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Abstract 

Although responsible for their pupils' learning, most teachers do not have a clear 

understanding of the cognitive processes that mediate that learning. Working 

memory is one model that has proved to be useful in explaining the role of 

cognition in learning and there has been a lot of research exploring the nature of 
its involvement in complex tasks such as mathematics. This evidence suggests an 
important role for working memory, but is not consistent in determining which 

areas of working memory are recruited when performing the varied tasks that 

comprise mathematics. The research presented here sought first to explore the 

link between working memory and mathematics in a new way, by focusing on 

specific components of the Baddeley and Hitch (1974) working memory model 

and their interaction with specific mathematical operations. The findings 

suggested that working memory is involved in both simple addition and simple 

multiplication, but that different components of the model play different roles in 

these operations, with the central executive appearing to be particularly 
important in both. Working memory may also mediate the transition to more 

sophisticated calculation strategies. 

The second phase of the research explores the possibility that working memory is 

not a fixed, immutable resource, but can be improved by systematic training. The 

results of a working memory training programme, targeting the central executive, 

indicated that children who received working memory training made 

significantly greater gains in the trained task, and in a non-trained visual-spatial 

working memory task, than a matched control group. Moreover, the training 

group made significant improvements in their mathematical functioning as 

measured by the number of errors made in an addition task compared to the 

control group. These findings suggest that school-based measures to train 

working memory could have benefits in terms of improved performance in 

curriculum subjects such as mathematics. 
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Abbreviations and Acronyms 

AD Alzheimers Disease 

ADHD Attention Deficit Hyperactivity Disorder. 

AfL Assessment for Learning. 

BLP Building Learning Power. 

CE Central Executive. 

Corsi Blocks A test of spatial working memory. The experimenter sits 

opposite the participant. Between them is a board with nine 
blocks attached to it in a random pattern. The experimenter 

points to a number of the blocks in a random sequence. The 

participant then has to repeat the sequence accurately. 
DfES Department for Education and Skills. 

HIPS Horizontal Intra-parietal Sulcus. 

KS I Key Stage I. This is the period in the UK education system for 

children from the ages of 5. to 7. Key Stage 2 runs from ages 7- 

11, Key Stage 3 from 11-14 and Key Stage 4 from 14-16. 

MD Mathematical Disabilities. There are a number of different 

acronyms used in the maths education literature to describe 

children with specific difficulties in acquiring mathematical 

skills and understanding. Others include arithmetic learning 

difficulties (ALD) and developmental dyscalculia. 

NNS National Numeracy Strategy. This document forms the basis of 

the maths curriculum in England. It was revised in 2007. 

PL Phonological Loop. 

RD Reading Disabilities. 

SAT Statutory Assessment Test. 

Strat Strategy. 

TS Turner Syndrome. Genetic abnormality caused by the total or 

partial deletion of one of the x-chromosomes. Characterised by 

deficiencies in visual-spatial working memory and mathematics. 
VSSP Visual-spatial sketch pad. 
VSWM Visual Spatial Working Memory. 
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Chapter 1- Introduction 

`Arithmetic is where the answer is right and everything is nice and you can look 

out of the window and see the blue sky -- or the 

answer is wrong and you have to start all over and try again 

and see how it comes out this time. ' 

(Carl Sandberg, 'Arithmetic). 

1.1 Starting Points 

The research, which is described in the following chapters, was brought about 
directly as a result of my experiences over several years as a classroom teacher 

and maths co-ordinator in a primary school. I spent many hours planning lessons 

and teaching maths to children at both Key Stage 1 (ages 5 to 7) Key Stage 2 

(ages 7 to 11). I was determined that the children in my classes would leave with 

not only a better understanding of maths, but also a revived interest in and 

enthusiasm for numbers. Whilst working in the classroom and with smaller 

groups of children in my capacity as maths co-ordinator, I met several children 
for whom maths was not the engaging and exciting learning experience that we 

hoped it would be. The following snapshots are representative of many of the 

experiences I had working in the classroom. The children are real, but their 

names have been changed. The incidents and problems they have were very real 

indeed. 

1.1.1 Stories from the Classroom 

The focus of this Year 4 lesson (children aged 8 and 9) is mental arithmetic and 

being able to select an appropriate and efficient calculation strategy with which 

to carry out a mental computation. The majority of the class has become 

increasingly effective with mental calculation strategies during the past couple of 

years, but Jamie is still struggling to carry out even the most basic of 

computations. When he is given two single digit numbers to add together he 

frequently resorts to using his fingers and counts all the numbers involved. For 

calculations where the final sum is more than ten, Jamie really struggles, as his 
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fingers cannot accommodate this number. He seems unable to retain any mental 

representation of the two numbers that he has to add together and needs his 

fingers to make up for this. His counting is slow and not always accurate. 

Frequently he counts beyond the target answer and appears not to realise that he 

has added on more than he needs to. Yet Jamie is clear about what he has to do 

and does not appear to have any difficulty with the concept of addition. As his 

teacher, these things began to baffle me. What was it about Jamie that led to his 

difficulties with mathematics? 

Martha is a girl who, like Jamie, pays close attention to the lessons and is keen to 

learn. In her reception year (ages 4-5 years) she is learning to count. She can 

recite the numbers up to ten without any problem and appears to know what she 

needs to do when she is counting. Counting out a set of objects is not always 

straightforward. If asked to count out five counters, she often continues counting 

well beyond five and then stops suddenly. She then looks to the teacher or 

teaching assistant for some form of reassurance, which usually includes a 

reminder about the number of counters that she is supposed to count. When given 

a set of objects to count, Martha's behaviour is also unusual. She frequently 

counts one or more of the objects more than once and yet does not seem to 

realise that this is what she has done. She appears to have a good grasp of the 

rules regarding counting and often looks confused when the results of her 

counting are not what she is expecting them to be. She then often re-counts the 

set of objects and comes up with a different answer, either counting one or more 

of the objects more than once, or occasionally omitting to count one all together. 

This lack of success with counting is beginning to impede Martha's progress 

with other parts of the mathematics curriculum. She finds it more difficult than 

the rest of the children to use counters to make concrete representations of the 

sums that she is beginning to encounter. 

Paul's problems with maths are of a different nature. Now in Year 6, he has no 

trouble with basic calculations. He does find that multi-step problems give him 

enormous trouble, apparently not because the maths is particularly difficult; he 

just has great trouble finding his way through a complex problem. Paul finds it 

difficult to maintain his focus of attention in one place for very long. When 
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completing multi-step problems, Paul often becomes lost in the process and 
forgets what he needs to do next. He often writes down partial results as his final 

answer. For example, one morning, when calculating how much change from 

£10 he would have if he bought 12 cans of Coke at 56p a can; he gives his 

answer as £6.72. He has correctly calculated the cost of the Coke, but has totally 

forgotten to complete the rest of the calculation. He appears unable to keep track 

of his progress through a problem, although his computation skills are sound. 

My role as maths co-ordinator and as a classroom teacher brought me into 

contact with all these children, for whom maths did appear to be something 

mysterious. For many of them, despite the energy and efforts of their teachers 

and classroom assistants, maths was not a subject that they enjoyed learning. For 

many of these children there was a, great deal of frustration at their own inability 

to carry out mathematical tasks that they appeared to understand perfectly well. 
Almost inevitably, they became less and less motivated to do maths and began to 

disengage with a subject that they ought to have found fascinating and absorbing. 

As a primary school teacher with some responsibility for these children's 
learning, it began to concern me that the measures that we were putting in place 

to try and help them were not always particularly effective. In truth, we had very 
little idea about the nature of their problems. While we could look at their written 

calculations and observe them and talk to them as they grappled with maths, we 

could not look inside their heads and examine the cognitive processes that were 

underpinning their performing of mathematical tasks. I became increasingly 

frustrated that this lack of knowledge about the specific nature of their problems 

prevented us from providing more effective interventions for them. 

1.1.2 Other People's Observations 

It appears that I was not alone in observing children whose mathematical 

performance and therefore whose mathematical development was being hindered 

by cognitive problems that prevented them from accessing the full range of 

mathematical learning opportunities that were offered to them. The following is 

from 1966: 
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"Edward shifts his focus of attention so slowly that when he had 

figured out what he was supposed to be doing, he has forgotten what he 

was doing, and vice versa. I sometimes imagine him dialling a phone 

number. He has it written before him. He looks at it, and begins to dial. 

By the time he has dialled two or three digits, he has forgotten the rest 

of the number. He looks back at the paper and reminds himself of the 

number, but by now he has forgotten how much of the number he has 

dialled, and must begin again. Maybe Edward doesn't do this with 

phones, but this is exactly how he does his maths, I can often hear him 

muttering to himself, `Now, where was I? "' 

(Holt, 1966, p. 103) 

Gathercole, Lamont and Alloway (2006b) observed a number of children who 

were struggling with classroom activities. Joshua had been set the task of adding 

together the number of ducks shown on two cards using a number line. 

`Number lines are designed to facilitate counting by allowing the child 

to jump one step at a time from a starting number. Joshua was 

encouraged to use a number line when counting up the number of 

ducks shown on two cards, but he struggled to co-ordinate the act of 

jumping along the line with counting up to the second number. He 

abandoned the attempt, solving the sum instead by counting up the total 

number of ducks on the two cards. ' (p227) 

But are these problems actually important? Do problems with learning 

mathematics actually matter? 

1.1.3 Is Mathematics Important? 

The present Labour administration has invested a lot of resources in improving 

the mathematical attainment of children in primary schools. This has been shown 

most clearly in the introduction of the National Numeracy Strategy (1999) to all 

primary schools complete with a number of `Springboard' programmes to enable 
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children who are falling behind the expected levels of achievement to boost their 

skills to the expected levels. 

Given both the considerable government investment and the fact that improving 

mathematical performance in primary school children is an aim of this piece of 

research, it is legitimate to ask whether learning mathematics is actually 

important. What benefits does a sound mathematical education confer on 

individual pupils and on society at large? 

The Smith Report of 2004 highlights several reasons why mathematical 

understanding is vital for successful functioning in today's society. High levels 

of mathematical ability are important for the prosperity and economic wellbeing 

of the nation. The report also highlights how good mathematical understanding is 

important on an individual level: 

'The acquisition of at least basic mathematical skills is vital to the life 

opportunities and achievements of individual citizens. Individuals with 
limited basic mathematical skills are less likely to be employed and, if 

they are employed, are less likely to have been promoted or to have 

received further training. ' 

(Smith, 2004 Making Mathematics Count: p. J9 

In addition to the practical benefits in terms of employment and earning power, 

the report highlights the importance of mathematical thinking in a range of 

situations. 

'Mathematics provides a powerful universal language and intellectual 

toolkit for abstraction, generalisation and synthesis. It is the language 

of science and technology. Mathematical training disciplines the mind, 
develops logical and critical reasoning and develops analytical and 

problem-solving skills to a high degree. ' (Smith, 2004 Making 

Mathematics Count: p. 11) 

5 



The report identifies the fact that studying mathematics is good `cognitive 

training' and can help to equip children with a range of cognitive skills that they 

are able to take into other subject areas and into wider life. The ability to solve 

problems and to think flexibly is being increasingly recognised as the mark of a 

good learner and a highly employable person. 

Given the importance of mathematics at a national and a personal level, the 

government's interest in raising the level of mathematical attainment is 

unsurprising. However, none of the government initiatives mentioned above 
directly addresses the cognitive deficits that are at the root of some mathematical 

problems, nor do they provide a framework for improving all children's 

mathematical outcomes by addressing the fundamental cognitive processes that 

underpin mathematical processing. 

1.2 Cognitive Psychology and the Classroom: Bringing Two Worlds 

Together 

Primary school teachers are expected to know a little about a lot of things. They 

are expected to cover all nine subjects covered by the National Curriculum and 
RE. They are expected to know about Victorian history and Hindu myths, the 

water cycle and adverbs. Their curriculum knowledge needs to be supplemented 

with considerable skill in classroom management, dealing with behaviour and 

explaining ideas and concepts in ways that make sense to children with a wide 

variety of backgrounds, prior knowledge and ability. 

As a primary school teacher working with children like those described above, I 

became very interested in what I did not know. Spending time walking around 

the classroom as the children were engaged in various activities, it soon became 

clear to me that I knew very little about the mental processes that facilitated their 

learning. This seemed concerning to me, as my role in the school was to see that 

children spent their time learning. More specifically, I was often at a loss to 

know why a particular child was unable to complete a piece of maths, while 

other children in the class, who had had the same teaching, appeared to have no 

problems. This lack of understanding of mental processes was particularly 
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apparent in maths, a subject that I greatly enjoyed teaching and where I felt 

secure in my subject knowledge. I felt very ignorant of the cognitive processes 

that a child was engaged in when learning this subject. For me, it was very 

difficult to bridge the gap between what was going on in a child's head and what 

I was seeing on the pages of his maths book. 

1.2.1 Working Memory 

When I first began to read about working memory, it was a completely new idea 

to me. I had never come across the concept in my teacher training, which had not 

really dealt with `invisible' things such as cognition. Reading about the concept 

of working memory was the first time that I had seen a model of what might be 

going on inside a child's head as they grappled with a complex cognitive task 

such as mathematics. 

Working memory is a system for temporarily storing and managing the 

information required to carry out complex cognitive tasks such as learning, 

reasoning, and comprehension (Webster's Medical Dictionary, 2006). It has been 

likened to a `mental workspace' that we use in our everyday lives. While 

considerable debate still surrounds the precise architecture of this system, there is 

some consensus that it needs to be able to handle information in both 

auditory/phonological (e. g. Salame & Baddeley, 1986) and visual/spatial (e. g. 

Logie, 1995) forms and to be able to integrate this effectively with information 

held in long-term memory. 

As I read more about working memory, I was struck by the fact that almost all 

the research was done in the `laboratory' by researchers trying to add new 

subtleties to their models and to refute the small subtleties proposed by other 

researchers. I began to wonder: how `real' was working memory and did it have 

anything to do with the questions that I had been asking myself as I walked 

around my classroom and tried to help my children to learn mathematics? 

The worlds of the classroom and the psychology laboratory seemed to be almost 
impossibly far removed from one another. However, working memory was the 
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first concept, or mental model I had encountered that might help me to 

understand why it was that some children in the class were able to grasp 

mathematical concepts while others seemed to find even the simplest 

mathematical ideas and procedures very difficult. Could this idea somehow 

manage to bridge the gap between what I was seeing in the classroom and what 

was happening in these children's heads? 

Figure 1.1 Bringing the worlds of education and cognitive psychology together. 

Insights from 
cognitive 

Cognitive 
Education h l ll psyc o ogy a ow 

teachers to PsXcholoy 
understand more 

" Messy fully how their 
children learn and " Ordered 

" Individual Children are therefore able to 

" Classroom based make classroom " Makes generalisations 
provision that 
reflects their " Laboratory based 

children's thinking. 

At first glance the worlds of education and cognitive psychology are poles apart. 

Children are unpredictable and each one is different. Teaching is inevitably a 

process of doing the best possible for the greatest number, but it is impossible to 

eliminate and control for all the different factors involved. Cognitive psychology, 

by comparison, is a very ordered world where all outside factors are `controlled' 

as much as possible. Findings relate to generalisations over large numbers of 

people. Individuals' idiosyncrasies are often lost in statistical averages. 

Despite the apparent differences between the worlds of cognitive psychology and 

primary school classrooms, I became convinced that many teachers were aware 

of their own lack of understanding of children's cognition. Moreover, they 

thought that a greater understanding in this area would enable them to make their 

teaching more effective. I saw the possibility of bringing the worlds of cognition 
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and the classroom closer together in a way that might make teaching more 

effective and learning more efficient. The research project, described in the 

following pages, represents a sincere attempt to bring together these two very 
different worlds and to bridge the gap between primary mathematics education 

and cognitive psychology. Inevitably there are imperfections and questions left 

unanswered, but I believe that this project represents a small piece in an 

emerging jigsaw that is helping classroom teachers to understand their children 
better and to make better provision for them. 

1.3 This Research Project 

1.3.1 Aims of the Project 

Given the origins of my thinking about working memory and its role in 

children's mathematical learning, the aims of the project were rooted in both the 

worlds that I was trying to bring together. The overall aims of the project were as 

follows: 

1. To bring together the two worlds of cognitive psychology and primary 

classroom teaching in a way that allows teachers to understand their children 
better and teach them more effectively. 

2. To develop a provisional model of the way that working memory is used in 

primary school children's learning of maths. 
3. To investigate the possibility that children's cognitive abilities (working 

memory) can be trained. 

4. To make practical suggestions relating to children's cognition that will help 

primary school teachers to teach maths more effectively. 

These over-arching aims were developed into research questions, which in turn 

were refined into more specific questions that were answered ̀in the field'. The 

details of research questions and the studies that were carried out to answer them 

are given in later chapters. 
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The research presented here was undertaken in two distinct phases, with the 

results from the first directly influencing the second. The two phases used 

different research designs, each one selected to be the most appropriate given the 

nature of the research questions addressed. In both phases of the research, very 

specific measures of both working memory and mathematics were used in order 

to try and uncover any specific relationships between the two. The first phase 

sought to answer some of the questions about the specific involvement of 

working memory in children's mathematical thinking and to develop a tentative 

model to detail the ways in which children might use their working memory in 

different areas of mathematics. The second phase addressed the issue of whether 

working memory can be trained. 

One way of addressing some of these questions is to use a correlational research 

design to see whether performance in one area of working memory co-varies 

with performance on specific mathematical tasks. Correlational designs were 

used in the studies carried out in the first phase. This type of research design uses 

natural variations in both working memory and mathematical performance and 

allows the comparison of a large number of variables. The use of natural 

variations in performance gives the design greater ecological validity, given that 

teachers in classrooms have to manage these naturally occurring variations in 

cognitive functioning exhibited by their pupils. The evidence from correlational 

research does allow conclusions to be drawn about the relationships between 

working memory and mathematical performance and can suggest ways that 

working memory might be involved in mathematical processing. However, 

correlational designs are unable to provide evidence about the causal direction of 

any links; they are unable to say whether variations in working memory 

performance cause variations in mathematical performance or vice-versa. 

This fundamental weakness was addressed in the second phase of the research, 

which looked at the possibility of training working memory and adopted an 

experimental design. The experimental designed required the careful control of 

as many extraneous variables as possible and involved the direct manipulation of 

working memory. In addition to addressing the issue of the "trainability' of 

working memory, the use of an experimental design allows conclusions to be 

10 



drawn about the direction of any link between working memory and mathematics. 
In this sense, the findings from the first phase would inform the second phase, 
but the findings from the second phase might also illuminate some of the 

findings from the first. 

Figure 1.2 Overview of the design of the research. 

Phase 1 Phase 2 

" Correlational Design 

" Several Studies 

" Model of working 
memory's interaction with 
maths. 

The first phase of the project consisted of five separate studies, each employing a 

correlational design and looking at specific areas of working memory and/or 

specific areas of the maths curriculum. Details of the different studies are given 

in Chapters 5 and 6. The results of these five studies informed the second phase, 

which involved an intervention study (hereafter referred to as the Intervention 

Study) in which children's working memory was trained. Details of this study are 

given in Chapter 7. It was hoped that the results of this study might inform some 

of the findings from the first phase studies by determining the direction of any 

causal link between mathematical performance and working memory. 
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1.3.2 The Structure of the Thesis 

The research undertaken is explained and discussed in the following eight 

chapters. In the following three chapters, the aims of the project set out above are 

set in the context of existing knowledge about working memory and its role in 

mathematical processing. Existing research evidence concerning working 

memory and its relationship to mathematical functioning in children is examined. 

The following chapter (Chapter 2) takes a detailed look at the concept of working 

memory, tracing its development from early ideas about `short-term memory' 

and looking at the evidence for a fractionated model. The chapter also addresses 

the small body of research that exists relating to the possibility of training 

working memory. 

Chapter 3 considers the body of evidence specifically linking working memory 

and mathematical performance. The literature reviewed in this chapter suggests 

that the mapping of working memory to mathematical performance is far from 

simple. Some possible reasons for the lack of consensus in the literature are 
further discussed and their links to the design of the current- research are 

highlighted. This chapter also considers the contention that working memory is 

not involved in mathematical processing and contrasts this view with a large 

number of studies carried out with children who have some kind of mathematical 

learning difficulty. 

Chapter 4 considers the possible role of working memory in young children's 

developing mathematical skills in areas such as quantification, counting and 

simple calculation. Given its importance in calculation, and the fact that it 

appears to change significantly during the primary school years, the role of 

working memory in children's strategy development is considered. 

Chapter 5 provides a detailed account of the methods used in the studies that 

make up this research. An overview of the different tools used to measure 
working memory and mathematical processing is given along with a more 
detailed discussion of the validity and reliability of the data and the methods of 
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analysis used in the two different phases of the research. This chapter also 

addresses the ethical issues raise by the research. 

Chapters 6 and 7 look in detail at the results of the different studies. Chapter 6 

looks at the five studies that make up the first phase of the research and considers 

what the evidence says about the relationship between working memory and 

mathematical performance. The studies are presented sequentially. Although 

each study is designed to stand alone, each builds on the work of the previous 

one. The results are considered both in relation to the findings from other studies 

and in terms of their contribution to the understanding of the relationship 

between children's working memory and their mathematical performance. The 

results from the first studies are directly related to the design of the Intervention 

Study (Phase 2), the. results of which are reported and discussed in detail in 

chapter 7. 

Given that the results of the work are intended to be of benefit to teachers and 

students of mathematics in primary schools, Chapter 8 contains a discussion of 

some of the ways that the findings of the different studies could have an impact, 

both theoretically and practically in schools. Suggestions for teachers and 

teaching activities are highlighted along with broader suggestions relating to the 

use of working memory assessment in schools. An overview of the work is taken 

in the final chapter, along with some discussion of the contribution that the 

research has made to the field. The chapter concludes with an acknowledgement 

that the work undertaken here has not been able to answer all the questions and 

has thrown up as many new questions as it has answered. Some suggestions for 

further research and how this research might link to the work presented here are 

also given. 

The two-phase structure of the research is illustrative of the two principle aims of 

the work. The first phase will contribute to a theoretical understanding of the 

interaction between working memory and children's mathematical functioning, 

highlighting in more detail the precise mechanisms by which working memory 
facilitates mathematical processing. The second phase is more practical in nature 
investigating the possibility that teachers and other educational practitioners can 
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make use of an understanding of working memory to improve the teaching and 
learning of maths in primary schools. However, the results from the initial 

studies are also highly useful for practitioners and will, it is suggested, allow 

practitioners to implement any working memory training with much greater 

precision. 

14 



Chapter 27- Working Memory 

2.1 Chapter Overview 

Since the emergence of the concept of working memory in the early 1970s, there 

has been extensive research into its importance in a number of complex 

cognitive skills such as language learning (Baddeley, Papagno, & Vallar, 1988), 

reading (Gathercole & Baddeley, 2003) and comprehension of written text (Cain, 

Oakhill, & Bryant, 2004). Its role in mathematical processing has been less well 
investigated (Gathercole & Pickering, 2000b). 

This chapter outlines the idea of short-term memory and its subsequent 

development into the concept of working memory. The Baddeley and Hitch 

(1974) model of working memory that has been the dominant model for the last 

thirty years is introduced and explained along with some of the early research 

that has provided the theoretical basis for the model. The role of long-term 

memory in this cognitive system and the research relating to it is also mentioned. 

Finally, the possibility that working memory capacity is not fixed and that 

training can boost working memory performance is considered. This chapter 

presents an overview of working memory as it is relevant to the present research; 

however space constraints prevent a detailed discussion of the entire working 

memory concept. 

2.2 Short -Term Memory 

Some information is required only temporarily and is lost very quickly if not 

refreshed in some way. This `short-term' memory is vital for everyday 

functioning. Without it, it would be impossible to read and understand a sentence, 

have a conversation or follow a set of directions (Baddeley, 1986). The earliest 

attempts to measure short-term memory were based of the kind of span tasks that 

are frequently used today. Subjects were presented with a string of words or 
digits and asked to recall them in order. For the majority of the population, the 

number of items (typically digits or words) that could be held reliably in short- 

term memory was 7 plus or minus 2 (Miller, 1956). Beyond this, short-term 

memory began to break down. Interestingly, this span for short-term memory is 
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roughly equivalent to the amount of information that can be articulated in two 

seconds (Baddeley, 1986; 1997). 

This capacity is further reduced by the introduction of a time gap between 

presentation and recall (Brown, 1958; Peterson & Peterson, 1959) although this 

was later found to be as a result of interference (Waugh & Norman, 1965). The 

time-based forgetting theory was further undermined by Keppel and Underwood 

(1962), who noticed that poor levels of recall were only apparent after a number 

of trials. Poor memory performance was a result of `proactive interference': 

older material interfering forward in time with recall of current information. This 

is in contrast with retroactive interference in which newly presented information 

interferes backwards in time with older information. 

Throughout the 1960s the prevailing opinion was that short-term memory had 

two vital functions: Firstly it held information in a temporary buffer so that it 

could be rehearsed and used. Secondly it held information so that it could be 

rehearsed and processed into more long-term storage. Evidence for this came 

from looking at serial position curves, which indicated that it was the most recent, 

and the first pieces of information that were best recalled (Postman & Phillips, 

1965). 

2.2.1 Challenges to Short-Term Memory 

Baddeley (1966) showed that while long-term memory stored information 

mainly on the basis of its semantic meaning, short-term memory relied more 

heavily on acoustic or speech based characteristics. It appeared that information 

in short-term memory is primarily encoded in terms of its acoustic/phonological 
features, but that a degree of (probably subconscious) semantic processing goes 

on as the items are encoded. Recent research (Spaniol, Madden, & Voss, 2006) 

has suggested that the short-term retention of phonological information does 

contain a semantic component. Evidence of a visual-phonological fractionation 

of short-term memory was provided in a study by Brooks (1968). 
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Further evidence came from neuropsychological studies (Warrington & Shallace, 

1969; Shallace & Warrington, 1970) of a patient with severely limited short-term 

memory capacity but no evidence of global problems with learning, 

comprehension and memory. Baddeley and Warrington (1970) documented a 

patient with a reverse set of competencies and problems. The conclusion was that 

short-term memory must form part of a larger, fractionated cognitive system. 
Impairments to one specific area of the system (short-term memory) did not 

render the whole cognitive system inoperable. Recent evidence of further fine- 

grained functional separations within phonological short-term memory (Ravizza, 

Delgado, Chein, Becker, & Fiez, 2004; Ravizza, McCormick, Schlerf, Justus, 

Ivry, & Fiez, 2006) and visual memory (see Pickering, 2001b for a review) has 

emerged. 

The emerging evidence about short-term memory could not explain its 

involvement in complex cognitive tasks such as arithmetic and reading. The 

evidence did not seem to reflect a comparatively simple short-term storage 

system. The contents of the short-term memory store would need to be 

controlled and manipulated rather than simply stored. A model was needed that 

could provide a coherent explanation for this collection of data. 

2.3 Working Memory and the Baddeley and Hitch Model 

Baddeley and Hitch (1974) proposed that short-term storage formed one part of a 

more complex cognitive system that they termed 'working memory'. The 

working memory system differed from previous accounts of short-term memory 

in three key ways: it was a multi-component model, it stressed the importance of 

information storage and processing and it was seen as being functionally 

important in a range of cognitive activities such as reasoning and learning 

(Baddeley, 2003). Working memory was seen as a `mental workbench' where 

information could be held temporarily while it was being processed or 

transformed in some way. 

The model took account of the different types of information to be retained by 

including two storage-based systems (commonly designated ̀slave systems'): the 
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phonological loop and the visual-spatial sketch-pad. The phonological loop was 

responsible for the storage of verbally-based, auditory information. This 

information could be refreshed by a process of sub-vocal rehearsal. The visual- 

spatial sketch-pad was used for the storage of visual information. These two 

systems were thought to have limited storage capacity of their own and were 

domain-specific, capable of handling certain kinds of information only. 

These two systems were co-ordinated by a central executive. The central 

executive was responsible for integrating the activities of the slave systems and 

for controlling the flow of information from long-term memory. By off-loading 

some of the storage to the slave systems, the central executive was able to devote 

more of its own capacity to the performance of more demanding information 

processing tasks. There is currently some debate about whether the central 

executive has any storage capacity of its own. Recently there have been 

suggestions that its limitations appear to be more to do with attentional resources 

than specific storage capacity (Engle, 2002). 

Figge 2.1 The Baddeley and Hitch model of working memory. 

Central 

Executive 
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2.4 The Phonological Loop 

Evidence concerning the existence of a phonological loop came from three 

sources, or `clusters of evidence' (Baddeley, 1999). These sources consisted of 

sets of distinct phenomena: the phonological similarity effect, the unattended 

speech effect and the word length effect. 

The phonological similarity effect referred to the fact that serial recall of items 

that are phonologically similar was usually significantly poorer than that for 

items that were phonologically distinct (Conrad, 1964). This provided evidence 

that part of the working memory system was capable of encoding and storing 

information in a phonological form. The `phonological similarity effect' has 

been found in anarthic patients (i. e. patients who have lost the power of speech, 

Baddeley & Wilson, 1986), but appears absent in dyspraxic patients who are 

unable to plan and carry out voluntary movements including speech (Caplan, 

Rochon, & Waters, 1992). 

Evidence about the access of phonological information into the system was 

provided by the `unattended speech effect'. Immediate recall of visually 

presented digits could be disrupted by the presence of irrelevant spoken material 

(Colle & Welsh, 1976). The subjects' recall was equally disrupted whether the 

spoken material was in English or in Arabic. Recall was not disrupted however, 

by meaningless noise, even when the noise was loud (Salame & Baddeley, 1982). 

While beyond the scope of this thesis, this appears to have major implications for 

our understanding of the processes of the acquisition of literacy skills (Swanson 

& Jerman, 2007). 

The phonological storage component of the working memory model was thought 

to have a rehearsal process that allowed phonological information to be refreshed. 

The word length effect referred to the fact that recall was better for shorter words 

than for longer ones (Baddeley, Thompson & Buchanan, 1975). Given the 

existence of the rehearsal mechanism, a list of long, multi-syllabic words should 

take longer to rehearse than a list of the same number of shorter words. As the 

19 



longer words are rehearsed less often during a given time period, there is more 
likelihood that the memory trace will decay. 

It is possible in experimental situations to prevent the rehearsal of phonological 
information by occupying the phonological loop with some meaningless task 

such as continuously repeating a single word: `articulatory suppression'. 
Evidence for the existence of the phonological loop was provided in a series of 

experiments (see Baddeley, 2002 for a review) using articulatory suppression. 
All three of the effects described above were abolished if sub-vocal rehearsal 

was prevented. Vallar and Papagno (2002) have proposed a more sophisticated 

and complex model of the phonological loop system illustrated below. 

Figure 2.2 Expanded model of the phonological loop. 
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This expanded model allows for the conversion of visually presented information 

to a phonological code, which can then be fed into the phonological short-term 

store and rehearsed if necessary. Information held in the phonological short-term 

store passes into an output buffer where the necessary motor functions are 

prepared prior to spoken output. 

2.5 The Visual-Spatial Sketchpad 

Early evidence of a functional separation of visual-spatial and phonological 

working memory was provided by Brooks (1968). Since then, there have been a 

number of studies providing both cognitive (e. g. Logie, 1986) and 

neuroscientific evidence (e. g. Jonides, Smith, Koeppe, Awh, Minoshima, & 

Mintun, 1993; Daly, Critchley, Van Amelsvoort, Robertson, Brammer, Simmons, 

Morris, & Murphy, 1998; Rama, Sala, Gillen, Pekar, & Courtney, 2001) of this 

separation. In the original Baddeley and Hitch (1974) model, visually presented 
information (shapes, colours, spatial information etc) was thought to be held in a 

short-term store called the visual-spatial sketch-pad. This part of the working 

memory model has been considerably less well researched than the phonological 
loop. 

2.5.1 Similarities with the Phonological Loop 

There is evidence (Hitch, Halliday, Schaafstal, & Schraagen, 1988; Hue & 

Ericsson, 1988) of a visual similarity effect. Young children given a series of 

pictures to memorise tended to confuse items that were visually similar. This 

effect was not evident in older children, (Hitch, Woodin, & Baker 1989), who 

showed a phonological similarity effect, indicating that they were re-coding the 

visual information phonologically. The visual similarity effect re-appeared when 

the subjects were required to suppress articulation, forcing them to use visual 

working memory. 

There is evidence that the visual-spatial sketchpad can be disrupted by irrelevant 

visual noise. Logie (1986) showed that the presentation of irrelevant pictures or 

visual noise disrupted recall using the peg-word mnemonic (reliant on visual 
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working memory) whereas rote rehearsal was not disrupted. The opposite was 
found when participants were subjected to irrelevant speech. The disruptive 

effect of visual noise was replicated in a series of studies by Quinn and 

McConnell (1996). 

There is some debate about a visual-spatial equivalent of the sub-vocal rehearsal 

process. Logie (1995) has described a revised and more complex model of 

visual-spatial working memory in which the visual and spatial components are 

functionally separate. The Logie model comprises a visual cache for the passive 

retention of visual information. This information can be updated by a further 

component called the inner scribe, an active spatial rehearsal mechanism, also 

responsible for encoding and retaining spatial information and for planning 

motor activity. Visual images stored in the visual cache are not experienced as 

conscious images. Mental manipulation of visual images is carried out in a 

further component of the system called the visual buffer, with the central 

executive responsible for transferring images from the visual cache for 

manipulation in the visual buffer. This evidence has led Pearson (2001) to 

suggest that the rehearsal of visual information might involve the central 

executive, although the precise nature of this function is not clear. 

The contention that the inner scribe might directly mirror the sub-vocal rehearsal 

process seen in the phonological loop has not been substantiated. If the inner 

scribe were responsible for the updating of visual images, a concurrent spatial 

suppression task ought to interfere with visual memory in the same way that 

articulatory suppression would disrupt phonological rehearsal and therefore 

recall. There is evidence that concurrent secondary spatial tasks do not disrupt 

short-term memory for colour (Logie & Marchetti, 1991), shape (I resch, 

Sinnamon & Semon, 1993), or static patterns '(Morris, 1987), neither do they 

appear to remove visual similarity effects when recalling drawings (Longoni & 

Scalisi, 1994). Awh, Jonides and Reuter-Lorenz (1998) proposed that spatial 

rehearsal was dependent on the ability to attend to the spatial locations in 

question. 
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2.5.2 Fractionation of the Visual-Spatial Sketchpad 

A major criticism of the visual-spatial sketchpad proposed in the original 
Baddeley and Hitch model is its simplicity (e. g. Hecker & Mapperson, 1997). In 

the original model, all visual and spatial information was stored in this single 

component of the working memory system. There is a growing collection of 

evidence (e. g. Baeyens & Bruyer, 1999; Carlesimo, Perri, Turriziani, Tomaiuolo, 

& Caltagirone, 2001) that the visual-spatial sketchpad is not a single system and 

can be fractionated into visual and spatial components (see Pickering, 2001b for 

a review). The evidence for this fractionation comes from both cognitive (e. g. 
Della Sala, Gray, Baddeley, Allamano, & Wilson, 1999; Klauer & Zhao, 2004) 

and neuropsychological studies (Luzzatt, Vecchi, Agazzi, Cesa-Bianchi & 

Vergani, 1998; Darling, Della Sala, Logie, & Cantagallo, 2006). 

Pickering, Gathercole, Hall and Lloyd, (2001) pointed out that the block recall 

(Corsi blocks) task and the visual patterns task that have been commonly used to 

assess spatial and visual working memory respectively, differ also in their 

dynamic/static nature. Pickering et al. (2001) carried out three experiments using 

static and dynamic versions of the same material (matrices and mazes) and found 

significant differences between scores on the two versions of the task (static and 

dynamic), and different rates of improvements on the tasks with age i. e. 

developmental fractionation. 

Others (e. g. Vecchi, Monticellai, & Cornoldi, 1995) have suggested a 

passive/active fractionation of visual-spatial working memory, with active tasks 

being more difficult and competence developing more slowly than passive 

storage tasks. Recently a double dissociation has been shown (Cornoldi, Rigoni, 

Venneri, & Vecchi, 2000) with the discovery of individuals able to perform 

active visual-spatial processing tasks, but who failed on passive storage tasks, as 

well as individuals who showed the reverse set of competencies. There is also 

evidence of developmental fractionation with the active component more 

vulnerable to ageing (Vecchi & Cornoldi, 1999; Vecchi, Richardson, & 

Cavallini, 2005) and more vulnerable in women with Turner Syndrome 

(Comoldi, Marconi, & Vecchi, 2001). Neuropsychological evidence from 
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patients with brain lesions and from imaging studies has lent further support to 

the idea of a fractionation of the visual-spatial sketchpad (e. g. Postle & 

D'Esposito, 1999; Smith, Jonides, Koeppe, Awh, Schumacher, & Minoshima, 

1995; Baker, Frith, Frackowiak, & Dolan, 1996). 

2.5.3 Revised Architectures for the Visual-Spatial Working Memory System 

Whatever the limitations of the Logie model (shown below), it represents a step 

forward in understanding visual-spatial working memory and visual imagery. It 

allows the separation, within one cognitive system, of the processes involved in 

the passive retention of visual and spatial information and the generation and 

manipulation of visual images. 

Figure 2.3 Expanded model of the visual-spatial sketchpad. 
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The Logie model outlined above proposed three roles for the inner scribe 

component: 
i. It is an active rehearsal mechanism that is involved in the rehearsal of visual 

information in the visual cache. 
ii. It is involved with the encoding and rehearsal of sequences of spatial 

locations (as in the Corsi blocks task). 

iii. It is involved in more general tasks such as the manipulation and 

transformation of visual images. 

There is evidence to support the contention that the inner scribe is involved in 

the active manipulation of visual images. Work by Pearson, Logie and Gilhooly 

(1999) has suggested that concurrent spatial tasks interfere with participants' 

ability to synthesise objects using mental imagery (i. e. to use given shapes, 

letters etc to produce meaningful pictures). Concurrent spatial tasks have also 

been shown to have a detrimental effect on other visual imagery manipulation 

tasks such as mental rotation of abstract shapes (Logie & Salway, 1990), mental 

scanning of maps (Pearson et al., 1999) and the mental animation of static 

figures (Sims & Hegarty, 1997). Taken together, these studies represent a 

converging body of evidence supporting the role of the inner scribe in the 

manipulation of mental images. 

2.6 The Central Executive 

What set the working memory system apart from short-term memory was the 

inclusion of the central executive. The functions of this part of the model have 

proved much more difficult to define experimentally and remain the subject of 

much conjecture and debate. Baddeley (2003) referred to the central executive as 

the `most important, but least understood component of working memory' (p 

835). Given its complexity, a comprehensive review of the central executive is 

well beyond the scope of this thesis. However, of direct relevance to the present 

research is the finding that central executive function has been shown (Cowan, 

Elliott, Saults, Morey, Mattox, Hismjatullina, & Conway, 2005) to be a better 

predictor of academic success than simple storage measures (see also Hitch, 

Towse, & Hutton, 2001). 
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The original model of working memory suggested that the central executive had 

a controlling function, integrating information held in the two slave systems and 

in long-term memory. Baddeley (1996) expanded his thinking about the central 

executive, suggesting that it was responsible for the activation of information in 

long-term memory. Daneman and Carpenter (1980) suggested that subjects with 

higher working memory spans that measure an ability to hold and process 

information concurrently, were able to do so because they had better access to 

information in long-term memory. Baddeley's 1996 paper suggested other roles 

for the central executive. 

2.6.1 Attentional Control 

One of the CE's important roles appears to be as a controller of attention, with a 

direct parallel having been made with the supervisory attentional subsystem 

(SAS) proposed by Norman and Shallice (1984). Engle (2002) has contended 

that working memory capacity is not really about recall performance but the 

amount of information that can be kept in the focus of attention at any one time. 

Participants with low working memory spans (as measured by complex span 

tasks involving information processing and storage) showed more proactive 
interference on a short-term recall task (remembering lists of words for 

subsequent recall) than participants with high complex span scores (Kane & 

Engle, 2000). When given an attentionally demanding secondary task, the 

performance of the two groups was not significantly different suggesting that the 

high-span group used attentional control to prevent proactive interference in the 

original task. 

2.6.2 Dividing Attention 

For the working memory model to function properly, the central executive must 

be able to co-ordinate information from both the slave systems, and from long- 

term memory i. e. to perform two tasks simultaneously. This would be consistent 

with the view (Engle, 2002) that working memory mediates the distribution of 

attention. Baddeley (1996) found that patients with Alzheimer's disease (AD) 

showed a much greater decrement in performance on two tasks when done 
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simultaneously than did a group of young and a group of older healthy 

participants. The original tasks had been adjusted to the point that the groups 

were performing at a similar level, so the decrement in performance was not due 

to task difficulty. The difference in performance impairment indicated that there 

was some function that was preserved in the healthy patients and compromised 
in the AD patients that facilitated dual task performance. This was thought to be 

the central executive. This contention was supported by Bourke, Duncan, and 
Nimmo-Smith (1996) and D'Esposito, Detre, Alsop, Shin, Atlas and Grossman 

(1995) who showed brain activation in the frontal cortex during dual task 

performance, which was not observed during performance of either of the two 

tasks when carried out separately. The authors concluded that this activation in 

the frontal cortex indicated the central executive. 

2.6.3 Inhibition of Unwanted Stimuli 

A further part of the central executive's role as attentional controller was thought 

to be the prevention of unwanted stimuli from contaminating the contents of 

working memory. Efficient processing of information in a number of cognitive 

tasks (such as mathematical computations) requires the temporary activation and 

manipulation of information, which then needs to be discarded as new 

information is activated and processed. If the working memory system is unable 

to discard the unwanted information, it will contaminate and confound current 

processing. In his adult subjects, Baddeley (1996) found that this ability to 

inhibit unwanted information declined with age (see also Eenshuistra, 

Ridderinkhof, & Molen, 2004). The brain area thought to be associated with the 

central executive, the frontal lobes, is one of the last to develop. Barrouillet, 

Fayol, and Lathuliere (1997) found children with learning difficulties 

particularly susceptible to intrusion errors caused by the contamination of current 

processing by irrelevant information that had not been inhibited. 

Studies by Kane and Engle (2000) and Kane, Conway, Bleckley and Engle (2001) 

both hinted at the possibility that this part of attentional control is an important 

ingredient in working memory span. Investigations into the `cocktail party 

effect' (Conway, Cowan, & Bunting, 2001) indicated that participants with 
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higher complex working memory span scores were less likely to hear their name 
in the `cocktail party' situation. Experiments requiring participants to inhibit a 

pre-potent eye movement response (the anti-saccade task) found strong 

correlations between working memory span and the inhibition of involuntary eye 

movements and the generation of a volitional eye movement (Unsworth, Schrock, 

& Engle, 2004). This suggested that not only the inhibition of unwanted stimuli, 
but also the ability to focus attention were part of central executive functioning. 

2.6.4 The Shifting of Attention 

Another function of an attentional controller was thought to be the facilitation of 

the shifting of attention from one task to another. There is some evidence (see 

Baddeley, 2001; 2006) that the phonological loop as well as the central executive 

is involved in the process of attention shifting. The involvement of the 

phonological loop was corroborated by Liefooghe, Vandierendonck, Muyllaert, 

Verbruggen and Vanneste (2005) who concluded that the phonological loop is 

responsible for keeping the relevant task settings active in working memory 

during task switching. Saeki and Saito (2004) also concluded that the 

phonological loop is involved in task switching and suggested further that the 

dominant role assumed for the central executive may not reflect reality and that 

the slave systems may be recruited by the central executive in order to help carry 

out certain tasks. 

2.6.5 The Architecture of the Central Executive 

The model suggested here fits remarkably well with the original Baddeley and 

Hitch model in which the phonological loop and the visual-spatial sketchpad 

provide domain specific storage capacity and the central executive provides a 

pool of domain general processing capacity (Duff, 2000). 

Miyake, Friedman, Emerson, Witzki, Howerter and Wager (2000) used factor 

analysis and structural equation modelling to investigate executive functioning 

and found three distinct, but related, factors: inhibition of a pre-potent response, 

mental set shifting and updating. Lehto, Juujärvi, Kooistra and Pulkkinen (2003) 
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also used factor analysis and found broadly similar results with a sample of 

children aged 8 to 13. All of these authors were candid about the difficulty of 

finding `pure' central executive tasks and acknowledged that the common 

variance may have been due to tasks tapping more than one central executive 
function. Buehner, Krumm and Pick (2005) also used factor analysis on a large 

number of executive, working memory and intelligence tests. They broadly 

confirmed the findings of an earlier paper by Oberauer, Süß, Wilhelm and 
Wittman (2003), in which two content factors (visual-spatial and verbal-numeric) 

were identified along with three dissociable cognitive factors: concurrent 

processing and storage, supervision and co-ordination. These findings were not 
incompatible with the Baddeley and Hitch working memory model. 

