, as well as providing norms on
tablet for these grades. The first four hypotheses/questions investigated the
comparability between the paper and the tablet version of HRT, following
the guidelines from the International Test Commission (2006):

1.

The test-retest correlations for the tablet version of the Heidelberger
Rechen Test (HRT)-scales Addition, Subtraction, Missing Term and
Count Amount would be comparable to the test-retest correlations
for the paper version.

The correlation between the paper and tablet format would be at the
same level as the test-retest reliability for each format.

The correlations, or convergent validity, between the tablet version
of the HRT-scales Addition, Subtraction and Missing Term and the
tablet version of the four subtests on the Grade 3 Math Battery
(Math Battery; Fuchs, Hamlet, & Powell, 2003), would be compara-
ble to the correlations between the paper version of HRT and the
DEMAT 4 test (Golitz, Roick, & Hasselhorn, 2006).

Are the absolute measures of central tendencies (mean and standard
deviation) for both formats comparable for HRT Addition, Subtrac-
tion, Missing Term and Count Amount?

The following research questions examined administrator effects for tests on
a tablet, and psychometric differences in terms of reliability for various tests
and populations:

5.

6.

Does the type of test administrator (i.e., test personnel or teacher)
have an effect on the test-retest reliability for tablet tests?

Are the test-retest reliabilities on tablet tests (HRT and Math Bat-
tery) comparable between a sample of students with lower math per-
formance and more representative samples?

What was the test-retest reliability for the Math Battery on tablet?
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Table 1 presents an overview of the research questions, how they were in-
vestigated, central characteristics of the five samples (N=94-554), and what
procedures were used in the validation study.

Table 1 Overview of Analyses.

Study Participants* Procedure Hypothesis/question
Test-retest tablet, n=128, Whole class, First hypothesis1
Same Administrators Second grade Test administrator

Test-retest tablet, n=114-134, Whole class, First hypothesisl

Different Adminis-
trators

Second grade

Teacher respectively
test administrator

Test-retest tablet, n=264-265, Groups of 1-5 stu- Examination of perfor-
Before math training Low perform- dents with test ad- mance effects on relia-
ing, ministrator bility
Second grade
Test-retest tablet, n=236-238, Groups of 1-5 stu- Examination of perfor-

After math training

Low perform-

dents with test ad-

mance effects on relia-

ing, ministrator bility
Second grade
Paper vs Tablet n=94, Whole class, Second hypothesis®
Second grade Test administrator
Convergent Validity, n=554, Whole class, Third hypothesis®
HRT & Math Battery Second and Administrated by
third grade teacher

* Variation in ’n” is due to missing data on some items in some of the analyses.

! First hypothesis: the test-retest correlations for the tablet version of the HRT-scales Addi-
tion, Subtraction, Missing Term and Count Amount would be comparable to the test-retest
correlations for the paper version.

% Second hypothesis: the correlation between formats would be at the same level as the test-
retest reliability for each format.

3 Third hypothesis: the correlations, or convergent validity, between the tablet version of the
HRT-scales Addition, Subtraction and Missing term and the tablet version of the four subtests
on the Grade 3 Math Battery, would be comparable to the correlations between the paper
version of HRT and the DEMAT 4 test.

Results showed that: (1) the test-retest reliability for the tablet version of the
arithmetic HRT-scales (i.e., Addition, Subtraction, and Missing Term) was
comparable to the test-retest reliability for the paper version, but the same
level of comparability was not obtained for the pictorial scale HRT Count
Amount, (2) the correlation between paper and tablet for the arithmetic
HRT-scales were at the same level as the test-retest reliability for each for-
mat, but this was once again not true for HRT Count Amount, (3) correla-
tions, or convergent validity, between the arithmetic HRT-scales and the
Math Battery were comparable with the correlation between the paper ver-
sion of HRT and another paper-based mathematical test, (4) scores were not
interchangeable between paper and tablet, (5) no administrator effects were
found, (6) test-retest reliability was lower among low-performing students
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(i.e., participants in the intervention study), and (7) test-retest reliability for
Math Battery on tablet was acceptable for the more representative samples,
but inferior for lower performing students. Although no previous studies
were found that have compared tablet- and paper-based tests measuring aca-
demic skills, these results are in line with a meta-analytic comparison of
paper- and computer-based tests were scores were significantly higher on
computer (Kingston, 2009). Meanwhile, those findings and the present study
depart from another meta-analysis comparing paper- and computer-based
tests where no differences between formats were demonstrated (Shudong,
Hong, Young, Brooks, & Olson, 2007).