2.6.6 The Relationship between Working Memory and Long -Term Memory 

In order to be useful, the working memory system cannot operate alone; it needs 

to interact with other cognitive systems, notably long-term memory. In the 

original model, the connection between working memory and long-term memory 

was not explicitly defined. The co-ordination of information from long-term 

memory into the working memory system was assigned to the central executive. 
The central executive was also recruited to combine information from the two 

slave systems, although the precise process was not clearly specified. Given the 

inability of the original model to offer a satisfactory explanation of some recent 

research findings and the imprecise nature of the relationship between working 

memory and long-term memory, a fourth component of the model was proposed 

(Baddeley, 2000). 

The episodic buffer is thought to act as a short-term store in which information 

from a number of different modalities (i. e. phonological, visual, spatial) can be 

bound together and stored as a meaningful whole. The episodic buffer is 

controlled by the central executive, which itself has no storage capacity. It 

clearly has connections with long-term memory and is capable of integrating 

information from episodic long-term memory with information from the two 

slave systems. In doing this, it is thought that the episodic buffer may provide 

some answers to the binding problem (see Oberauer, 2005). This refers to the 
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fact that, in order to make sense of the world and to perceive it as an array of 

meaningfully constructed objects, information about the shape, size, colour, 

sound, smell and tactile nature of objects has to be meaningfully bound together. 

The suggestion is that the episodic buffer may provide a place for this binding to 

take place. The episodic buffer therefore provides a space for making sense of 

the environment, but also for modelling novel situations. This potentially makes 
it very important for problem solving and for the development of arithmetical 

understanding. 

2.7 The Development of Working Memory 

The review of working memory given above has drawn evidence from studies 

conducted with both adults and children. As the working memory and 

mathematics tasks used in the research that follows were done by children, it is 

important to consider if there are ways in which children's working memory 

differs from that of adults. Does children's' working memory differ in a 

quantitative way only, i. e. in terms of their working memory span, or is the 

structure of children's developing working memory system different? What are 

the causes of developmental increases in working memory capacity, and how do 

these explanations affect current understanding of the architecture of the working 

memory system? 

Generally, children's working memory span scores are lower than those of adults 

and increase with age for all components of the Baddeley and Hitch model (e. g. 

Demetriou, Christou, Spanoudis, & Platsidou 2002). Changes in performance 

continue through adulthood, peaking around the age of 45 (Swanson, 1999). 

Hulme (1984) found that the number of items participants (aged 4,7,10 and 

adult) were able to recall on a serial auditory recall task increased significantly 

with age. Similar results have been shown for visual-spatial storage tasks. Spatial 

working memory is often measured using the Corsi blocks task, which involves 

the recall of a series of positions. Logie and Pearson (1997) found significant 

age-related increases in performance on the Corsi blocks tasks when 

administered to children aged 5/6,8/9 and 11/12 years of age. Similar results 

were found when the same task was given to a large number (n=288) of children 
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aged between 7 and 15 years (Isaccs & Vargha-Khadem, 1989) and for visual 

working memory performance in children aged 5,7 and 10 (Miles, Morgan, 

Milne, & Morris 1996). Siegel (1994) found age-related increases in a complex 

working memory task (listening span) for children aged between 6 and 15 years. 

There are several possible explanations for these increases in the apparent 

capacity of the working memory system over time. Some of the explanations are 

related to genuine increases in storage capacity, or a reduction in the time-related 

decay of memory traces. Other explanations have focused on children's 
improving ability to organise and categorise the information to be recalled and 

therefore to make the task of rehearsing and recalling the information easier. 

Other explanations have focused on maturational processes in the brain that 

allow for faster processing and therefore more efficient rehearsal of the 

information. 

2.7.1 Increases in Knowledge 

Increases in knowledge may allow children to group items more effectively 

allowing for more efficient rehearsal or simply reducing the number of distinct 

items that need to be recalled. Children who are expert chess-players were better 

able to remember legal chess positions than non-chess-playing adults, who had 

better visual-spatial working memory in other situations (Chi, 1978). The 

children's knowledge advantage allowed them to reduce the working memory 

load in the chess situation. Adolescents who were particularly gifted in a 

particular area (language or mathematics) had superior working memory 

performance for stimuli from their area of expertise, indicating that improved 

knowledge makes short-term retention easier'(Dark & Benbow, 1990). Cowan 

(1997) makes the distinction between rote rehearsal and elaborative rehearsal. 

Rote rehearsal involves the simple repetition of the items to be recalled, 

preserving the memory trace. Elaborative rehearsal involves making semantic 

connections between the items to be recalled and is generally a more effective 

strategy. He suggests that increasing knowledge levels allow children to make 

meaningful connections between the items to be recalled and information 

established in long-term memory. 
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2.7.2 Improvements in Rehearsal Strategies 

Improvements in rehearsal strategies that may be linked to increases in 

knowledge could account for developmental increases in span scores in all areas 

of working memory. At about 7 years of age, children are able to re-code 

visually presented information into a verbal form that can be rehearsed 

phonologically (Hitch et al., 1988; Hitch & McAuley 1991). Younger children 

are not incapable of re-coding the visual information into a phonological form, 

but did not do so in the study. When encouraged to name the items (or when the 

experimenter named the items) that were presented, the younger children also 

showed a mild phonological similarity effect (1991). Palmer (2000) has 

suggested that children move through a stage of dual visual-verbal processing 

before they are able to adopt an adult-like strategy in which visual material is re- 

coded. There is some evidence (Palmer, 2000) that young children are `stuck' in 

the presentation modality. The ability to re-code information may be linked to 

developments in the central executive and the ability to inhibit unhelpful 

information. 

2.7.3 Brain Maturation 

Increases in processing speed allow children to rehearse a greater amount of 

information in a given time. More frequent rehearsal in a given time prevents 

decay of the memory trace. There may be an analogous process controlled by the 

inner scribe (see Logie, 1987 reviewed above for a full explanation), which also 

benefits from faster rehearsal in visual-spatial working memory. It is not totally 

clear what causes developmental increases in processing speed, but brain 

maturation, particularly the myelination of axons facilitating the transmission of 

neural impulses has been cited as a good explanation (Kail & Saithouse, 1994). 

Cowan (1992) has suggested that children with faster processing leave shorter 

pauses between responses during recall, indicating that (older) children with 

faster processing speeds are able to locate the target item in memory more 

quickly than (younger) children with slower processing speeds. 
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Engle (2002) has suggested that working memory capacity is not about recall 

performance per se, but the amount of information that can be kept in the focus 

of attention at any one time. Given that the brain areas thought to be responsible 

for directing and maintaining the focus of attention (the frontal lobes) do not 

mature until adolescence, there will be developmental increases in the ability to 

maintain the focus of attention. There is evidence that younger children are less 

able to inhibit unwanted information from working memory (Maccoby & Hagen, 

1965). 

2.7.4 Developmental Increases in Working Memory Storage Capacity 

Developmental increases in working memory storage capacity have been 

suggested as an explanation for developmental increases in span scores. While 

some authors contend that working memory storage capacity increases, others 

have contradicted this (Case, Kurland, & Goldberg, 1982). They posit that 

working memory capacity remains constant and that developmental increases in 

working memory performance are driven by increasing processing efficiency 

allowing more cognitive resources to be devoted to storage functions. Keller and 
Cowan (1994) have suggested that apparent increases in passive storage capacity 

could be due to the prevention of decay rather than to increases in storage 

capacity. 

The evidence reviewed here suggests that children's working memory differs 

from that of adults both quantitatively in terms of span scores and qualitatively 

in terms of the architecture of the system. In the case of the present research, the 

children who participated were all in Year 5 (9-10 years old) and were therefore 

likely to be able to re-code visually presented information into a phonological 

form. Gathercole, Pickering, Ambridge and Wearing (2004a) have suggested that 

the three dissociable factors associated with the Baddeley and Hitch model do 

not appear until about 6 years of age. Until this point, children appear to have a 

less fragmented working memory system. It can therefore be assumed that the 

children who took part in the research studies reported below were old enough to 

have developed a working memory architecture like that suggested by Baddeley 

and Hitch. 
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2.7.5 Working Memory and the Brain 

Although the prefrontal cortex has long been thought to contain the neural 

substrates of central executive processes, there have been few studies seeking to 

make a more fine-grained determination of the sites of different executive 

functions. Collette and Van der Linder (2002) used fMRI with participants 

engaged in different central executive functions. They concluded that the brain 

regions responsible for central executive functions did, lie predominantly, but not 

exclusively in the prefrontal cortex. Other areas, notably posterior parietal 

regions, were also activated during some central executive tasks. Different 

central executive tasks appeared to activate different prefrontal areas, supporting 

other evidence that patients with dis-executive syndrome appear to have 

widespread prefrontal damage. Other brain-imaging studies have found 

neurological evidence for the separation of phonological and visual-spatial 

working memory (Rämä et al., 2001) and even within verbal working memory 

(Ravizza et al., 2004). 

2.8 Working Memory Training 

There have been few studies exploring the possibility that working memory 

performance can be enhanced by training. This may be due to assumptions that 

adult brains are not plastic. With the realisation in recent years (e. g. Holloway, 

2003; Buonomano & Merzenich, 1998) that the adult human brain is more plastic 

than was first thought, and the knowledge that children's brains are more plastic 

than those of adults (e. g. Blakemore and Frith, 2005), the possibility of affecting 

neural change through cognitive training can now be taken much more seriously. 

2.8.1 Cognitive Enhancement in Schools 

The world in which education takes place is changing. There is a realisation that 

`reproductive knowledge', simply passing on existing knowledge, is no longer 

enough to equip children for the future. There is increased emphasis on learning 

with understanding rather than `regurgitating' facts. The ability to think flexibly 

and to solve novel problems is one that will be in increasing demand in future 

years (Fisher, 2005). In the past twenty years technological advances have made 
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the science of learning relevant and accessible to the world of classroom 

education (Donovan, Brandsford, & Pelligrino, 2000). Increased understanding 

of human cognition and the way that it affects learning is beginning to influence 

the structuring of the educational process and the delivery of lessons in the 

classroom. 

This project's Intervention Study (described in detail in Chapter 7) is not the first 

attempt to link cognitive enhancement to improved performance in school. There 

have been several programmes aiming to enhance children's cognitive 
functioning and therefore to improve learning, both in terms of its quality and its 

quantity. All of these projects (e. g. Shayer & Adey, 2002; Donovan et al., 2000) 

acknowledge the importance of equipping children with the best cognitive tools 

to make their learning more effective. More recently, Building Learning Power 

(Claxton, 2002) has identified traits such as avoiding distractions and 

maintaining concentration as features of effective learners. While few of these 

programmes have focused specifically on working memory, they all emphasise 

the fact that learning is dependent on the cognitive tools that the children bring to 

the situation. All of these programs have supported the idea that these cognitive 

tools can be improved with practice and training. 

Shayer and Adey acknowledge that Nesbitt's (1993) prediction that `before the 

century is out, no curriculum will be regarded as acceptable unless it can be 

shown to make a contribution to the teaching of thinking' has not been realised. 

However, they are very optimistic about the potential of cognitive acceleration 

for children of all ages and in all subjects. These authors go as far as to suggest 

that there is a shift in schooling away from the transmission of knowledge to a 

more general development of cognition: 

`We are talking here about re-focusing the main aim of the 

whole enterprise of education from being primarily concerned 

with content - knowledge, understanding skills and attitudes - 
towards a primary concern for intellectual development per se. ' 

(p. 16) 
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These authors suggest that this change is so radical as to constitute a genuine 

paradigm shift in education. They acknowledge that it has not yet occurred, but 

predict confidently that the future will see much greater emphasis on the 

development of cognitive skills and a consequent improvement in children's 

scholastic performance. 

At first sight, focusing on working memory as way of enhancing learning may 

seem like a retrograde step; simple recall of facts and the rote reproduction of 

existing knowledge are no longer sufficient in the modem world (Fisher, 2005). 

However, it is increasingly understood that working memory capacity is less to 

do with simple recall than with the efficient processing and manipulation of 

information and the focusing of cognitive resources towards a particular goal. 

Some researchers (e. g. Engle, 2002) have conceptualised working memory in 

terms of the focus of attention rather than in terms of recall. 

`... individual differences on measures of "working-memory capacity" 

reflect the capability to use controlled attention to prevent distraction 

from the environment and interference from events stored in long-term 

memory' 
(Kane & Engle, 2000, p. 336) 

The development of working memory in schools could therefore play an 

important part in improving children's overall cognitive functioning and 

therefore their learning. 

2.8.2 Does Working Memory Training Change Brains? 

The few studies into the neural effects of working memory training all suggest 

that it does have an effect at a neural level. The majority of these studies have 

found decreases in brain activity during and following working memory training 

(e. g. Garavan, Kelley, Rosen, Rao, & Stein, 2000; Gevins, Smith, McEvoy, & 

Yu, 1997; Tomasi, Ernst, Caparelli, & Chang, 2004; Kirschen, Chen, 

Schraedley-Desmond, & Desmond, 2005, Sayala, Sala & Courtney, 2006) 

indicating that practice leads to an improvement in neural efficiency rather than a 
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functional re-organisation. Decreases in activity are explained in terms of 
increased neural efficiency meaning that fewer neurons fire strongly in response 

to a given stimulus (Kelly, Hester, Foxe, Shpaner, & Garavan, 2006). 

Olesen, Westerberg and Klingberg (2004) observed increased levels of brain 

activity in the middle frontal gyrus and superior and inferior parietal cortices of 

adults who had undergone a five-week course of working memory training. This 

apparent contradiction is explained (Olesen et al., 2004) by differences in the 

tasks used in the two studies. In the Olesen et al. (2004) study, the task focused 

on skill acquisition and involved unique stimuli on each trial, preventing the 

automation that would allow decreases in neural activation. The tasks used in the 

Garavan et al. (2000) study would have allowed for increases in encoding 

efficiency and automation, leading to reduced attentional demands and a 

reduction in neural activation, which in turn would affect ' the task demands 

during the scanning sessions. 

Further studies (Hempel, Giesel, Caraballo, Amann, Meyer, Wüstenberg, Essig, 

& Schröder, 2004; Giesel, Hohmann, Seidl, Kress, Schönknecht, Kauczor, 

Schröder, & Essig, 2005) suggest that long-term changes in activation may 
follow a more complex `inverse U-shape' pattern, with initial increases as skill 
levels increase, followed by falls in activation as skills gains are consolidated and 

attentional demands are reduced. Given that working memory practice appears to 

change the neural activity levels in brain areas associated with working memory 
functioning, is it reasonable to assume that the practice has led to increased 

performance on the practiced working memory tasks? 

2.8.3 Cognitive Effects of Working Memory Training 

Many of the studies into the cognitive effects of working memory practice have 

concentrated on populations with specific impairments in working memory 

functioning such as schizophrenic patients (Bell, Bryson, & Wexler 2003; 

Wexler, Hawkins, Rounsaville, Anderson, & Gore 2000), stroke patients 
(Malouin, Belleville, Richards, Desrosiers, & Doyon, 2004) and people with 

ADHD (Klingberg, Forssberg, & Westerberg, 2002; Klingberg, Fernell, Olesen, 

Johnson, Gustafsson, Dahlström, Gillberg, & Westerberg, 2005; Kerns, Eso, & 
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Thomson, 1999). All of the studies with normal adults reviewed above (e. g. 
Garavan et al., 2000; Hemple et al., 2004; Olesen et al., 2004) have shown 
improvements in reaction time and/or accuracy in the practiced working memory 
tasks. 

Schizophrenic patients typically exhibit a wide range of cognitive deficiencies 

(e. g. Saykin, Gur, Gur, Mozley, Mozley, Resnick, Kester, & Stafiniak, 1991; 

Green, Kern, Braff, & Mintz, 2000) including deficits in working memory and 
learning. Wexler et al., (2000) gave verbal working memory training to a group 

of eight schizophrenic patients. Of the eight participants in the study, three 

appeared to make substantial gains in working memory performance, which were 
durable six weeks after the end of the training period. There were no apparent 

gains in non-verbal working memory. The gains made in the verbal cognitive 

task were reflected in normalisation of the relevant brain areas shown in fMRI 

scans. 

In a comprehensive follow-up study, Bell et al. (2003) gave working memory 

training in five tasks (two to promote attention, two related to verbal working 

memory and a central executive task) and work experience to a much larger 

group of schizophrenic patients (n = 102) over a six month period. The working 

memory performance of the group was contrasted with that of a group receiving 

the work experience only. The working memory training group performed 

significantly better on a central executive working memory task (backward digit 

recall) than the control group. 

The gains in working memory performance appeared to be robust six months 

after the end of the training period (Fiszdon, Bryson, Wexler, & Bell, 2004) and 

were not confined- to those. participants who began with the lowest levels of 

working memory performance. Although it is not possible to make definitive 

predictions about the effects of working memory training on `normal' 

participants on the basis of work with schizophrenic patients, the existing 

evidence suggests that interventions do not have to be limited to the most 

cognitively impaired participants in order to be effective. 
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2.8.4 Working Memory Training with Children with ADHD 

Klingberg et al., (2002) gave computer-based working memory training to a 

small group of children (aged from 7 to 15 years) with attention deficit 

hyperactivity disorder. The group was trained on a visual-spatial working 

memory task, backward digit span, a verbal storage task and a choice reaction- 

time task over a five-week period. In comparison to a control group, the children 

who received the training made significantly more gains on the trained visuo- 

spatial working memory task. These gains also appeared to be generalised to 

other non-trained visual-spatial working memory tasks, but not to the attentional, 

choice-reaction time task. The children receiving the working memory training 

also showed significant improvements in hyperactivity (measured by the number 

of head movements) when carrying out the tasks. In a second experiment, similar 

improvements in working memory performance were seen in a group of young 

adults without ADHD. This finding supports the findings from the studies with 

schizophrenic patients (Wexler et al., 2000; Bell et al., 2003) that improvements 

in working memory performance are not limited to patients with severe working 

memory impairments initially. 

Further evidence of the potential of working memory training was provided in a 

follow-up study (Klingberg et al., 2005) with a larger group of children (aged 7 

to 12 years) all diagnosed with ADHD. In comparison with a control group, the 

children who received the working memory training (a range of visual-spatial 

and verbal working tasks) showed significant improvements in a non-trained 

visual-spatial working memory task, a task of response inhibition, a verbal 

working memory task (digit-span) and a complex reasoning task. In addition, the 

children's parents reported significant reductions in ADHD related symptoms. A 

working memory training programme for children with attention defic3s is now 

being marketed under the name Robomemo. The manufacturers of Robomemo 

(Cogmed) are claiming that 80% of children with attention deficits are able to 

benefit from the working memory training that this package offers. 

Taken together with other studies (e. g. Kerns, 1999), there is some evidence that 

working memory training can be effective in improving performance in non- 
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trained tasks. This raises the question of whether working memory training could 

be a way of improving mathematical performance with children without specific 

cognitive impairments. 

2.8.5 Working Memory Training With Non-Impaired Groups 

There is considerable evidence that the working memory functioning of normal 

adults can be changed by practice (e. g. McEvoy, Smith, & Gevins, 1998; Law, 

Morrin, & Pellegrino, 1995; Tomasi et al., 2004) and many studies are 

concentrating on the neural changes that accompany these observable gains in 

functioning. Oberauer and Kliegl (2004) found that adult participants were able 

to improve dual-task performance over the course of eight to twelve weeks of 

training. 

There is evidence that the brain areas associated with working memory are 

plastic and that training in working memory can lead to gains in performance in 

non-trained tasks (Rueda, Rothbart, McCandliss, Saccomanno, & Posner, 2005). 

An obvious question for educationalists is this: do gains in working memory 

performance brought about by working memory training lead to performance 

gains in curriculum areas in which working memory seems to be particularly 
important? Posner and Rothbart (2005) suggest that there are neural networks 
involved in attention and memory (both functions of the working memory system) 

that are implicated in a number of activities such as mathematics and that 

training in these areas might be a profitable area for research. 

There have been few studies investigating possible gains in school-based 

achievement as a result of working memory gains brought about by training. 

There is evidence that young children who are given attention and memory 

training can use these skills to improve literacy levels (Posner & Rothbart, 2005). 

Further evidence of gains in literacy following phonological working memory 

training has been provided by MVdaki-Kassotaki (2002). She gave phonological 

working memory training to Greek kindergarten children using practice in non- 

word repetition. The children receiving the non-word repetition training had 
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significantly better reading scores at the end of their first year in school than a 

control group. 

The research reviewed above suggests that working memory training might be a 

means of improving the achievement of primary school children in a number of 

school areas, although there has been very little research looking at this 

possibility. 

2.9 Chapter Summary 

This chapter has introduced the idea of working memory as a cognitive system 
for the temporary retention and manipulation of information in support of 

complex cognitive tasks such as mathematics. There has been a little research 

exploring the possibility that an individual's working memory capacity could be 

modified with training. Studies with schizophrenic patients and with children and 

young adults with ADHD have all suggested that this may be a way of improving 

working memory performance. 

Since the idea of working memory was first proposed by Baddeley and Hitch in 

1974, there has been a lot of research looking at its role in cognitive activities 

such as the acquisition of literacy such as reading. Research into working 

memory and its role in mathematical learning has been less extensive, but is now 

growing. Chapter 3 considers that evidence that has been collected in this area to 

date and focuses on correlational studies, comparing working memory 

performance and mathematical performance, and dual-task studies in which 

mathematical calculations are carried out along with tasks designed to make 

demands on, or disrupt specific areas of working memory. 
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Chapter 3- Working Memory and Children's Mathematics 

3.1 Chapter Overview 

Having considered the possibility that working memory training can cause 

neurological changes, this chapter briefly considers the neural substrates 

involved in mathematical processing. The identification of brain areas that 

appear to be dedicated to mathematical processing may pose a challenge to the 

idea that working memory is involved in mathematical processing at all. Two 

studies that support this position are considered and contrasted with a large body 

of evidence suggesting a link between working memory and mathematics. 

Initially this is done by examining the working memory performance in groups 

of children with specific disabilities in maths (MD) and with Turner Syndrome 

(TS). The focus then moves to normally achieving children and the research 

examining the involvement of the different components of the working memory 

model in mathematical performance. 

3.2 Mathematics and the Brain 

Information about the mental representation of numbers is often gleaned from 

patients who show specific impairments in certain areas but preserved 

competence in others. Dehaene and Cohen (1991) reported on a patient who 

appeared to show a dissociation between exact and approximate calculation, with 

precise calculation impaired to the extent that 2+2=5 was judged correct. The 

same patient never judged 2+2=9 as correct and appeared to have no problems 

with approximate calculations. This led the authors to propose that there are two 

different routes for the memory and processing of number: a precise, language- 

mediated route for precise calculations and an analogue representation for 

approximations. Dehaene (1992) went on to conclude that numerical quantities 

are manipulated in either Arabic, verbal or analogue-magnitude codes depending 

on the precise nature of the task demands. This is known as the triple-code model. 

The triple-code model makes various assumptions about the extent and nature of 

possible mathematical impairments, particularly in terms of the ways that the 

different mathematical operations draw on different codes. The analogue- 
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magnitude code is thought to be available to human babies and to some animals. 
The other two representations of number are available to humans only, and are 

the result of `schooling'. The verbal code is used for multiplication facts that are 
learned by rote and for simple addition facts that are learned in the same way. 
More complex addition and subtraction that depend on quantity manipulation 

require either an Arabic code using numerals, or possibly an analogue-magnitude 

code. The triple-code model may also help to explain the different working 

memory components that are implicated in these different mathematical tasks. 

Various imaging and other studies have lent support to the triple-code model. 

Lemur, Dehaene, Spelke and Cohen (2003) document two patients who together 

show a double dissociation between subtraction and multiplication. The patient 

with intact multiplication but impaired subtraction showed a deficit on large 

approximation tasks, while the other patient did not. Several other studies have 

documented patients with selective impairments for language or quantity 

manipulation abilities (e. g. Delazer & Butterworth, 1997; Cohen, Dehaene, 

Cohochon, Lehericy, & Naccache, 2000; Dehaene. & Cohen, 1997). 

The triple-code model has been challenged by researchers claiming to have 

discovered patients with sets of preserved and impaired abilities incompatible 

with the model's predictions. Van Harskamp and Cipolotti (2001) document 

three patients showing selective impairments in subtraction, multiplication and 

addition respectively. The triple-code model would not predict a selective 

impairment in simple addition, as this should also result in an impairment in 

multiplication facts. Whalen, McCloskey, Lindemann and Bouton (2002) 

document a patient, who was able to carry out simple calculations in written form, 

but was unable to say the correct answer. 

3.2.1 Is There a Brain Area for Mathematics? 

Given its highly diverse nature, it would be very surprising if there were a single 

area in the brain that was `responsible' for mathematical processing. Rather, it 

seems that different neural circuits are activated depending on the precise nature 

of the mathematical task that is being undertaken (Alonso & Fuentes, 2001) and 
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the complexity of the task (Kong, Wang, Kwong, Vangel, Chua, & Gollub, 2005). 

Alonso and Fuentes reported the activation of common and specific networks. 

The common networks were activated for all the calculations, while the specific 

networks became active with more complex calculations. The search for a 

mathematical part of the brain centres on whether there are areas of the brain that 

appear to be activated in all mathematical tasks. One such candidate area is the 

horizontal intraparietal sulcus (HIPS) (Dehaene, Piazza, Pinel, & Cohen, 2003; 

Dehaene, Molko, Cohen, & Wilson, 2004). This area of the brain was found to 

be activated in all mathematical tasks and was the only area activated in simple 

tasks. It became activated irrespective of whether the numbers were presented in 

spoken or written Arabic form, as numerals or arrays (Venkatraman, Ansari, & 

Chee, 2005), and its activation increased with increasing emphasis on quantity 

manipulation. This suggests that it is the site of an a-modal representation of 

quantity. Dehaene et al. (2003) suggest that other parietal areas are involved in a 

more representation-specific way. 

If, as appears to be the case, there is a single brain region or module that is 

always activated in even the simplest of mathematical tasks, is it safe to assume 

that working memory plays no part in the learning of mathematical skills and 

facts? This goes against the intuitive feeling that the temporary retention and 

manipulation of information in working memory plays an important role in 

mathematics. The evidence reviewed below indicates a strong correlation 

between working memory processes and mathematical success. However, there 

are some researchers (notably Butterworth, 1999; 2005) who contend that 

domain-general cognitive processes such as working memory play no part in 

mathematical processing. This position is considered in more detail below. 

3.3 Is Working Memory Involved in Children's Mathematics? 

3.3.1 Evidence from Impaired Patients 

Butterworth (1999,2005) has contended that there is a separate cognitive system 
dedicated to mathematical processing whose existence is supported by a number 

of studies of patients with specific brain lesions showing dissociations between 
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mathematical processing and abilities in other areas. These patients also show 
dissociations between different mathematical abilities depending on the nature 

and precise location of the brain injuries. Cappelletti, Butterworth and Kopelman 

(2001) and Cappelletti, Kopelman, Morton and Butterworth (2005) document the 

cognitive decline of a patient (IH) who showed preserved semantic knowledge 

for numbers in the face of severely compromised semantic knowledge for other 

things. As cognitive decline continued, the same patient showed preserved ability 

with multiplication and impaired functioning with other mathematical operations; 

preserved conceptual knowledge of numbers with impaired operational ability. 

Anderson, Damasio and Damasio (1990) and Cipolotti (1995) illustrate a double 

dissociation of the ability to read words and numerals. The ability to read and 

write numbers also (and somewhat counter-intuitively) appears to be dissociable 

from the ability to carry out arithmetic calculations. The patient described by 

Cipolotti (1995) was able to carry out arithmetic calculations despite an inability 

to read numerals. Cipolotti and Butterworth (1995) describe a patient with 

impaired ability to read numerals and to transcode (i. e. to convert Arabic 

numbers to number words) who has preserved calculation abilities. This is 

contrasted with a different patient (Girelli & Delazer, 1996) who showed a 

reversed set of competencies and impairments. Delazer and Butterworth (1997) 

document a patient who was able to count, but had apparently lost all sense of the 

magnitude of numbers. The only way he could complete a number comparison 

task was by seeing whether he could count from one number to the other. This 

lends further support for a dissociation between rote verbal abilities and quantity 

manipulation abilities. 

3.3.2 A Separate Memory System for Numbers? 

Other studies indicate dissociations between different mathematical operations. 

Girelli and Delazer (1996) report on a patient who is able to carry out 

mathematical calculations in all operations except subtraction. His conceptual 

understanding of subtraction was intact, but his procedural competence was 

severely impaired. Hittmir-Delazer et al. (1994) document a patient with 

preserved multiplication abilities in the face of severely compromised 
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computation abilities in all other operations. This supports a further case (Delazer 

& Benke, 1997) of a patient who was able to recite multiplication tables 

faultlessly despite having lost all sense of number. Further evidence of 
dissociations between the mathematical operations is provided by Van Harskamp 

and Cipolotti (2001) in a paper documenting the arithmetical calculation 

performance of three patients who are selectively impaired in addition, 

subtraction and multiplication respectively. 

The evidence cited above has been used (see Butterworth, 1999) to support an 

argument that there is a `number module' in the brain with impairments in that 

module accounting for all problems with arithmetic. Working memory deficits, 

on the other hand are not believed to play a role in mathematical problems. A 

small number of studies have provided further evidence that appears to support 

this position. Some of these are considered below. 

Cappelletti et al. (2001) reported the case of a patient who had deficits in all 

aspects of semantic memory except that for numbers and numerical information. 

There have been two other notable studies that appear to support this position: 

one documents a group of children selected for their mathematical disabilities 

(MD) whose working memory performance was not different from that of a group 

of normally developing controls (Landerl, Bevan, & Butterworth, 2002) and 

another, which describes an adult patient with severely impaired phonological 

loop functioning and intact calculation abilities (Butterworth, Cipolotti, & 

Warrington, 1996). These two studies are considered in some detail here because 

of the importance of the argument that they present to the aims of this thesis. 

3.3: 2.1 Landed, Bevan and Butterworth (2002) 

Landed et al. (2002) gave a battery of cognitive and mathematical tests to four 

groups of children: normally achieving children, children with co-morbid maths 

and literacy problems and two groups with selective impairments in literacy or 

maths. The cognitive tasks included two working memory tasks, forward digit 

recall and backward digit recall. The mathematical tasks included a simple 

arithmetic task along with tasks of number naming, number reading, number 
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writing, number comparison and various counting and sequencing activities. The 

authors found that there were no working memory differences between the group 

with mathematical difficulties only and the control group. 

Given that even the simplest of mental computations requires a system to retain 

the operands, it appears that Landerl et al. (2002) are suggesting a separate 

memory system for the retention of numbers. Cappeletti et al. (2001) also suggest 

that numbers are somehow privileged with a separate memory system, although 

the authors do not indicate why numbers might be privileged in this way. Would 

there be separate systems for faces, music, shapes patterns etc? This proposition 

is further undermined by the finding (Landerl et al., 2002) that there were no 

differences in the performance of the groups on the forward and backward digit 

span tasks. Surely any number-specific memory system would need to be 

activated to carry out the digit recall tasks? 

The authors claim that there is a domain-specific mathematical processing system 

that negates the need for a domain-general cognitive system to support 

mathematical functioning. They support this claim by citing the fact that the 

group of children who were identified as having mathematical learning problems 

performed worse than the other groups on a series of mathematical processing 

tasks. Given that the children were selected on the basis of their mathematical 

difficulties, it is not surprising that they found the mathematical tasks difficult. 

This is not compelling evidence for a lack of working memory involvement. 

However, the lack of a difference between the maths-disabled group and the 

normal controls is a surprising finding and needs to be explained. Some possible 

reasons for the absence of a difference are outlined below: 

" The size of the sample is small (only ten children in the group with 

mathematical difficulties). Tests of difference in groups of this size have 

limited statistical power. The working memory performance of the MD group 

was slightly below that of the controls and it is possible that, given a larger 

sample size, differences may have emerged as significant. 

i1 
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" The maths disabled group's working memory task (forward span) showed a 

much higher standard deviation than those of any of the other groups. This 

indicates a much wider spread of scores suggesting that there were children in 

this group who scored well and others whose performance was indeed poor. 
The authors offer no explanation of this and no further analysis. Geary (2004) 

posits that mathematical difficulties may have different causes, although the 

children may present similar problems. It could be that some of the ten 

children in this sample did have working memory impairments that could 
have been at the root of their mathematical problems, but that others in the 

group had different causes for their mathematical problems and had 

unimpaired working memory. 

9 The selection criteria for the children forming the MD group were not 

straightforward. In order to qualify, the children had to have been identified 

by their teacher as having mathematical problems and to score at least three 

standard deviations below the mean on at least one of the mathematical 

measures from the British Ability Scale that were administered as screening 
tasks. The authors do not provide data on how many of these measures each 

child scored poorly on. However, it is possible that the MD group contained 

children whose mathematical performance was impaired in some areas of 

maths, but not in others. 

3.3.2.2 Butterworth, Cipolotti and Warrington (1996) 

This study documents a single adult patient (MRF) who had severely impaired 

phonological working memory, but apparently intact mathematical abilities. This 

patient had a digit span of only two or three and showed no phonological 

similarity effect. Despite these problems, his calculation abilities were well within 

the normal range. In fact, he was able to add two three-digit numbers quite 

accurately. The authors suggest that this evidence challenges the notion that 

working memory is involved in mathematical processing at all. 

On the face of it, this is a strong claim, as this patient is apparently able to 

calculate with a severely impaired phonological working memory. However, this 
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adult patient was a pharmacist prior to the stroke, which caused his impairment. 

Although his calculation abilities were `within the normal range', there is no 
indication in the paper as to whether they were compromised compared to their 

level prior to the stroke. 

In order to add two three-digit numbers, there must be some mechanism for 

remembering the two addends. If the authors are claiming that he is not using his 

compromised phonological working memory for this, he must be using some 

other cognitive recall mechanism. There is no explicit suggestion in the paper that 

there is a specialised memory system for dealing with numbers that is part of the 

`number module' that Butterworth and others have posited. Even if this were the 

case, it seems odd that this system would not be activated to recall strings of 
digits (MRF had a severely compromised digit span). 

It could be the case that, prior to his stroke, MRF was a very good mathematician 

and that his calculation abilities, although still `within the normal range' were 

compromised? This could have been the result of his needing to use a different 

(and undamaged) part of his working memory system, possibly some kind of 

visual storage, to complete these calculations. This would be consistent with the 

fact that he showed no phonological similarity effect. The lack of similarity effect 

suggests that, in completing the digit recall task, he was not using his 

compromised phonological working memory at all, but was encoding the digits 

visually. Finally, it is important to point out that MRF was an adult (aged 56), 

who may well have had a well-established network of number facts prior to his 

stroke. Whether he needed to use his mathematical skills a lot in his job as a 

pharmacist is not commented upon. The fact that this individual adult was able to 

calculate without recourse to phonological working memory does not indicate 

that working memory in some form is un-important in mathematical performance. 

Still less does it refute its importance for children, who are still learning maths. 

In considering whether working memory is actually important for mathematical 

processing, it is important to weigh the evidence from the two studies presented 

above against the large body of evidence that does suggest that working memory 
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is implicated in mathematical processing, especially for children. A review of this 

evidence is provided in the following sections of this chapter. 

3.4 Studies of Working Memory in MD Children 

Studies comparing the working memory functioning of mathematically disabled 

(MD) children with that of normally achieving children have helped to explain 

the possible contribution of working memory to mathematical processing. The 

persistent use of counting-based strategies has been found to be a feature of 

children with MD (e. g. Geary, 1993; Gersten, Jordan, & Flojo, 2005). D'Amico 

and Guarnera (2005) found both central executive and visual-spatial working 

memory deficits in a group of children with MD only. Rosselli, Matute, Pinto 

and Ardila (2006) found that groups of children with MD only and those with co- 

morbid reading problems had significantly lower working memory scores than 

controls on tasks measuring both phonological loop and central executive 
function. McLean and Hitch (1999) found deficits in visual-spatial and central 

executive working memory in a group of children with specific impairments in 

mathematical processing. Geary, Hoard, Byrd-Craven and DeSoto (2004) found 

working memory deficits in MD children across the primary age range compared 

with age-matched controls. Van der Sluis, van der Leij and de Jong, (2005) found 

deficits in visual-spatial working memory in a group of MD children. The 

evidence suggests that children with different forms of mathematical disability 

(both with and without co-morbid reading problems) do perform less well than 

controls on working memory tasks. 

Jordan, Hanich and Kaplan (2003a) found no difference between a group with 

mathematical difficulties (MD) only and another group with co-morbid 

mathematical difficulties and reading difficulties (MD-RD) in retrieval of basic 

addition facts (although both groups performed significantly less well than a 

normally developing group). This suggests that addition facts may not be 

encoded and retrieved phonologically. However, both groups containing the MD 

children (MD and MD-RD) performed worse than the other two groups (RD and 

normally achieving) on a test of non-verbal IQ hinting at a role for visual-spatial 

working memory in early mathematical competence. A follow-up study (Jordan, 
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Hanich, & Kaplan, 2003b) confirmed the findings and suggested that children 

with MD only improved their mathematical performance over time compared 

with the children with MD-RD, possibly using their intact reading skills to help 

in situations such as problem solving (Jordan, Kaplan, & Hanich, 2002). 

The finding that children with mathematical problems but intact reading abilities, 
have a mathematical `profile' different from than of their peers with 

mathematical disabilities and co-morbid reading problems is not new (Geary, 

Hamson, & Hoard 2000; Jordan & Hanich, 2000). The MD-only children had 

better performance than the MD-RD children in story problems and in verbal 

counting, both areas that are more language dependent. The two groups appeared 

to be equally impaired on tasks requiring mathematical understanding. These 

studies suggest that phonological loop deficits may not be at the root of addition 
fact retrieval problems, although they are implicated in early counting. The role 

of visual-spatial working memory was not directly assessed in these studies, but 

the data suggests that it may have a role if it is an area in which the MD and the 

MD-RD groups are both weak (see Jordan et al., 2003a). 

Further support for the suggestion that children with MD exhibit a domain- 

general working memory deficit has been given by a study by Andersson and 
Lyxell, (2007) in which children with MD performed significantly more poorly 

than age-matched controls and younger controls on a visual matrix span and a 

word span task. The authors concluded that the children with MD did have 

domain-general working memory impairment and that this related specifically to 

the concurrent processing and storage of visual and numerical information. 

Geary (2004) concluded that different profiles of working memory impairment 

in mathematically disabled children might account for different mathematical 

problems. Children with poor inhibitory control, thought to be a function of the 

central executive, tend to make addition errors in which the answer given is 

simply one more than one of the addends (the `next-digit' effect, LeFevre & 

Kulak, 1994). Deficits in phonological working memory could lead to problems 

with counting and with the persistent use of immature calculating strategies such 

as finger counting. Finger counting reduces the working memory demands made 
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by calculations and counting (Geary, 1990). Geary (2004) has also suggested 

that there may be sub-types of `mathematical difficulties' that are characterised 

by differences in cognitive, notably working memory, impairment. The role of 

working memory in the development of calculation strategy is considered in the 

following chapter, but should not be thought of as separate from these studies 
looking at the working memory profiles of children with MD, most, if not all, of 

whom will be using `immature' strategies that may be the result of deficiencies 

in working memory. 

Further work examining the role of working memory in mathematical difficulties 

has been carried out by looking at specific populations with conditions that 

appear to impair both working memory and mathematical learning. One such 

group is girls with Turner Syndrome. 

3.5 Turner Syndrome 

It is possible to gain further insight into the relationship between mathematical 

processing and working memory by looking at children who have selective 
impairments in mathematical processing. Turner Syndrome is a genetic condition 
found in females and caused by a partial or total deletion of one of the X- 

chromosomes. Incidence of Turner Syndrome is thought to be around 1 in 2000 

live births (Ranke & Saenger, 2001). Individuals with Turner Syndrome typically 

have below average IQ although their scores often fall within the normal range. 
There is often a large discrepancy between verbal and performance IQ with 

normal, and sometimes above average verbal IQ and depressed performance IQ. 

This distinctive cognitive profile is of particular interest here because it is 

characterised by deficits in areas of working memory and areas of mathematical 

processing. 

3.5.1 Characterisation of the Mathematical Performance of Children with 

Turner Syndrome 

Bruandet, Molko, Cohen and Dehaene (2004) gave a battery of mathematical 

tasks to a group of adults aged between 18 and 40 with Turner Syndrome (TS) 
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and an age- and education-matched control group with no genetic abnormality. 
The results indicated no impairment in the TS group with respect to the reading 

and writing of numbers, but problems with arithmetic processing in all operations 

except multiplication. Performance in a subtraction task was impaired on large 

and small problems (but not rule-based problems i. e. M-0= M). The 

performance profile for addition problems was similar, although no significant 
deficit in performance was seen for the small addition problems (those with a 

sum less than 10). This is consistent with Dehaene et al. 's (2003) assertion that 

multiplication facts and small addition facts (in France at least, where this study 
took place) are stored as rote verbal sequences, whereas subtraction facts and 
larger addition facts are calculated by a process of quantity manipulation. This 

would suggest that the participants with TS have deficient quantity manipulation 

abilities, but intact verbal working memory. 

In seeking to establish the root of these arithmetic problems, the authors 

considered the visual-spatial working memory deficits commonly reported in 

people with Turner Syndrome and the possibility of a more general quantity- 

processing deficit. This latter explanation was suggested by the presence of an 

apparent deficit in their ability to subitize and in a number estimation tasks (e. g. 

estimate the length of a bus) in which the participants with TS made a number of 

errors not seen in the control population. This explanation was not supported by 

the performance on other quantity-processing measures such as a number 
bisection task and a task involving the identification of the larger of two numbers, 
in which the participants with TS showed a normal distance effect and no 

significant differences from the performance of the normal controls. The authors 

pointed out that the participants were adults, and that considerable developmental 

compensation could have taken place. 

The situation for children has been investigated by Mazzocco (1998,2001), who 
found that the typically reported mathematical deficit in children with TS was 

evident before the age of 10 (1998) and 6 (2001). The girls with TS made more 

operation errors (i. e. adding instead of subtracting) and more alignment errors. 
These two error types could be indicative of different working memory deficits, 

with operation errors characteristic of inhibitory deficits associated with the 
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central executive, and alignment errors characteristic of visual working memory. 
The girls with TS showed no deficit in multiplication, also consistent with their 

preserved verbal working memory. 

3.5.2 Characterisation of the Visual-Spatial Performance of Children with 
Turner Syndrome 

Children with Turner Syndrome typically show impaired performance on visual- 

spatial working memory tasks (Buchanan, Pavlovic, & Rovet, 1998; Haberecht, 

Menon, Warsofsky, White, Dyer-Friedman, Glover, Neely, & Reiss, 2001). This 

pattern of findings was replicated in a study by Cornoldi et al., 2001 where a 

general visual-spatial working memory deficit was found that could not be 

explained by the slight differences in IQ between the children with TS and the 

control group. The authors did not find a distinctive visual or spatial deficit, as 

the participants with TS showed a global visual-spatial working memory deficit. 

Kirk, Mazzocco and Kover (2005) found executive and working memory 

limitations in girls with TS and suggests that it is these executive deficits that 

explain the mathematical and visual-spatial working memory difficulties 

typically associated with the condition. The authors found that girls with TS 

made significantly more errors on a stroop-like task where both one and two 

attributes were involved. Contrary to their hypothesis, the girls with TS did not 

make more self-corrections (indicating a deficit in response inhibition) than 

controls. Tann, Menon and Reiss (2003) also found no performance differences 

between girls with TS and controls on a go, no-go task (thought to measure the 

ability to inhibit a pre-potent response) compared to controls. However, fMRI 

revealed anomalies in terms of the brain areas activated during the task, 

suggesting that deficits in one area might have been compensated by activation in 

others. 

3.5.3 The Brains of Children with Turner Syndrome 

Brown, Kesler, Eliez, Warsofsky, Haberecht, Patwardan, Ross, Neely, Zeng, 

Yankowitz and Reiss (2002) used fMRI to look at the brains of a group of 
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children with TS and a group of age-matched controls. While they found no 

differences in overall brain mass, there were significant differences in certain 

parts of the brain. The children with TS had lower levels of cerebral grey matter 

in both parietal lobes, which may explain their deficit in mathematical processing. 