In sum, evidence suggest that arithmetic scales (i.e., HRT-scales Addi-
tion, Subtraction, and Missing Term) can potentially be transferred from
paper to tablet with comparable psychometric properties (questions 1-3),
although complete comparability was not manifested because scores were
not interchangeable between paper and tablet (question 4) which points to
the need of separate norms for tablet tests. The same level of comparability
was not found for a pictorial scale (i.e., HRT Count Amount) suggesting that
further adjustments are needed when transferring such scales.

Study II - Effects of a math intervention

The second study investigated the effects of a math intervention on tablet,
which was the main objective of the thesis. The validated tests in the first
study were used to assess the outcome of the math training. The specific
hypotheses were:

1. Low performing children in second grade participating in math
training improve mathematical skills compared to children in con-
trol and placebo conditions.

2. The gained effects will be maintained during the follow-up period.

3. Intelligence and socio-economic status moderate the effect of math
training.

4. Working memory training in combination with math training lead to
more superior outcome in terms of mathematical skills.

5. Improvements in mathematics achievement will show a positive ef-
fect on mental health.

The effects of math training on tablet were investigated using a random-
ized placebo controlled design with direct and follow-up assessments at 6
and 12 months. Students were individually randomized to one of the follow-
ing four groups: passive control, reading (placebo), mathematics, or mathe-
matics combined with working memory training. Math training focused pri-
marily on basic arithmetic, and secondarily on number knowledge (i.e., pre-
requisite skills to basic arithmetic) and word problem solving. Participants
were 283 children in second grade with low mathematics achievement (at or
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below the 45th percentile on basic arithmetic) and representative characteris-
tics. On average, students trained math close to 19 hours during approxi-
mately 20 weeks in both math conditions, and the combined math and work-
ing memory group trained working memory for an additional 9 hours. Stu-
dents in the placebo group trained reading on average a little more than 17
hours during the same interval. Attrition was 14.5 % for the whole sample
from pretest to 12 months follow-up, and it was highest (22.1 %) for the
combined math and working memory training condition, followed by the
math condition (15.8 %), the placebo (11.5 %), and the control (5.8 %).

The results demonstrated that both math conditions scored significantly
higher than control and placebo on the post assessment of basic arithmetic,
but not on arithmetic transfer and word problem solving. Given the virtually
identical patterns (Figure 2), we collapsed the math groups, respectively the
control and placebo groups. The collapsed math group displayed effects of
medium size (d=0.53-0.67) on basic arithmetic at post assessment compared
to the collapsed control/placebo condition (first hypothesis).

To begin with we expected the mathematics training to yield transfer ef-
fects in domains that were not trained directly, in particular the measures
covering addition up to 18 and subtraction up to 18. Initially it appeared as if
there was a transfer effect with significant effects for Subtraction 0-18, but
not for Addition 0-18. But, this claim is weak given that only 10 of the 25
total items were in the transfer range (i.e., minuends 13 or larger) and the
mean scores across all time points ranged from a minimum of 1.9 to a max-
imum of 7.23. Consequently, we cannot be certain that the significant im-
provements only depend on increased correct answers in the transfer domain.

The effect sizes faded out at 6 months follow-up (¢=0.18-0.28), and van-
ished further at 12 months follow-up (¢=0.03-0.13) (second hypothesis).
Given the lower test-retest reliabilities reported on these measures for the
intervention sample in study I, these effects should be interpreted with care.
No effects were found on problem solving.

Non-verbal IQ was a significant moderator of immediate and follow-up
effects, where students with lower non-verbal 1Q benefitted more than higher
non-verbal IQ students (Figure 3). Although socioeconomic status (SES) and
diverse ethnic background were not significant moderators, the trajectories
for these moderators showed interesting patterns that may indicate that stu-
dents with lower SES and students at schools with higher diverse ethnic
background benefitted more from training (Figures 4 and 5). Albeit specula-
tive, one explanation for these patterns is that the study was underpowered in
this respect and that the hypothesis would have been confirmed for SES and
ethnicity as well given a larger sample (third hypothesis). Furthermore, no
additive effects for working memory training were found (fourth hypothe-
sis), although the working memory training was implemented successfully in
the MA+WM group.
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Figure 2 not published here for copyright reasons.

Please see this figure in the original publication of this article.



Figure 3 not published here for copyright reasons.

Please see this figure in the original publication of this article.
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The motivation for investigating if improved mathematics performance had
an effect on mental health (fifth hypothesis) were the findings in a systemat-
ic review by Gustafsson et al. (2010) that demonstrated a reciprocal relation-
ship between school performance and mental health. This implies that low
school performance can lead to psychosocial problems, and conversely, that
poor psychosocial conditions can lead to poor school outcome. Although the
relationship is considered reciprocal, the randomized design of the current
study provided an interesting opportunity to test the causality in one of the
suggested directions, which has found support in other studies (e.g., Hal-
onen, Aunola, Ahonen, & Nurmi, 2006; Morgan, Farkas, Tufis, & Sperling,
2008).

At all four assessment points (pre, post, and follow-ups at 6 and 12
months) questionnaires on students' mental health were completed by stu-
dents, parents, and teachers.

Students were assessed by test personnel following a test protocol. Test
administrators read questions and answer options verbatim to students and
noted the answer on the questionnaire. Instruments using children as inform-
ants were Multidimensional Anxiety Scale for Children (MASC; March,
Parker, Sullivan, Stallings, & Conners, 1997), Short Mood and Feelings
Questionnaire (SMFQ; Angold, Costello, Messer, & Pickles, 1995) and Kid-
screen containing the scales Physical Well-Being, Psychological Well-
Being, Autonomy and Parents, Peers and Social Support, and School Envi-
ronment (Ravens-Sieberer, et al., 2007).

The parent version of the Strength and Difficulties Questionnaire (SDQ;
Goodman, 2001) was answered by parents at home and sent to the research
group by mail. The subscales Emotion, ADHD, Peer, Conduct, and Proso-
cial, as well as the composite scales Externalizing Behavior, Internalizing
Behavior, and the Total scale, were utilized in the analyses.

Teachers completed the teacher version SDQ (analyzing the same scales
as above) and the Behavior Rating Inventory of Executive Function (BRIEF;
Giola, Guy, Isquith, & Kenworthy, 1995) at school or at home.

Multilevel analysis with the four conditions demonstrated only one signif-
icant main interaction effect between time and group when controlling fami-
ly wise for multiple comparisons (e.g.., student scales being one family).
Although the Kidscreen Peer scale showed a significant interaction, no sys-
tematic pattern was found using post hoc pair wise comparison.

Consequently, the hypothesis stating that improvements in mathematics
achievement would show a positive effect on mental health was not supported
(fifth hypothesis).

Study III - Predicting positive long-term response

The third study explored predictors of positive long-term response to the
math intervention. The specific hypotheses were:
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1. Which factors significantly predict positive long-term outcomes in a
mathematics tablet intervention for second graders with low math
performance?

2. How are these factors related to each other?

Participants were 153 students who had completed math training in the
mathematics or mathematics combined with working memory training con-
ditions. Several predictor variables on math competencies, cognitive factors,
students” characteristics, and mental health were collected before training,
and predictor variables from training (e.g., to what extent students had com-
pleted the program) were also gathered. A composite measure of arithmetic
performance, assessed at 6, and 12 months after math training had terminat-
ed was used as outcome measure. Relevant predictor variables were identi-
fied after using data mining filtering techniques. An inductive decision tree
algorithm and a logistic regression model were then applied to create models
predicting long-term response to training. Lastly, the models were validated
using 10-fold cross validation.