Dehaene et al. (2004) identified the intraparietal sulcus as a key brain area that is 

activated in all mathematical tasks. Molko, Cachia, Riviere, Mangin, Brunadet, 

LeBihan, Cohen and Dehaene (2004a) also reported a decrease in grey matter in 

the parietal lobes of children with TS. Using fMRI, activation in the right 

intraparietal sulcus was observed to be lower in the subjects with TS (Molko, 

Cachia, Riviere, Mangin, Bruandet, Le Bihan, Cohen, & Dehaene, 2004b) than in 

controls and did not increase as the numbers to be processed got larger, as was 

the case with controls. Molko et al. (2004b) also found that the intraparietal sulci 

of the subjects with TS lacked length and depth and did not conform to the shape 

of those of the control subjects. 

The evidence from children with TS supports the contention that visual-spatial 

working memory skills are important in children's mathematical functioning and 

that visual-spatial working memory and verbal working memory are implicated 

in different areas of mathematical performance. Girls with TS are typically 

impaired in mathematical areas requiring quantity manipulation (subtraction, 

more complex addition), but not in areas mediated by verbal working memory 

(multiplication). 

Having considered the possibility that working memory deficits are a cause of 

mathematical learning problems in children with impaired mathematical 

performance, the following section reviews a large and growing body of 

evidence linking working memory and mathematical performance in normally 

achieving adults and children. 
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3.6 Working Memory and Children's Mathematics 

3.6.1 Working Memory and Achievement in School 

Is there any direct evidence that working memory capacity has an impact on 

children's ability to perform mathematical tasks at school? Gathercole and 

Pickering (2000b) found significant impairments in working memory capacity in 

a group of children who had scored below the expected level in end of key-stage 

assessments in English and Maths at the end of Key Stage 1 (age 7). The low 

attaining children were particularly impaired on working memory sub-tests 

tapping central executive resources, requiring the simultaneous processing and 

storage of information. The authors explained that many classroom based tasks 

(such as listening to another person, formulating the next part of a sentence while 

writing and doing mental arithmetic) require the temporary storage of 

information while it is processed and/or integrated with existing information in 

long-term memory. It was therefore not surprising that the children who were 

limited in their central executive capacity and therefore in their ability to carry 

out these kinds of tasks did not make the same progress in the classroom as other 

children. 

In a further study, Gathercole, Pickering, Knight and Stegmann (2004b) looked 

at the relationship between working memory in end of key-stage tests at age 7 

(Key Stage 1) and 14 (Key Stage 3). The authors found strong connections 

between central executive capacity and achievement in maths, literacy and 

science at the end of Key Stage 1, although the link with literacy had 

disappeared by the end of Key Stage 3. Mathematics achievement in end of key 

stage tests at both ages was strongly correlated to central executive working 

memory capacity. This constituted direct evidence that school-based 

achievement in maths was mediated by central executive working memory 

capacity. 

However, these studies looked at `maths' in a very broad sense (i. e. end of Key 

Stage attainment tests) and are not able to provide much detail about the precise 

interactions between the different areas of mathematics and the different 

components of the Baddeley and Hitch model. The evidence for working 
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memory involvement in mathematics is now considered from the viewpoint of 
the different components of this model. 

3.7 The Phonological Loop 

3.7.1 The Phonological Loop in Addition 

There is some indication that phonological working memory is involved in 

storing addends when they are presented orally, or are presented visually and 
then removed. Fürst and Hitch (2000) used a dual-task paradigm in which 

participants carried out mental addition tasks under normal conditions and with 

articulatory suppression. The addends were either presented visually and then 

removed, or were left visible throughout. The participants' performance 
deteriorated under conditions of articulatory suppression, but only when the 

addends were removed. Similar results were obtained by Noel, Desert, Aubrun 

and Seron (2001). Adult participants carried out mental addition problems with 

addends that were phonologically similar or dissimilar. They made more 

mistakes with the phonologically similar addends leading the authors to conclude 
that the addends are encoded and maintained in a phonological form (see also 
Heathcote, 1994; Logie, Gilhooly, & Wynn, 1994). There is some evidence that 

the working memory processes activated to encode the addends depend on the 

presentation format. Trbovich and LeFevre (2003) found that adults' mental 

arithmetic was disrupted by articulatory suppression when the addends were 

presented horizontally, but not when presented vertically. In this study, the 

addends remained visible in both horizontal and vertical conditions until the 

participants responded. This would mean that there were no working memory 
demands made in retaining the addends. This does not negate the findings from 

the studies cited above, but suggests that phonological working memory may 
have more of a role to play than simply storing the addends. 

Adams and Hitch (1997) attributed a reduction in addition span under 

phonological working memory load to a decrease in overall processing capacity. 

There is evidence that the phonological loop may be involved in storing partial 

results in more complex addition problems (Seitz & Schumann-Hengsteler, 2002) 
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and in facilitating the retrieval of arithmetic facts from long-term memory 
(Holmes & Adams, 2006). This view is challenged by De Rammelaere, Stuyven 

and Vandierendonck (2001), who claimed that phonological working memory is 

not directly implicated in the verification of simple addition sums. 

The pattern of results may be slightly different for children. Jordan et al. (2003a) 

found no connection between children's knowledge of addition facts and their 

phonological working memory skills. Holmes and Adams (2006) found no 

contribution of phonological loop scores to differences in SAT scores at the end 

of KS 2, although they did speculate that the phonological loop may be involved 

in retrieving arithmetical facts from long-term memory. Grube and Barth (2004) 

also found that the phonological loop was involved in basic fact retrieval. Noel, 

Seron and Trovarelli (2001) found that phonological loop functioning was a 

better predictor of First Grade children's addition performance four months later 

than was central executive functioning and concluded (along with Hecht, 

Torgesen, Wagner, & Rashotte, 2001) that phonological skills play an important 

role in children's growing mathematical capabilities. The picture among children 

is further complicated by age. MacKenzie, Bull and Gray (2003) looked at the 

addition performance of children aged 6-7 years and 8-9 years under conditions 

of articulatory suppression. While the suppression of rehearsal had a big impact 

on the arithmetical performance of the older children, the younger children did 

not suffer. This suggests that addends are encoded phonologically from around 

the age of 7 years onwards. 

The weight of evidence presented above suggests that the phonological loop is 

involved in the encoding and retaining of addends in simple addition sums and in 

the maintenance of partial calculations in more complex questions. The 

phonological loop may be involved in the recall of addition facts directly from 

long-term memory. This would make sense if the addends themselves are 

primarily encoded phonologically. The extent to which addition facts are learned 

in this way and recalled directly may be a function of the specific education 

system involved and therefore the importance of the phonological loop across 
different educational systems in different countries may vary. 
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3.7.2 The Phonological Loop and Multiplication 

There is evidence of phonological loop involvement in multiplication. Studies 

with adult participants, (Seitz & Schuman-Hengstler, 2000 and 2002) found no 

evidence of disruption to, performance of very simple multiplication questions 

under conditions of articulatory suppression, although performance of complex 

multiplication problems was impaired. Seitz and Schuman-Hengstler (2000; 

2002) have suggested that the phonological loop was used to maintain partial 

results in complex multiplication. This pattern may, of course, be different for 

children, who are still in the process of learning multiplication facts 

In contrast, Lee and Kang (2002) found that articulatory suppression did impair 

performance in multiplication, but not in subtraction, thought to involve quantity 

manipulation rather than the recalling of a learned verbal sequence (see Lee, 

2000 for supporting neurological evidence). LeFevre and Liu (1997) and 
LeFevre, Lei, Smith-Chant and Mullins (2001) found differences in the single- 
digit multiplication performance of adults educated in China and in Canada. 

Their findings suggest that the Chinese participants (and therefore possibly the 

Korean participants in the Lee and Kang study) were more affected by 

phonological disruption than their Canadian counterparts. DeStefano and 
LeFevre (2004) attributed this to differences in educational experience and 

possibly to differences in language. 

There is very little information available about the role of the phonological loop 

in children's multiplication. Studies with children with Turner Syndrome (e. g. 

Mazzocco, 1998,2001) have shown an interesting pattern of spared and 

impaired arithmetic skills. In this condition, mathematical abilities are usually 

compromised, whereas linguistic abilities are spared. The pattern of 

mathematical impairment typically does not include multiplication (Bruandet, et 

al., 2004). 

The phonological loop may be the means by which learned verbal sequences are 

transferred to long-term memory (e. g. Roussel, Fayol, & Barouillet, 2002; Geary, 

2004). Once established in long-term memory, the phonological loop may 
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become less important. Rote learning of multiplication facts, which is often the 

means by which such facts are `committed' to long-term memory would seem to 

engage phonological processes. Given that these facts are not already established 

in long-term memory, they must be maintained phonologically while they are 

being transferred to long-term memory. If this is the primary method by which 

multiplication facts are learned, it could explain the sparing of these abilities in 

children with Turner Syndrome. 

3.8 Visual-Spatial Working Memory 

Generally speaking, the visual-spatial sketchpad has received less attention from 

researchers than has the phonological loop. Possible reasons for this could be to 

the lack of easily available stimuli (such as words for the phonological loop) 

and/or the fact that its relationship with the central executive has been harder to 

untangle (e. g. Fisk & Sharp, 2003; Rudkin, Pearson, & Logie, 2007). The 

relationship of the visual-spatial sketchpad to mathematical functioning has not 
been exhaustively researched, although there is a growing body of research in 

this area. 

Heathcote, (1994) found that adults' addition of two and three digit numbers was 
disrupted by interference to visual working memory, although problems that did 

not require carrying were not affected. Lee and Kang (2002) found that 

subtraction (but not multiplication) was affected by suppression of visual-spatial 

working memory in a dual-task experiment that involved participants 

remembering the shape and position of an intricate figure. These authors explain 

their findings in terms of Dehaene's triple-code model (and use their findings to 

reject the McCloskey model, but see Van Harskamp, Rudge and Cipolotti (2002) 

for an alternative view) suggesting that subtraction involves the manipulation of 

quantity and is mediated by the analogue-magnitude code and may involve the 

use of a mental number line. This would clearly explain the disrupting effect of 

visual suppression on subtraction, but not on multiplication, which is thought to 

use an auditory-verbal code. Zago, Pesenti, Mellet, Crivello, Mazoyer and 

Tzourio-Mazoyer (2001) found that adult participants engaged in complex 

addition calculations showed activation of neural circuits involved in the 
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retrieval of addition information and additional circuits associated with visual 

working memory. Other studies have suggested that mathematical operations 
involving quantity manipulation (such as addition and subtraction) do not engage 

phonological working memory processes in situations where the addends do not 

need to be retained, or where there are no partial calculations to be remembered. 
Jordan et al. (2003a) found that young children do not encode addition problems 
in terms of their phonological features, although this pattern may change as 

children get older and the range of addition sums that they can store in long-term 

memory as known facts increases. Jordan et al. (2003a) do suggest that children 

who performed well on a test of addition also performed well on a test of non- 

verbal IQ, which would presumably have tapped their visual-spatial working 

memory. 

When considering the role of visual-spatial working memory in children's 

mathematical functioning, it may well be important to take account of the precise 

age of the child. Young children appear to rely more on their visual-spatial 

working memory than do older children (McKenzie, Bull, & Gray, 2003). This 

would support the notion that the acquisition of certain literacy skills (at around 

the age of seven) is accompanied by an ability to re-code visual stimuli into a 

phonological form that can be rehearsed in phonological working memory. 
McKenzie et al. (2003) tested children of 6-7 years (Y2) and 8-9 years (Y4) on 

addition under control conditions and with interference to phonological working 

memory (articulatory suppression) and visual-spatial working memory (visual 

noise). The performance of the younger children was highly disrupted by the 

interference to visual-spatial working memory, and completely unaffected by 

interference to phonological working memory. The older children showed a 

more complex pattern of disruption, with some decrement of performance under 

both disruption conditions. 

This pattern of differential reliance on different components of the working 

memory model has also been found in a recent study by Holmes and Adams 

(2006). They found that a mazes memory task accounted for more variance in 

mathematical performance for children in Year 3 (7 and 8 years old) than it did 

for children in Year 5 (9 and 10 years old). In a study using children specially 
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screened for mathematical problems without co-morbid reading and literacy 

problems, D'Amico and Guarnera, (2005) found that the children scored worse 

on tests of visual-spatial working memory and central executive working 

memory than control subjects who were not mathematically impaired. The 

mathematically impaired children did not score worse than the controls on any of 

the tasks tapping phonological working memory except digit span, which uses 

mathematical stimuli and may therefore be affected by the robustness of the 

participants' representations of numbers in long-term memory. 

Further evidence to support the importance of visual-spatial working memory in 

young children's mathematical processing has been obtained in studies using 

non-verbal ways of assessing children's mathematical competence. Huttenlocher, 

Jordan, and Levine (1994) and Klein and Bjsanz (2002) used a non-verbal 

method of assessing young children's ability to carry out simple addition and 

subtraction sums. The authors concluded that the children's concepts were 

willing, but their working memories were weak. Their ability to carry out the 

sums was limited by `representational set size', the number of items that had to 

be held in working memory for the correct completion of the task. Huttenlocher 

et al. (1994) found that young children's ability to carry out the task were not 

related to the amount of language they had acquired, although more formally 

presented mathematical tasks did appear to be more language dependent. Jordan, 

Levine and Huttenlocher (1994) found no difference in non-verbal mathematical 

performance between groups of children from low and high-income homes, who 

had differing levels of language. A further study (Rasmussen & Bisanz, 2005) 

using a similar non-verbal mathematics task with pre-school children found that 

a test of visual-spatial working memory (Corsi span) was the only significant 

predictor of performance. The pre-school children found the non-verbal 

problems easier than verbal ones (see also Levine, Jordan, & Huttenlocher, 

1992). For children in the first year of school, phonological working memory 

was the best predictor of success. These children showed no difference in 

performance between the verbal and non-verbal problems. 

The results from this study suggest importance of the phonological loop earlier 

than other studies. This could be due to the fact that the children were solving 
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verbally presented problems and were therefore maintaining the operands 

phonologically. In the visually presented problems, the children would have 

retained the operands using visual working memory (see DeStefano & LeFevre, 

2004 for an explanation). There is some evidence (Palmer, 2000) that children, 

especially young children, tend to store information in the form of its original 

presentation. Therefore it seems to be the presentation type that determines the 

component of working memory that is the best predictor rather than the age or 

the development of the child. 

This evidence suggests that young children carry out mathematical tasks using a 

mental representation of the numbers involved that relies on visual-spatial 

working memory. This is consistent with earlier work by Hughes (1986), in 

which young children were shown to be better able to solve simple addition and 

subtraction problems presented as imagined situations rather than as abstract 

numbers. Holmes and Adams (2006) support this idea and suggest that visual- 

spatial working memory might provide a mental workspace in which children 

are able to represent abstract problems in a concrete, and therefore more 

manipulable, form. 

The visual-spatial element of working memory might be a fruitful area for 

further research, especially with younger children. There is some evidence that 

visual-spatial working memory skills continue to be important in mathematical 

processing for older children (Reuhkala, 2001). It is difficult to know whether 

visual-spatial working memory is needed by older children whose phonological 

working memory is fully functioning, or whether the mathematical legacy that 

their visual-spatial working memory has left is what is being measured. 

3.9 The Central Executive 

The central executive is the least understood and remains the most enigmatic of 

the components of the working memory model. It is also the component that 

potentially has the greatest number of different roles to play in complex 

cognitive tasks and therefore whose involvement in mathematical processing 

may be the most difficult to determine. Despite this complexity, there is 
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converging evidence of its role in mathematics. There have been many studies 
linking central executive functioning and mathematical performance in normal 

children (Gathercole, Tiffany, Briscoe, & Thom, 2005; Barrouillet & Lepine, 

2005), children with mathematical difficulties (Geary, 2004; D'Amico, & 

Guamera, 2005; Swanson, 2004; Swanson & Beebe-Frankenburger, 2004) and 

adults (Hecht, 2002). The difficulty has been in identifying the precise role of the 

central executive. 

3.9.1 Dual-Task Studies 

Several studies looking at the role of the central executive in mathematical 

processing have used dual-task designs where the mathematical task is carried 

out under normal (single-task) conditions and also in conjunction with another 

task (often random number or random letter generation) that is thought to engage 

central executive resources. A fall in performance on the mathematical task in 

the dual-task condition suggests central executive working memory involvement 

in the mathematical task. 

De Rammelaere and Vandierendonck (2003) tested whether the distance effect 
(the fact that it takes longer to judge which of two numbers is- greater if the 

numbers concerned are close together) would disappear under conditions of 

random digit generation. The distance effect remained, suggesting that the 

disrupting effect of random digit generation is due to its demands on the central 

executive rather than its numerical nature. This is an important piece of 

information given the large number of studies that have investigated central 

executive involvement in maths using a dual-task design with random number 

generation as the secondary task. 

All the studies that have used such a design have found that mathematical tasks 

are impaired by concurrent random generation (whether digit-based, letter-based 

or temporal). Hecht (2002) found that adults' verification of addition statements 

was impaired under conditions of random letter generation, if the statements 

could not be verified by simple recall. This suggests that different arithmetic 

strategies may place quantitatively different loads on available working memory 
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resources and that the availability of working memory resources could determine 

the calculation strategy that is used. 

Thomas, Zoelch, Seitz-Stein and Schumann-Hengsteler (2006) used a random 

generation task to see its effect on the mathematical performance (addition and 

multiplication) of children in primary school. The authors concluded that central 

executive resources were needed to answer these types of questions, but that the 

demands made of the central executive were lessened the more the `automatic' 

the processes for mental addition and multiplication became. A random 

generation secondary task was also used by Seitz and Schumann-Hengstler to 

investigate the effect of central executive load on simple and difficult 

multiplication calculations (2000) and on addition and multiplication 

calculations (2002). They concluded that the central executive, but not the 

phonological loop, was involved in the process of retrieving information from 

long-term memory and in keeping track of carry operations in more complex 

calculations. Subsequent research (e. g. Holmes & Adams, 2006) has suggested 

that it is the phonological loop that is primarily responsible for the retrieval of 

information from long-term memory. 

It could be that the retrieval mechanism depends on the form in which the 

information was originally encoded. Phonologically learned addition, and 

particularly, multiplication facts may require phonological loop resources for 

their retrieval, whereas more abstract facts may be retrieved with the 

involvement of the CE. 

Further evidence of the importance of central executive functioning in 

monitoring carrying operations in mental arithmetic is provided by Fürst and 

Hitch (2000). They used a trails task that demanded central executive resources 

and found that performance on this secondary task declined as the number of 

borrows in the mathematical calculation increased. The role of carrying in 

addition and multiplication problems and of borrowing in subtraction problems 

with respect to working memory (CE) load has been investigated by Imbo, De 

Rammelaere and Vandierendonck (2005). These authors' results also suggest 

that number of carries determines the working memory load and that this load is 
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borne by the central executive. Imbo, Vandierendonck and Vergauwe (2007) 

have also suggested that the working memory load is affected by the value of the 

carry. However, it could simply be the case that the number of different numbers 
being added together is a factor affecting the demands placed on the CE. 

3.9.2 Correlational Studies 

Evidence supporting the involvement of the central executive in mathematical 

processing has been strengthened by the use of correltional studies in which 

individual variation in central executive processing and mathematical 

performance are compared. The inherent disadvantage of correlational studies is 

that they are unable to prove any causal link between the two variables 

concerned. Lehto (1995) found significant correlations between three different 

central executive tasks (sentence-word span, operation-word span and an 

updating task) and school mathematics achievement in ninth grade Finnish 

children. Specific links between central executive functioning and mathematics 

were obscured by the use of a global, school-based mathematics assessment. 

Two UK based studies have found a correlation between central executive 

functioning end of year exams in mathematics at Key Stage 1 (Gathercole & 

Pickering, 2000b) and at Key Stage 3 (Gathercole et al., 2004). 

Given that several cognitive processes have been ascribed to the central 

executive, the indication that the central executive is involved in mathematical 

processing lacks precision. The precise nature of the involvement and the 

function performed by the central executive remains unspecified. In order to 

unravel some of these complexities, Deschuyteneer, and Vandierendonck (2005a, 

2005b) undertook a series of studies looking particularly at the role of input 

monitoring and response selection using an ingenious variation of the tones 

detection task. The task was manipulated to place demands on input monitoring 

(regular versus random tones) and response selection (simple reaction or two- 

choice response; high or low tone). The studies have shown that input 

monitoring does not impair the solution of single digit addition sums in adults, 

but that response selection does (2005a). A similar pattern was observed for the 

solution of simple multiplication calculations, (2005b). 
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3.9.3 Updating 

These authors have gone on to investigate the role of other central executive 

processes, such as updating. Deschuyteneer, Vandierendonck, and Muyllaert, 

(2006) used a dual-task design to investigate the impact on simple addition and 

multiplication performance of a task involving working memory updating. The 

study replicated the findings reported above (Deschuyteneer & Vandierendonck, 

2005a and 2005b) indicating that response selection is important in these 

mathematical tasks and that working memory updating is also important. 

This study supports earlier studies by Passolunghi and Cornoldi (2000) in which 

a group of children with poor performance in mathematical problem solving 

were found to be impaired in working memory tasks tapping the updating 
function of the central executive. These findings are supported by those from a 

subsequent study (Passolunghi & Pazzaglia, 2004 and 2005) in which both 

updating and the inhibition of unwanted information from working memory were 
found to be impaired in children who performed poorly in mathematical problem 

solving tasks. Updating the contents of working memory, and the inhibition of 

unwanted information from working memory are closely related and are both 

regulatory functions of the central executive (Baddeley, 1996). 

3.9.4 Inhibition 

Several studies with children who have trouble solving mathematical problems 

have found deficits in their ability to inhibit unwanted information from working 

memory. The studies typically measure inhibition errors, where a previously 

seen piece of information is recalled in preference to the target information. 

Passolunghi, Comoldi and De Liberto (1999) found that poor mathematical 

problem solvers made more inhibition errors than controls during a working 

memory task. These findings were supported by further studies (Passolunghi & 

Siegel, 2001 and 2004) in which working memory inhibition errors were made 

significantly more often by children identified as poor mathematical problem 

solvers than by controls matched for age, gender and vocabulary. 

67 



This issue is complex (Passolunghi, Marzocchi, & Fiorillo, 2005). These authors 

looked at three groups of children: those with ADHD, those with MD and a 

normally achieving control group. All the children were given mathematical 

problems to solve containing irrelevant word-based and/or mathematical 

information. They were asked to recall the relevant information and then solve 

the problems. The children with ADHD recalled significantly more of the 

irrelevant word-based information than controls. The ADHD and MD groups 

recalled significantly more irrelevant mathematical information than controls. 

When solving the problems, the MD group were more impaired by the irrelevant 

mathematical information, which typically elicited the use of incorrect 

mathematical procedures. 

Swanson, (2004) looked at the working memory functions and mathematical 

problem solving abilities of children aged 8 and 11. The study tested three 

models of the contribution of working memory to problem solving and 

concluded that age-related improvements in problem solving were mediated by 

improvements in domain-general executive functioning independent of any 
improvements in phonological working memory or long-term memory. The 

model was further investigated (Swanson & Beebe-Frankenburger, 2004) in a 

study with children, some of who were at risk of developing mathematical 

problems. The study found significant differences between the children at risk of 

developing serious mathematical difficulties and normally developing controls 

on a measure of inhibition. This led the authors to suggest that children with 

poor inhibitory skills may use more of their available working memory 

`resources' in trying to inhibit unwanted information and may therefore show a 

reduced performance on central executive tasks not tapping inhibition directly. 

3.9.5 Task Switching 

The results from the studies reviewed above all point to the importance of the 

central executive and especially inhibition in mathematical problem solving. 

This is not unexpected, as mathematical problems require the assimilation of a 

lot of information, some of which may be irrelevant, and may therefore make 
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much bigger demands on the executive system than other mathematical tasks. 

Van der Sluis, de Jong and van der Leij (2004) found evidence of deficits in 

inhibition and in task switching in children with global mathematical difficulties 

(i. e. not just in mathematical problem solving) compared to normally developing 

controls. McLean and Hitch (1999) also found deficits in central executive 
functioning among children identified as having specific impairments in 

arithmetic abilities rather than problem solving. These children performed more 

poorly on a novel `trails' task in which they had to switch retrieval strategy and 

to monitor their progress in terms of which strategy they had used. The authors 

concluded that the arithmetic-impaired children had central executive deficits 

related to these two specific functions. 

The ability to switch strategy has been identified as lacking in children with 

mathematical problems in a study by Bull, Johnson and Roy (1999) using the 

Wisconsin Card Sorting task. In this task the children were asked to sort cards by 

certain categories (e. g. shape, colour, size) and were told whether their sorting 

was correct or incorrect. The experimenter would change the sorting criteria and 
let the child know that their sorting was incorrect. The child then had to switch 

sorting strategy until they were sorting correctly. The mathematically disabled 

children showed no deficit in maintaining the current sorting criteria (i. e. they 

did not change sorting criteria), but made significantly more perseveration errors 

(continuing with a sorting strategy that was no longer applicable) than their 

normally developing peers. The authors concluded that this would be a problem 

in more complex calculations in which frequent changes in retrieval strategy 

would be needed. These findings were supported in a subsequent study (Bull & 

Scerif, 2001), which also found significant differences between the two groups 

in a number-based stroop task, but not a colour-based stroop task, suggesting that 

there may be a degree of domain specificity to the central executive deficits 

exhibited by children with mathematical difficulties. 

Overall there is a growing body of evidence supporting the idea that that 

working memory is implicated in children's mathematical performance beyond 

problem solving. However, the studies carried out to date are far from clear 

about the precise role of working memory in mathematical processing. 
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3.10 Reasons for the Lack of Convergence in the Literature 

There is a great deal of research evidence suggesting that working memory is 

closely involved with mathematical processing (e. g. Lehto, 1995; Passolunghi & 

Siegel, 2001 and 2004; Bull & Scerif, 2001; Logie et al., 1994; Reuhkala, 2001), 

both for children and adults. Carrying out a simple mental calculation clearly 

makes demands of a cognitive system that retains and processes information. 

The research evidence is, however, far from clear about the precise ways in 

which working memory is involved in mathematical thinking and processing and 

about which components of the working memory model are implicated in the 

very different tasks that make up `mathematics' (see DeStefano & LeFevre, 2004 

for a review). There is a need for specific explanations as to how working 

memory and mathematical learning interconnect (Gathercole, Lamont, & 

Alloway, 2006b). Different studies have found the following components of the 

working memory model to be important in mathematical processing: 

the central executive in general (Lehto, 1995), inhibitory processes (Passolunghi 

& Siegel, 2001 and 2004), set switching (McLean & Hitch, 1999), strategy 

generation (Bull & Sceriff, 2001), memory updating (Passolunghi & Pazzaglia, 

2004), the phonological loop and central executive (Logie et al., 1994), 

phonological loop and visuo-spatial sketchpad (McKenzie et al., 2003), central 

executive and visuo-spatial sketchpad (D'Amico & Guamera, 2005) and visuo- 

spatial working memory (Reuhkala, 2001). 

Given this lack of convergence in the literature, it is important to understand why 

there is no emerging consensus about the role of working memory in 

mathematical learning. There are several factors that could be at work to obscure 

specific connections: 

" In some studies (e. g. Lehto, 1995; Reuhkala, 2001) the mathematics scores 

used were composite measures derived from school-based tests covering a 

wide mathematics curriculum. Even in studies looking specifically at 

arithmetic, the area of mathematics most often the subject of working 

memory research, different mathematical operations were considered (e. g. 
Temple & Sherwood, 2002; McLean & Hitch, 1999). Sometimes ̀arithmetic' 
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has been taken to mean addition, although the working memory demands 

made by this operation may well not have been the same as those made by 

other operations such as multiplication (Jordan et al., 2003a). 

" It has not always been possible to extrapolate findings from adults to children, 

who are still developing working memory abilities and whose mathematical 

learning is ongoing. 

" There is some evidence (McKenzie et al., 2003; Carr & Davis, 2001; 

Fennema, Carpenter, Jacobs, Franke, & Levi, 1998) that boys and girls carry 

out mathematical calculations in different ways, possibly drawing on 

different cognitive skills. By taking samples of children without looking at 

the possible differences between boys and girls, the research evidence may 

have become less clear. 

" There has been a tendency to view working memory as a single entity and to 

amalgamate the scores from different working memory tests into a single 

measure of working memory capacity. Treating working memory in this way 

may have obscured the role played by specific elements of the working 

memory model in specific mathematical functions. (See Gathercole & 

Pickering, 2000a for a comprehensive review of the development of tests 

pinpointing specific elements of the model). 

" International comparisons and even cross-school comparisons have been 

made more difficult by differences in curriculum content, differences in the 

strategies taught and differences in teaching methods (e. g. in France, children 

are encouraged to learn simple addition facts in the same way that children in 

the UK learn their multiplication tables). 

" DeStefano and LeFevre (2004) have suggested that subtle factors such as 

whether calculations are presented verbally or visually (Logie et al., 1994), 

horizontally or vertically, the order of the operands (see Trbovich & LeFevre, 

2003) and even the parity and surface form of the operands themselves 
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(Campbell, Parker, & Doetzel, 2004) may have determined which 

components of the working memory model were implicated. It is important 

to keep such considerations in mind when trying to unravel this complex 

relationship between mathematics and working memory. 

3.11 Chapter Summary 

This chapter has focused specifically on research studies aiming to explore the 

different components of the working memory model and their involvement in 

mathematical processing. The chapter began by considering the possibility that 

working memory does not have a role to play in mathematical processing. Two 

specific studies supporting this view were considered and weighed against a 
large number of studies with children with mathematical difficulties suggesting 

that such children do have a working memory deficit. The evidence from 

children with mathematical difficulties and from correlational and dual-task 

studies also comprehensively supports the idea that working memory plays a 

crucial role in mathematical learning and performance. However, the findings 

from this considerable body of research are not conclusive in terms of the precise 

components of the working memory model that are important in mathematical 

processing. 

It is possible that, in addition to its involvement in mathematical processing, 

working memory has an important role in children's acquisition of mathematical 

skills from a young age, skills which have a large impact on their later 

mathematical performance. The following chapter explores this idea by looking 

at children's mathematical development and considering the role of working 

memory in early mathematical experiences. 
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Chapter 4- The Development of Mathematical Skills: The 

Contribution of Working Memory. 

4.1 Chapter Overview 

The literature reviewed in the previous chapter strongly supports the idea that 

working memory is important in mathematical processing for both children and 

adults. However, the evidence does not paint a clear picture about the precise 

way that working memory affects mathematical processing. 

The contribution of working memory to children's mathematical performance 

may not be limited to current, on-line demands made by a given mathematical 

task. Working memory may play a vital role in the acquisition of mathematical 

skills from a very early age. This chapter discusses some of the ways that 

working memory could be involved in children's earliest mathematical 

experiences - experiences that have a profound effect on their later mathematical 

functioning at primary school. The chapter presents an overview of children's 

mathematical development from babyhood onwards and highlights ways in 

which working memory might be implicated in this development. The discussion 

covers topics such as children's representations of number, the development of 

counting skills and the beginnings of arithmetic, and includes a detailed look at 

the role of working memory in the development of different arithmetic strategies. 

The chapter ends by considering a further way in which working memory 

mediates mathematical performance: the disrupting effect that anxiety about 

mathematics appears to have on working memory. 

4.2 The Scope of the Chapter 

Given that `mathematics' itself is a huge and highly varied research field, a 

degree of focus is needed in this chapter. As the aims of the research refer to the 

acquisition of mathematical skills in primary school classrooms, the following 

review of the literature considers arithmetic rather than other areas of the 

mathematics curriculum such as algebra, geometry, data handling or measures. 

There are other reasons for this focus. The failure to acquire basic arithmetic 
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facts has been cited as one of the main features of developmental `dyscalculia' 

(Temple & Sherwood, 2002; Geary, 1993). As children with mathematical 

difficulties are thought to represent the lower end of a continuum of achievement 

(Shalev, Auerbach, Manor, & Gross-Tsur, 2000; Shalev & Gross-Tsur, 2001; 

Geary, 1993), it is logical to assume that the acquisition of basic arithmetic facts 

is a good predictor of overall mathematical achievement (Jordan et al., 2003ä). 

Children with good number fact knowledge are able to devote more of their 

cognitive resources to processing (see Adams & Hitch, 1997 for an explanation 

of working memory as a general purpose, limited capacity system, and Conlin, 

Gathercole, & Adams, 2005 for a critique of this view). In trying to understand 

the link between working memory and mathematical processing, it has been 

recommended (DeStefano & LeFevre, 2004) that the focus be on simple mental 

calculations, as more complex mathematical processes almost certainly involve 

all aspects of the working memory model in some way. 

4.3 The Earliest Mathematical Skills 

4.3.1 When do Children Acquire a Sense of Number? 

There has been considerable debate as to when children first develop 

mathematical skills. Piaget contended that children do not develop a full 

understanding of number until the end of the pre-operational stage at about the 6 

years of age (Piaget, 1952) at which time they are routinely successful at the 

number conservation task. Several authors (e. g. Dehaene, 1997; Butterworth, 

1999) regard this as too pessimistic and have suggested that Piaget seriously 

underestimated young children's mathematical ability. Donaldson (1978) 

claimed that children's failure with the number conservation task was due to 

their misunderstanding of the questioner's motives and used a `naughty teddy' 

version of the task in which the experimenter's questions made more sense to the 

children. Younger children were successful at this amended version of the task. 

Rather than focusing on the number conservation task, Gelman and Gallistel 

(1978) adopted a more nativist stance and argued that children come into the 

world with some innate sensitivity to number that is visible from a very young 

74 



age (see Butterworth, 1999 and Dehaene, 1997 for detailed explanations of this 

view). There is experimental evidence to support this contention. 

4.3.2 Babies Can Add and Subtract 

Wynn (1992,1998) conducted experiments with very young children (5-7 

months) using a looking-time paradigm. She assumed that children look longer 

at an unexpected result (i. e. one object added to another object revealing 1 object) 

than an expected one. The children in Wynn's experiment did look significantly 
longer at unexpected results involving both addition (1+1=1) and subtraction (2- 

1=2) than expected ones. Wynn also included an unexpected situation of 1+1=3 

to counter the claim that the infants were simply expecting some kind of change, 
but were not sensitive to the nature of the change. Clearly, the children's ability 

to make these judgements was dependent both on some sensitivity to numerosity 

and on some sort of visual-spatial working memory system. This would indicate 

that children are born with, or very quickly develop the ability to retain small 

amounts of visually presented, number-based information. Work by Ross- 

Sheehy, Oakes and Luck (2003) has indicated that visual working memory 
increases from 1 to 3 objects between 5 and 10 months of age. 

There have been several challenges to the results presented by Wynn (1992). 

Cohen and Marks (2002) claim that the findings can be explained on the basis of 

`familiarity plus more items to look at' (p. 186) and advise extreme caution 

before according addition and subtraction skills to five month-old babies. Some 

subsequent studies have failed to replicate the findings (e. g. Wakeley, Rivera, & 

Langer, 2000a). These authors contended that approximate calculation abilities 

develop during infancy and precise ones later (Wakeley, Rivera, & Langer, 

2000b). Others have suggested that Wynn was too hasty in granting her infants 

an understanding of addition and subtraction. Vilette (2002) used the same 

method as Wynn to present children of 2 to 5 years of age with addition, 

subtraction and an inverse possible and impossible event, asserting that an 

understanding of addition could not be complete without an understanding of 

subtraction as its inverse. The children were not able to `pass' the inverse event 

until the age of 4 or 5. 
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4.3.3 Babies' Sensitivity to Numerosity 

Xu and Spelke (2000) showed that young infants are able to discriminate 

between large sets of dots provided that the ratio of one set to another is large 

enough. Infants of 6 months have been shown to discriminate between sets of 16 

and 32 objects (i. e. a 1: 2 ratio), but not between 16 and 24 (a 2: 3 ratio). It is 

thought that pre-school children have a robust sense of approximate numerosity 

and are able to make comparisons of large sets, carry out addition and 

subtraction operations on large sets and compare the result with a third set (Barth, 

La Mont, Lipton, & Spelke, 2005; Barth, La Mont, Lipton, Dehaene, Kanwisher, 

& Spelke, 2006). This is done without the need for language. The same thing has 

been found in adult humans in cultures without the language words to represent 

large precise quantities (Pica, Lerner, Izard, & Dehaene, 2004, but see Gordon, 

2004 for an alternative view) and is supported by brain imaging studies (Gelman 

& Butterworth, 2005). Again, the completion of these tasks would not be 

possible without the ability to maintain (and manipulate) a visual representation 

of number-based information. 

4.4 Children's Representations of Number 

In order to complete Wynn's addition and subtraction tasks, or the discrimination 

tasks, very young children must have a cognitive system for representing, 

remembering and manipulating number. This is highly important in considering 

the possible role of working memory in children's acquisition of more 

sophisticated mathematical ideas at school. It is also possible that differences in 

the efficiency of this working memory system have an effect on young children's 

representations of number that they take with them into more formal learning 

situations. The following section considers the possible role of working memory 

in children's representation of number. 

4.4.1 The Perceptual Hypothesis 

The studies showing infants' ability to discriminate large sets have been 

criticised (Clearfield & Mix, 1999; 2001; Mix, Huttenlocher & Levine, 2002; 
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Feigenson, Carey & Spelke, 2002) on the grounds that the infants are responding 

to continuous variables such as contour length (Clearfield & Mix, 1999) or 

`spatial extent' i. e. area and contour length (Clearfield & Mix, 2001), rather than 

to numerosity. They concluded that there was no clear evidence for infant 

discrimination based solely on numerosity. Clearfield and Mix (2001) presented 

evidence to show that infants dis-habituated to displays where contour length or 

spatial extent were varied, much more readily than to those where numerosity 

was varied. They contended (Mix et al., 2002) that current research presents no 

clear-cut evidence that children use numerosity as a way of distinguishing sets of 

different sizes. 

There have been several studies attempting to control the continuous variables 

and so to show that the infants are discriminating truly on the basis of 

numerosity. Several studies (Xu & Spelke, 2000; Xu, Spelke, & Goddard, 2005; 

Lipton & Spelke, 2002; Anteil & Keating, 1983; Barth et al., 2005 and 2006) all 

found that infants were able to discriminate between sets on the basis of 

numerosity, even where continuous variables were controlled. Xu et al. (2005) 

found that infants were able to discriminate between sets of 16 and 32 objects 

when continuous quantity variables were controlled (Experiment 3). A further 

experiment (Experiment 4) found that the infants were unable to discriminate 

between sets of 1 and 2 objects. Several of these studies have been criticised by 

Mix et al. (2002) on the basis that not all of the continuous quantity variables had 

been successfully controlled. 

The findings from Xu et al. (2005) that the infants were able to discriminate 

between sets of 16 and 32 objects, but not between one and two objects when 

continuous quantity variables were controlled were explained by the suggestion 

that infants have two different systems for quantification of large and small 

numerosities. 

Whatever the precise mechanism for discriminating these sets of objects, the 

infants involved must already have a sophisticated mechanism for remembering 

the number-based information that they have seen. Looking-time paradigms 

would not have produced any meaningful results if the infants had been unable 

77 



to remember what had been presented to them. If the infants were able to 
discriminate between the sets on the basis of numerosity, then working memory, 

even in infants, must have been able to store numerosity sensitive information 

with some accuracy over the short term. As studies by Barth et al. (2005 and 
2006) have involved infants adding two sets and comparing the results with a 
third, there is a cogent argument that children are able to use working memory to 

engage in mathematical activities at a precociously young age. 

4.4.2 Object Files 

Like Clearfield and Mix (1999,2001), Vilette (2002) also contended that young 

children do not process the information in these tasks in a truly numerical way. 
He cited evidence (e. g. Simon, 1997; Uller, Carey, Huntley-Fenner, & Klatt, 

1999) that children use ̀ object files' and succeed in the tasks by matching object 
files in one-to-one correspondence. An `object file' is opened to track each 
individual element in a set and contains basic information about its colour, shape, 

position etc. By keeping track of objects and matching them, young children are 

able to appear successful at apparently numerical tasks without any 

understanding of number. There is, however, nothing inherently numerical about 

object files. 

4.4.3 The Accumulator Model 

The explanation based on object files has been criticised (e. g. Wynn, 1996; 

Lipton & Spelke, 2003) as it fails to explain how babies are able to discriminate 

events. It also fails to explain how infants are able to discriminate between two 

larger sets. This evidence suggests that infants are using a less precise 

quantification system that allows for the representation of approximate quantities, 
but not discreet and precise numerosities. Cordes and Gelman (2005) describe an 

accumulator model in which quantification is likened to filling a cylinder with 

water. They point out that the mapping of continuous variables to this system is 

straight-forward, but number is a special case. Each enumerated item increases 

the representation in the mental accumulator by an equal amount. The 

representations created by this system are approximate. This may explain the fact 
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that infants are able to distinguish between two large sets in a 1: 2 ratio, but are 

apparently unable to distinguish between sets of 1 and 2 objects. 

4.4.4 The Mental Number Line 

There is evidence (see Has & Fischer, 2005 for a review) that the cognitive 

representation of number has a spatial element. Initial evidence came from 

studies with adults, in which they were asked to make parity or magnitude 

judgements and indicate their responses by pressing keys on a computer 

keyboard. Participants gave their answers more quickly with their right hand if 

the number to be indicated was at the upper end of the range of numbers 

involved. The responses were faster from the left hand if the number being 

indicated was at the lower end of the number range. This suggested that the 

participants were able to represent numbers on some kind of internal mental 

number line that ran from left to right (Dehaene, Bossini, & Giraux, 1993). 

Further work (Nuerk, Kaufmann, Zoppoth, & Willmes, K, 2004; Nuerk, Wood, 

& Willmes, 2005) has suggested that children are also able to represent numbers 

in this way and that they use this number line representation to carry out simple 

mathematical tasks such as number magnitude comparison with both single- and 

double-digit numbers (Reynvoet & Brysbaert, 1999). Deficits in using the 

internal number line have been shown to be associated with visual-spatial 

working memory problems (Doricchi, Guariglia, Gasparini, & Tomaiuolo, 2005). 

The precise nature of the working memory involvement in the use of an internal 

number line is not clear. There is considerable evidence (e. g. Bruyer & Scailquin, 

1998) that visual-spatial, and probably central executive working memory is 

involved in the mental manipulation of mental images; a process that is closely 

linked to the representation of numbers on a mental number line. 

4.4.5 Numerals and Numerosity 

Children in the early years of primary school are able to carry out simple 

arithmetical operations (Huttenlocher et al., 1994; Klein & Bisanz, 2002). They 

have a sense of number and are able to relate numerals to numerical quantities. 
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There is a lot of evidence that automatic activation of numerical associations 

with numerals develops during schooling (Girelli, Lucangeli, & Butterworth, 

2000). Working memory may well play an important role in this development. 

The association of a numeral with the numerical value that it represents must 

require the retention of the distinctive shape of the numeral in visual-spatial 

working memory. Experiments using a Stroop paradigm, in which children have 

to inhibit associations between numerals and their value, suggest that this 

activation first becomes apparent between the ages of 6 and 7 (Rubinsten, 

Henik, Berger, & Shahar-Shalev, 2002). There is also some evidence that 

children who go on to show signs of developmental `dyscalculia' do not show 

this pattern of automatic activation (Rubinsten & Henik, 2005). The role of 

visual-spatial working memory may well be important in this task. It has been 

noted (Reuhkala, 2001) that numerals have their own distinct visual contours and 

that the shapes of early numerals are related to the numerosities they represent 

(see Figure 4.1). It could be that an accurate and robust mental image of a 

numeral helps children to associate that particular numeral with the numerosity it 

represents. 

Figure 4.1 Numerals and their inherent numerosity. 

As children learn to count, it is thought that they are able to apply the count 

words they have learned to this understanding of approximate numerosity 

(Lipton & Spelke, 2005). Children's understanding that counting words apply to 

specific cardinal values appears to be intact, even for count words that are 

beyond their current counting abilities (Lipton & Spelke, 2006; see Geary, 2000, 
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for a discussion about how language plays a role in integrating children's innate 

understanding of number with their emerging schooling in maths). 

The evidence presented so far suggests that visual-spatial working memory may 
be highly important in the development of very young children's ability to 

represent numerosities in different forms. This suggests that visual-spatial 

working memory may be the cognitive system that is used to carry out early 

mathematical tasks such as counting. 

4.5 Counting 

There is a lot of evidence to suggest that working memory is involved in 

children's counting activities. There is some controversy about what constitutes 

`correct' counting. Piaget (1952) pointed out that children were often able to 

count the items in a set correctly, but failed to use counting as a strategy to solve 

a problem (see Wynn, 1990), indicating that they have understood the 

procedures, but not the purpose. In contrast, Gelman & Meck (1983) presented 

evidence that children were able to understand the principles that govern 

successful counting, but were let down by their procedural skills in counting. It 

should be noted that there is continuing controversy over the development of 

counting skills and procedures and the methods used to examine this. It is 

therefore difficult to say whether principles or skills develop first as there appear 

to be exceptions in both directions. There is a case for the two developing in a 

symbiotic way (Dowker, 2005) in which development on counting procedures 

leads to improvement in understanding the principles, which in turn furthers 

procedural skill. 