Model accuracies at 6 months follow-up (69.4 % for the decision tree
model; X % for logistic regression) were significantly better than the base-
line model (54.4 %). The predictive models were not significantly better than
the baseline model at 12 months follow-up. The decision tree model showed
that long-term responders at 6 months follow-up were students who had
completed > 90 % of the training program, in combination with having at
least one employed parent, shared custody, and training with default settings
of program difficulty. Meanwhile, students having very low initial arithmetic
performance and meeting these conditions, except for receiving easier (not
default settings) training, were predicted to be long-term responders as well
(first and second hypothesis).

To sum up, students coming from a relatively stable socioeconomic back-
ground who have completed at least 90 % of the training at default level are
more likely to make long term gains. Data mining techniques can potentially
inform school professionals on which students need additional support to make
long-term gains when using educational technology applications. However,
initial analyses like the current study should be interpreted tentatively since fur-
ther validation with new data sets is needed to draw firm conclusions.
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Discussion

Summary of principle findings

The empirical investigations in this thesis suggest that additional math training
on tablet can improve basic arithmetic skills among low performing second
graders compared to placebo and control conditions. Effects were medium
sized at post assessment. The effects faded out at 6 months follow-up, where
small effects were demonstrated, and vanished at 12 months follow-up. Stu-
dents with lower non-verbal 1Q seemed to benefit significantly more at post
and follow-up assessments than higher non-verbal 1Q students (study II). Stu-
dents displaying a maintained positive response at 6 months follow-up were
characterized by having completed at least 90 % of the math program at the
default level, in combination with having a relatively more advantaged socio-
economic background (study III). Combining math training with working
memory training did not demonstrate additional effects. Neither did improve-
ments in mathematics performance impact mental health status among chil-
dren. Lastly, the measurement investigations showed that arithmetic scales,
but not a pictorial scale, on paper could be transferred to tablet with compara-
ble psychometric properties, although separate norms are needed for tablet
because scores were not interchangeable between the formats (study I).

Explaining the outcome

Interpretation of the magnitude of the intervention effect

The most relevant comparison of the results found in the current intervention
would arguably be the effects demonstrated by small group instruction with-
in the responsiveness-to-intervention (RTI) framework, because they target
approximately the same population (i.e., at-risk students in RTI and low-
performing in the current study) using similar design (i.e., comparing the
intervention condition to a control group not receiving additional training).
As mentioned in the introduction, effect sizes are typically reported to be
medium sized (d=0.50-0.79) for RTI group instruction studies (Fuchs, Fuchs,
& Compton, 2012), which is comparable to the results reported for the direct
effects (d=0.53 and 0.67) observed in this thesis. The most notable differ-
ence between small group instruction and the current tablet intervention was
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that small groups are led by a tutor while the tablet training was conducted
independently by the children.

Typically, effects are significantly larger in studies with high level of im-
plementation compared to studies with lower levels of implementation
(Cheung & Slavin, 2013). However, this conclusion should be viewed
somewhat carefully because researchers who knew that there would be no
difference between the control group and the intervention group may have
described poor implementation as the cause. Still, this finding corresponds to
the current intervention that should be considered to have a high level of
implementation, as argued in detail in the paper on the second study.

The meta-analysis by Cheung and Slavin (2013) reporting on effects by
ed-tech interventions does not apply to this context, because the studies did
not use the same design (i.e., studies in the meta-analysis compared the in-
tervention condition to a control condition that received a standard method
or an alternative program resulting in substantially smaller effects).

Why was there a fade-out effect?