4.5.1 Visual-Spatial Working Memory and Counting 

Dowker (2005) highlighted the lack of research into individual differences in 

counting ability. It is possible that visual-spatial'working may play a crucial part 

in at least one of the five important counting principles and may explain why 

some children who understand the principle fail to apply it successfully. One of 

the original counting principles (Gelman & Galistel, 1978) is the `one-to-one 
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principle' and explains the need to count each object in a set once, but only once. 
Children who have problems remembering which objects they have counted and 

which they have not may appear not to understand this principle, but may simply 
have been let down by their visual-spatial working memory. Geary, Bow- 

Thomas and Yao (1992) asked children with learning problems in maths (MD) to 

say if a puppet had counted correctly or not. When the puppet counted one item 

twice, the MD children were able to identify this as incorrect if the double- 

counted item came at the end of the count, but not at the beginning. This 

suggested that their counting problems were due to poor spatial working memory 

rather than to a lack of understanding of the principles of counting. Ansari, 

Donlan, Thomas, Ewing, Peen and Karmiloff-Smith (2003) found that 

understanding of the cardinality principle (the last number in the count signifies 

the numerosity of the set) was delayed in a group of children with William 

Syndrome, and was similar to that of a group of younger controls matched for 

visual-spatial working memory. Ansari et al. do not explain in detail the process 

that through which a non-verbal representation of number is gradually integrated 

with a language-dependent representation of exact number. Amongst normally 
developing children, it appears that non-verbal abilities are most crucial in 

scaffolding children's understanding of the cardinality principle (Dowker, 2005). 

4.5.2 Phonological Working Memory and Counting 

There is clear evidence of the involvement of the phonological loop in the 

counting process. Another counting principle (Gelman & Galistel, 1978) is the 

`stable order principle' which states that the number words or tags have to be 

said in the same order each time a count is made. Learning the sequence of 

number words is probably aided by good phonological working memory, as the 

sequence will have to be held in working memory and rehearsed before it can 

become integrated into long-term memory. Poor rehearsal and a consequent 
failure to learn the number sequence would result in a much weaker memory 

trace and therefore a higher number of counting errors. Johansson (2005) cited 

evidence that the later development of different arithmetic strategies as well as 

the level of success in using those strategies could be predicted by ability to use 

the number sequence. 
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There have been several attempts to look systematically at the role of 

phonological working memory in counting. Logie and Baddeley (1987) gave 

subjects a task counting arrays of dots under control conditions and under 

various dual task conditions. Articulatory suppression, thought to disrupt the 

phonological loop, produced more counting errors than the other dual task 

conditions (such as finger tapping). This concurred with previous research 
(Healy & Nairne, 1985). This effect was even more pronounced when subjects 

were required to count event sequences (Experiment 2). Unattended speech, 

thought to gain immediate access to the phonological store, had no effect on 

counting accuracy (Experiment 3), even when the unattended speech consisted 

of counting sequences (Experiment 4). Despite the disruption caused by 

articulatory suppression, the effect was not devastating, leading the authors to 

conclude that counting might involve the representation of the running total not 

only phonologically, but in some other system as well. This would lend the 

whole process more robustness in the face of distractions and interference. 

There is considerable debate surrounding the mechanism behind children's 
knowledge of counting words. There are many commentators who believe that 

children have an innate knowledge of natural numbers that they use as they learn. 

the number words and the numerosities that they refer to (Dehaene, 1997; Wynn, 

1992; Gelman & Galistel, 1978). Others think that children's knowledge of 

natural numbers is built up as they learn the logic of counting (Gordon, 2004) 

from the two core systems of representing approximate numerical magnitudes 

and the system for representing objects (Spelke, 2000; Feignson, Dehaene, & 

Spelke, 2004). 

4.6 Early Arithmetic 

Very young children appear to realise that adding to a set of objects increases the 

numerosity of the set and subtracting from the set reduces its numerosity (Brush, 

1978). Starkey (1992) used a search-box task with children of ages of 1.5 to 4 

years. Children from the age of 2 years old reached for the box more often after 

addition and fewer times after subtraction. Young children's success with precise 
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arithmetic appears to depend very much on the age of the child (Dowker, 2005) 

and the size of the addends in the problem (e. g. Huttenlocher et al., 1994). The 

format of the problem is also important. Hughes (1986) found that young 

children were much better able to solve problems using concrete objects or 

imagining real situations than those involving abstract numbers. All this 

evidence suggests strongly that mental visualisation and manipulation of sets is 

vital in children's early arithmetic experiences. 

There is evidence, not only that working memory mediates the development of 

children's counting abilities, but that these abilities in turn determine proficiency 

with early arithmetic (Geary, 2000; Cowan & Dowker, unpublished, reported in 

Dowker, 2005). Early arithmetic, particularly addition and subtraction is 

essentially the application of counting skills (Johansson, 2005). Huttenlocher et 

al. (1994) used a non-verbal method to enable pre-school children to tackle 

simple arithmetic problems and found that many were able to do so. They found 

that children were able to solve problems using the non-verbal method that they 

were unable to solve verbally (see also Levine, Jordan, & Huttenlocher, 1992), 

suggesting that children's earliest arithmetic experiences are mediated by the 

ability to retain and manipulate sets mentally; a process that has been ascribed to 

visual-spatial working memory (Pearson, 2001). Huttenlocher et al. (1994) also 

found evidence of a problem size effect (the fact that accuracy appears to be 

related to the size of the operands), which is unlikely to be explained by the 

children's stored network of number facts. Klein and Bisanz (2002) found that 

`representational set size' (the largest number of objects that would have to be 

retained in visual working memory) was the best predictor of 4 year-olds' 

success with 2- and 3-term problems. This finding lends yet more support to the 

idea that visual-spatial working memory in the form of constructing and 

manipulating a mental model, is important in children's early mathematical 

functioning. Rasmussen and Bisanz (2005) gave verbal and non-verbal 

arithmetic problems to preschool and first grade (5- and 6-year old) children, 

along with a range of working memory measures. Consistent with other studies 

(Hughes, 1986; Levine, Jordan, & Huttenlocher; 1992, Huttenlocher et al., 1994; 

Klein & Bisanz, 2000), the children performed better on the non-verbal than the 

verbal problems, suggesting visual-spatial working memory mediates early 
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arithmetic performance. The authors also gave the children some questions 

containing irrelevant information, and found that a test of central executive 

working memory was the best predictor of performance. The importance of 
inhibiting unwanted or confusing information from working memory is 

discussed fully later in this chapter. 

In carrying out early arithmetical calculations, children use a range of different 

strategies (Shrager & Siegler, 1998; Baroody, 1999a, 1999b) and their strategies 
develop and become more sophisticated over time (Lemaire & Siegler, 1995). 

The following section examines the possible role of working memory in strategy 
development. 

4.7 Strategy Use 

The issue of strategy use is very complex even amongst adults. The picture with 

children is likely to be even more variable, as children are learning new 

strategies and adapting those they already use to their growing mathematical 

understanding. There has been considerable research (e. g. Shrager & Siegler, 

1998; Baroody, 1999a, 1999b) that explores typical patterns of strategy 
development. However, little of this research has considered the mediating role 

of working memory. Of interest here is the way in which problem-solving 

strategy develops for different mathematical operations and the possible effects 

of working memory on strategy selection and execution. 

There is growing evidence (e. g. Campbell & Fugelsang, 2001) that adults do not 

use a consistent strategy for the solution of even simple addition problems or for 

simple multiplication problems. They use direct retrieval strategies only 

occasionally for addition problems with sums greater than ten (LeFevre, Sadesky, 

& Bisanz, 1996b). The idea that all adults use direct retrieval for all simple sums 
has been further challenged (Lemaire & Reder, 1999) and a number of different 

factors mediating adults' strategy selection proposed. These factors include the 

nature of the problems recently solved (Campbell, 1997; Campbell & Timm, 

2000), the parity and surface form of the addends (Campbell, Parker, & Doetzel, 

2004; Campbell & Fugelsang, 2001) and the numerical operation involved 
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(Roussel, Fayol, & Barrouillet, 2002). The solution of arithmetic problems using 
direct recall is thought to be the fastest and least error-prone strategy and appears 

to place few demands on working memory (Tronsky, 2005), leaving processing 

capacity free for other things. The picture concerning strategy use among 

children is likely to be even more mixed, as factors such as age, teaching and 
developing mathematical understanding will also play a part. 

Shrager and Siegel (1998) have highlighted the fact that children's strategy use is 

often very adaptive and flexible. Children do not always use the same strategy 

and show an ability to adapt strategy choices to specific problems (Bisanz, 

Sherman, Rasmussen, & Ho, 2005). Strategy choice may also depend on the 

specific mathematical operation in question (Lepine, Roussel, & Fayol, 2003). 

4.7.1 Multiplication Strategy Use 

Lepine, Roussel and Fayol (2003) used a priming experiment in which children 

were shown the operator (either + or x) prior to the presentation of the operands. 

Reaction times were reduced in the primed condition for addition questions, but 

not for multiplication questions. This suggested that multiplication facts were 

more likely to be retrieved from long-term memory, whereas addition facts relied 

on a calculation procedure that was activated on presentation of the operator. 

The use of different methods to calculate multiplication and addition is 

supported with neuroimaging evidence (Cohen et al., 2000; Delazer, Ischebeck, 

Domahs, Zamarian, Koppelstaetter, Siedentopf, Kaufmann, & Felber, 2005). 

Despite the emphasis on learning multiplication tables, children do not always 

use direct recall for multiplication questions (Steele & Funnell, 2001). The use of 

direct recall appears to increase with age (Koshmider & Ashcraft, 1991), with 

retrieval strategies appearing more markedly at around 8-9 years of age and 

being based on earlier counting strategies (Cooney, Swanson & Ladd, 1988). 

Other authors have contended that patterns of strategy change are complicated 

and are characterised not only by the introduction of new strategies, but by the 

more efficient use of existing strategies and more adaptive strategy choice 

(Lemaire & Siegler, 1995). 
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The change towards the greater use of direct retrieval appears to be related to 

working memory capacity, with children with a larger working memory span 

using direct recall more often (Steele & Funnell, 2001), or at least beginning to 

use it earlier (Mabbott & Bisanz, 2003). This latter study found generally high 

correlations between the use of direct retrieveal and (central executive) working 

memory (as measured by backwards digit recall and operation span) for children 
in Fourth Grade (9-10 years of age). This correlation disappeared for children in 

Sixth Grade, possibly because all the children were mostly using retrieval by this 

time. This evidence does suggest that, while poorer working memory is not a 
barrier to achieving mastery of multiplication facts, children with a better 

working memory profile are able to move to a retrieval strategy more quickly. 

This general trend did hide some individual differences in the children's 

performance. There were a group of children in the study with good working 

memory performance and conceptual knowledge, who used retrieval relatively 
infrequently (and therefore had longer RTs).. It is possible that this group of 

children were simply less motivated and therefore spent less time learning 

multiplication facts, or that they had a very high confidence criterion and were 

therefore confirming the results of their retrieval with time-consuming back-up 

procedures. 

There is strong evidence that the type of problem influences the strategy selected 

(Mabbott & Bisanz, 2003, LeFevre, Bisanz, Daley, Buffone, Greenham, & 

Sadesky 1996a). Children used counting strings more often when 2 or 5 were 

operands and used ̀ special tricks' more often for problems where the product 

was greater than 40. The effects of these problem characteristics on solution 

latencies declined as the children got older. There is some neurological evidence 

(Delazer & Benke, 1997) to suggest that multiplication facts are stored as rote 

verbal sequences and are quite separate from any understanding of arithmetic. A 

patient with a specific brain lesion lost all ability to do even the simplest 

arithmetic and appeared to lose any sense of number, but was able to recite 

multiplication tables. 
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Given that working memory does appear to influence the shift towards direct 

retrieval strategies, what are the mechanisms that facilitate this shift? It is 

thought (Roussel, Fayol & Barouillet, 2002; Geary, 2004; Ashcraft, 1992; 

Siegler, 1986 and 1996; Logan & Klapp, 1991; Barrouillet & Fayol, 1998) that 

repeated exposure to a multiplication fact results in an ever stronger association 
between the two multiplicands and their resulting product in long-term memory 
(but see Thevenot, Barrouillet & Fayol, 2001 for a qualification of this). As it is 

thought that phonological working memory (Noel et al., 2001) is used to retain 

the multiplicands while the product is retrieved or calculated, phonological 

working memory plays a crucial part in establishing this connection. There is 

some evidence (Thevenot et al., 2001; Hopkins & Lawson, 2006) that slow 

counting speeds may result in the operands being forgotten before the correct 

product can be calculated. If this is the case, then this may be one way in which 

working memory (the ability to retain the multiplicands) directly mediates the 

progression to a direct retrieval strategy. Better phonological working memory 

allows a robust connection between two multiplicands and their resulting product 

to be formed in long-term memory. The stronger the association between the 

multiplicands and their product, the more likely it is that the answer is found by 

direct retrieval and the more likely it is that confidence in the answer is sufficient 

to obviate the need for more time-consuming and laborious back-up strategies. 

The nature of multiplication makes rote learning of the phonological sequence an 

efficient way of remembering simple multiplication facts (see Dehaene, 1998 for 

a good explanation). In the UK, children are encouraged to learn their 

multiplication tables, a process that has no direct equivalent with other 

mathematical operations. Children with Turner Syndrome, who typically have 

poor visual-spatial skills and poor mathematical skills, but preserved language, 

do not suffer from problems with multiplication facts (Bruandet et al., 2004). 

Further evidence that multiplication facts are encoded as a rote verbal sequence 
is provided by studies of patients with selective impairments. Cohen et al., (2000) 

report on a patient with a severe impairment to all mathematical functions 

involving presentation in a verbal format, but spared quantity manipulation. This 

resulted in severely impaired performance on multiplication tasks. 
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There is a lot of evidence that two multiplicands and their resulting product are 

not stored as an isolated piece of information. Campbell (1987) and Graham and 

Campbell (1992) showed that multiplication facts are stored in associated 

networks (see also Galfano, Rusconi, & Umilta, 2003). Presentation of the 

operands activates multiple possible answers, the correct one of which needs to 

be selected. The selection of the final answer depends on the strength of the 

associations and can be affected by priming. Correct answers to previously 

presented problems are more likely to be given as incorrect answers. There is a 
lot of evidence that the most frequent errors in multiplication are `associative 

intrusion errors', i. e. answers that are multiples of one of the two multiplicands 
(e. g. Campbell & Graham, 1985; Barrouillet et al., 1997; Butterworth, 

Marschesini, & Girelli, 2003). Associative intrusion errors begin to appear at 

around third grade (8 -9 year old chilren) leading to speculation that the 

movement towards direct retrieval of multiplicaion facts begins at around this 

age (Koshmider & Ashcraft, 1991). 

Several authors assert that the problem of associative intrusion is not one of 

simple memory, rather it is a function of the inability to inhibit the intrusion of a 

highly activated association. This is one of the functions ascribed to the central 

executive of working memory (Baddeley, 1996). Barrouillet et al. (1997) gave 

multiple choice questions containing highly distracting (i. e. multiples of one of 

the multiplicands) and less distracting (i. e. not related to the multiplicands) 

answers to learning disabled adolescents. The high level of associative intrusion 

observed was thought to be due to the participants' inability to inhibit the pre- 

potent response triggered by the presentation of the multiplicands. Further 

research (Campbell & Clark, 1989; Campbell, 1997) has shown that the strength 

of an unwanted association is not easy to predict and may depend on a number of 

factors, both within and outside the individual. There is some evidence (e. g. 

Campbell & Clark, 1989) from adults' response times and error rates that 

multiplication and division information is stored together and that answering a 

division problem increases the chance of one of the operands involved being 

erroneously given as an answer to a subsequent multiplication question (i. e. 

answering the sum 56 /7=8 will increase the liklihood of giving 56 as the 

incorrect answer to 7x 9). 
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There is some evidence that children make operator errors (e. g. 2x4= 6) as well 

as operand (associative intrusion) errors (Ashcraft, 1992). This would mean that 

the executive component of working memory, one of whose functions is to 

inhibit unwanted and recently activated information from contaminating current 

processing, may be involved in the inhibition of two possible errors. The ability 

to inhibit these intrusions may have an effect on children's confidence in moving 

to a direct recall strategy. Children who find it difficult to inhibit conflicting 

answers may persist with counting based strategies rather than risk recalling an 

incorrect answer. Working memory appears to interact with other individual 

factors, such as the confidence threshold, to determine strategy. 

4.7.2 Addition Strategy Use 

The concept of addition is encountered before children begin school and receive 
formal mathematics instruction. A wide range of different strategies for solving 

simple addition problems has been identified in young children (Lemaire & 

Siegler, 1995). Children's earliest addition strategies are based on counting. A 

common error among very young children is the `next digit effect' error (Siegler 

& Jenkins, 1989; LeFevre et al., 1991; LeFevre & Kulak, 1994) in which the 

answer given is simply the next number in the number sequence from the final 

addend (i. e. 3+6= 7). A very early strategy appears to be to count the first 

addend, count the second addend and then count the resulting total. This is 

known as the sum or count-all strategy (see Bisanz et al., 2005 for a good 

summary and Baroody, 1987 for a detailed taxonomy of strategies). Typically, 

children begin to count on from the first addend in the sum, irrespective of 

whether it is the larger or the smaller of the two. This is the count-on from first 

strategy. The discovery of the commutative property of addition leads to the 

more efficient min strategy in which the child counts on from the larger of the 

two addends irrespective of which is first in the sum. From this strategy, the 

child may move away from purely counting based strategies to those that involve 

a degree of recall or decomposition. Many children develop their own strategies 

around known facts. The UK Primary Framework for Mathematics uses ̀ near 

doubles' for the efficient calculation of sums such as 8+7 or 9+8. 
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There is some debate as to whether children progress to recalling simple addition 
facts (i. e. single digit added to single digit) directly from memory. Several 

strategies where counting or calculation is very quick and can be done without 

outward signs are often reported as ̀ retrieval' by experimentors and may not be 

such (Baroody, 1994). 

`Neither self-report nor speed, will distinguish automatic retrieval from 

rapid non-conscious computation or application of a rule. ' (Cowan, 2003, 

p 54) 

Many adults and competent children may be able to calculate the answers to 

familiar addition sums quickly and without conscious awareness, leading to self- 

reports of direct retrieval. There is some suspicion (LeFevre et al., 1996b) that 

adults (and some children) may see direct retrieval as a socially desirable 

strategy and therefore be tempted to over-report instances of its use. 

There is some evidence to suggest that the processes involved in the solution of 

addition problems are different to those involved in multiplication problems in 

adults (Roussel, Fayol, & Barrouillet, 2002) and in children (Lepine, Roussel, & 

Fayol, 2003). The authors contend that adults predominantly use a direct 

retrieval strategy for multiplication, but more procedurally based strategy for 

addition problems. However, Ashcraft and Fierman, (1982) concluded that 

between third and fourth grade, children migrated from counting-based strategies 

to direct retrieval. This study was based on response latencies (chronometric) 

and did not take account of the fact that there may be many quick (counting- 

based) strategies that do not necessarily involve direct and attention-free recall 

from long-term memory. 

It has been noted (see above) that the inability to inhibit highly activated, but 

irrelevant information cause a loss of accuracy in multiplication. Although less 

common in addition, there is evidence of operation errors in addition, 

particularly in situations in which the child needs to alternate between operations. 

Children carrying out addition are also susceptible to the `next digit effect' (e. g. 

LeFevre et al., 1991) if they fail to inhibit the over-learned and therefore highly 

91 



familiar counting string. In this instance, the children would respond to the sum 
4+8 by saying 9 as it is the next digit in the counting sequence after the final 

addend. Geary, Hamson and Coard (2000). highlighted the high number of such 

errors committed by children with mathematical difficulties and proposed an 
inhibitory deficit in the working memory profile of such children. 

The role of conceptual knowledge in determining the progression of children's 

addition strategies is hotly debated. The strategy choice models proposed and 

modelled by Siegler (e. g. Schrager & Siegler, 1998) are largely based on 

associative learning and the relative associations between the operands and their 

sum. This model has been heavily criticised (e. g. Baroody, 1999a; 1999b; 

Baroody & Tiilikainen, 2003; Baroody, Tiilikainen, & Tai, 2000) for failing to 

take account of the importance of the development of conceptual understanding 

and the integration of this understanding into children's strategy use. Baroody 

proposes that conceptual understanding and procedural skill are interdependent 

and together determine strategy development. He cites evidence to support this 

in addition (Baroody, 1999b) and in multiplication (Baroody, 1999a; see also 

Park & Nunes, 2001 and Canobi, 2004). 

Jumps in conceptual understanding can lead to important reorganisations of 

number facts in memory. Butterworth, Zorzi, Girelli and Jonckheere (2001) 

presented evidence to suggest that an understanding of the principle of 

commutativity for addition leads to a functional reorganisation of the way 

addition facts are stored. There is evidence that a pair M+n is recalled more 

quickly than its n+M pairing, irrespective of the order in which the pairs were 

learned. Butterworth, Marchesini, & Girelli (2003) report a similar phenomenon 

for multiplication facts. There is also evidence that special cases in 

multiplication do not fit with the associative learning model proposed by Siegler 

(1986; 1988), i. e. the x 0, x1 examples. 

Where does this leave the role of working memory in the development of 

children's addition strategies? There is some evidence (Barrouillet & Lepine, 

2005) that children with higher complex working memory span scores are more 

likely than children with lower span scores to use `direct recall' or a more 

92 



sophisticated and faster strategy. The difference between the high and low span 

grew as the size of the smallest addend increased. This would be consistent with 

the idea that the children with the lower spans were using a predominantly 

counting-based strategy, sensitive to the size of the smaller addend. Geary, 

Hoard, Byrd-Craven and DeSoto (2004) found differences in central executive 

working memory to be predictive of children's strategy use when solving simple 

(e. g. 4+5, and more complex e. g. 16 + 8) addition problems. First grade 

children with lower working memory spans used finger counting more, while 

their counterparts with higher working memory spans used verbal counting. 

Children with higher working memory spans were more likely to use 

decomposition for the solution of the complex problems. This supports 

Barrouillet and Lepine (2005) in suggesting that higher working memory span 

appears predictive of an earlier shift away from finger counting towards more 

sophisticated and efficient strategies. Noel, Seron and Trovarelli (2004) found 

that phonological loop functioning was the best predictor of addition strategy for 

children in first grade, with the high span children using more sophisticated 

strategies whereas the low span children relied more on finger counting and 

`count-all' strategies. The differences in span also predicted differences in 

solution accuracy. Geary, Harrison and Coard (2000) also found evidence that 

children with difficulties in mathematics (and with lower forward and backward 

digit span scores) did not show the expected reduction in finger counting and 

migration to more sophisticated strategies. 

The evidence suggests that working memory span is a factor in children's 

progression to more sophisticated calculation strategies. The precise mechanisms 

that allow this shift are not clear. Children who are unable to represent the 

addends mentally due to a lack of working memory capacity may be using their 

fingers as a concrete memory aid. The problem with this seemingly adaptive 

procedure is that finger counting is a slower and more error-prone strategy than 

others. It is possible that the ability to remember the addends (thought to be a 

phonological working memory task, see Noel et al., 2004) may help children to 

move from a ̀ count-all' strategy to a ̀ count on from one of the addends' strategy. 

Visual working memory may help children to move on from adding with 

concrete objects and allow them to form a mental representation of one of the 
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addends and so begin to count on from one of the addends rather than requiring 
both (Holmes & Adams, 2006). The ability to visualise and manipulate sets in 

visual-spatial working memory may further conceptual understanding (e. g. of 

commutativity) and therefore drive strategy development (Baroody, 1982). 

4.8 Working Memory and Maths Anxiety 

The majority of studies looking at the role of working memory in mathematical 

processing have largely ignored the possible role played by emotion. While it is 

true that some cognitive processing may not engender significant emotional 

responses, the same cannot be said of mathematical processing. Mathematics, 

perhaps more so than any other school subject, causes emotional reactions in 

children and adults. The phenomenon of `maths anxiety' has been widely 
documented (e. g. Hembree, 1990) over the past thirty-five years since a seminal 

article by Richardson and Suinn (1972). 

Early research into maths anxiety focused on its effects in terms of avoidance of 

mathematical courses and the reduced mathematical achievement of maths- 

anxious individuals. It is only in the last few years that researchers have 

considered that maths anxiety may have a detrimental impact on on-line 

processing by disrupting the cognitive systems needed to support mathematical 

tasks. One cognitive system that has been shown in several studies (e. g. Ashcraft 

& Kirk, 2001) to be important in children's and adults' mathematical processing 
is working memory. 

A meta-analysis of several studies on maths anxiety (Hembree, 1990) provided 

strong evidence of higher rates of maths anxiety among females at all ages, with 

the difference becoming slightly more marked at the post-secondary school level, 

although this may be due to females being more willing to admit to feelings of 

anxiety (Ashcraft, 2002b). Maths anxiety is not just restricted to females (Ma & 

Xu, 2004). Hembree's (1990) analysis also showed that individuals with higher 

levels of maths anxiety were more likely to avoid mathematical activities and to 

take fewer maths courses. A more recent study (Ma & Xu, 2004) found no 

gender differences in anxiety levels. It is possible that changing societal attitudes 
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towards girls and mathematics have reduced or even eliminated the gender 
differences in levels of maths anxiety. 

While there is widespread evidence (e. g. Faust, Ashcraft, & Fleck, 1996) that 

individuals with high levels of maths anxiety perform more poorly in 

mathematical tasks than individuals with lower levels of maths anxiety, the 

precise reasons for this are not completely clear. The correlation between 

performance and anxiety level has been addressed in a couple of meta-analyses 
(Hembree, 1990; Ma & Xu, 2004). This apparently robust correlational 

relationship between levels of mathematical performance and levels of maths 

anxiety does not indicate the direction of causality between the two factors, 

however. 

One explanation is that maths anxious individuals are less likely to take maths 

courses, are less likely to engage in mathematical activities and will therefore 

suffer a decrement in performance as a result. This position suggests that maths 

anxiety can, albeit indirectly, cause poor mathematical performance. The 

simplest explanation of the development of maths anxiety is simply that 

individuals, whose mathematical performance is already poor for other reasons, 
become increasingly anxious as they fall further behind their peers in maths. If 

this is correct, maths anxiety is caused by poor performance and is not, in itself a 

cause of poor mathematical performance. This position is supported by evidence 

from a longitudinal study (Ma & Xu, 2004) which used cross-lagged correlations 

to try and determine the causal direction of the relationship between maths 

anxiety and maths performance. The authors found that previous maths scores 

were a good predictor of later anxiety levels, but not vice-versa. They identified 

key periods, e. g. transition between schools, in which girls seemed especially 

vulnerable to heightened levels of maths anxiety brought about by poor 

mathematical performance. 

There is, however, some evidence to suggest that this is not the case. Hembree's 

(1990) meta-analysis included a review of programmes designed to address 

maths anxiety. The most successful of these reduced anxiety levels and improved 

maths scores without any specific instruction in maths. 
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Faust et al. (1996) found no differences between groups of high and low maths 

anxious adults in simple single- and double-digit addition and multiplication 

problems when the task was administered as an un-timed pencil and paper 

exercise. The two groups had shown significant differences in the more complex 

of these calculations when they were administered as timed tasks in the 

laboratory. Taken together, these findings suggest that poor mathematical 

performance can be caused by maths anxiety. 

The study by Faust et al. (1996) gave the first indication that maths anxiety might 

cause some interruption to on-line cognitive processing. Anxiety appeared to 

cause a fall in performance on the questions that required carrying, but not on 

simple, single-digit questions. This led the authors to think that maths anxiety 

might be disrupting the central executive component of working memory. These 

findings fit well with those of Sorg and Whitney (1992), who showed that both 

trait anxiety and situational stress can interact to produce a decrement in central 

executive working memory performance. 

Participants with high levels of maths anxiety were more disrupted by a 

concurrent working memory task when doing mental addition than were low 

anxiety subjects (Ashcraft & Kirk, 2001). The highly maths anxious participants 

showed central executive deficits when carrying out both a number and a letter 

transformation task that involved counting, but no learned maths (Experiment 3). 

Interestingly, the decrement in performance was similar for both tasks. These 

findings indicate that the loss of working memory capacity caused by anxiety is 

exhibited on tasks that do not involve learned mathematical algorithms. 

The findings suggest that the disruption is temporary and confined to the 

mathematical situation at hand. This view is not supported by earlier evidence 
(Hopko, Ashcraft, Gute, Ruggiero, & Lewis, 1998) in which maths anxious 
individuals performed more poorly than their less anxious counterparts on a 

reading comprehension task. These authors proposed that the origins of maths 

anxiety are not so much that maths anxious individuals experience more anxious 

thoughts, but that they attend more to them and that this attention draws off 

central executive processing capacity. 
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Miller and Bischell (2004) looked at the impact of maths anxiety on verbal and 

visual working memory in adults. The study concluded that maths anxiety, unlike 

other forms of anxiety, disrupts the visual working memory system rather than 

the verbal. This study lent further support to the suggestion that maths anxiety is 

not simply the projection of general anxiety into mathematical situations. This is 

supported by Ashcraft (1995) who found that physiological measures of anxiety 
(e. g. heart rate) increased for maths anxious individuals as they were asked 

mathematical questions of increasing difficulty. The same group showed no such 
increases in anxiety when asked questions about other things. There was a 

negative linear relationship between the two measures, lending further support to 

the idea that- all and any mathematical anxiety is damaging to mathematical 

performance (see also Faust et al., 1996). 

The causes of maths anxiety appear to be complex. While there is some evidence 

that poor mathematical performance contributes to maths anxiety, and that girls 

are particularly vulnerable to maths anxiety at key transition points in their 

schooling (Ma & Xu, 2004), there is evidence from Hembree's (1990) analysis 

that teaching style and/or maths anxiety in the teacher may be a contributory 
factor. It is unlikely that specialist maths teachers will be anxious about the 

subject, but there are many primary school teachers, who have to teach maths 

and would rather not (Brown, McNamara, Hanley, & Jones, 1999). There is 

considerable evidence that one of the ways that maths anxiety affects 

mathematical performance is through the disruption of working memory. 

4.9 Chapter Summary 

Chapters 3 and 4 have taken a detailed look at the possible role of working 

memory in mathematical processing. The evidence suggests that working 

memory plays an important role in current mathematical processing and in the 

acquisition of mathematical skills. This chapter has pointed to ways in which a 

cognitive system that is able to hold and manipulate information might be 

important in the acquisition of early mathematical skills such as representing 

numbers and counting. However, there is still research to be done to explore the 

detailed nature of the interaction between specific components of the working 
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memory model and specific mathematical operations. There is also a lack of 

research evidence concerning the possibility that working memory can be 

manipulated by training and the potential effects this may have on mathematical 

processing. The following chapter sets out the methods that were used in this 

thesis to investigate these questions further. 
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Chapter 5- Methodology 

5.1 Structure of the Research Project 

Having considered the overall aims of the research project (Chapter 1) and the 

associated research literature, the object of this chapter is to explain in more 
detail the project's structure. The chapter includes an overview of the methods of 
data collection, with more detailed explanations given in the following chapters 

concerning each individual study. Issues of data reliability and validity are 
discussed along with the methods of data analysis. The ethical implications of the 

research are also examined in detail. 

The research project described here comprised two distinct phases with the 

results of the first phase directly informing the second. Phase 1 comprised 5 

separate studies, which sought to explore in more detail the ways in which the 

different components of the working memory model (Baddeley & Hitch, 1974) 

are involved in children's mathematical learning. This was done by looking at 

correlations between performance on tasks measuring specific components of the 

working memory model and mathematical tasks. The details of the different 

studies are given below. Although each study stands alone, the intention was that 

there was some continuity between the studies and that the questions posed by 

one study became the focus of enquiry in subsequent studies. 

The findings from Phase 1 were used to inform the Intervention Study that forms 

the second phase of the research project. A more complete understanding of the 

way that the different components of the working memory model affect 

mathematical learning was used to identify the area of working memory to be 

targeted in the Intervention Study. This was done to see whether working 

memory training would lead to improvements in working memory functioning 

and mathematical performance. 
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Figure 5.1 Overall research project design. 
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5.1.1 Aims of the Individual Studies 

The specific aims of the different studies are summarised below: 

Study 1- This was an initial study looking at the links between the different 

components of the working memory model (Baddeley & Hitch, 1974) and 

mathematical performance (addition) in children in Year 5. The aims of the study 

were as follows: 

" To establish whether there were any correlations between mathematical 

performance and working memory. 

9 To investigate possible contributions of working memory to addition strategy. 

Study 2- Having focused on addition in the first study, the focus of the research 

was broadened to include multiplication. The aims of this study were as follows: 

9 To explore whether any correlations between working memory and addition 

performance uncovered in the first study were applicable to multiplication. 

" To explore the possibility that working memory differences contribute to 

children's strategy choices for multiplication and addition. 

Study 3- Given that the central executive component of the working memory 

model is the most complicated and has several different functions, this study 
focused exclusively on this component of working memory. Its aims were as 
follows: 

" To explore how the different functions of the central executive might affect 

children's mathematical performance. 

" To investigate whether central executive skills play a role in determining 

children's strategy choices in addition and multiplication. 

Study 4- Having looked exclusively at simple mental calculations in the first 

three studies, the focus of this study was more complicated written calculations. 

The aims of this study were as follows: 

" To explore the role of different components of the working memory model 

(with a focus on visual-spatial working memory) on written calculations 
involving carrying (addition) and decomposition (subtraction). 
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Study 5- Given that the first four studies did not take emotional factors into 

account when looking at the contribution of working memory to children's 

mathematical functioning, this study looked at the possible effects of maths 

anxiety on working memory functioning (Miller & Bischell, 2004; Ashcraft & 

Kirk, 2001). Its aims were as follows: 

" To explore the effects of maths anxiety on children's working memory 

performance on tasks using different stimuli. 

" To examine the possible effects of maths anxiety on strategy choices in 

simple mental calculations. 

Intervention Study - Having investigated the interactions between working 

memory and mathematical functioning in the first phase of the research, the 

second phase took the form of an Intervention -Study. The target of the 

intervention was determined by looking at the results of the studies carried out in 

Phase 1. The aims of the Intervention Study were as follows: 

" To investigate the possibility that working memory can be improved by 

training (e. g. Bell et al., 2003). 

" To explore whether any gains made in working memory had an impact on 

mathematical performance. 

5.1.2. Data Collection Methods 

The data collection methods used in the different studies are described in detail 

in the following two chapters. The tables below give an overview of the different 

working memory and mathematics tasks used in all the different studies. 
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Table 5.1 Overview of the different working memory tests used in the research. 

Test WM Component Study 

Nonword List 
Recall Phonological Loop 1,2 

Block Recall Spatial Storage (VSSP) 4 

Visual 
Patterns Visual Storage (VSSP) 1,2,4,5, IS 

Shapes 
Inhibition CE (Inhibition) 2 

Backward Digit CE Concurrent Storage and Processing IS 3 5 Recall (Phonological Stimulus) , , 

Animals CE (Inhibition) 3 Inhibition 

Odd One Out CE Concurrent Storage and Processing 4 (Visual Stimulus) 

Backward CE Concurrent Storage and Processing 5 Letter Recall (Phonological Stimulus) 

Updating CE Inhibition/Updating 1,3 

MrX CE Concurrent Storage and Processing 34 (Visual Stimulus) ' 

Detailed descriptions of the working memory tasks are given in the chapters 

about the individual studies. Some of the tasks came from existing test batteries, 

specifically the Working Memory Test Battery for Children (WMTB-C, 

Pickering & Gathercole, 2001) and the Automated Working Memory Assessment 

(AWMA, Alloway, Gathercole, & Pickering, 2004). Others were original tasks 

designed specifically for the purposes of this research project. Given that some of 

the tasks were used in both phases of the project, issues of data reliability and 

validity are considered in the following section prior to a specific look at the two 

separate phases. 
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Table 5.2 Overview of the different mathematical tasks used in the research. 

Test Example Study 

Addition Production (Simple) 4+5=? 1,2,3 

Multiplication Production 4x5=? 1,2,3 

Addition Multiple Choice 3+7= 20,12,11 or 10? 1,2 

Multiplication Multiple-Choice 3x7= 20,10,21 or 15? 1,2 

4+3=? 
26+7=? 

Addition Production (Mixed) 3,5, Int 
42 + 17 =? 
26+28 =? 

Addition Production (Complex) 47 + 95 =? 3 

246 or 561 
Written addition and subtraction 4 

+486 -275 

For the working memory tasks the following were presented on a computer: 

visual patterns, shapes inhibition, odd-one-out and Mr X. The stimuli for 

nonword list recall, updating, animals inhibition, backward digit recall and 

backward letter recall were read aloud by the experimenter. The blocks recall task 

was administered using a plastic board with the nine blocks attached. For the 

mathematical measures, all the `production' tasks were presented on a lap-top 

computer. The children gave their responses verbally. The stimuli were visible 

throughout. 
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5.2 Data Reliability and Validity 

5.2.1 Working Memory Data 

5.2.1.1 Reliability 

It is now more than thirty years since the Baddeley and Hitch model of working 

memory was first published. During that time a number of tools have been 

developed for measuring working memory performance (see Gathercole & 

Pickering, 2000a for a review of the development of working memory tests). The 

availability of these tools in the form of a test battery specifically designed for 

children (WMTB-C; AWMA) means that there is little need to design new 

methods for collecting working memory data. In some cases it was necessary to 

adapt some of the tasks or to invent new ones to tap very specific areas of 

working memory (particularly aspects of central executive functioning). As a 
focus of this piece of research was to pin-point the areas of working memory that 

are implicated in specific areas of mathematical functioning, it was very 
important not to combine scores on a number of different working memory tests 

to give an overall measure of working memory. Doing this may have led to the 

confounding of results in earlier studies. 

Reliability refers to the extent to which the results of a given piece of research 

would be replicated if the research were carried out by another researcher (Elmes, 

Kantowitz, & Roediger, 1999). While it is impossible for any researcher to be a 

completely disinterested observer whose presence has no impact on the data 

collected (Carr, 1995), the nature of the data in the first phase of this study 

allowed for minimal researcher involvement. All the data collection was done by 

the author, therefore each child had the same experience. Many of the working 

memory tasks were computer administered; the experimenter's sole function was 

to mark the responses as right or wrong and enter them as such. 

The majority of the tests used to collect the working memory data were from the 

WMTB-C, a battery of tests that has been extensively trialled and which has high 

test-retest reliability, and the Automated Working Memory Assessment (AWMA, 

Alloway et al., 2004). Many of the AWMA tests are simply computer-presented 
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versions of the WMTB-C tests. It has been possible to obtain test-retest reliability 

scores for some of the tests used in this research: Nonword List Recall (0.77), 

Backward digit recall (0.85), Block Recall (0.45), Visual Patterns (0.73). There 

was no test-retest data available for the AWMA measures that do not have direct 

equivalents in the WMTB-C. 

5.2.1.2 Validity 

Validity refers to the extent to which the data collected accurately reflects the 

concepts and constructs it purports to measure. The different sub-tests of the 

working memory test battery have been designed to measure the different 

components of the Baddeley and Hitch working memory model (Gathercole & 

Pickering, 2000a). 

The test used to measure the phonological loop component of working memory 

was non-word repetition. All working memory tests need a stimulus, something 
to be remembered. The digit-recall and word-recall both use stimuli that children 

use every day in their learning (digits and words respectively) and are represented 
in long-term memory. There was therefore a danger that the digit recall and word 

recall tests could have measured the 'robustness' of the representations of words 

or digits in long-term memory, which might affect working memory performance. 
The validity of the tests could be compromised and confounded by the 

contribution of long-term memory (Dark & Benbow, 1980). By choosing the non- 

word repetition sub-test, it was hoped that the validity of the phonological loop 

measures would be improved. 

The validity of the working memory sub-tests designed to measure the 

functioning of the visual-spatial sketch pad presented more of a problem. As has 

been mentioned, the construct of the visual-spatial sketchpad is fragmented and 

complex. There are three sub-tests in the battery that measure VSSP functioning 

(mazes memory, block recall and matrix recall). The block recall test and the 

matrix memory test both measure dynamic spatial memory. The mazes memory 

task is not a purely visual or spatial task. Due to the lack of a purely visual sub- 

test, a computer-based version of the visual patterns test (Della Sala, Gray, 
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Baddeley, & Wilson., 1997) was developed and used. The visual-patterns test is a 

purely static recall test of semantically neutral matrices. The memory load is 

increased by making the matrices larger and increasing the number of cells to be 

recalled. 

The validity of tests measuring the function of the central executive was much 

more problematical. The CE has several functions within the working memory 

construct and so any tests needed to be specific in determining which of these 

functions was being measured. The CE sub-tests in the WMTB-C all measure 

recall in the face of concurrent processing. All of these sub-tests use phonological 

stimuli. This was the primary reason for adding some new tests to the AWMA 

battery. Three of the AWMA tests still use phonological stimuli (backward digit 

recall, counting recall and listening recall). Three new tests have been added that 

use visual stimuli (Odd-one-out, Mr X and Spatial Span). In deciding which of 

these tests to use, the validity of the test (i. e. the extent to which it measures the 

specific construct it is designed to measure) was paramount. In all CE tests where 

recall is measured, there was an issue about the extent to which the test was in 

fact measuring the storage component of working memory that related to the 

specific stimuli to be remembered (phonological, visual or spatial). Some of the 

CE tests required processing of the to-be-remembered stimuli, while others 

simply required the participant to remember a given stimulus and then perform 

some unrelated processing task prior to recall. Of the phonologically based CE 

tests, the only one that required participants to process the to-be-recalled 

information was the backward digit recall task. For this reason there could be no 

separate measure of processing accuracy and recall accuracy, as problems with 

processing inevitably led to inaccurate recall. The other two tests required 

subjects to undertake processing on stimuli only indirectly linked to the to-be- 

recalled stimuli. It was possible to make a mistake with the processing and still 

recall correctly. This did leave the test technically open to abuse; a subject could 

have deliberately processed the information incorrectly (i. e. miscounted the 

number of dots) so that the recall demands would be lessened (i. e. so that the 

recall number was always 4). This was less likely to happen in the listening recall 

test. It would still have been possible to engage in rehearsal and pay no attention 
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to the processing element of the task (simply give a random true/false answer) 

and therefore to have reduced the task to a simple phonological storage task. 

To maximise the validity of the measure of concurrent phonological processing 

and storage, the backward digit recall task was used. This task also appeared to 

mirror most closely the CE demands placed by complex mathematical 

computation where the processing is carried out on the stimulus to be recalled. 
This test could also be tapping the phonological loop component of working 

memory and so its validity as a measure of pure CE functioning had to be 

questioned. There is a lot of debate about whether the CE itself has any storage 

capacity (e. g. Smith & Jonides, 1999). This issue is too complicated to be 

explored fully here, but it is worth noting that the debate is far from resolved. 
Whatever the outcome, the backward digit recall test used was certainly tapping a 

processing and a storage function. 

Central Executive tests with visual-spatial stimuli were subject to the validity 

problems inherent in visual-spatial tests and those relating to CE tests. All the 

visual-spatial CE tests in the AWMA battery required recall that was not 
dependent on the accuracy of the processing and were therefore technically open 

to the same abuse as described above with the counting recall test. They all had a 

measure of processing accuracy as well as recall accuracy. As with all the tests of 

CE concurrent processing and recall, there was inevitably an extent to which the 

test was measuring the storage capacity of the relevant slave system (or the CE's 

own storage capacity). The Mr X test and the odd-one-out test were used. In 

hindsight and after having used it in one of the studies, the validity of the odd- 

one-out test has to be questioned, as completing the test successfully could be 

done by employing a phonological strategy. It could therefore be a measure of 

phonological loop functioning and not be tapping CE or visual-spatial skills at all. 

The Mr X test appeared to be more valid as there were six possible positions to be 

recalled (the odd-one-out test had only three that could be encoded as left, middle, 

right and recalled - and rehearsed - phonologically. ) 
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5.2.2 Mathematical Data 

Measures had to be designed to look at response times and error types and rates. 
It was therefore necessary to use a combination of production tasks and 

verification tasks (such as multiple choice questions) so that the influence of more 

or less distracting answers could be investigated. 