The fade out of effects at follow-ups replicates the findings in earlier non-
technological math intervention studies on slightly younger children (Clem-
ents et al., 2013; Smith et al., 2013). The principal reason for fadeout effects
is arguably that students did not reach mastery, or the necessary fluency
criterion to maintain effects. Plausibly, a mastery or fluency criteria, defined
as number corrects per time unit with no or few errors, need to be established
since retention is supposed to depend heavily on rate of performance John-
son & Layng, 1992). Empirical support for the importance of fluency and a
strong mastery goal orientation has been provided by several studies (e.g.,
Geary et al., 1996; Lin, Hung, Lin, Lin, & Lin, 2009). If a student masters an
empirically derived criterion for fluency, chances are high that this skill will
be retained even at longer follow-ups according to this line of research. Data
on mastery criteria for math facts and problem solving would be most useful
to improve the current intervention. The concepts of frustrational and in-
structional range, introduced by Deno and Mirkin (1977), refined by Shapiro
(2004), and empirically investigated for mathematics in a meta-analysis by
Burns, Codding, Boice, and Lukito (2010), could be used in conjunction
with mastery criteria. Instructional range is the rate (usually corrects per
minute) where students have not yet reached the mastery criterion and are
susceptible for fluency building exercises without continuous guidance.
Consequently, frustrational range is the rate immediately below instructional
range where students require continuous modeling and scaffolding to not
become overly frustrated. If frustrational and instructional range was even
more closely defined for math facts and problem solving than existing re-
search suggests, the current program could have been adjusted to fit different
entry repertoires (i.e., frustrational or instructional) among students instead
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of having a one-size-fits all approach. Or alternatively, only students meet-
ing the instructional criteria would have been included using a downsized
version of the program, while students in the frustrational range would re-
ceive the full version. The standard approach would be to use linear models
for predicting criteria for mastery and instructional range (frustrational range
follows once instructional range is known). But, now other sophisticated
analytical tools are available that could improve such estimates. Machine
learning could likely be utilized to make non-linear predictions about the
same criteria.

Why do children with lower non-verbal IQ seem to gain more?

The seemingly differential gains for children with lower non-verbal 1Q are
not surprising given that children who are resource weak (e.g., lower non-
verbal 1Q) are predicted to benefit more from increased resources, for in-
stance in the form of increased quantity and quality of teaching, compared to
students who are rich in resources (Gustafsson et al., 2010). This prediction
comes from the Conservation of Resources Theory (COR theory) by Hobfol
(1989; 2001), and the same pattern has also emerged from the research lit-
erature reported by Gustafsson (2003).

Potential moderating effects

As argued in the results section, even though moderator analyses of individ-
ual SES and diverse ethnicity revealed non-significant main interaction ef-
fects, the patterns depicted in Figure 4 and Figure 5 may indicate that the
study was underpowered in this respect. Speculatively, the moderator anal-
yses may have been significant had the sample been larger. As suggested
above, it could be predicted that children with lower non-verbal IQ would
benefit more from increased quantity and quality of teaching than children
with higher non-verbal I1Q. This could also apply to children with lower SES
and children attending schools with a more diverse ethnic background, both
of which could be considered less resourceful children. Lastly, the similar
patterns emerging between individual SES and diverse ethnicity at the
school level contribute to the coherence of these speculative findings since
ethnicity has been regarded as a proxy for SES, or at least highly confounded
with SES (Byrnes & Wasik, 2009).

Comparing the variable- and person-oriented analyses

The moderator analysis is considered a variable-oriented approach, in es-
sence meaning that the person is viewed as a summation of variables over
time. The predictive analysis, using the decision-tree model, on the other
hand, takes a dynamic and holistic view of the person as an integrated totali-
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ty over time. Although variable- and person-oriented analyses are often
combined, they are used to study the person from two different worlds
(Bergman & Trost, 2006). Consequently, the tentative suggestions that chil-
dren with lower SES and children attending schools with a more diverse
ethnic background benefit more from the math training at 6 and 12 months
follow-ups (variable-oriented analyses) are not contradictory to the results in
the predictive, or person-oriented, analysis where children with unemployed
parents or only living with one parent were predicted to not show a response
to intervention 6 months after training terminated. The variable-oriented
analyses demonstrate that the magnitude of the suggested effect of math
training for children with lower non-verbal 1Q is larger than for children
with higher non-verbal 1Q, and speculatively that the effects are larger for
students with lower SES and students at schools with higher ethnic diversity.
Viewed from a holistic standpoint over time, the person-oriented analyses
show that students with a combination of certain characteristics (i.e., having
completed 90 % of the program at default setting, living with both parents,
and having at least one employed parent) were predicted to present a pro-
longed response at 6 months follow-up.