In order to pin-point the areas of working memory that are most closely 

connected with fact mastery and therefore with mathematical success in primary 

schools it was necessary to compare children's working memory performance and 

their mathematical performance. Classroom performance in mathematics could be 

mediated by many different factors such as other children, the nature of the task 

and the teacher. In comparing individual children from different schools, it was 

necessary to standardise the measures of mathematical functioning and working 

memory. By testing the children on a bespoke test in a situation removed from the 

potential distractions of the classroom, it was hoped that the reliability of the tests 

across different schools had been improved. 

Given the multitude of commercially available (and therefore rigorously trialled 

and refined) or school-based mathematical assessment tests, there was a need to 

justify the development of new tests used in this research. Statutory Assessment 

Tests (SATs) are completed by all children in Year 2 and Year 6 with optional 

papers given to many children in Years 3,4 and 5. These are comprehensive 

mathematical assessments but are not able to measure the very specific 

mathematical skills needed in these studies (addition and multiplication fact 

mastery). 

All the different mathematical tasks used in the studies had been developed so as 

to be as replicable, and therefore as reliable, as possible. Most of the tests of fact 

mastery were presented on a computer, in which case the role of the researcher 

was simply to move the participant on to the next question once the previous one 

had been answered and to operate the timing device. The multiple choice tasks 

had even less researcher involvement and required the researcher simply to start 

and stop the watch. The reliability of the mathematical data was enhanced by 
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collecting it in a quiet place in the school with a minimum of distractions. Each 

child completed the tasks individually, at roughly the same time of day, with the 

same experimenter and so arguably had the same experience. 

5.3 Participants 

5.3.1 Sample 

All the children who took part in the studies described here were in Year 5 (aged 

9 or 10 years) when they participated. They all agreed voluntarily to participate 

and were all given the opportunity to withdraw at any time. All the children in 

the class were given a short (5 - 10 minute) presentation about the nature of the 

study and were given an opportunity to ask questions. Children who were 
interested in taking part were given consent letters to take home to be signed by 

parents/guardians and by the children themselves. Children who did not return a 

signed letter were not permitted to participate. All the participants were taken 

from mainstream schools from the four unitary authorities that used to comprise 

the county of Avon: Bristol, North Somerset, Bath and North-East Somerset and 
South Gloucestershire. None of the children were on their school's register of 

special educational needs. All the children had normal or corrected-to-normal 

vision. 

In the United Kingdom, Year 5 is the penultimate year of primary schooling. 
Typically children are 9 years old when they begin in Year 5 (in early September) 

and are 10 years old when the school year finishes in mid-July. This age group 

was chosen as their working memory profile is more like that of adults (i. e. they 

are able to re-code visually presented material) allowing for a comparison of the 

use of the different components of the working memory model. They have also 

begun to learn multiplication tables allowing for a comparison of the working 

memory demands of different mathematical operations. 

5.3.2 Selection of schools 

Selection of participating schools was partly determined by available access. A 

number of schools in and around Bristol were approached in the hope that the 
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final sample of children would reflect a broad socio-cultural, socio-economic mix 

and be relevant to as many schools as possible. In reality, those schools that were 

willing to participate were included and those schools that were unwilling to 

participate were not. Within each school the decision about whether or not to 

participate in the study was made by the individual children and their 

parent/guardian. This `self-selection' may have meant that certain children (those 

who forgot to collect a consent letter, those who forgot to take it home or bring it 

back into school, those whose home lives are disorganised and whose 

parents/carers are not well disposed towards or understanding of educational 

research) were excluded from participation. 

The data collection was carried out by the author. This was partly due to 

financial constraints and the impossibility of paying other people to collect data, 

although this would have meant that a larger sample of children could have been 

tested. The data collection was done in school, usually during the afternoon (so 

as to be consistent and so as not to disrupt the more formal parts of the school 
day). Where possible it was done in a quiet room away from the classroom so as 

to avoid distractions. For the Intervention Study, the precise timing of the 

working memory training had to be negotiated with individual schools, but was 

always done during the , afternoon and was always done on the same day and the 

same time within each individual school. 

In complying with the ethical demands of informed consent, the sample was, by 

definition somewhat self-selecting. Some children, for whom maths is a source of 

discomfort or irritation, may have decided not to participate. However, the results 

(see the following chapters for details) did indicate that children with a wide 

range of mathematical and working memory performance did participate. The 

research design used in the studies was not uniform. The five studies that 

comprised Phase 1 all used a correlational design and shared many 

methodological features. They are therefore considered together. The Intervention 

Study used an experimental design that was distinct from that used in the 

preceding studies and therefore Phase 2 is described separately. 
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5.4 Phase 1 

The table below gives an overview of the five studies that made up the first phase 

of the research project. It provides a quick reference of which working memory 

tasks and which mathematical tasks were included. 

Table 5.3 Summary of the different working memory and mathematical tasks 
used in the five initial studies. 

Study WM Measures Mathematical Measures 

1- Which 
components of the Nonword Repetition Addition Production (Mixed) 

WM model are Visual Patterns Strategy Use 
implicated in simple Updating (CE) 

addition? 

Simple Addition Production 
2- Do different 
mathematical Nonword Repetition Addition Multiple-Choice 

operations make Visual Patterns Multiplication Production 

different working Shapes Inhibition Multiplication Multiple- 

memory demands? Choice 
Strategy Use 

Addition Production (Simple) 
3- Which central Addition Production 

executive functions Backward Digit Recall (Complex) 
are most strongly Updating Multiplication Production implicated in 

children's 
Animal Inhibition Addition Multiple Choice 

mathematical Mr X Multiplication Multiple 
functioning? Choice 

Strategy Use 

4- What is the role 
of visual-spatial 

Odd One Out 

working memory in Corsi Blocks Addition with carries 
more complex Visual Patterns Subtraction with borrows 
addition and Mr X 
subtraction? 

5- How does maths Visual Patterns (Numerical) Addition Production (Mixed) 

anxiety affect Visual Patterns (Letters) Maths Anxiety 
children's working Backward Digit Recall Attitudes to Maths 

memory? Backward Letter Recall Liking of Maths. 
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5.4.1 Correlational Studies 

The initial studies sought to determine which of a number of working memory 

variables would make the most appropriate target for the working memory 

intervention to be carried out in the second part of the study. The initial studies 

followed a correlational design. This research design was chosen for a number of 

reasons: 

" Correlational designs allowed the comparison of a relatively large number of 
different variables. Given that the purpose of the initial studies was to 

identify which components (if any) of the working memory model are linked 

to mathematical processing in children, a design was needed that allowed for 

the measure and comparison of several different variables. 

" The variations in the measured variables occurred naturally and were not 

manipulated in any way by the experimenter. This lent the research some 
`ecological validity' (Elmes et al., 1999) by making the research design a little 

closer to `real life', something that is important in educational research that 

seeks to have an impact on the way things are done in the classroom. 
Teachers have to take account of these natural variations in each class of 

children. 

" There was minimal disruption to school and classroom life (see the section on 

ethics below). 

"A correlational study was a good starting point in understanding complex 

relationships (i. e. the relationship between working memory and mathematics) 
by making it possible to break the relationship down into simpler components 
(Denscombe, 2003). 

Despite its appropriateness for the purposes of the first part of the work, the use 

of a correlational research design was not without its problems: 

" Correlational designs do not provide specific information about the nature of 

the relationships under investigation. As none of the variables was directly 

manipulated by the experimenter, it was not possible to say whether natural 

variance in working memory accounted for (some of) the variance in 

mathematical performance, or vice-versa. It is taken as read that there are a 
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number of factors that account for variance in mathematical performance, of 

which working memory may be one. 

9 There was also the potential problem of `internal validity' (Elmes et al., 

1999). Variance in the two measured variables could have been caused by the 

presence of a third factor that influenced both variables rather than an 

interaction between the variables themselves. There is also the debate about 

the extent to which general intelligence (g) mediates both working memory 

and mathematics. There is a school of thought that working memory is in fact 

a very good measure of g, or that it is, in fact, g (see Süß, Oberauer, Wilhelm, 

Wittman, & Schulze, 2002). 

Both these problems were tolerated in the knowledge that the experimental study 

in Phase 2 might provide some information about these issues (see Section 8.2.1 

for a full discussion). 

5.4.2 Data Analysis 

The data from the first phase was analysed initially using simple correlations. 

From this it became clear which working memory variables and which 

mathematical variables co-vary. Independent samples t-tests were also used to test 

for differences in performance between the sexes, between children from different 

schools, between children using different strategies and children showing 

different levels of mathematical knowledge. 

5.5 Phase 2 

The research design adopted in the second phase was an experimental design in 

which the variables were intentionally manipulated by the experimenter and the 

effect on the dependent variables was recorded. In the case of the intervention 

study that comprised the second phase of the work, the amount of working 

memory practice was the independent variable (manipulated by the experimenter) 

and the working memory score was the dependent variable. If the dependent 

variable (working memory performance) was affected by the manipulation of the 
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independent variable (working memory practice), this then became the 

independent variable and mathematical performance the dependent variable. 

By actively manipulating one of the variables, rather than looking at natural 

variance in the variable, it was possible to determine the direction of any link 

between the two. The study looked at the possibility that changes in working 

memory performance affect mathematical performance (see Figures 5.2a, 5.2b 

and 5.2c). 

Figure 5.2(a) Intervention study variables. 

Independent 
Variable 

Dependent 
Variable 

Working 
Memory 

Performance 

Changes in working memory performance brought about by changes in working 

memory practice led to the adoption of working memory performance as the 

independent variable and mathematical performance as the dependent variable. 

Figure 5.2(b) Intervention study variables. 

Dependent 
Variable 

F Mathematical 
Performance 
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The diagram shows the path by which manipulation of working memory practice 

may influence mathematical performance. 

Figure 5.2(c) Intervention study variables. 

Independent Dependent 
Variable Variable 

Working 
Memul Mathematical 

Performance 

The use of an experimental research design overcomes the fundamental weakness 

of the correlational design of the first phase. The correlational design is not able 

to determine whether it is variance in working memory capacity that accounts for 

(some) variance in arithmetic fact mastery, or vice-versa. By making working 

memory the independent variable and manipulating it (indirectly through working 

memory practice in the classroom) and then observing any effects on the 

dependent variable, the direction of any accounting of variance can be established. 

5.5.1 Data Analysis 

As the second phase consisted of an experimental design with two matched 

groups, analysis of variance (matched pairs t-tests) was used to look at the 

influence of the manipulation of working memory performance on mathematical 

performance. There were two groups: a group that had the working memory 

intervention and a matched control group that did not have any intervention. 

Differences between the groups' working memory performance and their 

performance on the mathematical assessments pre- and post-intervention were 

analysed, using matched-pairs t-tests, as was the change in their performance 

brought about by the working memory intervention. 
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It was also possible to use the data to carry out a cluster analysis to see if there 

were children with distinct mathematical and cognitive profiles emerging from 

the data. It may have been possible that there were considerable individual 

differences in the way that working memory interacted with mathematical 

performance. 

5.6 Ethical Issues 

The ethical issues that are inherent in all research are brought into even sharper 
focus when working with children (Grieg & Taylor, 1999). There is some debate 

about whether research should be done with children, or whether adults should 

provide the information by proxy. Others argue that by doing research with 

children, the children's voices can be heard. For this study, the data could be 

obtained only by working with the children. When collecting the data and 

working with the children, it was important to remember that ... `research should 
be not on children but with them and for them. ' (Hood, Kelley, & Mayall, 1996, 

p119). Grieg and Taylor (1999) also emphasise the fact that children are not 

simply little adults and that children are not a homogenous group. While carrying 

out the data collection, the experience of working in primary schools for several 

years proved to be very useful in alerting the author to the needs and concerns of 

the children. 

5.6.1 Informed Consent 

As the research involved collecting data from children, it was important to make 

sure that the children understood the messages that were being conveyed to them. 

9 Each child to knew that he/she had a choice as to whether to participate or not. 

" Each child knew that he/she was free to withdraw at any time without giving a 

reason. 

" Each child understood his/her role in the research. (Grieg & Taylor, p149. ) 
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In order to ensure that all the children understood these three things clearly, a 

particular procedure for obtaining informed consent was followed throughout the 

duration of the research. The first contact with the children took place in the 

classroom with the whole class. The children were given a5 to 10 minute 

presentation explaining why the research was being done and giving examples of 

the kinds of cognitive and mathematical tasks that will be administered. Elmes et 

al. (1999) highlight potential problems where some kind of deception is inherent 

in the research design. This was not the case here, and while it wais not possible 

to explain each cognitive task in detail, it was possible to give the children an idea 

of the tasks without compromising the research. The fact that participation was 

voluntary and the right to withdraw later were emphasised both in the 

presentation and in the consent letters that were handed out at the end of the 

presentation. No child was permitted to take part in the research without returning 

the completed consent letter. The consent letter provided phone and e-mail 

contact details for my supervisor and me in case parents had questions about what 

was involved and the reasons for carrying out the research. In the event, none of 

the parents who received a letter found it necessary to contact the university. 

Children, possibly more so than adults, are subject to strong peer pressure. Most 

of the children were excited by the prospect of taking part and took home a 

consent letter. In'order to try and avoid peer pressure from pushing children into 

the research who would rather not take part, the children were always asked at the 

beginning of each session if they were happy to continue and were still happy to 

take part and offered them the chance to stop if they were not happy. During the 

whole data collection process, which involved over 200 children no child 

indicated a desire to stop, suggesting that they had not been pressured to take part. 

Once the data collection process was over, the participating children were each 

given a participation `certificate' with an explanation of the research and of the 

findings (see Appendix I for an example). 

A further possible concern was that a child might wish to participate and his/her 

parents would forbid it. This could cause some distress to the child. However, 

children and their parents often have different views about what the child is 

allowed to do and these are part of life. The same could be argued about any 
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number of school-based activities such as after-school clubs, sports fixtures, 

school trips etc. Some authors (e. g. Oliver, 2003) have expressed concern about 

the possible power imbalances involved when teachers conduct research. Parents 

who are unwilling for their children to participate may feel some pressure to 

participate because of deference to the teacher or a feeling that the teacher will 
look differently on their child if consent is withheld. In conducting this research, 

great care was taken to ensure that all the communication to parents about the 

research came directly from the university and that there was no indication that 

the teacher was involved, or in any way `sponsoring' the research. 

5.6.2 Other Ethical Issues 

Responsibility as an ethical researcher does not end once consent forms have 

been signed (Grieg & Taylor, p155). There was a potential ethical issue about 

removing children from the classroom in order to take part in a psychological 

study. The aim was always to collect the data at a time that caused minimum 
disruption to the education of the child (i. e. not during times of whole-class input 

and usually during the afternoon when the literacy and numeracy hours had been 

taught). Ideally the data collection took place while the child was doing an open- 

ended task that could be put down and picked up without any disruption. There 

was inevitably some disruption and time spent outside the classroom, but this 

time was almost negligible in the context of a whole term. There were also many 
benefits to participation in the studies: 

" The child spent the time out of the classroom doing mathematical tasks or 

cognitively demanding working memory tasks. The intensity of the tasks 

meant that a child was likely to do more maths in the time out of the 

classroom than they would have done in an equivalent time in the classroom. 

While the non-mathematical tasks did not have a direct classroom equivalent, 

they were still effortful and cognitively demanding in a way that time in the 

classroom was not always. 

" There were more intangible social benefits of the children spending some time 

in a one-to-one situation with an adult who was interested, exclusively in them. 
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" The children who participated had a chance to ask questions and to become 

interested in an area of study that they may not have been able to ask about in 

the classroom. They may have learned some meta-cognitive skills that would 
help them when they returned to the classroom. 

A further ethical dilemma was brought about by the use of an intervention study 

design (Denscombe, 2003). By the very nature of the experimental design, some 

children were given instruction and practice in using their working memory and 

others were not. If the instruction and practice were shown to be useful in 

bolstering working memory and mathematical performance, the two groups of 

children would not have been treated equally and fairly. In order to ensure that all 

the children felt that they had been treated equally and fairly, all the children from 

the control group were given the working memory intervention once the final 

post-test measures had been made. 

5.7 Chapter Summary 

This chapter has given an overview of the working memory, and mathematical 

tests, used in the research and has discussed issues such as validity and reliability, 

the design of the studies and the ethical considerations in carrying out this 

research. Having given an overview of the structure of the two phases of the 

research, the following two chapters present detailed findings from the two 

phases. In addition to the findings and a discussion of the findings, the following 

chapters provide greater detail about the research questions addressed in each 

individual study and the data collection methods used. 
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Chapter 6- Correlational Studies 

6.1 Study 1 

There is considerable evidence (reviewed in Chapters 3 and 4) of a link between 

working memory and mathematical performance for both children and adults. 
However, using general measures of either mathematical performance or working 

memory could possibly have obscured important interactions between these two 

factors. This initial study set out to explore correlations between working memory 

and mathematical performance in the context of the Baddeley and Hitch (1974) 

multi-component model of working memory for children in Year 5. In order to 

minimise possible confounding factors in the data, the study focused on a single 

mathematical operation (addition), but looked separately at all the different 

components of the working memory model (i. e. they were not collapsed into a 

composite measure of working memory). 

6.1.1 Research Questions and Hypotheses 

Punch (2005) highlights the importance of moving from a theoretical proposition 

to an operational hypothesis that can be tested. This allows a direct and visible 
link between the research question and the data that needs to be collected. Punch 

provides a series of checks that help to determine whether the proposed research 

questions are ̀ good' or `bad'. The research questions outlined before each of the 

separate studies are all intended to be clear, specific, answerable, connected and 

substantially relevant. The hypotheses that follow stem directly from the research 

questions. 

Research Question 1.1 

Which components (if any) of the working memory model (Baddeley & Hitch, 

1974) are most important in the mathematical functioning (addition) of 

children in Year S? 

Theoretical Proposition. 

Performing mental calculations requires the temporary storage and manipulation 

of information, a working memory task. Some components of the working 
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memory model play a more significant role in children's mental addition than 

others. 

Operational Hypothesis. 

Measures of working memory will correlate significantly with measures of 

mathematical performance (addition) in children in Year 5 of primary school. 
Scores on tasks designed to measure those components of working memory that 

are more important in children's mental addition will show the strongest 

correlations with the children's maths scores. 

Research Question 1.2 

To what extent do working memory strengths and weaknesses predict strategy 

use in simple addition in children in Year 5? 

Theoretical Proposition. 

Children use a range of strategies to solve simple addition questions. Individual 

children's addition strategies will be determined in part by individual cognitive 

strengths and weaknesses shown by their working memory abilities. 
Operational Hypothesis. 

Children who predominantly use a counting strategy will score more poorly on 

tasks tapping working memory than will children who predominantly use more 

sophisticated strategies to solve simple addition problems. This will be shown by 

statistically significant differences between the two strategy groups on working 

memory measures. 

6.1.2 Methods and Procedures 

In order to be able to explore the role of different components of the Baddeley 

and Hitch working memory model in children's simple addition, a correlational 
design was used. The tasks used to assess the children's working memory and 

mathematical performance are explained below. 
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6.1.2.1 Working Memory Tasks 

a. Phonological Working Memory 

The measure of phonological working memory used was the Nonword List 

Recall task from the Working Memory Test Battery for Children (WMTB-C; 

Pickering & Gathercole, 2001). In this task, the children were required to repeat 

back strings of legal single-syllable nonsense words (e. g. pab, terch, lut). There 

were six trials in each block. The length of the string was increased with each 

block. If a child scored four correct in any block of six trials, they moved to the 

next block. If they failed on three trials in any one block, the test was stopped. 

The task yielded a span score; the longest string that the child could recall 

accurately (i. e. at least four times in six trials). The fact that the stimuli were non- 

words meant that there was less likely to be contamination from material stored 

in long-term memory. This made the task a more valid test of `pure' 

phonological working memory than other span tasks using digits or words as the 

to-be-remembered stimuli. 

b. Visual-Spatial Working Memory 

The task used to assess visual-spatial working memory was adapted from the 

visual patterns task (Della Sala et al., 1997) in which participants were shown 

matrices of squares where some of the squares were filled in and others left blank. 

The participants were then required to remember the location of the filled squares 

(see Figure 6.1). The task was adapted for presentation on a lap-top computer 

using PowerPoint software. The participants were shown the matrices for 2 

seconds after which there was a two second pause during which they were shown 

a blank screen. Following the pause, they were presented with a blank matrix and 

asked to point to the location of the filled squares. Participants were shown ten 

matrices in total ranging from 3 to 6 filled squares. The number of trials on 

which all the filled squares were correctly recalled was recorded. 
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Figure 6.1.1 Visual patterns task. 

Two Seconds Two Seconds 

c. Central Executive Working Memory 

The task used in this study required the children to update the contents of 

working memory. The participants heard a list of concrete nouns and were asked 

to remember the smallest items in the list. There were three levels of difficulty: 

recalling the three physically smallest items from a list of seven, the four smallest 

from a list of eight and the five smallest from a list of nine. There were three lists 

for each difficulty level and the participants scored one point for every item 

correctly recalled. An example of a trial from the easiest level of difficulty 

(recalling 3 items from a list of seven) is "car, worm, nail, ocean, building, 

saucepan, mushroom" (Answer: worm, nail, mushroom). This task was adapted 
from an Italian version described in detail in Passolunghi and Siegel (2004). 

6.1.2.2 Mathematical Task 

The mathematical task (Addition Production Mixed - See Table 5.2) focused on 

addition, so as to avoid any possible confounds by mixing mathematical 

operations. Using PowerPoint slides (font size 175) on a lap-top computer, the 

participants were presented with twenty addition questions ranging in difficulty 

from single digit + single digit to questions involving the addition of two double- 

digit numbers including carrying. The children were encouraged to answer as 

quickly and as accurately as possible. They were aware that they were being 

timed. Once a response was given, the next question followed automatically. The 

participants' time and number of errors were recorded. 
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6.1.2.3 Strategy 

As the children completed the addition task, the experimenter noted their 

strategies (e. g. overt counting, use of fingers). The children were also asked at 

the end of the task how they had arrived at their answers. As children almost 

never use a single strategy (Ashcraft, 1992; Shrager & Siegler, 1998), their 

predominant strategy was recorded. The participants were assigned as ̀ counters' 

if they were using counting strategies either with their fingers or mentally. They 

were classified as ̀ mixed' if they used strategies that involved known facts (e. g. 

counting on or back from a known fact like a double) or other more sophisticated 

strategies such as adding 9 by adding ten and subtracting one). 

6.1.2.4 Questionnaire 

In addition to the cognitive and mathematical tasks described above, the 

participants all completed a quick questionnaire about their attitude towards 

maths and their own perception of their memory strengths and weaknesses. The 

questionnaire also contained a more complex written addition and subtraction 

question. The full questionnaire can be found in Appendix G. 

All the tasks were administered in a single session, beginning with the 

questionnaire, followed by the working memory tasks and the mathematics task. 

The mathematics task and the visual working memory task were administered 

using a lap-top computer. For the other tasks, the experimenter read out the 

words and the child responded verbally. 

6.1.2.5 Sample 

The sample consisted of 40 children, from 3 state primary schools in the South 

West of England. All the children were in Year 5 (mean age 122 months, S. D = 

3.82 months, range 117-128 months) at the time of testing. There were 17 males 

and 23 females. 
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6.1.3 Results 

6.1.3.1 Descriptive Statistics 

Descriptive Statistics for the different tasks are shown in Table 6.1.1 below. 

Table 6.1.1 Descriptive statistics (Study 1). 

Min Max Mean Std. 
Deviation 

Addition Time (sec) 60 272 127.15 47.629 
Addition Errors 0 20 3.58 3.829 
Nonword List Recall (Correct Trials) 3 9 5.93 1.538 
Visual Patterns (Correct Trials) 4 10 7.35 1.545 
Updating (CE) (Words correct) 3 23 17.43 4.629 

Initial analysis of Pearson correlations revealed a significant correlation between 

speed and accuracy on the mathematics task (r = 0.665, p<0.001). The 

correlation was positive indicating that there was no trade-off between speed and 

accuracy. Higher completion times were related to higher error levels. There was 

no correlation between age and working memory or mathematical performance. 

Independent samples t-tests showed that there were significant differences 

between the performance of the boys and the girls on the visual patterns task and 

on the addition time. There were no other significant differences. The differences 

between the mean scores for the boys and the girls are shown in table 6.1.2 

below. 

Table 6.1.2(a) Mean performance of boys and girls on the working memory tasks. 

Sex N Mean Std. 
Deviation t Sig 

Nonword L-R M 12 6.00 1.348 
209 0 836 0 p= (Correct Trials) F 16 5.88 1.708 . . 

Visual Patterns M 17 8.00 1.581 05 <0 Correct Trials) () F 23 6.87 1.359 . p 

Updating (CE) M 17 18.59 2.763 
382 1 175 =0 (Words Correct) F 23 16.57 5.534 ' . p 
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Table 6.1.2(b) Mean performance of boys and girls on the addition task. 

Sex N Mean Std. 
Deviation t Sig 

Addition Time M 17 107.53 36.030 
-2 369 05 <0 (Sec) F 23 141.65 50.597 . p . 

Additi E 
M 17 2.29 2.054 

1 877 =0 068 on rrors 
F 23 4.52 4.551 - . . p 

There were no statistically significant correlations between the mathematical or 

working memory measures and the children's ages (all r<0.05, p>0.05). There 

were statistically significant correlations between all the tasks measuring 

working memory and both the completion times and error rates for the 

mathematical task (see Table 6.1.3). 

Table 6.1.3 Correlations between mathematical performance and working 
memory performance. 

Nonword Visuäl 
L-R Patterns CE 

Addition Time -0.553(**) -0.390(*) -0.447(**) 
Addition Errors -0.432(*) -0.481(**) -0.755(**) 

*p<0.05 
** p<0.01 

6.1.3.2 Questionnaire Data 

There were some significant correlations among the different measures on the 

questionnaire (see Table 6.1.4). There were significant correlations between the 

children's liking for maths (Qu 1), how easy they find maths (Qu 2) and their 

feelings about maths (Qu3). These correlations are unsurprising as all three 

questions relate to the children's attitude towards maths. More striking is the 

correlation between the children's liking for maths (Qu 1) and the extent to 

which they think that having a good memory is important for maths (Qu 8). The 

results show that those children who have a greater liking for maths also think 

that having a good memory is important when doing maths. 
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Table 6.1.4 Correlations between responses to the questionnaire items. 

Qu I Qu 2 Qu 3 Qu 4 Qu 5 Qu 6 Qu 7 Qu 8 

Qu 1 . 515(**) . 610(**) -. 153 -. 263 . 098 -. 143 . 557(**) 

Qu 2 . 515(**) . 303 -. 278 -. 223 . 487(**) . 021 . 309 

Qu 3 . 610(**) . 303 -. 009 . 074 . 079 -. 094 . 474(**) 

Qu 4 -. 153 -. 278 -. 009 . 036 . 190 -. 108 -. 082 

Qu 5 -. 263 -. 223 . 074 . 036 . 083 -. 162 . 019 

Qu 6 . 098 . 487(**) . 079 . 190 . 083 . 247 . 362(*) 

Qu 7 -. 143 . 021 -. 094 -. 108 -. 162 . 247 . 128 

Qu 8 . 557(**) . 309 . 474(**) -. 082 . 019 . 362(*) . 128 

*p<0.05, ** p<0.01 

The other significant correlations among the questionnaire items also reveal a 

link between maths and memory. There is a significant correlation between how 

easy children find maths (Qu 2) and how easy the children find it to remember 

things in general (Qu 6). The correlation is positive suggesting that those 

children who find maths easier, also find remembering things in general easier. It 

must be remembered that these are self-reports and it is perfectly possible that 

this correlation simply reflects children being over- or under-confident about 

their own abilities with maths and memory. In order to look at this in more detail, 

it is necessary to consider the correlations between the mathematical measures 

and the questionnaire answers. 

Table 6.1.5 Correlations between the questionnaire items and the working 
memory and mathematical measures. 

Add Time 
(Sec) 

Add Errs Non-Rep 
(Correct Trials) 

Vis Patterns 
(Correct Trials) 

CE 
(Words Correct) 

Qu 1 -. 380(*) -0.504(**) 0.093 0.407(*) 0.352(*) 

Qu 2 -0.203 -0.359(*) 0.151 0.280 0.269 

Qu 3 -0.199 -0.068 -0.115 0.069 -0.222 
Qu 4 0.341(*) 0.231 -0.289 -0.138 -0.034 
Qu S 0.138 0.100 -0.361 -0.294 -0.197 
Qu 6 -0.131 -0.084 -0.251 0.261 -0.006 
Qu 7 -0.108 -0.156 0.012 0.124 -0.093 
Qu 8 -0.252 -0.388(*) 0.020 0.295 0.234 

"p<0.05, **p<0.01 
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The measures of addition performance (both completion times and error rates) 

correlated significantly with children's liking for maths (Qu 1) and perceived 

ability with maths (Qu 2) suggesting that the children do have some awareness of 

their own mathematical ability. There was no significant correlation between the 

children's mathematical ability and their feeling about maths (Qu 3). Addition 

completion times correlated with the children's liking for school in general (Qu 

4). This is a surprising finding, as none of the children mentioned maths in 

answering this question. All the children who commented made reference to 

friends and playtimes. The correlation was positive indicating that the higher the 

completion times (i. e. the slower the children were to complete the addition task) 

the more the children liked school. Finally, there was a significant correlation 
between the children's error rates on the addition task and the importance that 

they gave to memory when doing maths. The correlation was negative indicating 

that the children with the fewest errors accorded the most importance to memory 

when doing maths. 

There were significant correlations between the CE and the Visual Patterns 

performance and the children's liking of maths (Qu 1). The lack of a correlation 

between questions relating to the children's ability to remember things in general 

and mathematical tables in particular and their working memory scores suggests 

that, although the children may have a good awareness of their mathematical 

abilities, they are less able to judge their own memory abilities. 

As part of the questionnaire, the children were asked to provide the answer to a 

complex addition sum involving the addition of two three-digit numbers, which 

involved carrying from the units to the tens column and from the tens to the 

hundreds column. They were also given a complex subtraction calculation 

involving the subtraction of a three-digit number from another three-digit number. 

The subtraction required the decomposition of both the hundreds and the tens 

component of the minuend. The children's responses were simply coded as 

correct or incorrect (C or I). 

Independent samples t-tests revealed an interesting pattern of working memory 

differences. The differences in performance on the addition task and the three 
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working memory tasks between the group who provided the correct answer to the 

complex addition sum (C) and the incorrect answer (I) are shown in Table 6.1.6 

below. 

Table 6.1.6 Differences in performance on working memory and mathematical 
tasks between the children who gave correct (C) and incorrect (I) responses to a 
complex addition question. 

Comp 
Add N Mean Std. 

Deviation t Si Sig 

Addition Time I 9 128.00 26.693 
1 405 171 =0 (Sec) C 20 106.55 41.901 . . p 

I 9 5.56 3.245 
45 =0 160 Addition Errors 

C 20 3.20 4.360 
1.4 . p 

Nonword L-R I 9 6.11 1.453 
0 426 =0 674 

(Correct Trials) C 19 5.84 1.608 . . p 

Visual Patterns I 9 6.22 1.563 
2 434 <0 05 

(Correct Trials) C 20 7.70 1.490 - . . p 

Updating (CE) I 9 15.78 5.403 
917 "0 =0 367 

(Words Correct) C 20 17.55 4.548 . . p 

The results show that, although the children who did not give the correct answer 

to the complex addition question were slower to complete the simple addition 

task and made more errors, these differences were not statistically significant. 

However, there were statistically significant differences between the two groups 

on the visual-patterns task. The children who gave the correct answer to the 

complex addition question scored significantly better on the visual patterns task 

than those children who did not give the correct answer to the question. 

A different pattern was found when looking at the groups who gave correct and 

incorrect answers to the complex subtraction question (see Table 6.1.7). The 

differences in visual patterns task performance were not significant, but there 

was a significant difference in the central executive task scores. Those children 

who gave a correct answer to the complex subtraction problem scored 

significantly higher on the updating task than those children who were unable to 

give the correct answer. 
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Table 6.1.7 Differences in performance on working memory and mathematical 
tasks between the children who Rave correct (C) and incorrect (I) responses to a 
complex subtraction question. 

Comp 
Add N Mean Std. 

Deviation t Si Sig 

Addition Time I 8 125.38 58.133 
1 047 =0 304 

(Sec) C 21 108.57 28.830 . . p 

E ddi i 
I 8 6.25 7.046 

1 953 061 =0 on rrors t A 
C 21 3.05 1.910 . . p 

Nonword L-R I 7 5.29 1.254 
293 -1 =0 207 (Correct Trials) C 21 6.14 1.590 . . p 

Visual Patterns I 8 6.75 1.832 
996 =0 328 (Correct Trials) C 21 7.43 1.568 -. . p 

Updating (CE) I 8 14.00 7.231 
216 -2 <0 05 

(Words Correct) C 21 18.14 3.005 . . p 

6.1.3.3 Strategy differences 

Based on their predominant strategy, the children were designated either as 

`counters' or `mixed'. The differences in performance on the mathematical and 

, working memory tasks of the two groups are shown below. 

Table 6.1.8 Differences in performance on mathematical and working memory 
tasks between the ̀ mixed' (M) and ̀ counters' (C) addition strategy groups. 

StAdd raf 
N Mean 

D. 
Std. t Sig 

Addition Time M 19 95.84 24.176 
887 -4 001 <0 (Sec) C 20 155.05 47.241 . . p 

M 19 1.89 1.696 
119 3 01 <0 Addition Errors 

C 20 5.35 4.534 . - . p 

Nonword L-R M 16 6.38 1.708 
852 1 075 =0 (Correct Trials) C 12 5.33 1.073 . . p 

Visual Patterns M 19 8.21 1.228 
4 055 001 <0 

(Correct Trials) C 20 6.50 1.395 . . p 

Updating (CE) M 19 18.95 2.505 
329 2 03 <0 

(Words Correct) C 20 15.70 5.564 ' . p 

131 



The results show that there were significant differences between the two groups 

on both measures of addition performance (completion times and error rates) and 

on two of the three measures of working memory (visual patterns and central 

executive). 

6.1.4 Discussion 

6.1.4.1 Questionnaire Data 

The findings from the questionnaire suggest that, by Year 5, children have an 

accurate idea of their own mathematical ability, but that this is not replicated 

when it comes to their memory abilities. This is not surprising in that they carry 

out mathematical tasks every day at school and receive feedback about their 

performance. While they may well be using their memory every day, they are 

unlikely to be aware that they are doing so and may never get any explicit 
feedback about their memory performance. This does suggest that, for these 

children at least, there is a lack of awareness of the ways that memory could be 

used. There is a lack of meta-cognitive awareness. 

The correlations between the children's liking of maths and their evaluation of 

the importance of memory when doing maths may suggest that those children 

who are better at maths have a greater realisation of the importance of memory 

when they are carrying out mathematical operations. It may also suggest that 

those children who are better mathematicians are using their memory more when 

doing maths, while those children whose mathematical performance is less 

impressive are using fewer memory strategies and possibly relying more on 

counting or other less sophisticated strategies. 

6.1.4.2 Correlational Data 

The correlations show significant relationships between all the different 

components of working memory and the children's performance on the 

mathematical tasks in terms of both completion times and error rates. Completion 

times were best predicted by the phonological loop measure, which suggests a 

role for processing speed. The error rates were best predicted by the central 
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executive measure, but there was also a significant (p < 0.01) correlation between 

the visual patterns task performance and error rates. This suggests that the ability 

to manipulate mental images of sets of objects could be important in children's 

accuracy with addition as is the ability to update information in working memory 
(measured by the CE task). These ideas are further explored in subsequent 

studies. 

6.1.4.3 T-Test Data 

The data from the t-tests suggest an interesting pattern of working memory use 
for more complex addition and subtraction questions. The data suggest that there 

is a role for visual-spatial working memory in the ability to carry out complex 

addition calculations involving carrying. Many of the children who did not get 

the question correct made mistakes when placing the number to be carried (e. g. 

putting a carried ten into the hundreds column), or forgetting to add them into the 

addition in the next column. This would indicate that remembering where the 

carry mark was made and remembering that it is there might play a role in 

completing this kind of question. All the children attempted to use carrying, 

suggesting that their problems lay in procedures rather than concepts. 
1ý 

The pattern of results from the subtraction question was different. The children 

who did not give a correct answer for this all failed to realise that the question 

required decomposition (i. e. they simply took the smaller number in each column 

away from the larger) suggesting that there was a conceptual rather than a 

procedural failure. This conceptual failure appeared to be more associated with 

poor central executive performance than visual-spatial working memory 

performance (see Table 6.1.7 above). It is not easy to see why this might be the 

case: possibly the children's initial reaction is to subtract the smaller number 
from the larger one and some children are unable to inhibit this response. They 

therefore simply take the path of least resistance and subtract the smallest 

number in the column from the largest. If children gave an incorrect answer to 

the question, they were informed that the answer was wrong and invited to have 

another look at the problem. Many children, who had initially simply taken the 

smaller number from the larger, did realise their mistake and were able to 
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complete the question successfully. Perhaps the failure to answer the question 

correctly initially represents an inhibition problem rather than one of conceptual 

mis-understanding for many children. 

The strategy data indicated that strategy was very important in determining both 

completion times and accuracy rates. Children who used counting based 

strategies still made more errors than the children who were using more 

sophisticated strategies. There is a suggestion that working memory may play a 

role in children's progression to more sophisticated addition strategies 
(Barrouillet & Lepine, 2005). The results from this study implicate both central 

executive and visual-spatial working memory. The mechanisms by which these 

processes might affect strategy development are discussed fully in section 4.7.2 

above. The data here are not able to determine whether working memory affects 

strategy development, or whether the use of a certain strategy affects working 

memory performance. 
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6.2 Study 2 

The first study suggested that there were strong correlations between children's 

working memory performance and their mathematical performance. In seeking to 

investigate the relationship between mathematics and a complex cognitive 

construct such working memory, it was important in the first study to look at as 

many different working memory variables as possible. As Gathercole et al. 
(2006b) have pointed out, practitioners need to know more than the fact that 

there is a correlation between mathematical attainment and working memory; 

they need to know about the mechanisms by which working memory mediates 

mathematical attainment. The data from the first study allowed some refinement 

of the working memory variables and an expansion of the mathematical variables 

to investigate the possibility that different mathematical operations make 
different cognitive demands and therefore draw on different components of the 

working memory model. This allowed the testing of various hypotheses about the 

mechanisms, which might explain some of the correlation between working 

memory and maths. 

The study aimed to explore a number of different research questions. 

6.2.1 Research Questions and Hypotheses 

Research Question 2.1 

To what extent do different mathematical operations make qualitatively 

different demands on the working memory system? 

Theoretical Proposition. 

Different mathematical operations do not make the same cognitive demands on 

children. 
Operational Hypothesis. 

The correlations between performance on tasks measuring different components 

of the working memory model and performance with different mathematical 

operations will not be uniform. 
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Research Question 2.2 

Do phonological working memory skills in children predict their level of 

multiplication fact mastery? 
Theoretical Proposition. 

Multiplication facts are predominantly mastered by the recall of a stored verbal 

sequence. The more robust the encoding of this sequence, the better will be 

performance on multiplication tasks. 

Operational Hypothesis. 

Children who are able to repeat longer strings of non-words will answer simple 

multiplication questions more quickly and more accurately than children who are 
less able to repeat strings of non-words. 

Research Question 2.3 

To what extent is the inhibitory capacity of working memory a good predictor 

of accuracy in multiplication? 

Theoretical Proposition. 

Multiplication facts are stored in associated networks. Exposure to a particular 

multiplicand will activate the associated facts, leading to the possibility of 

associative intrusion errors. 

Operational Hypothesis. 

Children who make fewer intrusion errors on a task tapping the ability to inhibit 

a pre-potent response will make fewer mistakes when answering simple 

multiplication questions. 

6.2.2 Materials and Procedures 

6.2.2.1 Working Memory Tasks 

a. Phonological Working Memory 

The Non-word List Recall subtest from the Working Memory Test Battery for 

Children (WMTB-C, Pickering & Gathercole, 2001) was administered to 

measure the children's phonological working memory capacity. This task is 

described in detail in section 6.1.2.1 above. 
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b. Inhibition 

Participants were given a task designed to test their ability to inhibit a pre-potent 

response. The children were shown various shapes superimposed on other shapes 

using PowerPoint on a lap-top computer. The shapes were either red or green. 
Sometimes the larger shape was red; sometimes the smaller shape was red. The 

children's task was to name the green shape and to ignore the red shape. Each 

screen of shapes was visible for two seconds. Each child was shown twenty 

shapes and the number of intrusion errors made was measured. 

c. Visual-Spatial Working Memory 

Visuo-spatial working memory was measured using an adaptation of the visual 

patterns test (Della Sala et al., 1997) thought to tap the static visual part of the 

visuo-spatial sketchpad (e. g. Logie, 1995). The task is described in detail in 

Section 6.1.2.1 above. 

6.2.2.2 Fact Mastery - addition and multiplication 

The `mastery' of arithmetic facts is a complicated idea (Hopkins & Lawson, 

2002) connected to direct retrieval from long-term memory and the shift from 

attentive to attention-free activation. Both these processes lead to an increase in 

the speed of answer production. For the purposes of this study, a decision was 

made simply to look at the time taken to answer simple addition and 

multiplication questions rather than try to define when a certain fact has been 

`mastered'. For all of the mathematical measures, the children were asked to 

carry out the calculations mentally. They were not allowed to write anything 
down other than to indicate which of the multiple-choice options they thought 

was correct. Children were given two measures of addition fact mastery and two 

measures of multiplication fact mastery: 

a. Production Measures - The children were presented with twenty addition and 

twenty multiplication questions using PowerPoint. The digits were presented 

horizontally (see Trbovich & Lefevre, 2003 for a discussion) in font size 72. The 

questions remained visible until the children provided a spoken answer. All the 

questions were in the form a+b or a*b where both a and b were single digits. The 
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children were asked to respond as quickly as possible while still being accurate. 
Any errors were noted. The time taken to complete the twenty questions 
correctly was recorded. 

b. Multiple-Choice Measures - The children were also presented with twenty 

addition and twenty multiplication multiple-choice questions. In addition to the 

correct answer, the alternative answers ranged in their degree of relatedness to 

the correct answer. For the addition questions, the answers were either highly 

implausible, the product of the two addends or within 1 of the correct sum. For 

the multiplication questions, the answers were either not multiples of either 

multiplicand, the sum of the multiplicands or multiples of one of the 

multiplicands. The children were instructed to complete the questions as quickly 

and as accurately as possible. The time taken to complete all twenty questions 

was recorded and the nature of any errors was noted. 

6.2.2.3 Strategy - multiplication and addition 

The children's predominant addition calculation strategy was determined in the 

way outlined in Section 6.1.2.3 above. For the multiplication tasks, the children 

were classified as ̀ recallers' if they were primarily recalling multiplication facts 

directly (i. e. there were no outward signs of counting or calculating and they 

explained how they had arrived at the answer with phrases such as ̀ I just know 

it' or `I know my 4 times table'). They were classified as `calculators' if their 

strategy involved some sort of counting such as counting in fives, counting on or 
back from known facts (i. e. there were outward signs of counting or calculating 

and/or if the children's explanations of how they arrived at the answer showed 

counting/calculating e. g. `I counted on in fives', I know that 5x5=25 and then I 

added another 5', `Double 6 is 12 and double 12 is 24'). 

6.2.2.4 Participants 

The sample consisted of 32 children, from 2 state primary schools in the South 

West of England. All the children were in Year 5 (mean age = 123 months, S. D = 
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4.13 months, range = 118-129 months) at the time of testing. There were 8 males 

and 24 females. They were not the same children who participated in Study 1. 

6.2.3 Results 

Descriptive statistics are shown in Table 6.2.1. 

Table 6.2.1 Descriptive statistics (Study 

Min Max Mean Std. 
Deviation 

Addition Mastery (Sec) 28 82 52.06 14.597 

Addition M-Choice (Sec) 44 119 75.58 19.257 

Multiplication Mastery (Sec) 36 165 75.40 40.081 

Multiplication M-Choice (Sec) 57 214 108.80 43.600 

Multiplication Intrusion Errors 0 3 0.83 1.085 

Multiplication Total Errors 0 8 1.23 1.888 

N-word List Recall (Correct Trials) 15 24 18.97 2.542 

Visual Patterns (Correct Trials) 5 14 10.77 1.716 

Shapes Inhibition (Correct Trials) 15 20 18.42 1.458 

Independent samples Wests showed that there were no significant differences 

between the performance of the boys and the girls on any of the cognitive or 

mathematical tasks (see Table 6.2.2). 