Regarding the person-oriented analysis, the risk of model overfit implies
that the model should be viewed with caution. Furthermore, the model par-
tially replicated earlier findings where beneficial background has been pre-
dictive of better school performance (OECD, 2016). This particular model
contributes with new, albeit tentative, knowledge about training variables
that affect long-term outcome for this particular program. It is uncertain if
this particular model would generalize to other math programs or topics.
However, the non-linear combination of training variables, SES-variables
and initial math performance can provide valuable recommendations on
which predictor variables should be included in future studies using machine
learning.

Absence of effects on problem solving

The main reason for the lack of effects on the problem solving measure
Klurisen was probably that students had too little time to practice on the
complex problem solving skills. However, Klurisen may also have been
insensitive to incremental improvements because this item response scaled
measure was developed across grades 2-5, while the intervention study as-
sessed children in 2-3 grade. The absence of effects on problem solving,
albeit the improvement in math facts, is not surprising given that a previous
study by Fuchs et al. (2013) demonstrated that math facts improvement do
not transfer to word problems when controlling for the role of number com-
bination skill in word problems.
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Lack of effects on mental health

The pervading absence of effects on mental health outcome, regardless of
type of informant (i.e., child, parent, or teacher), is interesting because the
research presented in the introduction suggests a reciprocal relation between
academic achievement and psychological well-being (Gustafsson et al.,
2010). There are several conceivable reasons for this: the impact of the in-
tervention might have been to small, the domain of improvement was too
narrow, or it could simply be the case that improved math achievement does
not impact mental health.

Limitations

The differential attrition rates between conditions in the intervention study
are a limitation in this thesis. Even though attrition rates were not signifi-
cantly different between conditions from pre assessment to 12 months fol-
low-up, the frequency of dropout for each condition varied: Control 5.8 %,
Placebo 11.5 %, mathematics (MA) 15.8 % and mathematics combined with
working memory intervention (MA+WM) 22.1 %. The attrition for the
whole sample was 14.5 %, which indicates a larger share of dropout in the
math conditions, especially in the MA+WM condition. In the paper (study
IT) a detailed account of reasons for terminating the study is presented in the
Consort flow diagram. One reason for terminating the study was that stu-
dents experienced the training as boring, which was reported by some chil-
dren, while others reported migration (i.e., moving to another school, city, or
country), having a teacher on sick leave, disappointment about the randomi-
zation, or difficulties with the working memory training as reasons for end-
ing training. However, several children did not give reasons for leaving and
the attrition was therefore not considered systematic, although the pattern of
dropout was of concern.

The attrition rates in the psychometric study (study I) varied between 12
and 24 %, and the lack of individual data limited the possibility to determine
if the attrition was systematic. However, a clear majority of the attrition was
due to absence at one of the two testing occasions or technical problems (i.e.,
failing internet connection), which seemed less likely to be systematic.

As just mentioned, the lack of individual data, except for Test-retest sam-
ple 3, was another limitation in the psychometric study. However, the cover-
age of broad spectrums of parent education level and diverse ethnic back-
ground allowed for good generalizability. Furthermore, the effects of admin-
istrator and achievement effects were analyzed in depth with the three test-
retest samples.

Another limitation concerns the low test-retest reliabilities for the low-
performing students in the intervention sample. This limitation warrants a
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cautious interpretation of the reported effects of the intervention. The lack of
psychometric stability found for HRT Missing Term, HRT Count Amount,
and HRT Speed on both low-performing and more typically performing
children should also be taken into account. Higher test-retest reliabilities for
these measures would have been preferable. The possibility that the problem
solving measure Klurisen may also have been insensitive to incremental
improvements because it was an item response scaled measure developed
across grades 2-5, while the intervention study assessed children in 2-3
grade, should also be considered a limitation.

The lack of comparison between the tablet version of HRT and an exter-
nal criterion (i.e., grades) is also a restriction in the psychometric study.
Comparison with an external criterion would have provided additional evi-
dence of comparability between formats.