Table 6.2.2 Mean Performance of the boys (M) and girls (F) on the working 
memory measures. 

Sex N Mean 
Std. 

Deviation t Sig 

Nonword L-R M 7 19.14 3.078 
0 041 968 =0 (Correct Trials) F 22 18.91 2.428 . . p 

Visual Patterns M 8 10.63 1.188 
285 0 778 =0 (Correct Trials) F 22 10.82 1.893 . . p 

Shapes Inhibition Ni 8 18.33 1.414 
0 594 542 =0 (Correct Trials) F 24 18.46 1.503 . . p 

Note: The nonword list recall scores show the total number of correct trials. 
The visual patterns scores are out of a total of 16. 
The shapes inhibition scores are out of a total of 20. 
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For all of the mathematics tasks, the mean completion times for the males were 

lower than those for the females. These speed differences were most visible in 

the production- tasks. The mean number of multiplication errors (there were no 

addition errors made at all) made by the boys was lower than that of the girls. 

None of the differences reached significance at the 5% level, however. 

There were no significant correlations between any of the mathematical or 

working memory performance measures and the children's ages (all r<0.25, p> 

0.05). Contrary to findings with adults (Roussel et al., 2002) the children took 

longer to complete the multiplication problems than the addition problems. Table 

6.2.3 presents the mean scores for the boys and the girls on the mathematical 

tasks. 

Table 6.2.3 Mean performance of the boys and girls on the mathematical 
measures. 

Task Sex N Mean Std. 
Deviation t Sig 

Addition Mastery M 8 47.44 14.054 
117 '1 273 =0 (Sec) F 24 53.79 14.706 . . p 

Addition M 8 73.78 21.212 
324 0 748 =0 M-Choice (Sec) F 24 76.25 18.912 . . p 

Multiplication M 8 60.25 22.295 
261 -1 218 =0 Mastery (Sec) F 22 80.91 43.972 . . p 

Multiplication M 8 102.13 37.753 
499 -0 622 p=0 M-Choice (Sec) F 22 111.23 46.119 . . 

E 
M 8 0.38 0.518 

536 1 136 =0 rrors Intrusion 
F 22 1.00 1.195 . - . p 

Multiplication M 8 0.38 0.518 
419 -1 167 =0 Errors F 22 1.55 2.110 . . p 

None of the children made any mistakes on the addition tasks. The children's 

performance was compared simply on the basis of the time taken to complete the 

tasks. There was concern that some children would sacrifice accuracy for speed, 

while other, perhaps more cautious children, would sacrifice speed for accuracy. 

The tests for correlation revealed a significant and positive relationship between 
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multiplication multiple-choice times and the number of intrusion errors made (r = 
0.374, p<0.05) and between multiplication multiple-choice times and the total 

number of errors made (r = 0.372, p<0.05). This shows that there was no trade- 

off between speed and accuracy, as the fastest children were also the most 

accurate. 

Correlational analysis showed some interesting patterns of relationships between 

the working memory measures and the mathematical measures. They are shown 
in Table 6.2.4. 

Table 6.2.4 Correlations between the working memory and the mathematical 
measures. 

Nonword L-R 
(Correct Trials) 

Vis Patterns 
(Correct Trials) 

Shapes Inhib 
(Correct Trials) 

Addition Production (Sec) -0.324 -0.065 -0.621 ** 
Addition Multiple-Choice (Sec) -0.133 -0.399 * -0.504 ** 
Multiplication Production (Sec) -0.405 * -0.336 -0.396* 
Multiplication M-Choice (Sec) -0.453 * -0.313 -0.281 
Multiplication Intrusion Errors -0.207 0.238 -0.371 
Multiplication Total Errors -0.307 0.188 -0.380 

*p<0.05 
**p<0.01 

Note: The correlations are negative because higher scores for the mathematical tasks 

(completion times and error rates) indicate poorer performance, whereas higher scores 

for the working memory tasks indicate better performance. 

The correlational analysis revealed some interesting patterns in the relationships 
between the working memory and mathematical measures. The phonological 

working memory measure correlated significantly with performance on both the 

multiplication fact mastery measures, but not with multiplication accuracy nor 

with performance on the addition mastery measures. 

The visual working memory measure correlated significantly with one measure 

of addition mastery (multiple choice), but not the other. It showed no significant 

correlation with any of the multiplication measures. 
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The test of shapes inhibition was very significantly related to both the measures 

of addition performance. It was also significantly related to the total number of 

multiplication errors (r = -0.380, p<0.05) although, interestingly, not to the total 

number of associative intrusion errors, nor to either of the measures of 

multiplication fact mastery. However, if `operation errors' (i. e. giving the correct 

answer as the sum rather than the product of the multiplicands) are included as 
`intrusion errors' then the inhibition scores were significantly correlated with the 

total number of intrusion errors (r = -0.371, p<0.05). 

Independent samples t-tests revealed significant differences between the 

`counters' and the `mixed' strategy groups for both measures of addition mastery. 
Table 6.2.5 shows the differences in scores for the `counters' and the `mixed' 

strategy groups for the addition tasks. 

Table 6.2.5 Mean performance on mathematical and cognitive measures for the 
`counters' (C) and ̀ mixed' (M) addition strategy groups. 

Task Addition 
Strategy N Mean Std. 

Deviation t Sig 

Addition Mastery M 15 44.07 13.714 
207 3 <0 005 (Sec) C 17 60.06 10.842 . p . 

Addition M 15 64.13 15.259 
2 150 <0 05 

M-Choice (Sec) C 17 84.71 17.599 . p . 

Nonword L-R M 15 19.07 2.520 
218 0 =0 829 

(Correct Trials) C 14 18.86 2.656 . . p 

Visual Patterns M 15 11.20 1.207 
1 119 276 =0 (Correct Trials) C 14 10.50 2.029 . . p 

Shapes Inhibition M 15 18.73 1.100 
0 =0 185 

(Correct Trials) C 17 18.06 1.676 
1.36 p . 

There were significant differences between the `calculators' strategy group and 

the `recallers' for both measures of multiplication mastery and multiplication 

errors. There was a significant difference between these two groups on the 

nonword list recall task, with the `recallers' showing significantly better 

phonological working memory performance than the `calculators' strategy group. 

There were no significant differences on the other cognitive tests. Table 6.2.6 
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indicates the differences in performance on the mathematical and working 

memory tasks for the ̀ calculators' and the `recallers' strategy groups. 

Table 6.2.6 Mean performance on the mathematical and working memory tasks 
for the ̀ recallers' (R) and ̀ calculators' (C) multiplication strategy groups. 

Mult 
Strat N DeSation Mean t Sig 

Mult Mastery R 12 9.948 50.67 
2 582 02 <0 (Sec) C 17 45.489 91.18 . . p 

Multiplication R 12 25.744 86.25 
3 553 002 <0 M-Choice (Sec) C 17 47.621 121.71 . . p 

i E 
R 12 0.651 0.33 

2 602 02 <0 rrors on Intrus 
C 17 1.200 1.24 . . p 

rs t lE T 
R 12 0.793 0.42 

2 493 <0 05 rro o a 
C 17 2.233 1.88 . . p 

Nonword L-R R 12 2.896 20.25 
2 309 <0 05 

(Correct Trials) C 17 1.853 18.06 . . p 

Visual Patterns R 12 1.115 11.17 
0 903 =0 375 

(Correct Trials) C 17 1.967 10.65 . . p 

Shapes Inhibition R 12 1.215 18.75 
237 0 =0 815 

(Correct Trials) C 17 1.057 18.65 . . p 

The `recallers' made only five errors in total (out of 37 total errors made by the 

sample as a whole). Of those five errors, 4 were associative intrusion errors and 

the other was an operation error. The errors of the `calculators' strategy group 

were mostly intrusion errors, but also a number of `operation errors' where the 

children added the two numbers that should have been multiplied. Three children 

in the ̀ calculators' strategy group made errors involving mis-counting. 

6.2.4 Discussion 

These results raise a number of questions about the relationship between working 

memory and arithmetic fact mastery. Even among children, it appears that 

addition and multiplication are drawing on different cognitive resources. There is 

also a wide discrepancy in the degree to which simple addition and multiplication 
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facts have been mastered. The results suggest that cognitive profiles may go 

some way to explaining strategy use and the degree to which addition and 

multiplication facts have been mastered. 

6.2.4.1 Phonological Working Memory 

These data suggest that different working memory components are involved in 

the mastery of addition and multiplication facts. The correlation of the 

phonological working memory measure and performance on both measures of 

multiplication (but not addition) fact mastery suggests that multiplication facts 

are encoded in terms of their phonemic features. This would be expected given 

that many children in the UK learn their multiplication tables by rote repetition. 
It could be that children who are less able to recall multiplication facts directly 

are constrained by their limited phonological working memory span. The 

absence of a significant correlation between phonological working memory and 

the measures of addition mastery, lends weight to the idea that the cognitive 

processes involved in the mastery of addition facts may be different to those 

involved in the mastery of multiplication facts. 

6.2.4.2 The Role of Inhibition 

The correlation between the number of intrusion errors made on the shapes 

recognition test and the number of errors made on the multiplication multiple- 

choice test suggests that the shapes recognition task is tapping the ability to 

inhibit unwanted information and that this skill is important in reducing the 

number of errors made when calculating/recalling simple multiplication facts. 

The intrusion errors made in the shapes inhibition task correlated with the total 

number of multiplication errors made, but not significantly with the number of 

intrusion errors made (although the correlation was still high; 68% of all errors 

made were intrusion errors). It is also not at all clear that the shapes inhibition 

task is tapping inhibition exclusively. More research is needed, with a range of 

different inhibition tasks, before it is possible to say confidently that the ability to 

inhibit unwanted information is directly implicated in the mastery of 

multiplication facts. Poor inhibitory skills may be an indirect cause of other 
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errors, such as miscounting, made on multiplication fact questions. In fact, most 

of the errors that were not intrusion errors were operation errors, where the 

children added instead of multiplied (e. g. 4x6= 10). As the children would have 

spent the majority of their mathematical careers adding rather than multiplying, it 

could be argued that failing to inhibit the pre-potent tendency to add rather than 

multiply constitutes an intrusion error of sorts. It could be that inhibitory skills 

are important in eliminating children's multiplication errors in two ways: in 

preventing associative intrusion errors and in preventing operation errors. 

The shapes inhibition task correlated with surprising significance with both the 

measures of addition fact mastery. The fact that intrusion errors are unlikely to be 

a feature of addition fact mastery raises the possibility that the shapes inhibition 

task is tapping more than simply the ability to inhibit unwanted information from 

working memory. 

The shapes inhibition task correlated with surprising significance with both the 

measures of addition fact mastery. One potential explanation is that the shapes 
inhibition task is tapping the ability to recall visual information (i. e. shapes) from 

long-term memory. The robust encoding and subsequent recall of visual 
information in long-term memory is consistent with the idea that early visual 

memory skills will lead to a more concrete encoding of addends and their sum in 

long-term memory, which in turn, should lead to a faster mastery of addition 

facts. A further possibility is that the shapes inhibition test is tapping the ability 

to inhibit unwanted visual information. This ability may lead to a clearer 

visualisation of the sets to be manipulated, or of number lines resulting in fewer 

errors made with early addition. A third possibility is that this task is providing a 

measure of more general central executive functioning and that the central 

executive is very important in quantity manipulation operations like addition. 

This would be consistent with a number of studies showing that disruption to the 

central executive has a serious impact on addition performance (e. g. De 

Rammelaere, Stuyven, & Vandierendonck, 2001; Deschuyteneer & 

Vandierendonck, 2005; Grube & Barth, 2004). Whether the shapes inhibition 

task is tapping a purely inhibitory skill, or a more general central executive 

capacity, its visual nature and strong correlation with the mastery of addition 
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facts suggests that visual working memory skill is useful in the mastery of 

addition facts. More research is needed to establish the processes through which 

this skill results in better addition fact mastery. 

6.2.4.3 Visual Working Memory 

Evidence suggests that the ability to master addition facts may not be related to 

phonological working memory, but may be connected to visuo-spatial skills 
(Huttenlocher et al., 1994; Rasmussen & Bisanz, 2005; D'Amico & Guarnera, 

2005). The evidence from this study is not easy to interpret. There was a 

significant correlation between the visual patterns task and one of the measures 

of addition mastery (production), but not the other (multiple-choice). Given that 

there was a very high correlation between scores on the two addition tasks, it is 

difficult to explain these differences in correlations. 

6.2.4.4 Strategy Use 

Consistent with Shrager and Siegler (1998), all the children who took part in the 

study used a mixture of strategies for both the addition and the multiplication 

problems. They were assigned to the different strategy groups based on the 

strategy they used predominantly. The findings show that strategy use does have 

a bearing on the level of fact mastery. 

The children who were classified as `counters' were significantly slower than 

those who used a broader mixture of strategies (i. e. knowledge of doubles and 

other known facts as well as decomposition procedures). It is not clear precisely 

what would lead a given child to use counting more often and what would cause 

a child to use more sophisticated strategies. The `mixed' group did have superior 

central executive performance as shown by better performance on the shapes 

inhibition task; however this difference was not statistically significant. This 

might indicate that those children who are still using counting strategies could be 

taught to use more sophisticated addition strategies, and are not constrained by 

limits in their working memory capacity. Children who are less confident may 

tend towards using counting strategies more often. It could also be the case that 

children with stronger visual or central executive skills may be able to move on 
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from the manipulation of concrete objects and the counting that goes with it 

earlier than children with poorer visual working memory. 

The children who were able to use direct recall of multiplication facts were 

significantly faster and made significantly fewer errors than those children who 

relied more on other ways to calculate multiplication facts. The fact that the 

`recallers' scored significantly better than the `calculators' strategy group on the 

test of phonological working memory suggests that strategy use may be partly 
determined-by individual cognitive strengths and weaknesses. This is consistent 

with the findings of Barrouillet & Lepine (2005). If this is the case, teaching is 

unlikely to have caused the use of a given strategy (the children in the study were 
drawn from only two schools and had all received teaching based on the National 

Numeracy Strategy). It does raise the question of whether practicing a particular 

cognitive skill (e. g. the repetition and recall of nonwords) can lead to an 
increased phonological working memory span, which in turn could lead more 

efficient retrieval of multiplication facts. These are areas for future research. 

147 



6.3 Study 3. 

The findings from the first two studies suggest that the central executive is highly 

important in children's mathematical thinking. The central executive is the least 

understood and least precisely defined component of the working memory model 
(Baddeley, 1996), and has a number of different functions. Given its multiplicity 

of functions, further research was needed to try and identify the precise ways in 

which central executive functioning affects children's mathematical processing. 
This was the focus of the third study. 

This study was more complicated than the previous two studies and involved a 
large number of variables. In order to explore the nature of the central executive 
involvement in mathematical processing, a number of different central executive 

tasks were used. Performance on these tasks was compared with performance on 

a more comprehensive battery of mathematical tasks involving both 

multiplication and simple and more complex addition. Due to the very time- 

consuming nature of the data collection, the number of children that could be 

recruited to this study was slightly lower than had been hoped for. In all, 25 

children from three schools took part. 

6.3.1 Research Questions and Hypotheses 

Research Question 3.1 

Do different mathematical operations make (quantitatively) different demands 

of central executive working memory? 

Theoretical Proposition. 

Different mathematical operations make different cognitive demands on the 

children who carry them out. 

Operational Hypothesis. 

Children in Year 5 show some correlation between their scores on tasks 

measuring central executive functioning and their performance on multiplication, 
but a stronger correlation between these central executive scores and their 

performance on a simple addition task. The correlation between the performance 
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on the complex addition task and central executive w6rking memory tasks will be 

stronger still. 

Research Question 3.2 

Are different central executive abilities (as outlined by Baddeley, 1996) involved 

in different mathematical operations? 

Theoretical Proposition. 

Central executive functions that involve the inhibition of unwanted information, 

such as updating play more of a role in multiplication. Those central executive 

abilities that are involved in the concurrent storage and processing of information 

are more implicated in quantity manipulation operations such as addition. 
Operational Hypothesis. 

Children who have higher scores on a task that taps ability with multiplication 

score well on central executive tasks tapping inhibitory skills such as updating. 

Children who score well on a task tapping addition ability also score well on 

central executive tasks tapping the ability to hold and process information 

concurrently. 

Research Question 3.3 

To what extent does central executive working memory functioning have an 

impact on children's strategies for addition and multiplication? 

Theoretical Proposition. 

Children's strategy selection for simple addition and multiplication problems, is 

determined in part by their central executive working memory functioning. 

Children with better central executive working memory progress to more efficient 

strategies sooner than those children with poorer central executive skills. 
Operational Hypothesis. 

There will be significant differences in tests of central executive working memory 

functioning between groups of children who use predominantly counting 

strategies to solve simple addition compared with children who use more 

sophisticated strategies. There will also be differences in central executive 
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working memory scores between children who use direct recall for the majority 

of simple multiplication calculations and children who use less efficient, more 

counting-based strategies. 

6.3.2 Methods and Procedures 

6.3.2.1 Mathematical Tasks 

The mathematical measures used were identical to those described above for 

Study 2. In addition, the children were given a task to measure performance on 

more complicated addition questions that involved carrying. These were 

presented using PowerPoint on a lap-top computer in the same way as the other 

addition production measure. The children gave their answers verbally. Their 

completion times and errors were recorded. 

6.3.2.2 Central Executive Tasks 

The working memory tasks used were designed to tap different aspects of the 

central executive. The tasks assessed the children's ability to recall phonological 

and visual information in the face of concurrent processing. The other tasks 

assessed the children's ability to inhibit unwanted information from working 

memory and to update the contents of working memory by discarding unwanted 

information to retain only important information. Baddeley (1986) ascribes all 

these functions to the central executive. What is not totally clear is whether the 

central executive is fractionated, or whether there is any variability in these 

different functions. 

a. Animals Task 

This is a test of processing and inhibition. This task is adapted from one used by 

Passolunghi and Siegel (2001). It involved the children listening to strings of 

words and tapping the table every time an animal was mentioned. The children 

then had to recall the final word in each string. There were four words in each 

string and working memory load was manipulated by altering the number of 

strings in a trial. The test was stopped after two consecutive failures to recall all 

150 



the final words in a trial. Correct responses and inhibition errors (i. e. recalling 

animal names that were not the last word in the list) were noted. 

b. Updating 

The children were presented with strings of words and asked to recall the 2,3 or 4 

smallest objects in the list (see Section 6.1.2.1). 

c. Backward Digit Recall 

This task was taken from the Working Memory Test Battery for Children 

(WMTB-C, Pickering & Gathercole, 2001). In this task children were presented 

with strings of digits and asked to recall them in reverse order e. g. for the string 4, 

7,2,9, the correct response would be 9,2,7,4. The working memory load was 
increased by increasing the length of the string. The task was administered in 

blocks of six trials. The length of the strings was increased as a child moved from 

one block to the next. The test was stopped if a child made a mistake on any three 

trials in a single block. Once a child had completed four trials successfully in any 

one block, he/she moved to the next block. 

d. Concurrent visual processing and storage (Mr X) 

This task was taken from the Automated Working Memory Assessment (AWMA, 

Alloway et al., 2004). This is a test of concurrent visual processing and storage. 

This task involved the retention of visual-spatial information during concurrent 

visual-spatial processing. The participants were shown two people (Mr Xs) both 

holding a ball. For each trial, the child had to say whether the two figures were 

holding the ball in the same or different hands. They then had to recall the 

location of the ball being held by the figure on the right. The figures were 

presented in blocks of six trials. Working memory load was manipulated by 

increasing the number of pairs of figures shown in a single trial. The rules for 

progression from block to block and for the termination of the task were the same 

as those for the backward digit recall task described above. 

151 



Table 6.3.1 Cognitive and mathematical tasks used (Study 3). 

Cognitive Tasks Mathematical Tasks 

Mr X Addition Facts (verbal) 

Backward Digit Recall (BDR) Addition Multiple-Choice 
Animals Inhibition Complex Addition 

Updating Multiplication Facts (verbal) 
Multiplication Multiple-Choice 

The cognitive tasks involving concurrent retention and processing of 

phonological and visual information (backward digit recall and Mr X respectively) 

were not directly comparable. The Mr X task involved recalling visual-spatial 

information in the face of a processing demand. The information to be recalled 

was not the subject of the processing. It was possible for the children to make 

mistakes with the processing and still to recall the other information correctly. 

For this reason, the scores recorded for this task comprised both a processing and 

a recall component. By contrast, the backward digit recall task required the 

children to process the same information as they were asked to recall. Mistakes 

with the processing necessarily led to problems with the recall. For this reason, a 

single score is reported for this task. 

6.3.2.3 Sample 

The sample consisted of 25 children, from 3 state primary schools in the South 

West of England. All the children were in Year 5 (mean age = 116 months, S. D = 

5.2 months, range = 112-123 months) at the time of testing. There were 15 males 

and 10 females. 

The testing took place in two separate sessions separated by a week. In the first of 

the two sessions, the children were given the addition tasks, the animals task and 
Mr X. In the second session the children were given the multiplication tasks, 

backward digit recall and the updating task. 
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6.3.3 Results 

Descriptive Statistics are presented in Table 6.3.2 below. 

Table 6.3.2 Descriptive statistics (Study 3). 

Min Max Mean 
Std. 

Deviation 

Addition Mastery (Sec) 22 140 51.85 28.025 

Addition M-Choice (Sec) 37 1 185 83.08 34.064 

Complex Addition (Sec) 42 600 131.55 118.885 

Multiplication Mastery (Sec) 29 247 89.32 58.373 

Multiplication M-Choice (Sec) 31 407 141.36 88.260 

Multiplication Errors (Total) 0 10 1.68 2.968 

Multiplication Intrusion Errors 0 7 1.12 2.068 

BDR (Correct Trials) 8 24 16.84 4.661 

Animal Recall (Words Correct) 7 24 16.96 5.712 

Animal Attention (Errors) 0 12 1.48 2.663 

Animal Inhibition (Errors) 0 4 1.12 1.054 

Mr. X (Correct Trials) 4 23 13.85 5.153 

Updating (Words Correct) 6 33 21.42 8.797 

Independent samples t-tests revealed no significant differences between the boys 

and the girls on any of the mathematical measures. The results are shown in Table 

6.3.3(a) and 6.3.3(b). 

Table 6.3.3(a) Mean performance of the boys and girls on the addition tasks. 

Sex N Mean Std. 
Deviation t Sig 

Addition Mastery M 15 44.40 15.486 
203 -1 245 =0 (Sec) F 10 59.30 " 35.985 . . p 

Addition Multiple- M 15 77.80 22.832 
947 353 =0 Choice (Sec) F 10 91.00 46.552 -0. . p 

Complex Addition M 15 102.40 38.814 
103 1 285 =0 Sec) ( F 10 160.70 162.613 . - . p 
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Table 6.3.3(b) Mean performance of the boys and girls on multiplication tasks. 

Sex N Mean Std. 
t Sig Deviation 

Multiplication M 15 86.40 58.178 
-0 223 =0 826 Mastery (Sec) F 9 92.56 61.940 . . p 

Multiplication M- M 15 131.20 80.889 
Choice (Sec) F 10 156.60 100.819 "0.697 p=0.493 

Multiplication Errors M 15 0.80 1.656 
1 914 068 =0 Total . - p . F 10 3.00 4.000 

Multiplication M 15 0.60 1.595 
1 588 126 =0 Inhibition Errors F 10 1.90 2.514 . " p . 

There were no significant differences between the boys and the girls on any of 

the working memory measures apart from the backward digit recall task (see 

Table 6.3.4). For this task, the boys performed significantly better than the girls. 
This is an unusual finding and has not been replicated in any of the other studies 

undertaken in this research. It will therefore be considered as an anomaly of this 

particular sample. 
Table 6.3.4 Mean performance of the boys and girls on the working memory 
tasks. 

Sex N Mean Std. 
Deviation t Sig 

BDR M 15 18.47 4.068 
325 2 05 <0 (Correct Trials) F 10 14.40 4.600 . . p 

Animal Recall M 15 17.40 5.409 
464 647 =0 (Words Correct) F 10 16.30 6.378 

0. . p 

Animal Attention M 15 1.60 3.180 
0 271 789 =0 (Errors) F 10 1.30 1.767 . . p 

Animal Inhibition M 15 0.80 . 941 
1 968 061 =0 (Errors) F 10 1.60 1.075 - . . p 

Mr X Recall M 15 15.70 4.900 
= 110 (Correct Trials) F 10 12.00 4.944 

1.681 P 0. 

Mr X Accuracy M 15 40.90 18.387 
1 020 321 =0 (Correct Trials) F 10 33.00 16.186 . . p 

Updating M 15 21.13 8.184 
0 199 844 =0 (Words Correct) F 9 21.89 10.240 . " . p 
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There were no significant differences in the mathematical or working memory 

scores of the children from the two different schools. This was expected given 

that the two schools, although geographically separated by about 5 miles, had 

broadly similar catchment areas and both used the National Numeracy Strategy. 

There was no significant correlation between the children's age and their 

performance on any of the mathematical or working memory tasks (for all 

correlations r<0.4, p>0.05). 

Table 6.3.5 Correlations between mathematical and working memory task 
performance. 

BDR Animal 
Recall 

Animal 
Inhibition 

Mr. X 
Recall Update 

Addition Mastery -0.603(**) -0.655(**) 0.678(**) -0.593(**) -0.452 
Addition M-Choice -0.472(*) -0.524(**) 0.612(**) -0.615(**) -0.487(*) 
Complex Addition -0.562(**) -0.559(*) 0.704(**) -0.551(*) -0.463(*) 
Mult'n Mastery -0.427 -0.568(*) 0.275 -0.544(*) -0.543(*) 
Mult'nM-Choice -0.309 -0.381 0.366 -0.531(*) -0.385 
Total Mult'n Errors -0.543(**) -0.478(*) 0.546(**) -0.469(*) -0.565(**) 
Mult'n Inhib'n Errs -0.491(*) -0.497(*) 0.509(**) -0.493(*) -0.551(**) 

0 p<0.05; **p<0.01. 

Note: Correlations are negative (except for those for the animal inhibition task) as higher scores 
for the maths tasks (completion times and error rates) indicate poorer performance, whereas 
higher scores for the working memory tasks, except the animal inhibition task, which indicates 
better performance. 

Pearson correlation analysis revealed some significant correlations between the 

working memory scores and the mathematical scores (see Table 6.3.5). These are 

summarised below. 

" Both the central executive measures that rely on inhibition (Animal Inhibition 

and Updating) correlated very strongly with the number of multiplication 

errors. 

" The two measures of multiplication performance appear to have a much 

weaker correlation with the central executive measures than do the equivalent 

addition measures. 

" The two central executive measures that require storage in the face of 

concurrent processing of other information (Animal Recall and Mr X) 

showed surprisingly similar patterns of results. The difference between the 
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two tasks is that one uses phonological stimuli (Animal Recall) while the 

other uses visual-spatial stimuli (Mr X). It was expected that the phonological 

central executive task might correlate more strongly with the multiplication 

performance and the visual-spatial task more strongly with addition 

performance. This pattern was not seen. In fact, both measures correlated 

more strongly with the addition tasks than the multiplication tasks. 

6.3.3.1 Strategy Use 

As in the previous studies, the children were observed as they carried out the 

addition and multiplication tasks and were then questioned about the strategies 

they used to reach an answer. Following this discussion, they were assigned to 

one of two strategy groups based on their predominant strategy (see Section 

6.2.2.3 above). 

6.3.3.2 Addition Strategy 

Independent samples t-tests showed significant differences in the mathematical 

performance of the two groups on all the addition tasks. There were no 

significant differences on the measure of addition errors. The total number of 

errors made was very small, so this result is not wholly surprising. The 

differences in the completion times are all significant. 

Table 6.3.6 Mean performance on the addition task for the `mixed' (M) and 
`counters' (C) addition strategy groups. 

Add Std 
Strat 

N Mean Deviation t Sig 

Addition Mastery M 16 37.85 11.044 
143 4 001 <0 - . . p (Sec) C 9 77.86 32.080 

Addition M- M 16 63.56 13.406 
0001 0 Choice (Sec) C 9 117.78 32.058 -5.972 . p< 

Complex M 16 86.85 33.697 
622 2 02 <0 Addition (Sec) C 9 214.57 173.536 . - . p 

M 16 0.50 0.632 
Errors i ddi 087 on t A -1.790 p=0. C 9 1.22 1.394 
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6.3.3.3 Multiplication Strategy. 

Independent samples t-tests show that there were significant differences between 

the two strategy groups in terms of both completion times and errors. This is in 

line with the findings from other studies. 

Table 6.3.7 Mean performance on the multiplication task for the `calculators' (C) 

and `recallers' (R) multiplication strategy groups. 

Mult 

Strat 
N Mean Standard 

Deviation t Sig 

Multiplication C 9 129.22 63.178 
3 684 <0 002 Mastery (Sec) R 10 53.40 15.529 . . p 

Multiplication M- C 12 208.33 79.048 
5 341 <0 0001 

Choice (Sec) R 13 79.54 35.011 . . p 

Total Multiplication C 12 3.25 3.720 
2 909 01 <0 Errors R 13 0.23 0.439 . . p 

Errors hibiti I 
C 12 2.33 2,4 98 

3 373 005 <0 on n R 13 0.00 0.000 . . p 

6.3.3.4 Strategy Use and Working Memory 

Given that strategy use is highly predictive of success in the mathematical tasks, 

particularly in terms of completion times, the following analysis sought to 

determine whether strategy use might be predictive of working memory 

performance. 
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Table 6.3.8 Mean performance on the working memory tasks for the ̀ mixed' (M) 
and ̀ counters' (C) addition strategy groups. 

Add N Mean Standard 
Deviation t Sig g 

BDR M 16 17.94 4.297 
1 622 118 =0 (Correct Trials) C 9 14.89 4.885 . p . 

Animal Recall M 16 18.81 5.205 
2 359 <0 03 

(Words Correct) C 9 13.67 5.292 . . p 

Animal Inhibition M 16 0.81 0.750 
2 076 05 <0 (Errors) C 9 1.67 1.323 - . . p 

Mr X Recall M 16 15.69 4.211 
2 449 025 <0 (Correct Trials) C 9 10.43 5.255 . . p 

Updating M 16 24.87 6.402 
2 834 01 <0 (Words Correct) C 9 15.67 9.552 . . p 

Table 6.3.9 Mean performance on the working memory tasks for the `calculators' 
(C) and ̀ recallers' (R) multiplication strategy groups. 

Mult 
Strat N Mean Devi ation 

t Sig 

BDR C 12 15.17 4.589 
804 1 084 =0 (Correct Trials) R 13 18.38 4.331 . p . 

Animal Recall C 12 14.92 -5.946 086 =0 (Words Correct) R 13 18.85 4.981 -1.797 . p 

Animal Inhibition C 12 1.42 1.240 
378 1 182 =0 (Errors) R 13 0.85 0.801 . . p 

Mr X Recall C 12 12.30 5.716 
376 1 186 =0 (Correct Trials) R 13 15.40 4.248 . - . p 

Updating C 12 18.82 11.026 
355 1 189 =0 (Words Correct) R 13 23.62 T 5.966 . " . p 

The results suggest that the central executive is less involved in multiplication 

than in addition. There are no significant differences in working memory scores 

for the different multiplication strategy groups as there are for the addition 

strategy groups. In order to investigate this further, the strength of the 

correlations between the multiplication measures and the central executive 
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measures were broken down by strategy group. The results are presented in 

Table 6.3.10 below. 
Table 6.3.10 Correlations between the working memory scores and 
multiplication performance for the `recallers' and `calculators' multiplication 
strategy groups. 

Multiplication Times Multiplication Accuracy 

Recallers Calculators Recallers Calculators 
BDR 0.048 0.136 -0.665(*) -0.556 

Animal Recall -0.351 -0.359 -0.402 -0.451 
Animal Inhib 0.277 0.160 0.110 0.586(*) 

Mr X -0.190 -0.686(*) 0.074 -0.475 
Updating 0.252 -0.565 -0.123 -0.591 

The results show that, for the accuracy measure, the correlations were stronger 
for the `Calculators' than for the `Recallers', with the exception of the BDR 

score. The differences were particularly pronounced for the tasks requiring some 
kind of inhibition (Animals Inhibition and Updating). There was a broadly 

similar pattern for the multiplication completion-times measures. 

6.3.4 Discussion 

6.3.4.1 Correlational Analysis 

The analysis of the correlations between the mathematical tasks and the working 

memory tasks showed some striking -and somewhat unexpected patterns. Both 

the central executive tasks that involved inhibiting information (Animal 

Inhibition and Updating) correlated most strongly with the measures of 

multiplication errors. This is in line with the findings from the previous study 

(Study 2), which suggested that the ability to inhibit unwanted or superfluous 

information from working memory was predictive of accuracy, but not 

necessarily speed, with multiplication. These findings support the contention 

made by Campbell (1987,1989) that multiplication facts are stored in associated 

networks, which are activated on presentation of the multiplicands. The ability to 

inhibit the activated, but incorrect, associations mediates accurate recall of the 

multiplication fact. Of these two central executive tasks, the Animal Inhibition 

task did not correlate significantly with either of the timed measures of 
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multiplication. The updating task correlated with one of the measures, but not 

with the other. This supports that idea that the inhibitory component of central 

executive functioning is primarily important in multiplication accuracy. 

The inhibitory component also appears to be implicated in addition performance, 
but the results here are less clear-cut and are harder to interpret. The Animal 

Inhibition task scores correlated highly significantly with all the measures of 

addition performance. This is consistent with the findings from Study 2, in which 

a different inhibition task (Shapes Inhibition) showed strikingly strong 

correlations with measures of addition performance. The findings here are not 

clear in terms of why this might be the case. There are several possible 

explanations: 

" The inhibitory tasks may be tapping a more general central executive 

measure, which mediates addition performance. This is not inconsistent with 

the finding that the inhibition measures do not show strong correlations with 

the completion times for the multiplication tasks. It could simply be that 

multiplication performance is not strongly mediated by central executive 

working memory. 

" There is some element of addition performance that draws heavily on 
inhibitory processes in working memory. This explanation seems less likely 

given the fact that, in the UK at least, children do not tend to `learn' addition 

facts by rote in the same way that they do with multiplication facts. Moreover, 

the correlations are seen between the inhibitory measures and the addition 

completion times, rather than accuracy measures. There were no significant 

correlations between any of the central executive measures and the number of 

addition errors made (there were very few such errors made at all). However, 

the National Numeracy Strategy Framework emphasises the importance of 

`knowing' simple number bonds and programmes like Kumon do encourage 

children to learn addition facts by rote. It could be that these factors are 

making inhibitory processes more important in addition. 

The second striking finding from the correlational analysis is that the correlations 

between the measures of addition performance and the central executive 
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measures were much stronger than the correlations between the multiplication 

measures and the central executive measures. This suggests that, by Year 5 at 

least, children doing multiplication are drawing less heavily on central executive 

capacity than those same children doing addition. There is some evidence (Study 

2; Lee & Kang, 2002) that phonological working memory is more important in 

multiplication, whereas other (central executive) working memory processes are 

more involved in quantity manipulation operations such as addition. This study 

did not take a measure of phonological working memory, as it was looking 

specifically at the central executive. This finding would support the idea that, by 

the time they reach Year 5, children are beginning to `master' multiplication 

facts, which are stored as a rote verbal code and are recalled in a more automatic 

way without the need for the involvement of the central executive. This would 

support the suggestion made by Holmes and Adams (2006), which speculates 

that the phonological loop, and not the central executive may be implicated in the 

retrieval of information from long-term memory. 

In order to investigate this idea further, a correlational analysis was done looking 

at the relationship between the multiplication mastery measures (a combined 

measure collapsing the mastery and the multiple-choice scores into a single score) 

and the central executive measures for the `Recall' strategy group and the 

`Calculators' strategy group. If the above contention is correct, then the 

correlations between these measures should be stronger for the `Calculators' 

group, (who are presumably using some form of quantity manipulation to arrive 

at their answers) than for the `Recall' group, who are using a direct recall from 

long-term memory. 

This pattern of results was seen (with the sole exception of the BDR performance 

and accuracy) and is shown in Table 6.3.8: Interestingly, the same pattern is seen 

with the correlations between the central executive measures and the 

multiplication accuracy measures. This suggests that using a direct recall strategy 

puts less demand on the central executive of working memory, even in terms of 

the inhibitory processes that seem to be important in being accurate. Possibly, 

inhibiting an unwanted association is a feature of the recall strategy, but also of 

counting-based strategies. For example, when counting in steps of 3 to work out 
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a sum such as 6x3, children would still face the prospect of intrusion from other 

multiples of 3 in the count. They would also need to keep a running total of their 

count, while tracking the number of steps of 3 they had counted. This would put 

considerable demands on central executive working memory resources and could 

explain why a direct recall strategy makes less demands of central executive 

working memory. 

6.3.4.2 Do Different Components of Central Executive Working Memory Mediate 

Different Mathematical Operations? 

One of the research questions that underpinned this study concerned the different 

aspects of central executive working memory and their involvement in different 

mathematical operations. The study incorporated two central executive measures 

that focused on storage in the face of processing of other stimuli (Animal Recall 

and Mr X); one of which uses phonological stimuli and the other visual-spatial 

stimuli. These two tasks showed very similar patterns for the different 

mathematical operations. Both conformed to the pattern of a weaker correlation 
for the multiplication tasks. There was very little difference between them on any 

of the mathematical tasks. The findings of this study therefore do not support the 

idea of a difference in the importance of visual-spatial or phonological central 

executive working memory in mathematical performance. 

The most likely explanation for this finding is that these two tasks are tapping 

some domain-general central executive capacity, as the storage component of 

these tasks is likely to be carried out by the two `slave' systems. If these tasks are 

tapping the ability to hold information in the face of concurrent processing 

demands (Baddeley, 1996 identified this as a central executive function separate 

from any storage role), rather than the storage systems' capacity, then no 

differences based on the nature of the stimuli would be expected. The backward 

digit recall task is slightly different from the other two concurrent storage and 

processing tasks in that it demands processing of the stimuli that are to be 

recalled rather than a separate processing task as is the case with the Animal 

Recall and Mr X tasks. However, the pattern of correlations for the backward 

digit recall task was not dissimilar to those for the other two tasks. The scores on 
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the backward digit recall task did conform to the pattern described above, where 

multiplication mastery measures appeared to be less dependent on central 

executive processes than did addition tasks. There was no correlation between 

the backward digit recall scores and the multiplication completion times, but a 

strong correlation with the addition completion times. 

6.3.4.3 Strategy 

The findings from this study reinforce those from previous studies that 

differences in strategy use are highly important in determining mathematical 

performance in terms of both accuracy and completion times (multiplication) and 

completion times (addition). The lack of an interaction with the addition errors 

needs to be treated with caution as very few addition errors were made at all. 

The relationship between strategy use and working memory was interesting and 

unexpected. Independent samples t-tests revealed significant differences between 

the two addition strategy groups on all the central executive working memory 

tasks except backward digit recall. This pattern was not seen for the two 

multiplication strategy groups, who showed no significant differences in their 

working memory scores. 

Is it possible to say from this that working memory plays a role in the 

development of addition strategies? The data suggest that this may be the case, 

but are not conclusive as the direction of any causal link cannot be determined 

from these data. While it is perfectly possible that superior central executive 

working memory helps children to move to more sophisticated addition strategies, 

it is equally plausible that using more sophisticated addition strategies causes an 

improvement in working memory performance. The fact that there were no 

significant central executive working memory differences between the two 

multiplication groups strengthens the idea, from the correlational analysis, that 

the central executive is much less involved in multiplication. Data from Study 2 

did show a significant difference between the two multiplication strategy groups 

on a measure of phonological working memory, strengthening the suggestion 

that it is this component of the working memory model that is primarily involved 

in the move to a direct recall strategy. This would support the Holmes and 
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Adams (2006) suggestion that the phonological loop is important in the recall of 
information from long-term memory; something that would be vital in 

developing an effective direct recall strategy. 

Taken together, these results support those from the first two studies, that the 

central executive component of working memory is highly involved in children's 

addition, even simple addition. It appears that the ability to retain information in 

the face of concurrent processing is particularly important. This ability appears to 

be much less important in multiplication. The central executive does appear to be 

important in multiplication, but for its inhibitory processes in mediating 

multiplication accuracy. This is an important finding, in that it suggests that 

simply ascribing central executive importance to mathematical processing may 
be overly simplistic. The central executive may well be involved in both addition 

and multiplication, but in different ways. 

While the evidence from this study and from Study 2 cannot determine the 

direction of any causal link, the findings suggest that working memory may be 

involved in children's progression to more sophisticated calculation strategies in 

both addition and multiplication. Findings from Study 2 suggest that good 

phonological working memory may help children to progress to a direct recall 

strategy for multiplication. This supports the idea that multiplication facts are 

encoded as rote verbal sequences and that the retention of the sequence of the 

multiplicands for a sufficient time to associate them with the correct product 

promotes the development of a direct recall strategy. 

The evidence from this study suggests that the central executive is important in 

the development of more sophisticated addition strategies, specifically the move 

away from counting strategies to those using known facts. The process by which 

this might happen is not clear. It could be that children with weaker working 

memory are unable to store representations of the addends mentally while they 

carry out the calculations and so retain finger counting strategies for longer than 

those children who are able to represent the numbers mentally in working 

memory. It is possible that the use of more sophisticated addition strategies such 

as adding ten and adjusting requires more central executive processing in terms 
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of tracking through a calculation and performing concurrent processing and 

storage than simply counting on nine. Children who lack the central executive 

resources to keep track of the multi-step process of adding ten and adjusting may 

prefer to retain the `safer', although more error prone and slower, strategy of 

counting on nine. More research, possibly using fMRI scans of children 

performing calculations using different strategies, is needed to determine the 

reason for the findings of this study. 
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6.4 Study 4 

The three studies described above have all looked at simple mental arithmetic 

processes. While it is clear that mastering simple number facts is an important 

foundation for complex written calculations, it is unclear whether working 

memory makes any further contribution to these processes. This study looked 

more closely at the role of visual and spatial working memory and its possible 

role in more complex written calculations involving carrying (addition) and 
borrowing/decomposition (subtraction). Although there is very little research into 

the role of working memory in complex written calculations, the importance of 
the correct alignment of the columns and the placing of numbers `carried' or 
`borrowed' in the correct place suggests a role for visual-spatial working memory. 
For this reason, this study focused on the importance of this component of the 

working memory model. 

6.4.1 Research Questions and Hypotheses 

Research Question 4.1 

Does the ability to store and process visual information mediate accuracy in 

complex calculations involving carrying and borrowing? 

Theoretical Proposition. 

Accuracy in calculations involving decomposing numbers will be mediated by the 

ability to store and process visual information. 

Operational Hypothesis. 

Children who score well on a task tapping their ability to process and store visual 
information concurrently in working memory will make fewer mistakes with 

calculations involving carrying and decomposition. 

Research Question 4.2 

Does the procedural nature of written calculations mean that working memory 

no longer plays a role in the accurate completion of such calculations? 

Theoretical Proposition. 
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Static visual storage mediates accuracy in complex written calculations. 

Operational Hypothesis. 

Children who score well on a test of static visual working memory will make 

fewer mistakes with written calculations involving carrying and borrowing. 

Research Question 4.3 

Does the accurate completion of complex addition and subtraction questions 

involve more than the simple storage of visual-spatial information? Is the 

central executive component of working memory also involved in the 

simultaneous storage and processing of visual-spatial information? 

Theoretical Proposition. 

Complex addition and subtraction sums recruit the central executive component 

of working memory as they require the simultaneous storage and processing of 

visual-spatial information. 

Operational Hypothesis. 

Correlations between performance on complex addition and subtraction sums and 

working memory tasks will be stronger for those working memory tasks that tap 

visual-spatial storage in the face of concurrent processing than for those working 

memory tasks that simply tap visual-spatial storage. 

6.4.2 Methods and Procedures 

Participants were given a battery of visual-spatial working memory tests that tap 

not only the storage component of the model, but also the ability to hold visually 

presented information during concurrent processing. 

6.4.2.1 Working Memory Tasks 

a. A visual patterns task (described in section 6.1.2.1 above) 

b. Spatial Working Memory (Block Recall). 
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This task was taken from the WMTB-C (Pickering & Gathercole, 2001). The 

child faces a board with nine fixed cubes attached to it. The experimenter taps a 

sequence of cubes (beginning with one cube and progressing) while the child 

watches. The child then has to repeat the sequence precisely. The task takes place 

in blocks of six trials, beginning with one the experimenter tapping one cube, then 

two etc. The task is stopped when the child makes a mistake on three trials in any 

block of six. The child's score is given as the total number of correct trials. 

c. Concurrent visual processing and storage (Odd-One-Out). 

This task is taken from the AWMA (Alloway et al., 2004). Like the Corsi blocks 

task, the task takes place in blocks of six trials. In each trial the child is presented 

with a set of three shapes, two of which are identical. The child has to identify the 

odd-one-out and then remember its location. The trials begin with a block 

showing only one set of three shapes. The number of sets of shapes is increased. 

The task is stopped when a child makes three mistakes in any one block of six 

trials. 

d. The Nonword List Recall task described above in Study 1 (Section 6.1.2.1). 

6.4.2.2 Mathematical Task 

This particular study used a novel mathematical task designed specifically to 

measure children's ability to carry out addition sums that involved a carry and 

subtraction sums that required decomposition. 

The children completed 15 written addition and 15 written subtraction questions 

in their own time. All the questions involved two three-digit numbers. The 

questions were given to them on squared paper and the addends were therefore 

already aligned. All but four of the addition questions involved at least one carry 

and all but four of the subtraction questions involved the need to decompose at 

least one of the digits in the minuend. The children's performance was assessed 

simply by the number of errors they made. The data of children who failed to 

give a correct response to any of the addition questions involving carrying was 

removed from the analysis, as their errors could be accounted for by a lack of 
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conceptual understanding. Similarly, the data for children who failed to give a 

single correct response to any subtraction problem involving decomposition was 

also excluded from the analysis. 

6.4.2.3 Sample 

The sample consisted of 35 children, from 2 state primary schools in the South 

West of England. All the children were in Year 5 (mean age 124.6 months, S. D = 
3.1 months, range 117 to 128 months) at the time of testing. There were 17 males 

and 18 females. 

6.4.3 Results 

6.4.3.1 Errors 

The children made very few errors on the addition task. Only one child gave 
fewer than 10 correct answers. The mean score was 13.38 out of a total of 15. 

This suggests that there was something of a ceiling effect, which possibly 

affected the results. 

Table 6.4.1 Descriptive statistics (Study 4 
. 

Min Max Mean 
Std. 

Deviation 

Visual Patterns (Correct Trials) 8 14 10.74 1.945 

Block Recall (Correct Trials) 20 36 27.49 4.630 

Odd-One-Out (Correct Trials) 11 32 19.26 5.277 

Nonword L-R (Correct Trials) 15 26 19.49 2.133 

Addition Task (Total Correct) 8 15 13.38 1.688 

Subtraction Task (Total Correct) 4 15 10.29 4.101 

There were many more errors on the subtraction task. Of the 15 subtraction 

questions, 10 required some sort of decomposition. Of the 34 children who 

completed the task, 10 failed to give more than 5 correct answers. Those children 

completed only those questions that did not require any decomposition, but were 

unable to complete those that needed decomposition. These children appeared 
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not to have gained the necessary conceptual understanding. Without exception, 

these children simply subtracted the smaller number in each column from the 

larger. The standard deviation scores indicate a much wider spread of scores on 

the subtraction task than on the addition task. There were no significant 

correlations between any of the mathematical or working memory performance 

measures and the children's ages (all r>0.2, p>0.05Initial t-tests revealed no 

significant differences in the cognitive tasks or the mathematical task between 

the girls and the boys (see Table 6.4.2). 

Table 6.4.2 Mean performance of the boys and girls on cognitive and 
mathematical tasks. 

Sex N Mean Std. 
Deviation t Sig 

Visual Patterns F 18 11.06 2.014 
978 0 335 =0 (Correct Trials) M 17 10.41 1.873 . p . 

Block Recall F 18 26.72 3.643 
1 004 323 =0 (Words Correct) M 17 28.29 5.486 - . . p 

Odd-One-Out F 18 18.72 4.509 
611 0 =0 545 

(Correct Trials) M 17 19.82 6.075 . - . p 

Nonword L-R F 18 19.83 2.282 
992 0 =0 329 

(Words Correct) M 17 19.12 1.965 . . p 

Addition Task F 18 13.33 1.534 
177 0 861 =0 (Total Correct) M 16 13.44 1.896 . - . p 

Subtraction Task F 18 11.22 3.507 
421 1 165 =0 (Total Correct) M 16 9.25 4.568 . . p 

6.4.3.2 Correlations. 

Initial Pearson correlations did not show any significant relationships between 

the working memory scores and the children's performance on the mathematics 

tasks. This is in stark contrast to the strong and significant correlations observed 

in previous studies between working memory measures and mathematical 

performance. The correlations between the working memory tasks and the 

mathematics tasks are shown in Table 6.4.3 below. 
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Table 6.4.3 Correlation coefficients for the working memory and mathematical 
tasks. (n = 34. ) 

Addition Task Subtraction Task 
Visual Patterns 0.144 0.201 
Block Recall -0.157 -0.030 
Odd-One-Out 0.204 0.227 

Nonword List Recall -0.032 0.271 

None of the correlations reached statistical significance at the 5% level. 

Looking at the individual scores from the mathematics task, it became clear that 

there was a group of children who had failed to give a correct response to any of 

the questions involving decomposition for subtraction. These children appeared 

not to have understood the impossibility of having the subtrahend larger than the 

minuend in a particular column of the subtraction. In such cases, these children 

simply subtracted the smaller number from the larger, obviating any need to 

decompose the minuend. As these children were failing to give the correct 

response as a direct result of their lack of conceptual understanding of the 

problem, rather than because of any working memory deficiency, their data was 

removed from the analysis. There were 10 such children from the initial sample 

of only 34. The remaining sample of only 24 children was very small, and 

therefore the statistical power of the analysis was reduced. 

When the data from the children who failed to give a single correct answer on 

any of the carry/decomposition questions was removed from the analysis, the 

picture remained unclear. There was no evidence of any significant relationship 

between the working memory measures and the mathematical measures (see 

Table 6.4.4). 

Table 6.4.4. Correlation coefficients for the cognitive and mathematical tasks 
with those children who did not give any correct answers for the decomposition 

questions removed from the analysis. (n = 24. ) 

Addition Task Subtraction Task 
Visual Patterns 0.103 0.062 
Block Recall 0.027 0.188 
Odd One Out 0.247 0.364 

Nonword List Recall -0.395 -0.072 
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None of the correlations reached statistical significance at the 5% level. 

6.4.3.3 Group Differences 

Independent samples t-tests were used to see if there were any cognitive 
differences between the children who had not conceptually grasped the process 

of decomposition for subtraction and those who had. As there were 4 questions 

that did not require any decomposition, the sample of children was split into 

those who had scored 5 or more correct answers and those who had failed to give 
5 or more correct answers. When this cut-off was used, there were 10 children 

who appeared not to have grasped the concept of decomposition (i. e. had a score 

of less than 5 correct answers) and 24 who had (i. e. who had given 5 or more 

correct answers). The results of the independent samples t-tests are shown in 
s 

Table 6.4.5 below. 

Table 6.4.5. Mean performance on the working memory tasks for those children 
who had a conceptual grasp of decomposition (n = 24) and those who did not (n 
=10. 

Sub'n N Mean Std. 
t Sig Score Deviation 

Visual Patterns >= 5 24 11.04 2.053 
152 1 258 =0 (Correct Trials) <5 10 10.20 1.619 . p . 

Block Recall >= 5 24 27.33 4.650 
674 0 =0 505 

(Words Correct) <5 10 28.50 4.453 - . . p 

Odd-One-Out >= 5 24 19.79 5.150 
505 0 617 =0 . . p (Correct Trials) <5 10 18.80 5.371 

Nonword L-R >= 5 24 20.00 2.207 
074 2 05 <0 Words Correct () <5 10 18.40 1.578 . . p 

When the children who had no conceptual understanding of decomposition for 

subtraction were removed from the analysis, a further t-test was carried out 

between those children who scored above (n=16) and those who scored below 

the mean (n=8) for the subtraction task. The results of this analysis are presented 

in Table 6.4.6 below: 
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Table 6.4.6 Independent samples t-test between those children scoring above and 
below the mean for the subtraction task. 

Sub'n N Mean Std. t Sig 
core S Deviation 

Visual Patterns >=13 16 11.13 2.363 
0 329 746 =0 (Correct Trials) < 13 8 10.88 1.356 . p . 

Block Recall >= 13 16 27.94 4.509 
0 896 380 =0 (Words Correct) < 13 8 26.13 4.998 . p . 

Odd-One-Out >=13 16 21.13 5.679 
2 414 <0 05 (Correct Trials) < 13 8 17.13 2.416 . . p 

Nonword L-R >=13 16 19.88 2.277 
0 385 704 =0 (Words Correct) < 13 8 20.25 2.188 . - . p 

The independent sample t-tests revealed significant differences on the odd-one- 

out task. This hints at the possibility that, for children who have gained a 

conceptual understanding of decomposition for subtraction, the ability to retain 

and manipulate visual information may play a small part in success with complex 

written subtraction. 

Two schools took part in the study. Independent samples t-test revealed no 

significant differences between the children from the two schools on the 

measures of working memory. However, performance in the mathematics task 

did differ significantly between the two schools. These differences are shown in 

Table 6.4.7(a) and 6.4.7(b) below. 

Table 6.4.7(a) Differences in mathematical performance between children at the 
two schools. 

School N Mean Std. 
t Sig 

Deviation 

Addition Task 1 17 13.76 1.786 
1 336 191 =0 . . p (Total Correct) 2 17 13.00 1.541 

Sub'n Task 1 17 12.00 3.571 
01 <0 Total Correct) () 2 17 8.59 3.970 . p 
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Table 6.4.7(b) Differences in working memory performance between children at 
the two schools. 

School N Mean Std. 
Deviation t Sig 

Visual Patterns 1 18 10.72 2.191 
064 -0 =0 950 (Correct Trials) 2 17 10.76 1.715 . p . 

Block Recall 1 18 27.44 4.731 
= (Words Correct) 2 17 27.53 4.665 "0.053 0.958 p 

Odd-One-Out 1 18 19.33 5.646 
0 087 =0 932 (Correct Trials) 2 17 19.18 5.028 . p . 

Nonword L-R 1 18 19.56 2.175 
= (Words Correct) 2 17 19.41 2.152 

0.196 p 0.845 

There were no significant differences between the working memory scores of the 

children from the two participating schools. There was no significant difference 

between the children's scores on the addition task. However, there was a 

significant difference between the scores from the two schools in the subtraction 

task. 

6.4.4 Discussion 

The results from this study stand in stark contrast to those from the previous 

three studies, all of which found significant correlations between working 

memory and mathematical measures. There are several possible explanations for 

this lack of correlation: 

Unlike the mathematics tasks used in previous studies, the calculations to be 

done in this study were all written, obviating the need to retain the operands. 
There is some evidence (e. g. Noel et al., 2001; 2004) that the phonological loop 

system is activated to retain the operands during mental calculations where they 

are not visible or have been presented verbally. LeFevre and DeStefano (2004) 

suggest that researchers investigating the relationship between working memory 

and children's mathematical functioning should limit the mathematical measures 

to mental calculations so as not to engage multiple aspects of working memory 

and obscure any links between working memory and mathematical performance. 
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The lack of correlation between the block recall task/the visual patterns task and 

the mathematical scores could simply reflect the fact that the written nature of 

the calculations obviated the need to remember the operands. The fact that the 

calculations were presented on squared paper might have lessened the need for 

spatial working memory involvement in the calculation process. 

The lack of any correlation between the central executive measure and the 

mathematical performance was surprising. Given the more procedural nature of 

the mathematics task and the fact that success with the carrying/decomposition 

calculations is strongly related to practice, teaching and practice related factors 

might be more important than working memory. The t-tests indicated that there 

was a significant difference between the mathematical performance of the 

children in the two schools. This suggests that practice and teaching, rather than 

working memory might be more indicative of mathematical performance for this 

type of calculation. 

It appears that, while working memory may be an influential factor in children's 

mastery of simple number facts in addition and multiplication, its role in more 

complex calculations (addition and subtraction at least) is less prominent, as 

other factors become more influential. The results of this small study indicated 

that the quality of the teaching that is given is of paramount importance and can 

make a statistically significant difference to mathematical performance. Complex 

calculations requiring carrying or decomposition are more likely to be reliant on 

taught procedures than on the learning or understanding of number facts. Good 

knowledge of these number facts might free more cognitive resources for 

processing. This could explain the small influence of the central executive shown 

by the data in this study. Complex calculations are likely to require the temporary 

maintenance of (visual) information in the face of concurrent processing. 

When the group of children who did not provide a correct answer on any of the 

subtraction questions that needed decomposition were compared with the rest (all 

of whom gave at least 5 correct answers to subtraction questions needing 
decomposition) a significant difference emerged in the non-word repetition 

scores. This could suggest that phonological working memory in some way helps 
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children gain a conceptual understanding of the fact that subtraction is not 

commutative. Previous studies have suggested that phonological working 

memory might be involved in maintaining the operands in memory while the 

result is calculated. It could be that children with poor phonological working 

memory are unable to maintain the order of the operands in these calculations 

and therefore are more likely to make the mistake of trying to take the larger 

number from the smaller. In general, the order of the two operands is very 

important in a non-commutative operation such as subtraction. Phonological 

working memory may play a part in retaining not only the values of the two 

operands, but also their order in the calculation. If phonological working memory 

is poor, this important order information may be lost and the importance of the 

commutativity with it. 

The significant difference between those children scoring above the mean and 

those scoring below the mean on the subtraction task (once those children who 

failed to score had been removed from the analysis) has a more straightforward 

explanation. Given a conceptual understanding of decomposition for subtraction, 

the mistakes made by these children were misalignments or calculation errors. 

Both of these problems could be caused by an inability to carry out a storage task 

in the face of concurrent processing demands. There was no central executive 

task using phonological stimuli, but given that the independent samples t-tests 

revealed no significant differences between the groups on either of the passive 

storage tasks, it appears that it is the ability to cope with concurrent processing 

demands that is important in complex calculations. This fits with the complex 

nature of the calculations, in which the ability to co-ordinate several operations 

together is crucial to success. 

These differences were much more likely to have resulted from the quality of the 

teaching that the two groups had received than to any group cognitive differences. 

This factor appears to be far more influential on the children's success or 

otherwise in the mathematics task than any measure of working memory. Given 

the very large discrepancy between the two school groups, any potentially 

interesting correlations between working memory and performance on these 

mathematical tasks appears to have been lost. 
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6.4.4.1 Limitations and Lessons 

There are inherent difficulties in looking at the role of working memory in more 

complex calculations that involve carrying and decomposition (LeFevre & 

DeStefano, 2004). Success with these calculations does require a level of 

conceptual understanding and procedural skill that goes well beyond that 

required for the simple calculations. There is no indication from these data that 

this level of conceptual understanding is related in any way to working memory. 
While it is possible that children with better working memory performance may 
have better recall of addition (and subtraction? ) facts for reasons described above, 

and therefore more cognitive resources left for executing the carrying/borrowing 

procedures, there is no indication here that this effect is statistically significant. 

Understanding of and ability to use complex mathematical procedures is more 
likely to be related to the quality of teaching. In this study, the data do suggest 

that the role of teaching is much more important than it is for simple calculations 
for which there is little need for advanced conceptual understanding. This could 
indicate that the importance of working memory in mathematics decreases as the 

mathematics becomes conceptually more complex. Establishing number bonds 

and forming initial conceptual understanding of addition and subtraction and 

strategy choice in these simple calculations may be mediated by working 

memory, but more complex calculations are more likely to be mediated by 

practice and good teaching. 

With this in mind, future studies looking at the importance of working memory 
in children's mathematics might be more enlightening if they concentrate on 

simple, mental calculations and possibly with younger children. 

With the benefit of hindsight, there are several ways in which this study could 

have been improved: 

" The use of complex calculations is inherently difficult and unlikely to show 

any significant correlation with working memory scores. Using a different 

measure of mathematical attainment to compare with the visual-spatial 
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working memory performance of the children would probably have yielded 

more interesting results. 

" Presenting the questions in a written form and on squared paper possibly led 

to a significant reduction in the working memory demands of the task. This 

could have reduced the working memory demands of the task to the point 

where other factors related to teaching and schooling were far more 

important in mediating success than cognitive factors such as working 

memory. 
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6.5 Study 5- Maths Anxiety. 

The previous studies have all concentrated on the interaction between different 

aspects of working memory and children's mathematical functioning without 

reference to external factors that have an impact on either of these two measures. 
Clearly in a school situation there are several other factors, such as the quality of 

teaching and the level of support that a child receives both at home and in school, 

that impinge on children's mathematical performance. Care has been taken in the 

studies described above to try and reduce the effects of these other factors by 

selecting children from schools that are following the National Numeracy 

Strategy and by removing children from any classroom distractions to carry out 

the assessment tasks. Many of the factors that affect children's mathematical 

performance are beyond the scope of a study such as this one. However, there is 

one factor, maths anxiety, which is thought to affect mathematical performance 

through a disruption of working memory (e. g. Ashcraft & Kirk, 2001) 

As has been explained, maths anxiety is a construct that has a lot of research 

evidence to support its existence as a separate and recognisable fear (Hembree, 

1990). There is some evidence to suggest that children with high levels of maths 

anxiety perform poorly on mathematical tasks because the anxiety consumes 

working memory resources (Ashcraft & Kirk, 2001). Others (Ma & Xu, 2004) 

have suggested that poor mathematical performance is the cause of maths anxiety. 

The study described below sought to explore the relationship between maths 

anxiety and working memory, specifically to see whether individuals who were 

anxious about maths would perform working memory tasks using digits as stimuli 

more poorly than those same tasks where letters were used as stimuli. 

6.5.1 Research Questions and Hypotheses 

Research Question 5.1 

Does maths anxiety affect working memory when carrying out non- 

mathematical tasks with numerical stimuli? 

Theoretical Proposition. 
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Numerical stimuli are sufficient to cause anxiety in children who report high . 
levels of maths anxiety. 

Operational Hypothesis. 

Levels of reported maths anxiety will correlate significantly with the difference in 

performance between the same working memory task using numerical and letter 

stimuli. Some children's working memory span scores on the same task are 
different depending on whether the stimuli are digits or letters. These differences 

in performance will correlate significantly with reported levels of maths anxiety. 

Research Question 5.2 

If numerical stimuli do disrupt working memoryfor children with high levels of 

maths anxiety, which areas of working memory are most disrupted? 

Theoretical Proposition. 

All areas of working memory are affected by anxiety related decrements in 

performance. 

Operational Hypothesis. 

Children who are highly maths-anxious will show a significant fall in working 

memory span for all working memory tasks using digits rather than letters as 

stimuli. 

6.5.2 Methods and Procedures 

6.5.2.1 Sample 

The sample consisted of 55 children, from 2 state primary schools in the South 

West of England. All the children were in Year 5 (mean age 121 months, S. D = 

3.4 months range 117 to 127 months, ) at the time of testing. There were 18 males 

and 37 females. 
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6 5.2.2 Mathematical Task 

The mathematical task used in this study was identical to that used in study 1 

(Section 6.1.2.2). Their predominant strategy was ascertained in the way 

described in Section 6.1.2.3. 

6.5.2.3 Working Memory Tasks 

The cognitive tasks were adapted from others used in previous studies. 

a. Backward Digit Recall. 

All the children were given the backward digit recall task from the WMTB-C 

(Pickering and Gathercole, 2001). This task is described in detail in Section 

6.3.2.2. 

b. Backwards Letter Recall. 

The children were also given a `backwards letter recall' task, which simply 

substituted letters for digits as stimuli. There is nothing in this task that requires 

any literacy skills; the letters are simply stimuli to be recalled. 

c. Visual Patterns Numbers. 

The children were given a variation of the visual patterns task used in previous 

studies. The children were shown a matrix. Some of the cells in the matrix 

contained digits. The matrices were presented on a PC for two seconds. After a 

further two seconds, the children were invited to recall the matrix by entering the 

correct digits into the correct locations on a previously prepared answer sheet. 

The task was scored for both recall of location, and recall of the digit. The 

children scored one point for the correct digit in an incorrect location and one 

point for an incorrect digit in the correct location. The correct digit in the correct 

location scored two points. 

d. Visual Patterns Letters. 

This task was identical to the one above except that the stimuli were letters 

instead of numbers. 
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Figure 6.5.1 Visual patterns (numbers) task. 
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6.5.2.4 Attitude Measures 

The children's maths anxiety levels were measured using a9 point questionnaire. 

The children were asked to rate 9 statements all relating to anxiety towards maths 

(see Appendix H). The questionnaire was adapted from the MARS-E (Maths 

Anxiety Rating Scale- Elementary, Suinn, 1988), a 26 point questionnaire that 

itself was adapted from the original MARS (Richardson & Suinn, 1972), a 

ninety-eight point questionnaire. Test-retest reliability for both the MARS and 

the MARS-E are high (Richardson & Suinn, 1972; Suinn, Edie, Nicoletti, & 

Spinelli, 1972). The questionnaire used in this study contains fewer questions 

that the MARS-E and the children were invited to respond in a different way. In 

the original questionnaire, the respondents were asked to rate each. statement 

from 1 to 5 indicating their level of confidence. In the version used in this study, 

the children were presented with four possible responses to each statemtent: 

Strongly Agree, Agree, Disagree and Strongly Disagree. It was hoped that this 

might discourage the children from providing non-commital answers. 

The statements were written so that higher levels of anxiety would be revealed 

by agreeing to some and disagreeing with others. The use of a questionnaire 

allowed each child to be given a maths anxiety `score'. High scores indicated 

high levels of anxiety. Many studies looking at maths anxiety identify a small 

group of children who are highly anxious about maths. By assessing maths 

anxiety in this way, it was possible to look at all levels of anxiety and to see 

whether lower levels of anxiety had any kind of detrimental effect on working 

memory performance and whether there was any correlation between the 
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reported levels of maths anxiety and disruption to working memory. A further 

nine statements were used to assess the children's liking of maths and their rating 

of the importance of maths. High scores indicated high levels of liking maths and 

seeing mathematics as important. It was thought that an appreciation of the 

importance of mathematics would be separate from anxiety about maths. A 

significant negative correlation was expected between reported anxiety levels 

and a liking for maths. 

6.5.3 Results 

Independent samples t-tests showed that there were no significant gender 
differences in any of the attitude measures, the mathematical scores or the 

working memory measures. The means for the gender groups are shown below. 

Table 6.5.1 Mean scores on working memory, mathematical and attitude 
measures for boys and girls. 

Sex N Mean Std. 
Deviation t Sig. 

CE Letters M 18 4.28 1.742 
-1 458 =0 151 (Correct Trials) F 34 5.12 2.086 . p . 

CE Numbers M 18 4.67 1.609 
6 = (Correct Trials) F 34 5.21 1.822 -1.05 p 0.296 

Vis Patt Letters M 18 42.67 9.431 
965 0 =0 339 (Total) F 35 40.29 8.002 . p . 

Vis Patt Numbers M 18 51.67 9.412 
182 1 =0 243 (Tot) F 33 48.36 9.598 . . p 

Addition Time M 18 102.33 26.796 
854 0 397 =0 (Seconds) F 34 107.88 19.566 - . . p 

Addition Errors M 18 4.17 4.176 
564 0 575 =0 (Total) F 34 3.59 3.125 . . p 

Anxiet 
M 18 11.33 7.203 

962 0 340 =0 y 
F 37 13.51 8.184 - . . p 

t I 
M 18 17.83 4.120 

180 =0 ance mpor F 37 16.27 3.942 
1.360 . p 

Like 
M 18 13.00 5.018 

413 =0 F 37 1 1 11.65 " 5.987 
0.826 . p 
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There were no significant correlations between any of the working memory 

performance, mathematical performance or attitude measures and the children's 

age (for all correlations r<0.4, p>0.05). 

Descriptive statistics are shown in Tables 6.5.2(a) and 6.5.2(b) below. 

Table 6.5.2(a) Descriptive statistics (working memory measures - Study 5). 

Min Max Mean 
Std. 

Deviation 

CE Letters (Correct trials) 1 9 4.83 1.997 
CE Numbers (Correct trials) 2 8 5.02 1.754 

Vis Patterns Letters Total 22 60 41.09 8.499 
Vis Patterns Numbers Total 30 68 49.53 9.572 

Table 6.5.2(b) Descriptive statistics (mathematical and attitude measures - Study 
a 

Minimum Maximum Mean Std. 
Deviation 

Anxiety 0 35 12.80 7.877 

Importance 7 22 16.78 4.031 

Like 0 20 12.09 5.677 

Addition Time (Sec) 56 145 105.96 22.230 

Addition Errors 0 14 3.79 3.494 

The questionnaire revealed a wide spread of anxiety levels. This suggests that 

maths anxiety is not an `all or nothing' phenomenon. Several studies into maths 

anxiety have given the impression that there are children who are `maths 

anxious' and children who are not. The results of this questionnaire show that, in 

this sample at least, there are wide-ranging levels of anxiety. 

There was a significant and positive correlation (r = 0.660, p<0.001) between 

completion times and accuracy for the mathematical task indicating that there 

had been no trade-off between speed and accuracy. The most accurate children 

were also the fastest. 
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Pearson correlation analysis revealed significant correlations between anxiety 
levels and mathematical performance both in terms of completion times and 

accuracy levels. These correlations are shown in Table 6.5.3. 

Table 6.5.3 Correlations between attitude measures and mathematical measures. 

Addition Time Addition Errors 

Anxiety 0.475(**) 0.304(*) 

Importance -0.118 -0.236 
Like -0.228 -0.098 

*p<0.05, ** p<0.01 

Note: Correlations between the `Importance' and `Like' measures and the mathematical scores 

are negative as high scores on the attitude measures indicate a more positive attitude whereas 
high scores on the mathematical measures indicate higher completions times and error rates. 
Higher scores on the `anxiety' measures indicate greater levels of anxiety and are therefore 

positively correlated with completion times and error rates on the mathematical tasks. 

There was no significant correlation between the levels of anxiety and 

performance on either of the central executive working memory tasks. 

Interestingly, there were significant correlations between reported anxiety levels 

and. scores on both the visual patterns tasks. 

Table 6.5.4 Correlations between the attitude measures and the working memory 
scores. 

CE Letters CE Numbers VP Letters VP Numbers 

Anxiety 0.123 -0.107 -0.274(*) -0.458(**) 
Importance 0.068 0.073 0.052 0.179 

Like -0.120 0.131 0.121 0.359(**) 

*p<0.05 
**p<0.01 

The correlation between anxiety levels and the visual patterns task was stronger 

for the numbers version of the task than the letters version of the task. Although 

the correlations for the central executive tasks were not significant, it was 

striking that the relationship was positive for the letters version of the task and 

negative for the numbers task (high anxiety scores indicate high levels of anxiety, 
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high working memory scores indicate better working memory). In order to 

explore this phenomenon further, independent samples t-tests were carried out to 

see if the more anxious 20% of the sample had significantly different working 

memory scores from the other 80%. This was done by applying a cut-off of 22 on 

the anxiety rating. The results are shown in Table 6.5.5 below. 

Table 6.5.5 Comparison of mean working memory performance of the most 
maths anxious 20% of the sample and the rest of the sample. 

Anx N Mean Std. 
Deviation t Sig 

CE Letters >= 22 11 5.73 2.328 
1 716 092 =0 (Correct Trials) <22 41 4.59 1.857 . . p 

CE Numbers >= 22 11 5.18 1.888 
0 343 =0 733 

(Correct Trials) < 22 41 4.98 1.739 . . p 

Vis Patt Letters >= 22 11 38.36 7.311 
202 -1 235 =0 (Total) < 22 42 41.81 8.721 . . p 

Vis Patt Numbers >= 22 10 42.80 10.119 
621 2 <0 01 

(Tot) < 22 41 51.17 8.797 - . . p 

Vis Patt Letters >= 22 11 29.91 4.158 
391 1 170 =0 (Content) < 22 42 28.31 3.181 . p . 

Vis Patt Numbers >= 22 10 30.00 2.357 
2 910 <0 005 

(Content) < 22 41 32.39 2.322 - . . p 

Vis Patt Letters >= 22 11 24.55 2.659 
701 -0 486 =0 (Postilion) < 22 42 25.43 3.933 . . p 

Vis Patt Numbers >= 22 10 25.90 4.581 
904 1 063 =0 (Position) < 22 41 28.51 -1 3.716 . ' . p 

1 

The results show a significant difference between the most anxious children and 

the least anxious on the visual patterns task with numbers, but not with letters. 

The differences between the two groups are not significant for either of the 

central executive tasks (letters or numbers). However, closer inspection of the 

mean scores reveals that the high anxiety group had higher CE scores than the 

less anxious children on both versions of the task. Their advantage was less in 

the numbers version of the task than in the letters version of the task. The fact 

that the highly anxious group may have had better central executive performance 
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than the others may be obscuring the effect of maths anxiety on central executive 

working memory. In order to investigate this, the difference between the most 

anxious 20% of the sample and the rest in terms of the difference between their 

scores on the letters and the numbers versions of the CE tasks, was explored 

along with the differences on the visual patterns task and the mathematical 

measures. The results are presented in Table 6.5.6 below. 

Table 6.5.6: Comparison of the mean change in working memory performance 
and mathematical performance between the most maths anxious 20% of the 
sample and the rest of the sample. 

Anx N Mean Std. 
Deviation t Sig 

CE Difference 
>= 22 11 -0.64 1.027 

-2 447 02 <0 
< 22 41 0.39 1.282 . . p 

Vis Patt Total >= 22 10 4.60 12.963 
343 1 186 =0 Difference < 22 41 9.22 8.876 . - . p 

Vis Patt Position >= 22 10 1.20 5.029 
180 '1 244 =0 Difference < 22 41 3.10 4.449 . p . 

Vis Patt Content >= 22 10 0.90 2.079 
382 3 <0 001 

Difference < 22 41 3.90 2.606 . - p . 

Addition Time >= 22 11 120.27 15.021 
2 529 <0 02 

(Seconds) < 22 41 102.12 22.410 . . p 

E i i 
>= 22 11 4.82 3.710 

103 1 275 =0 rrors on t Add 
22 41 3.51 3.429 . . p 

Note: For the working memory `differences' scores, a negative score indicates a fall in 

performance from the letters task to the numbers task. A positive score indicates a higher score 

on the numbers task than the letters task. 

The results show that the difference between the two groups in terms of the 

change of performance from the CE letters and numbers task was significant. 

The most anxious children performed more poorly on the numbers version of the 

task than the letters task. The reverse was true for the rest of the group. 

Interestingly, both groups performed better on the number version of the visual 

patterns task than on the letters version, possibly indicating that working memory 

tasks using numbers are inherently easier than those using letters. Although the 

change in scores overall for the visual patterns task was not significant, the 
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change in terms of the content of the matrices was highly significant. This 

suggests that the most anxious children were highly disrupted by the presence of 

the numbers in terms of remembering the nature of the stimuli, but not in terms 

of their position. Interestingly, the two groups did not differ significantly in terms 

of the number of errors made on the addition task, but did differ in terms of their 

completion speeds. 

The correlations reported in Table 6.5.4, are not sufficient to show whether 

maths anxiety has a disruptive effect on working memory. The fact that there is 

no significant correlation between the reported anxiety levels and the central 

executive measures of working memory does not indicate that anxiety levels do 

not have an effect on central executive working memory. A clearer picture of any 
detrimental effect can be revealed by looking at the differences between 

performance on the central executive task using letters as stimuli and that using 
digits as stimuli. The results are reported below: 

Table 6.5.7 Correlations between attitude measures and changes in working 
memory performance from the letters stimuli to numbers as stimuli. 

CE Difference VP Difference. 
(Total) 

VP Difference 
(Content) 

VP Difference 
(Position) 

Anxiety -0.359(**) -0.198 -0.263 -0.114 
Importance -0.017 0.149 0.091 0.001 
Like 0.373(**) 0.257 0.171 0.127 

*p<0.05 
**p<0.01 

Correlational analysis revealed that there was a significant relationship between 

the level of reported maths anxiety and the difference in performance between 

the backward digit recall and the backward letter recall tasks. Children with 

levels of reported maths anxiety around the mean score of 12 showed very little 

change in their scores between the two central executive tasks. Children who 

reported higher levels of maths anxiety tended to perform less well on the digit 

version of the central executive task (a negative CE Diff score). Children who 

reported levels of maths anxiety below the mean tended to perform better on the 

digit version of the central executive task (a positive CE Diff score). This 
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analysis would suggest that reported maths anxiety levels do have a detrimental 

effect on central executive working memory performance and that this decrement 

is visible in situations where there is no explicit mathematical processing 

involved. There were no significant correlations between reported levels of 

maths anxiety and changes in the visual-spatial working memory measures. 

Figure 6.5.2 Relationship between maths anxiety and change in CE performance 
from the backward letter recall to the backward number recall. 
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Independent samples t-tests showed that there were no gender differences in 

reported anxiety levels or in performance in the cognitive or mathematical tasks. 

Independent samples t-tests did reveal significant differences between the two 

schools in terms of reported anxiety levels and liking of maths. Higher scores for 

anxiety indicate increased anxiety levels. Higher scores for attitude and liking 

indicate a more positive attitude and a greater liking for maths. 
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Table 6.5.8 Differences in mean attitude measures between the two participating 
schools. 

School N Mean 
Std. 

Deviation t Sig 

Anxiet 
1 25 9.76 6.930 

2 80 <0 01 y 
2 30 15.33 7.823 . . p 

1 25 17.84 2.809 
=0 07 Importance 

2 30 15.90 4.686 -1.896 . p 

Like 
1 25 15.00 4.690 

-3 945 001 <0 . . p 
2 30 9.67 5.333 

Strategy Use 

When completing the mathematical task, all the children were observed and then 

questioned about their strategy use. From these measures, the children were 

assigned to one of two strategy groups: ̀ counters' or `mixed' (see Section 6.1.2.3 

for a detailed description). Independent samples t-tests were carried out to 

explore differences between the two strategy groups. 

Table 6.5.9 Mean performance on the mathematical, working memory and 
attitude tasks for the ̀ mixed' (M) and ̀ counters' (C) addition strategy groups. 

Add N Mean DStd. t Sig 

Addition Time M 31 92.39 17.239 
997 -7 001 <0 (Seconds) C 21 126.00 10.349 . . p 

i E di 
M 31 1.94 1.731 

058 6 001 <0 rrors on t Ad 
C 21 

. 52 6 3.669 . - . p 

Anxiet 
M 31 10.32 7.171 

820 -2 01 <0 y 
C 21 16.38 8.207 . . p 

ortance Im 
M 31 18.10 3.059 

305 2 05 <0 p 
C 21 15.71 4.406 . . p 

Lik 
M 31 13.94 5.329 

766 2 01 <0 e C 21 9.67 5.651 . . p 

CE Difference 
M 31 0.45 1.362 

020 2 05 <0 
C 21 -0.24 1.091 . . p 

Vis Patt Total M 31 7.87 9.479 
388 0 701 =0 Difference C 20 9.00 10.573 . - . p 
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The results show significant differences between the two strategy groups in their 

mathematical performance. More strikingly, the two groups differ significantly in 

terms of their attitudes towards maths, particularly their anxiety about the subject. 

6.5.4 Discussion 

6.5.4.1 Maths Anxiety as a Continuous Variable 

The findings from this study indicate that there is some merit in considering 

maths anxiety as a continuous variable rather than a discrete distinction between 

children who are maths-anxious and those who are not. In this sample, the 

significant correlation between reported levels of maths anxiety and changes in 

working memory performance suggests that even relatively low levels of anxiety 

could have some effect on working memory functioning. The results of this study 

also suggest that the self-report questionnaires were a satisfactory way of 

measuring maths-anxiety. The reported anxiety levels did correlate with 

mathematical performance and with the reported effects on working memory. 

6 5.4.2 Correlational and t-test Evidence 

The results from the study did provide some provisional answers to the research 

questions. There was no correlation between anxiety levels and central executive 

working memory performance. There was a significant correlation between the 

anxiety levels and performance on both versions of the visual patterns tasks. The 

correlation was much stronger for the numbers version of the task. 

Does this suggest that being anxious about maths causes problems with working 

memory tasks, even those that do not include digits? It could suggest that 

children who are more anxious about maths are generally more anxious and 

therefore performed less well in the working memory testing situation with a 

person they did not know well. This explanation is not consistent with the 

performance on the central executive tasks in which the more anxious children 

performed better than their less anxious counterparts. 
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Does this suggest that children with poorer visual working memory are more 

anxious about maths? This interpretation of the findings might support the 

suggestion that visual-spatial working memory has an effect on mathematical 

performance, which in turn affects anxiety about maths (Ma & Xu, 2004). 

However, the contention that poorer mathematical performance mediates anxiety 
is contested (Ashcraft & Kirk, 2001) 

The correlational analysis, showing a significant relationship between levels of 

maths anxiety and the difference in performance on the central executive task 

with letters and numbers broadly supports the idea (Ashcraft & Kirk, 2001; 

Miller & Bischel, 2004) that one of the ways in which maths-anxiety causes the 

observed decrement in mathematical performance is by disrupting on-line 

processing in terms of working memory. The data here support the idea that this 

effect is observed even when the task in question involves no mathematical 

processing. Possible interpretations of this finding are discussed below. 

It could be the case that seeing the digits triggered the anxiety, which led directly 

to a disruption in working memory. The heightened levels of anxiety would 

cause disruption to working memory by diverting attentional resources away 
from memory to worrying. There is some suggestion in the literature that this can 
lead to something of a vicious spiral, with maths anxiety leading to adisruption 

of working memory, which in turn leads to a lower level of achievement, which 

in turn fuels the anxiety. 

An alternative explanation is that the children who are more maths anxious, and 

who therefore avoid mathematical activities, have less robust representations of 

digits in their long-term memory and are therefore at a disadvantage in a task 

using digits as stimuli compared to their less anxious counterparts. It is very 

difficult to know precisely how information about digits is organised in long- 

term memory, but there is some evidence (Dark & Benbow, 1990) that children 

who are particularly proficient in maths score better in working memory tasks 

with digits as stimuli than they do in comparable tasks with letters as stimuli. 

This could be due to more meaningful semantic representations of individual 
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digits in long-term memory. This may have enabled the children to make more 

meaningful and memorable groupings of the digits to be recalled. 

The significant decrement in working memory performance between the two 

central executive tasks was not seen in the visual-spatial tasks. There was no 

significant relationship between the changes in the content component of the 

visual working memory task, as might be expected if the differences in the 

central executive task were caused by more robust encoding of digits. If the 

differences were caused by more robust encoding of digits in the long-term 

memory of the less anxious children, the same fall in working memory span 

would be expected in all the working memory tasks. However, while there was 

no significant correlation between the level of anxiety and the changes in the 

visual-patterns performance with the different stimuli, the independent samples t- 

tests showed that there were significant differences between the high and low 

anxiety groups in terms of their performance in the visual patterns task. A further 

breakdown of these data indicates that there was no significant difference 

between the groups in terms of where the stimuli were located, but there was a 

significant difference in terms of recalling the stimuli. This might suggest that 

children who are anxious about maths avoid mathematical activities and 

therefore have a poorer representation of digits in their long-term memory. 

The fact that there was no significant change in the visual working memory task 

performance with the different stimuli suggests that the disrupting effect of 

maths anxiety is seen most strongly in central executive tasks. The findings from 

previous studies (reported above) and from other research (e. g. Gathercole et al., 

2005; Barrouillet & Lepine, 2005) indicate that the central executive plays a key 

role in even the simplest mathematical tasks. Even a relatively small disruption 

in central executive functioning could be sufficient to make a considerable 
difference to mathematical performance. The results of this study do not rule out 

the possibility that maths anxiety disrupts visual working memory, but they do 

suggest that if trying to alleviate the detrimental effects of maths anxiety on 

cognition, the central executive of working memory would be the best place to 

begin. 
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6.5.4.3 Causes of Maths Anxiety 

The findings of this study also gave some hints as to the causes of maths anxiety. 

Brown et al. (1999) found that trainee teachers' attitudes towards and anxiety 

about maths was deeply embedded in their own school experiences. While there 

were no differences in the mathematical or cognitive performance of the groups 
from the two different schools in this study, there were significant differences in 

terms of their attitudes towards maths. This finding lends further support to the 

idea that maths anxiety causes rather than is caused by poor mathematical 

performance. Although it may be the case that certain amount of maths anxiety is 

caused by poor performance, there appear to be other, school-based factors that 

affect anxiety levels. This study did not explore what those factors might be, but 

possible candidates are: . 

" Teaching methods and style - teachers who put pressure on pupils, who 
demand answers quickly and who show displeasure at wrong answers could 
increase anxiety levels. 

" School or Classroom Culture - schools or classrooms that are highly 

competitive and where high status is given to mathematically able children 

could foster anxiety. 

" Parental attitudes - parents who are particularly competitive, or who show 

displeasure at poorer academic performance, particularly in maths could 

increase anxiety levels. 

When exploring any differences in the performance of the most anxious 20% of 

children and their less-anxious peers, it was interesting to note that the most 

anxious were not significantly less accurate, but were significantly slower than 

the less anxious children. This suggests that these children are able to do the 

maths (at least the simple maths that was demanded by this task), but need time 

either to carry out the processing or to be certain that they have the right answer. 

The present study is not able to suggest which of these two explanations is 

closest to the truth. Both factors may be important; the anxious children may 

need to be very certain before giving an answer. Equally, they may also be 
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slowed down by their working memory being hampered by the demands being 

made by the anxiety. 

This suggests that children who are more maths anxious are not necessarily 

compromised in terms of their understanding. This may be important in terms of 

the implications for teachers with children who are more anxious about maths. It 

could be that time pressure makes these children particularly uneasy and could 
increase anxiety levels. Teachers who allow children time to think may have a 

significant effect in terms of allaying maths anxiety. Conversely, teachers who 

rely on a lot of quick-fire questioning and who demand instant answers may 
inadvertently contribute to children's maths anxiety. 

The two schools chosen to participate in this study were-geographically close to 

one another and had similar catchment areas. They did have very different 

outlooks in terms of ethos although both were highly supportive of their children. 

The researcher did not have the opportunity to observe the teachers of the two 

classes teaching maths, but this might represent an interesting and worth-while 

area for investigation in the future. 

6.5.4.4 The Role of Strategy 

When completing the addition tasks, the children's predominant strategy was 

noted and they were assigned to one of two strategy groups. The `counters' 

mostly used counting-based procedures. These almost always involved counting 

on from the larger of the two addends. For the more complex questions, the 

children typically added the tens (by counting on from the larger number) and 

then counted on the units. The `mixed' group predominantly used more 

sophisticated strategies involving making adjustments from known facts such as 

doubles. These children also made use of adjustment strategies e. g. adding eight 

by adding ten and subtracting two. 

Independent samples t-tests revealed the expected differences in mathematical 

performance between the two strategy groups. The same t-tests also showed 

significant differences in anxiety levels between the two groups. Of course, 
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correlation does not indicate causality and it is not clear from these findings 

whether high levels of anxiety (and lower confidence levels) cause children to 

adopt ̀ safer' counting strategies or whether children who are not able to move to 

more sophisticated strategies are more anxious as a result of these mathematical 

problems. There is some indication in the literature (Carr & Jessup, 1999) that, 

with multiplication at least, children who move to a more direct recall strategy 

suffer an initial drop in accuracy. Children who are already anxious about maths 

may be more reluctant to accept this temporary drop in accuracy and may 

therefore become stuck using less sophisticated strategies. 

The difference between the two strategy groups in terms of their change in 

performance in the central executive working memory task was just statistically 

significant at the 5% level. The counting strategy group's performance was 

worse on the backward digit recall task than it was on the backward letters recall 

task. This pattern was reversed for the `mixed' strategy group, whose 

performance on the BDR task was superior to that on the letters version of the 

same task. It is not clear from the data collected here precisely why this was seen. 

It could be that anxiety is the mediating factor, affecting both strategy use and 

the change in performance on the working memory task. This pattern was not 

seen in the visual-patterns task, where both groups performed better on the 

numbers version of the task and the `counters' made more gains than the `mixed' 

group. This is a slightly surprising finding and runs counter to the explanation 

offered above, that anxiety is the mediating factor in explaining the differences in 

working memory performance between the two strategy groups. 

6.6 Chapter Summary 

This chapter has presented the findings from five small-scale studies designed 

with two aims: 

To provide evidence about the precise ways in which working memory is 

involved in children's mathematical learning. 

" To suggest which area of the Baddeley and Hitch working memory model 

would be the best target for an intervention programme aimed at improving 

children's mathematical attainment through working memory training. 
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The studies reported in this chapter, have provided a great deal of evidence 

regarding the ways in which working memory is involved in children's 

mathematical learning. They suggest that working memory involvement may 
differ depending on the mathematical operation. They also suggest that working 

memory may help some children to move to a more sophisticated calculation 

strategy earlier than children with less powerful working memory. This may go 

at least some way to explaining the differences in completion times as well as 

accuracy that are seen between groups of. children with different working 

memory capabilities. The studies also suggest that working memory may be 

involved, to a lesser extent, in complex calculations. The findings from the final 

study lend support to the idea that anxiety about maths does cause a disruption to 

working memory when doing mathematical tasks. The results show that this 

occurs even if the task in hand is not actually mathematical, but merely involves 

numerical stimuli. 