In the intervention study, the math training covered numbers up to 12
(e.g., 8+4, or 12-3). These tasks were measured with Math Battery Addition
0-12 and Math Battery Subtraction 0-12. In lack of more adequate validated
measures, the Math Battery Addition 0-18 and Math Battery Subtraction 0-
18 measures selected to assess near transfer effects (i.e., tasks containing
numbers between 13 and 18), but not precisely in the desired way. These
measures did not only cover the transfer domain, but also the directly trained
domain, and were hence considered impure transfer measures. This short
coming demonstrates the need of developing psychometrically valid and
fine-grained assessment in this domain.

The problem of aligning the three waves so that they to be conducted dur-
ing the same semesters presents another limitation in the intervention study.
Although it could be argued that this increases the ecological validity, it also
creates noise in the data.

The multiple comparisons in the intervention study potentially introduce a
risk of mass significance. The four primary outcome measures (the Math
Battery scales Addition 0-12: Addition 0-18; Subtraction 0-12; Subtraction
0-18) and the five secondary outcome measures (HRT Addition 0-999; HRT
Subtraction 0-999; HRT Missing Term 0-99; HRT Count Amount; and the
problem solving measure Klurisen) were utilized to answer specific hypothe-
ses concerning the direct and transfer effects of training. Family wise ad-
justment of significance levels was used to account for multiple comparisons
between the analyses of the primary and secondary outcome. The Sidak test
was used to control for multiple comparisons within each analysis. A multi-
variate analysis including seven of the arithmetic measures in the study (i.e.,
HRT Addition, Subtraction, and Missing Term, and the four Math Battery
scales) basically showed the same results as the original analyses, but since
we beforehand had taken an interest in the direct and transfer effects this
focus was maintained. The considerable cost, time, and efforts that go into
an intervention study contributes to an inclination to make a thorough exam-
ination of the processes and outcomes. Hope is that the focus on a transpar-
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ent presentation of effect size and confidence intervals will provide valuable
knowledge for designing fewer, but more robust and specific measures in
future studies.

The risk of overfitting the model in the predictive analysis (third study)
should also be considered a limitation. The model ought to be interpreted
with caution until tested on new data, which is always favored in data min-
ing (Bellazzi, Ferrazzi, & Sacchi, 2011). Additional studies need to confirm
the results before findings can be generalized.

Lastly, the particular pool of predictors utilized in the study may impact
the performance of some predictors in the model. Had the same set of pre-
dictors been combined with other variables, the same predictors may have
performed the same, worse or better. The cross validation technique used
may compensate for this to some extent, but less so for a fairly small sample
as in the present case.

Implications

This thesis demonstrates that a combination of technology and instructional
design elements from behavior analytical theory can potentially effectively
help low performing students decrease the achievement gap in mathematics.
So far, the promise of increased effectiveness of educational interventions
due to technological advancement has been unmet (Cheung & Slavin, 2013),
but hopefully this thesis can provide new hope about the improvement of ed-
tech interventions when combined with an effective theory of instruction.
Interestingly, contemporary intervention research tends to investigate tech-
nological interventions less often than non-technological interventions.
Cheung and Slavin (2013) concluded that even though technological innova-
tions in reading and mathematics can supplement or support changes in
teaching, they do not have an important impact on learning in themselves,
whereby the authors instead stressed the importance of improving teacher
education.

However, it is still possible that new technological innovations, with in-
creased adaptivity and more tailored to support teachers efficiently, could
challenge the above claim by Slavin to some extent. While the math program
created within this thesis has some adaptivity, there are already more adap-
tive ed-tech platforms (e.g., Knewton, Dreambox, Alex) available that are
likely to improve the effectiveness of teaching. Those platforms utilize in-
creasingly sophisticated methods from the artificial intelligence field to rec-
ommend exercises tailored to the individual student's need, although their
effectiveness remains to be documented scientifically. Regarding decision
support, for instance, improvements in person-oriented analysis, like the
machine learning model presented in this thesis, can be put into practical use
as a decision support tool for teachers. An individual prediction along with
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recommendations could be presented to the teacher once the necessary in-
formation about the student has been entered into the program. In the current
case, the program could encourage the teacher to ensure that students with
low SES, in particular, complete the program and that students performance
is monitored after training has terminated, where a performance drop could
inform the teacher that additional training is needed. Another aspect of find-
ing important predictors of learning outcomes would be to investigate stu-
dent characteristics that are easier to change, such as home learning envi-
ronment (Niklas & Schneider, 2017), instead of traditional SES-variables
that are harder to influence.

To sum up, although evidence suggest that ed-tech interventions have
limited impact on learning, the current thesis and contemporary develop-
ments within the ed-tech field could, hopefully, be interpreted as signs of a
more substantial contribution by ed-tech programs in the future.

Directions for future research

Given the possibility to collect big data and the emerging methods (e.g., new
machine learning algorithms) to analyze such data, this should be a promis-
ing field within educational intervention research. Big data collection during
training can already, to some extent, enable individualized automatized
feedback and tailor the training to each specific student's need. Furthermore,
if data collected by national institutes, schools, and by digital learning tools
in the classrooms were securely collected and combined in major data bases,
then they could eventually provide a very informative basis for analyses, and
decision support for everyday teaching, for instance on what kind of support
would be most efficacious for a group of students with certain characteris-
tics. Additionally, in a not too distant future, well-designed studies assessing
students genome could eventually give rise to instructional interventions
tailored to students with certain characteristics, genetic predictors included,
whereby the differential effects of genes and environmental interactions
could be taken into account. This type of research is already being conducted
at the experimental but not yet applied level, as described in a meta-analysis
by Bakermans-Kranenburg and van Ijzendoorn (2015) on Gene X Environ-
ment interactions.

Another domain in the mathematics intervention field, which has received
far too little attention, is the development of effective instruction. My con-
viction is that intervention research is too focused on evaluation of pro-
grams, at the expense of investigations on how to develop very effective
programs. The literature on program construction cited in the introduction
and the development of very thoroughly iterated and successful programs,
where Headsprout serves as an excellent example or model, deserves more
attention from the scientific field because the ultimate goal of intervention
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research is to improve essential skills among children, not just to prove a
particular scientific hypothesis.

Conclusion

The findings in this thesis point to the potential of improving critical mathe-
matical skills by providing standardized and adaptive instruction on tablet
with a minimum requirement of teacher work. The research also presents
how testing of mathematical skills on tablet can facilitate assessment among
young children, while at the same time bringing up the need for additional
validation of mathematical measurement on tablets (e.g., to increase reliabil-
ity among low performing students). The explorative analysis on differential
effects of non-verbal I1Q and the machine learning analysis on predictors of
positive long-term response both suggest for what audiences and settings this
type of math program may be most effective, as well as for which students
and environments additional support, or extensions of the program, is need-
ed.

The major learning in conducting this research over several years is that
although plentiful of resources where used to create a program, vastly more
resources are needed to make ed-tech interventions with lasting and pro-
found effects on children’s math performance across elementary school
grades. Because of this, there ought to be considerably more funding on de-
veloping scientifically based interventions, not just funding on evaluations
on existing programs. Given the current evidence that an ed-tech interven-
tion can be effective, and the empirical findings presented in the introduc-
tion, increased spenditure on intervention programs ought to be a priority for
each nation that wants to improve or maintain economic growth, and to pro-
vide citizens with necessary skills to function in society.
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Screen Shot 1 from Chasing Planets.

The space map containing the 261 planets/exercises. The student taps on the planet and
starts practicing (as shown on Screen Shot 2). A new planet is available, or unlocked,
when the student has reached at set criterion on the preceeding planet, although the
criterion is adjustable if the student has difficulties.



Screen Shot 2 from Chasing Planets.

Fluency building training on math facts. This is a timed fluency phase where the
student's avatar (to the right) races against a computer avatar. The race ends when one
avatar reaches the right part of the screen. Preceding exercises focus on modeling and
guided practice, withou timing, on number families containing math facts.
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