The results suggest that, in different operations, all components of the Baddeley 

and Hitch model are important for mathematical learning and performance. The 

central executive appears to be important throughout and to show the strongest 

correlation with mathematical performance in most of the studies. For this reason, 
it is the focus of the intervention task described in the following chapter. 
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Chapter 7- The Intervention Study 

The Intervention Study differed in its aims and design from the preceding five 

studies. The results of the Phase 1 studies were used to determine the most 

appropriate focus for the Intervention Study and to explore the mechanisms 

through which working memory affects children's mathematical learning. 

The information from the previous five studies indicated that the central 

executive component of working memory might be the most effective focus for 

working memory training designed to improve mathematical functioning in 

children in Year 5. This does not mean that other components of the working 

memory model are not important in mathematical functioning, or that central 

executive working memory is all-important in terms of improving mathematical 

functioning. The findings from the previous studies do suggest that, if central 

executive working memory functioning can be enhanced, there may be some 

consequent improvement in mathematical performance. It was this proposition 

that the Intervention Study set out to test. 

7.1 Research Questions and Hypotheses 

Research Question 1 

To what extent is working memory a malleable resource that can be changed by 

training? 

Theoretical Proposition. 

Working memory is not a fixed, immutable resource. With practice, working 

memory performance can be improved (see Section 2.8) 

Operational Hypothesis. 

Children who are given regular practice at a backward digit recall task thought to 

tap the central executive component of working memory will show significantly 

greater gains in performance on that task over time than will a group of matched 

children who do not practice the task. 
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Research Question 2 

What is the relationship between a practiced working memory task and other, 

unpracticed working memory tasks? 

Theoretical Proposition. 

Training in a backward digit recall task, thought to engage central executive 

working memory will bring about gains in performance on a working memory 
task that has not been practiced during training (see Klingberg et al., 2005; Rueda 

et al., 2005). 

Operational Hypothesis. 

Children who are given a course of working memory training will make gains in 

their working memory functioning on the practiced working memory task, which 

will translate into better scores in a non-practiced working memory task. Similar 

children who do not receive the working memory training will not show such 

gains in performance over a seven week time period. 

Research Question 3 

What is the relationship between a practiced working memory task and un- 

practiced mathematical tasks? 

Theoretical Proposition. 

Training in a backward digit recall task, known to predict mathematical 

performance, will bring about gains in mathematical functioning. 

Operational Hypothesis. 

Children who are given a course of working memory training will make gains in 

their working memory functioning, which will translate into better scores in a 

simple maths (addition) task. Similar children who do not receive the working 

memory training will not show such strong gains in mathematical performance 

over a seven week time period. 
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7.2 Methods and Procedures 

7.2.1 Experimental Study Design 

The design of the study was experimental, with direct manipulation of one of the 

variables by the intervention of the experimenter. All the participating children 

were given pre- and post- intervention measures of working memory and 

mathematical (addition) performance. After the initial measures were taken, the 

sample was divided in half. One half was designated as the control group and 

received no working memory intervention. The other half was designated as the 

intervention group and all the children received the six-week working memory 

training programme. Following the intervention, all the participating children 

were re-tested. 

The division of the sample was done on a `matched-pairs' basis. Each child in the 

intervention group was matched with a child in the control group. To prevent any 

possible differences in post-test performance between the two groups arising from 

differences in teaching input during the course of the intervention, each pair was 
from the same school. The children were then matched as closely as possible for 

mathematical performance firstly and then for working memory performance. 
Should gender have proved to be an important factor in the pre-test measures, this 

would have been considered when matching the pairs. 

7.2.2 Possible Confounding Factors in the Experimental Design 

The final design of the intervention study had to be considered carefully as there 

were a number of potentially confounding issues that could have obscured the 

findings. If the members of the intervention group (the children who do receive 

the working memory training) and the control group (the matched children who 

do not receive the working memory training) were taken from the same class or 

even from the same school, there would be a risk of cross-contamination, i. e. the 

children in the intervention group might tell the children in the control group 

what they were doing and some of the benefits of the training would contaminate 

the control group. 
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There were various possible solutions to this problem. The working memory 

training focused on the acquisition of working memory skills rather than the 

teaching of working memory strategies. There was more likely to be a 

contamination across groups if the intervention had been strategy rather than 

skills focused. It may also have been possible to give the control group some kind 

of `placebo' whereby the children came out and practiced a task that was 

unrelated to the true nature of the experiment. This would have brought its own 

ethical dilemmas, as the children would have had to be kept unaware that what 

they were doing was unconnected to the experiment. There could still have been a 

possibility of contamination. In the event, time limitations and the doubtful 

efficiency of such a strategy meant that it was not done. One of each of the 

matched pairs was given the training. 

It would have been possible to recruit the intervention and control groups from 

different classes or different schools. If the groups had come from different 

classes within the same school, the risk of contamination would have remained, 

as it would have been unlikely that the children would not communicate with 

their peers in a parallel class. They might very well spend some of the time 

together, as parallel classes are often streamed for part of the school day. 

Recruiting intervention and control groups from different schools would have 

reduced or eliminated the possibility of contamination between the groups, but 

would have raised the confounding factor of differences in mathematics teaching 

that could influence the post-intervention maths scores. This could have had a 

more confounding impact than any cross-contamination between the intervention 

and control groups. 

In order to minimise these potentially confounding problems, the working 

memory intervention concentrated on the building of working memory skills 

rather than the teaching of working memory strategies. This working memory 

practice was done with the children individually, often using computer-based 

tasks/games, so that the children were able to progress at their own pace and so 

that any working memory skill development that took place was confined to the 

individual and was not inadvertently spread to members of the control group. By 

taking participants in the intervention and control groups from the same classes, 
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the potentially confounding effects of different teachers/different mathematical 
instruction were minimised. 

7.2.3 Pre- and Post-Intervention Tasks 

In order to keep the study very tightly focused, the number of working memory 

and mathematical tasks that were administered was limited. 

7.2.3.1 Working memory tasks: 

a. Central Executive Task (Backward Digit Recall). 

This task is described in detail in section 6.3.2.2. The task was designed to yield 

a span score (the longest string that the child could remember accurately). In 

order to increase the sensitivity of the task, the total number of trials that the 

child answered correctly was also recorded and used as the measure of central 

executive functioning. Post-intervention, the same task was used, but the stimuli 

were changed in order to prevent any advantage being conferred on children who 

could remember something from the pre-intervention task. 

b. Visual-Spatial Working Memory (Visual Patterns). 

Details of the task are given in section 6.1.2.1. The same task was used for the 

post-intervention measure, but the patterns were changed for reasons described 

above. Each child was presented with ten patterns that gradually increased in 

difficulty by containing more coloured squares the position of which needed to 

be recalled. The total of correct responses was recorded. 

7.2.3.2 Mathematical Task 

The mathematical task used for the pre-intervention measure was the same as 

that described in detail in Study 1 (see section 6.1.2.2). The post-intervention 

measure was similar, but with different questions for reasons described above. 

Each child's predominant strategy was also ascertained (see Section 6.1.2.2 for 

details). Strategy information was gathered from the pre-intervention measure 

only. 
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7.2.3.3 Participants. 

The sample consisted of 42 children, from 4 state primary schools in the South 

West of England. All the children were in Year 5 (mean age 116.13 months, S. D 

= 3.434 months, range 112 to 123 months, ) at the time of testing. There were 17 

males and 25 females. 

7.2.3.4 Working Memory Intervention. 

The working memory intervention took place over the course of six weeks and 
focused on practicing a single measured working memory task (backward digit 

recall) and other central executive tasks. The intervention focused on a mixture 

of practicing the tasks and discussion about `strategies' that might make 

completing the task easier. 
The interventions that were carried out were as follows: 

Week 1: In the first week, the experimenter and the children talked a little about 

the nature of the working memory task and about what might make the task 

easier. The children were allowed to practice the backward digit recall (BDR) 

task so as to establish a baseline for improvement for following weeks. 

The children were then. invited to play an imagination game designed to help 

with remembering a string of objects. The children were given the following list 

to recall: `cow, tree, plate, car, cake' and encouraged to use mental pictures to 

help them remember the list of items in order. Having done this, they were given 

practice with two further lists of objects and encouraged to use mental images to 

link the objects together in order. Finally the children were given the chance to 

practice the BDR task for another three to five trials depending on their levels of 

motivation and interest. They were not explicitly encouraged to use mental 
imagery to help with the task, although some children reported trying to visualise 

the numbers that needed to be manipulated in the task. 

Week 2: The intervention session began with some further practice of the 

backward-digit-recall task. The children were reminded of the work done during 

the previous session about mental visualisations. The children were encouraged 
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to visualise the numbers in left-to-right order in front of them and then to read 
them back from right to left to help with the reversing process. Two of the 

children spontaneously decided to imagine the numbers from right-to-left as they 

were being presented so that they could simply read them from left to right at the 

recall phase. 

The session continued with the experimenter introducing the idea that saying 
things over and over `in your head' could make remembering them easier. The 

children were then encouraged to practice remembering lists of digits forwards 

using a sub-vocal rehearsal technique. The children were all able to recall more 
forwards than backwards and the discussion moved towards how it might be 

possible to use the sub-vocal rehearsal technique to make the backwards digit 

recall task easier. Several of the children hit on the idea of repeating the string 
forwards silently until they reached the last digit that they had not yet said and to 

say this digit out loud. 

Week 3: The session began with a recap of the previous two weeks and a chance 

to ask questions. The children were then encouraged to practice using their 

favourite strategy to improve their backward digit recall performance. The rest of 

the session focused on another central executive working memory task: the 

updating task. The children were presented a list of objects, of which they had to 

recall the three smallest. The children were encouraged to use either a visual 

chaining method, or a sub-vocal rehearsal method to make the task easier. 

Week 4: The focus of the week was on inhibiting unwanted information from 

working memory (also thought to be a function carried out by the central 

executive component of Baddeley and Hitch's (1974) model). The children were 

presented with a list of objects using a PowerPoint presentation on a PC. They 

were encouraged to recall as many of the items in the list as possible. After the 

task, the children were asked to reflect on the strategy they had used and to think 

about alternative strategies. They were then given a second version of the task 

using different pictures and asked to repeat the exercise paying particular 

attention to the strategy they were using. 
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Figure 7.1 The inhibition task (no distractions). 

After a short break, the children were presented with a similar task. The 

difference with the second task was that, in addition to the to-be-remembered 

stimuli, each slide contained a number of distracting items (attractive pictures of 

biscuits etc). The children were instructed to ignore these distracting pictures and 

to concentrate only on the pictures in the boxes. 
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All the children found the second version of the task more difficult than the first 

and all were able to recall that there had been pictures of chips and biscuits. This 

allowed some discussion about the kinds of things that can stop us from using 

memory accurately and can stop us from thinking `straight'. We talked about 

trying to keep focused on the important things. The children were then presented 

with a second attempt at the `with-distracters' version of the task and asked to 

concentrate hard on not letting the distracting pictures prevent them from 

remembering the other pictures. 

Week 5: This week allowed the children to practice another central executive 

working memory task: counting recall. They were presented with screens of 

shapes that had to be counted. The children were told to remember the results of 
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the counts and then to repeat them back in order after the final count had been 

made. The task began with a couple of practice trials with only two screens of 

shapes. The children then began the task. The level of working memory demand 

was manipulated by the number of counts that had to be remembered. There were 

several trials prepared at each level, so that the task could be adapted for the 

working memory ability of individual children. Those children who coped very 

easily with three counts could try four and five. Those children who were finding 

the task more of a struggle could continue practicing with only two or three 

counts. The rectangles were simply distracters designed to increase the 

processing load. 

Fimirc ?l CountinL, recall. 

ME M 

The correct result of this presentation would be 4,6,3. 

Week 6: The final week of the intervention returned to practice the backward 

digit recall task that the children would be tested on the following week. The 

children were given some initial practice on the standard task with oral 

presentation. The children were reminded of the different ways that they had 

used to make the task easier. 

The children were then presented with a visual presentation of the task. 

Figure 7.4 Backward digit recall (visual presentation). 

5i7 ý4 

These screens were presented in order and the children encouraged to imagine 

the numbers in the correct position. They would then hopefully use the positional 

information to help with the reversed-order recall of the numbers. Once the 

children had given an answer. they were shown the correct response: 
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Finally, the children were informed that everybody uses their memory in 

different ways and that there is no single `best' way. The `best' way is the most 

effective way for each individual. The children were offered some final practice 

on the backward digit recall task with oral presentation and encouraged to use 

whichever method they found most helpful to recall the numbers in reverse order. 
The post-intervention testing took place one week after the working memory 
intervention had finished. 

7.3 Results 

7.3.1 Pre-Intervention Measures 

There were no significant correlations between the children's age and any of the 

mathematical or working memory measures (all r<0.3, p>0.05). Independent 

samples t-tests showed that there were no significant sex differences in 

performance on any of the working memory tasks or the mathematical tasks. The 

results are presented in Table 7.1 below. 

Table 7.1 Mean performance of boys and girls on the working, memory and 
addition tasks. 

Pre-Intervention Sex N Mean Std. 
Deviation t Sig 

Visual Patterns M 17 8.24 1.251 
2 066 =0 (Correct Trials) F 26 7.54 1.029 

1.19 . p 

BDR M 17 11.94 6.230 
364 =0 (Correct Trials) F 26 10.54 3.818 

0.917 . p 

Addition Time M 17 145.82 64.139 
209 =0 (Seconds) F 26 170.38 60.039 - 1.277 . p 

Addition Errors 
M 17 88 3. 3.516 

601 =0 F 26 3.42 2.212 
0.527 . p 
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One-way ANOVA revealed no significant differences in the working memory or 

mathematical performance of the children from the different schools (for all 

measures F<1.5, p>0.2). 

No significant differences between the schools on any of the working memory or 

mathematical measures were expected. It did vindicate the decision to use 

children from a range of schools all using the National Numeracy Strategy. 

Selecting schools in this way was intended to eliminate any possible differences 

brought about by differences in teaching. The children were arranged into pairs 

matched as closely as possible for mathematical ability then working memory 

ability. In all the matched pairs, both children were from the same school in order 

to minimise any school effects. Sex was not considered, as there were no sex 
differences in performance on any of the measured tasks. 

Matched pairs t-tests showed that there were no significant differences in any of 

the pre-intervention working memory or mathematical scores between the 
intervention group and the control group. The two groups were matched exactly 

for addition errors. The Intervention group had slightly lower central executive 

working memory scores, but were slightly quicker than the control group in 

completing the addition task. The results of this analysis are shown in Table 7.2 

below. 

Table 7.2 Differences between the Intervention (Int) and Control (Ctrl) groups on 
the pre-intervention measures of working memory and mathematical 
performance using a matched pairs t-test. 

Pre-Intervention Group N Mean Std. 
t Sig. 

Deviation 

Visual Patterns Int 21 7.86 1.195 
370 0 715 =0 l T i . . p a s) (Correct r Ctrl 21 7.76 1.179 

BDR Int 21 10.38 4.863 
44 228 =0 (Correct Trials) Ctrl 21 12.00 4.940 ' 1.2 . p 

Addition Time Int 21 154.67 61.880 
606 =0 (Seconds) Ctrl 21 164.24 63.991 -0.525 . p 

Int 21 3.52 2 620 
Addition Errors . 000 =1 0.000 . p Ctrl 21 3.52 2.943 
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Initial analysis revealed some significant correlations between the pre- 
intervention working memory scores and the pre-intervention maths scores. This 

was largely expected from the results of the previous studies. Most of these 

correlations showed very little change in the post-intervention measures. There 

was some change in the correlations between the addition errors and both the 

working memory measures after the intervention. These correlations are shown 
in Table 7.3 below. 

Table 7.3 Pre- and post-intervention Pearson correlations between working 
memory and mathematical measures. 

Pre-Intervention 
Post-Intervention 

Visual 
Patterns 

Backward 
Digit Recall 

Addition 
Time 

Addition 
Errors 

Visual Patterns 1 0.469(**) -0.272 -0.387(*) 
Backward Digit Recall 0.475(**) 1 -0.370(*) -0.621(**) 

Addition Time -0.154 -0.393(*) 1 0.536(**) 
Addition Errors -0.189 -0.545(**) 0.534(**) 1 

*p<0.05 
s* p<0.01. 

Note : The correlations between the working memory scores and the mathematical scores are 

negative because a higher score on the working memory tasks indicates superior performance, 

whereas a high score on the mathematical tasks indicates higher completion times or higher error 

rates i. e. poorer scores. 

7.3.2 Post-Intervention Measures 

Post-intervention comparisons of the two groups (Intervention (Int) and Control 

(Ctrl)) revealed that there were significant differences in performance on some of 

the working memory tasks. These differences are shown in Table 7.4 below. 

209 



Table 7.4 Differences between the intervention (Int) and control (Ctrl) groups for 
the post intervention measures of working memory and mathematical 
performance using a matched-pairs t-test. 

Post- Group N Mean Std. t Sig. Intervention Deviation 

Visual Patterns Int 19 8.68 1.250 
2 592 <0 02 (Correct Trials) Ctrl 19 7.37 1.535 . . p 

BDR Int 19 17.05 7.307 
<0 05 (Correct Trials) Ctrl 19 13.00 5.437 

2.307 . p 

Addition Time Int 19 148.42 64.824 
0 981 340 =0 (Seconds) Ctrl 19 168.11 58.925 . ' . p 

Int 19 1.58 1.575 
E Addi i 2 6 2 <0 02 on rrors t - . 3 . p Ctrl 19 2.95 2.094 

The results revealed significant differences between the groups on the visual 

patterns and backward digit recall working memory tasks and the level of 

addition errors. There was no significant difference between the two groups on 

the time taken to complete the addition task. There had been no significant 
between the groups on any of the pre-intervention measures. 

The effects'of the intervention were further explored by looking at the changes in 

performance on the working memory and mathematical measures of the control 

and intervention groups using matched pairs t-tests. The differences were scored 

so that an improvement in performance between the pre- and post-intervention 

measures is shown as positive and a decrement in performance is shown as 

negative. This indicates that both the intervention and control groups improved 

their performance in the backward digit recall task and in terms of addition errors. 

However, the control group was slightly slower to complete the addition task on 

the post-intervention measure and made slightly more mistakes with the visual- 

patterns task than on the pre-intervention measure. 
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Table 7.5 Mean change in performance (pre- to post-intervention) on working 
memon- and mathematical tasks for the intervention (Int) and control (Ctrl) 
groups. 

Changes in Group N Mean 
Std. 

t Sig. Performance Deviation 

Visual Patterns Int 19 0.74 1.851 
1 837 083 =0 (Correct Trials) Ctrl 19 -0.37 1.461 . p . 

BDR Int 19 5.95 4.882 
001 0 (Correct Trials) Ctrl 19 0.84 3.114 

3.990 p< . 

Addition Time Int 19 2.11 18.208 
60 

(Seconds) Ctrl 19 -4.79 23.004 
0.940 p=0.3 

Int 19 1.68 1.887 
E Addi i rrors t on 3.371 p<0.003 Ctrl 19 0.37 1.862 

The results show clearly that the group that received the intervention made much 

greater gains in both the backward digit recall task and in improvements in their 

mathematical accuracy than the control group. This is illustrated in the figure 

below. 

Figure 7.5 Differences in performance between the intervention and control 
groups. 
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The key findings reported so far are summarised below. 

Key Findings 

" Prior to the intervention, there had been no significant difference between the 
intervention and control groups on any of the working memory and 
mathematical measures. Post-Intervention, there were significant differences 
in the scores between the intervention and control groups on measures of 
backward digit recall, visual patterns and addition errors. 

" The working memory intervention appeared to have a significant effect in 
improving performance on the trained working memory task, an untrained 
working memory task and the mathematical task. 

" Manipulating the working memory performance of the children appeared to 
have a significant impact on their accuracy levels in maths. This suggests that 
there is a causal link between working memory and mathematical 
performance. 

Having established that the working memory training had a significant impact on 

the children's working memory and mathematical performance, the following 

sections look in more detail at which children appeared to gain most from the 

intervention. 

733 Strategy Groups. 

During administration of the pre-intervention maths task, the children were 

assigned to one of two strategy groups (see Section 6.1.2.3 for details), ̀ counters' 

(C) or `mixed' (M). Independent samples t-tests revealed significant differences 

between the two strategy groups on both the mathematical measures and the 

working memory measures. 
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Table 7.6 Comparison of mean pre-intervention working memory and 
mathematical performance for the `mixed' (M) and `counters' (C) addition 
strategy groups. 

Pre-Intervention Strat N Mean 
Std. 

Deviation t Sig 

Visual Patterns M 21 8.33 1.278 
129 3 01 <0 . . p (Correct Trials) C 19 7.26 0.806 

BDR M 21 13.57 5.075 
523 3 001 <0 . . p (Correct Trials) C 19 8.68 3.449 

Addition Time M 21 119.90 37.893 
436 5 001 <0 (Seconds) C 19 201.58 56.206 . - . p 

M 21 1.76 1.758 
E ddi i 5 277 001 <0 on rrors t A . - . p 

C 19 5.32 2.473 

These findings are broadly in line with those from other studies and indicate that 

strategy is highly predictive of addition performance both in terms of speed and 

accuracy. The findings support the suggestion that working memory may be 

influential in moving children towards more sophisticated strategies. 

In order to determine whether one strategy group had benefited more from the 

intervention than another, independent samples t-tests were used to compare the 

change in performance from the pre-intervention to the post-intervention 

measures for the two strategy groups. The measures were scored so that an 

improvement in performance from the pre- to the post-intervention is shown as a 

positive score and a fall in performance is shown as a" negative score. If a child 

made 3 addition errors in the pre-intervention measure and 1 in the post- 

intervention measure the change in performance would be recorded as 2. If a 

child made 2 addition errors in the pre-intervention measure and 4 in the post- 

intervention measure, the change in performance would be recorded as -2. Table 

7.7 (below) contains the data from the whole sample, irrespective of whether 

they received the working memory intervention. 
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Table 7.7 Comparison of the mean changes in performance (pre- to post- 
intervention) on the working memory and mathematical measures for the `mixed' 
(M) and `counters' (C) strategy groups. 

Changes in 
Performance 

Strat N Mean Std. 
Deviation t Sig 

Visual Patterns M 20 -0.05 1.849 
177 '1 =0 247 (Correct Trials) C 18 0.61 1.614 . . p 

BDR M 20 3.70 4.736 
450 0 =0 656 

(Correct Trials) C 18 3.00 4.839 . . p 

Addition Time M 20 -6.15 18.181 
550 1 130 =0 (Seconds) C 18 3.28 19.195 - . . p 

E ddi i 
M 20 0.10 1.410 

446 3 <0 01 on rrors t A 
C 18 2.11 2.083 - . . p 

The results suggest that the only area in which one strategy group made 

significantly more progress than another was in Addition Errors, where the 

counters (those children using less sophisticated strategies) appear to have 

improved their performance (making on average 2.11 fewer errors) more than the 

`mixed' strategy group (making on average 0.1 fewer errors). The information in 

Table 7.7 (above) contains data from both the intervention and the control groups. 

As the control group did not receive any direct intervention, it was decided to 

explore the changes in performance from the pre- to the post-intervention by 

strategy group for the intervention group and the control group separately. This 

involved dividing the intervention and control groups into two strategy groups 

(Counters and Mixed) and therefore reducing the group size to about one quarter 

of the original sample size. This means that inevitably some statistical power is 

lost. 
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Table 7.8 Changes in performance (pre- to post-intervention) on the working 
memory and mathematical measures broken down by group (Intervention, I or 
Control. C) and strategy use (Counters and Mixed). 

Changes in Group p 
Mean 

(Counters) 
Mean 

(Mixed) t Sig g 

Visual Patterns I 1.00 0.56 -0.532 p=0.601 
(Correct Trials) C 0.00 -0.55 -0.745 p=0.467 

BDR I 5.09 6.22 0.510 p=0.616 
(Correct Trials) C -0.29 1.64 1.265 p=0.224 

Addition Time I -2.91 3.44 0.935 p=0.362 
(Seconds) C 13.00 -14.00 -2.923 p<0.05 

E Addi i 
I 2.82 0.67 -3.019 p<0.01 

rrors t on C 1.00 -0.36 -1.772 p=0.095 

The results show that the pattern of changes between the two strategy groups was 
different depending on whether the children received the intervention or not. 

Improvements in the direct intervention task (BDR) were greater among the 

children who were using the more sophisticated addition strategy initially for 

both the intervention and control groups. For the control group, the `counters' 

actually performed slightly less well in the post-intervention measure than they 

had in the pre-intervention measure. Among the children who received the 

intervention, both strategy groups made gains in BDR performance, but the more 

sophisticated strategy users made slightly better gains than the counters. These 

differences did not reach statistical significance for either group. 

Interestingly, the pattern of gains between the two strategy groups was reversed 

for the visual-patterns task, both among the control and the intervention groups. 

Again, amongst the children who had received the intervention, both the counters 

and the mixed strategy users improved their performance, whereas in the control 

group, the mixed strategy group performed slightly less well in the post- 

intervention measure. 

The pattern for the mathematical measures showed the `counters' in the control 

group made significantly more speed gains (t = -2.923, p<0.05) than the 
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`mixed' strategy users (whose performance was slower in the post-intervention 

measure). This pattern was not seen among the intervention group. Within the 

intervention group, while both the `mixed' and `counters' strategy groups both 

made gains in performance in terms of errors, the counters made significantly 

more progress (t = -3.019, p<0.01). This pattern was not seen among the control 

group. 

7.3.4 Which Children Benefited Most from the Intervention? 

These results suggested that the `counters' appeared to be benefiting more from 

the intervention than the `mixed' strategy group. This suggests that children who 

are not particularly good at maths were deriving more benefit than the children, 

whose mathematical performance was better. In order to explore this further, 

each pair was assigned to one of two groups based on the children's pre- 
intervention addition error performance (both children in each pair were matched 
for pre-intervention addition error performance). One group consisted of the 

pairs (intervention child and matched control child) who had made three or more 

errors on the pre-intervention measure and the other group consisted of the pairs 

who had made two errors or fewer in the pre-intervention measure. The changes 
in performance from pre-intervention to post-intervention for the intervention 

and control children were compared separately for the high (>=3) and low (<3) 

addition error groups using independent samples t-tests. The cut off of <3 and 

>=3 errors was used to divide the sample into two roughly equal halves (n = 22 

(>=3 errors), n =18 (<3 errors)). 
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Table 7.9 Changes in performance (pre- to post-intervention) on the working 
memory and mathematical measures broken down by group (Intervention, I or 
Control, C) and level of pre-intervention addition errors (>=3 or <3). 

Changes in 
Performance 

Add 
Errors N Mean 

(Int) 
Mean 

(Control) t Sig 

Visual Patterns >=3 22 1.10 -0.20 1.724 p=0.119 
(Correct Trials) <3 18 0.33 -0.56 0.872 p=0.409 

BDR >=3 22 5.10 0.10 2.580 p<0.05 
(Correct Trials) <3 18 6.89 1.67 2.977 p<0.02 
Addition Time >=3 22 -1.10 -1.70 0.329 p=0.750 

(Seconds) <3 18 5.67 -8.22 1.634 p=0.141 

E Addi i 
>=3 22 2.80 1.60 2.143 p=0.111 

rrors t on 
<3 18 0.44 -1.00 3.388 p<0.005 

7.3.4.1 Children with below average pre-intervention maths scores (High . 
Addition Errors) 

These children apparently failed to benefit significantly from the intervention 

compared with their, matched controls. While they made significantly greater 

gains in their performance on the backward digit recall task than their matched 

controls, these were not translated into significantly greater progress in terms of 

addition errors. This was mainly due to the control group also making fewer 

errors on the post-intervention measure. The group that received the intervention 

made an average of 2.8 fewer errors after the intervention, compared to an 

average improvement of 1.6 errors for the control group. 

7.3.4.2 Children with above average pre-intervention maths scores (Low 

Addition Errors) 

For the group with the better pre-intervention scores, there were statistically 

significant differences between their improvements and their matched controls 

on the measures of backward digit recall and addition errors. However, this 

difference was largely due to the poor performance of the matched controls, who 

made more errors on the post-intervention task than on the pre-intervention task. 

The group that received the intervention made an average of 0.44 fewer errors 
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after the intervention, compared to an average increase of 1 error for the control 

group. 

The above analyses have revealed that it was in fact the children with the poorer 

pre-intervention maths scores who made greater gains in terms of addition errors 

than their counterparts with better initial maths scores. This is reflected in Figure 

7.6 below. which shows the changes in performance of the children in the 

Intervention Group broken down by initial addition errors performance. 

Although not clear from the matched-pairs t-tests, it seems that the intervention 

was more successful in terms of mathematical progress for the children with 

initially poorer mathematical scores. However, the results suggest that the link 

between improvements in backward digit recall and addition errors might not be 

straightforward. 

The graph in Figure 7.7 below shows the changes in performance for all the 

children in the intervention group for the backward digit recall, visual patterns 
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Figure 7.6 Changes in performance (pre- to post-intervention) on the working 
memory and mathematical measures for children in the intervention group 
broken down by pre-intervention addition errors (above average performance is 
<3 addition errors. below average performance is >=3 addition errors). 



and addition errors measures. There is a striking correlation between changes on 

the visual-patterns scores and changes on the addition errors. There was a 

statistically significant correlation between the intervention group's changes in 

performance on the visual patterns task and addition errors (r = 0.397, p<0.01). 

However. this pattern is not seen in the data for backward digit recall. The 

implications of this are discussed at length below. 

Figure 7.7 Intervention Group Changes in performance between pre- and post- 
intervention measures on BDR. Visual Patterns and Addition (Errors) measures. 
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The further findings are summarised below. 

Summary of further findings 

- BDR 

vs 
Patterns! 

Addition 
Errors 

" The children's strategy use ('counting' or `mixed' strategies) was highly 
predictive of their mathematical performance and of their working memory 
performance. suggesting that working memory may have a role to play in 

allowing children to move to a more sophisticated strategy. 

The `counters' strategy group appeared to gain more from the intervention 
than the more sophisticated `mixed' strategy group. 

Children who made more errors in the pre-intervention addition task 
appeared to benefit more from the intervention than those children who made 
fewer errors initially. This could have been partly due to a ceiling effect 
among the children whose initial performance was very accurate. 
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7.4 Discussion. 

The selection of the groups to participate in the study and the division of the 

participants into an intervention and a matched control group were problematical 

for reasons discussed in Chapter 5. The finding that there were no significant 

differences between the children from the different schools on the pre- 

intervention working memory and mathematical measures supported the decision 

to select participants from schools that were following the National Numeracy 

Strategy. The uniformity of teaching appears to have reduced any school-based 

differences in mathematical performance between the participants. However, the 

two children in each matched pair came from the same school in order to 

minimise any differences caused by different teaching during the course of the 

intervention. 

The lack of any sex differences in working memory or mathematical 

performance meant that the selection of participants for the intervention and 

control groups could be done without an explicit matching for sex. When 

compiling the matched pairs for the intervention and control groups, the criteria 
for matching were: 

1. School (in order to avoid differences resulting from mathematical instruction 

during the intervention period) 

2. Addition Errors (to ensure that the groups were equally matched in terms of 

mathematical ability prior to the intervention) 

3. Backward Digit Recall Scores (to try to match the pairs as closely as possible 

for working memory). 

7.4.1 Pre-Intervention Measures 

Initial analysis revealed significant correlations between both the working 

memory measures and the addition errors measure and between backward digit 

recall and addition time. The correlation is reported as negative in that higher 

working memory scores are associated with lower completion times and lower 

error rates. The correlations are stronger for the Backward Digit Recall task 
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(measuring central executive functioning) than for the Visual-Patterns task. The 

correlations are stronger for the error rates than for the completion time measure. 

This is in keeping with the findings from other studies that have suggested that 

the central executive is the component of working memory that is most strongly 
'implicated in even this comparatively simple mathematical functioning. It 

supports the contention for this study that the central executive is a good target 

for working memory intervention. 

The post-intervention analysis also showed a correlation between the two 

working memory measures and between the completion times and error rates for 

the mathematical tasks. The correlation between the completion times and error 

rates for the addition task was almost unchanged in the post-intervention 

measures indicating that there was no speed-accuracy trade-off before or after the 

intervention. The correlation was positive indicating that the fastest children 

were the most accurate, i. e. high completion times were associated with high 

levels of errors. 

The post-intervention correlations between the working memory and 

mathematical measures did show some changes from the pre-intervention 

correlations. The strength of the correlations between the level of addition errors 

and the two working memory measures were lower in the post-intervention 

measures compared with the pre-intervention measures. The correlation between 

backward digit recall and the level of addition errors was highly significant for 

both the pre- and post-intervention measures. This, again, 'suggests that the 

working memory intervention may have been successful in altering performance 

on non-trained tasks as the relationship between the trained and non-trained tasks 

were altered, but still highly significant after the intervention. 

7.4.1.1 Bettween-Groups Differences 

The matching of the pairs for the intervention and control group appears to have 

been successful when looking at the differences between the groups on the pre- 

intervention measures. The fact that they were matched initially for their 

accuracy on the maths task is shown by their t-score of 0 indicating that the level 
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of accuracy between the groups was matched precisely. The two groups were 

also very closely matched in terms of performance on the visual patterns task (t = 

0.370), on the addition completion times (t = -0.525) and on the backward digit 

recall task (t = -1.244). Both groups began the intervention phase of the study 

with no significant performance differences. 

7.4.2 Post-Intervention Measures 

Independent samples t-tests on the post-intervention measures revealed that some 

significant differences between the groups had emerged, as a result of the 

intervention. For all the measures, the intervention group performed better than 

the control group. Prior to the intervention, the control group had a slightly 
higher mean score for the backward digit recall task and the visual patterns task. 

After the intervention, the group that had received the working memory training 

had significantly better scores on the visual-patterns task, the backward-digit 

recall task and on the accuracy measure of the mathematics task. This finding is 

highly interesting, as neither the visual patterns task, nor any mathematical tasks 

were practiced as a result of the intervention. 

7.4.2.1 Visual Patterns Scores 

After the intervention, the intervention group had significantly better visual- 

patterns scores than their matched controls. One explanation for this result is that 

the working memory intervention has had a significant `knock-on' effect into 

other areas of working memory. There is considerable support (e. g. Fisk & Sharp, 

2003; Hamilton, Coates, & Heffernan, 2003; Rudkin et al., 2007) that visual- 

spatial working memory is closely connected to the central executive component 

of the model. The results from this study do not contradict that contention, as 

practice on a central executive task appears to have had a significant impact on 

visual-spatial task performance. There is some evidence (e. g. Klingberg et al., 

2002; 2005) that working memory intervention can have benefits on non-trained 

tasks. 
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An alternative, but related explanation is that some of the children who received 

the working memory training were using visual strategies to recall the digits. 

This strategy lends itself well to the backward digit recall task. Two of the 

children `discovered' the strategy of imagining the digits and placing them in 

their imagination from right to left as they were read out. The children then `read 

back' what they could see in their mind's eye from left to right. The children who 
favoured a visual strategy could have been using their visual working memory 
during the course of the intervention and might therefore have been expected to 

show improved performance on the visual patterns task. 

Could there be other explanations for this finding? It might be the case that the 

children who had had the intervention felt more comfortable with the 

experimenter, or more comfortable carrying out working memory tasks as a 

result of the time spent with the experimenter during the previous weeks. This 

possible reduction in anxiety might have been responsible for the improved 

scores. The children may have been under the impression. that. there was some 

expectation that they would perform better. This may have led them to try harder 

on the task than the children in the control group. Both these explanations can be 

questioned. Many of the children who took part were known to the experimenter 

and would have been very comfortable with him. All the children showed very 

high levels of motivation. It could be argued that the children in the intervention 

group might have been growing tired of practicing working memory tasks and 

would have had reduced levels of motivation at the time of the post-intervention 

testing. Neither of these seems as likely as the explanation that the working 

memory intervention had some impact on the visual-spatial working memory of 

the children who received it. 

7.4.2.2 Maths Scores 

Even more surprising was the finding that the central executive working memory 

training appeared to cause a significant difference in the post-intervention 

mathematical performance of the two groups. The children were matched for 

their error rates, which were identical prior to the intervention. The 

improvements that resulted from the intervention were on error rates rather than 
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in increased speed. The differences between the two groups in terms of 

completion speeds remained non-significant. This is a highly important finding, 

as it suggests strongly that intervention to boost working memory can have 

benefits in terms of school-based achievement, at least in terms of mathematical 

performance. The fact that the significant differences were in accuracy rather 

than completion times suggests that the working memory training did more than 

simply increase the children's processing speed. It is possible that the children 

were able to deal with more information accurately, without losing the memory 

trace. 

In trying to explain this finding, a good understanding of the ways in which 

central executive working memory works to facilitate addition performance is 

important. Fifteen of the twenty addition questions in the task involved either 

carrying or the retention of one part of the calculation while the other part was 

calculated. The improved post-intervention error rates for the children in the 

intervention group suggest that their working memory system was better able to 

deal with these demands accurately. These children were better able to maintain 

the partially calculated parts of the calculation while they were doing other 

calculations. This would have been the case for both double-digit calculations 

and for all those requiring carrying. This result supports the suggestion not only 

that the central executive is involved in relatively simple addition, but that 

improvements in central executive functioning lead directly to improved 

accuracy in mathematical tasks that appear to draw directly on central executive 

working memory resources. 

7.4.3 Changes in Performance 

In addition to comparing the children who had the intervention with their 

matched pairs on the post-intervention measures, a comparison was carried out 

looking at the changes in performance from the pre-to the post-intervention 

measures. 
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7.4.3.1 Backward Digit Recall 

An examination of the changes in the scores from the pre- to the post- 
intervention measures revealed that both the intervention and the control groups 
had made improvements in their backward digit recall scores. The control group 
had improved by an average of 0.84 trials. The intervention group had improved 

by an average of 5.67 trials. This difference was significant (t = 3.769, p<0.001) 

and indicates that the intervention targeted at backward digit recall had been very 

successful in improving performance. Performance between the pre- and post- 
intervention measures for the control group was not consistent. Five of the 

children showed no change in their performance. Seven of the children showed a 

small decline in performance and seven of the children showed an improvement 

in performance. Two of the children in the control group left the school during 

the study (not as a result of their participation! ) and therefore could not complete 

the post-intervention measures. Of the seven children whose performance 
improved, three made substantial improvements of more than 5 trials. There was, 
however, a highly significant correlation between the pre- and post-intervention 

scores for the control group (r = 0.824, p<0.001). 

The pattern for the intervention group was different. Although the significant 

correlation between pre- and post-intervention scores was seen (r = 0.802, p< 

0.001), none of the children in the intervention group showed a fall in 

performance between the pre- and post-intervention measures and only one of 

the children failed to improve their score. Four of the children improved their 

score by more than 10. 
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Figure 7.8 Change in BDR performance for the intervention (I) and control (C) 
groups. 
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What these findings are not able to show is the precise way in which practice in 

the backward digit recall task has led to improved performance. It was clear from 

watching the children carry out the task that some of them found different and 

more efficient strategies to complete the task. However, there was no overall 

pattern among the children and the range of strategies that the children adopted 

was wide. Some of the children repeated the number string forwards a number of 

times to fix it in their memory, were then silent for a few seconds before 

repeating the whole string in reverse order. Other children repeated the string 

forwards silently to themselves until they reached the last item that they had not 

so far said. They then said this item out loud: e. g. for the string: 34189 the 

child would say 34189 then 3418 and so on. For the children who 

adopted this strategy it was successful. There were several children in the 

intervention group who were very resistant to this strategy even when 

encouraged to use it. None of the children in the control group `discovered' this 

strategy during the course of the intervention. 

These findings suggest that changes in strategy use do have an impact on the 

working memory performance of children. However, most of the children in the 

intervention group (all but one of whom improved their performance on the task) 
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did not appear to implement a new or different strategy. This suggests that, for 

some children at least, improvement is possible by a better or more efficient 

execution of an existing strategy. It could be that there is some component of 

working memory that is `trainable' beyond improvements in strategy choice. 

7.4.3.2 Visual Patterns 

Matched samples t-tests revealed no significant differences between the 

intervention and control groups on changes in the visual-patterns task (t = 1.837, 

p>0.05) indicating that the intervention group did not make significantly greater 

gains on this task than the control group. However, (see Table 7.5), the control 

group showed a slight decline in performance, while the intervention group 

showed an improvement in performance. Explaining the control group's decline 

in performance is not easy. Two versions of the same task were used, one for the 

pre-intervention and one for the post-intervention measures. It is possible that the 

post-intervention measure was slightly more difficult than the pre-intervention 

version. 

This finding is highly interesting in that it suggests that training on one 

component of the working memory model could have benefits for other, non- 

trained components of the model. As has been discussed above, this could 

indicate an overlap between the central executive and visual-spatial components 

of working memory (Rudkin et al., 2007). It could also suggest that other models 

of working memory in which there is less fractionation may represent a more 

accurate picture of the workings of this cognitive system. Within this study, there 

was not time to test the children's phonological working memory. A further 

possibility is that the central executive intervention was having an effect on some 

other area of cognition that was common to both the backward digit recall task 

and the visual patterns task. There was a significant (negative) correlation (r =- 

0.508, p<0.01) between initial level of performance on the visual patterns task 

and the change in performance suggesting a ceiling effect. The findings from this 

study clearly suggest that investigating the impact of central executive training 

on phonological working memory performance would make an interesting future 

study. It would also be interesting to see whether an intervention based on 
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improving visual-spatial working memory would have any impact on central 

executive functioning. 

7.4.3.3 Mathematical Measures 

There was no significant difference between the intervention and control groups 

in terms of the time taken to complete the addition task (t = 0.940, p=0.360). 

This suggests that the working memory intervention did more than simply 

increase the children's processing speed. There was a significant difference in the 

error rates. Both groups improved their performance in this area, but the 

improvement shown by the intervention group was significantly more impressive 

(t = 3.371, p<0.003). While the children in the control group improved by an 

average of only 0.37 errors, the children in the intervention group made on 

average 1.68 fewer errors in the post-intervention measure than they had in the 

pre-intervention measure. Given that there were only 20 questions, this 

represents a substantial improvement. 

This finding is important in that it suggests that working memory intervention 

can have benefits not only beyond the targeted task, but also beyond the direct 

area of working memory. Clearly the scope of this study was limited to a small 

area of mathematical performance, but the findings suggest that further studies 

exploring the impact of working memory intervention on other areas of 

mathematics and possibly even other areas of the curriculum might be fruitful 

(see Maridaki-Kassotaki, 2002 for evidence of the impact of working memory 

training on young children's progress in reading). 

7.4.4 Strategy 

The independent samples t-tests revealed significant differences between the two 

addition strategy groups on both the time and accuracy measure for the 

mathematics task. This is in line with findings from the previous studies. The 

same analysis also revealed significant differences between the two groups on 

both measures of working memory (backward-digit recall and visual patterns). 

This confirms the findings from Studies 1 and 3. This suggests either that 
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children with better working memory are able to move to more sophisticated 

arithmetic strategies earlier than children with poorer working memory, or that 

the use of more sophisticated arithmetic strategies has an impact on working 

memory functioning. The children's addition strategy for the post-intervention 

measures was not observed, so the results of this study are not able to help 

resolve this issue conclusively. Given the fact that a direct intervention to 

improve working memory had a direct impact on mathematical functioning 

(indicating a causal link), this data could suggest that working memory might 
have an impact on strategy, which appears to be a very good predictor of 

mathematical performance. 

The analysis of the two strategy groups provides some evidence that working 

memory intervention is beneficial for those children who were not finding maths 

easy initially. Those children who were not using sophisticated strategies initially 

benefited more than their' more sophisticated counterparts in terms of 

mathematical accuracy as a result of the intervention. This was not the case for 

the control group, where the less sophisticated strategy users made significant 

gains in terms of speed, but not in terms of accuracy. 

It could be the case that the emphasis on accuracy rather than response speed in 

the working memory intervention instilled in the children the importance of 

accuracy rather than speed. If this were the case, it may be that any kind of 

intervention that emphasised accuracy over speed might be helpful for these 

children. However, if the intervention group is taken as a whole, the group made 

gains in terms of speed as well as accuracy (Table 7.5). Not all the children in the 

group appear to have slowed down in order to become more accurate, suggesting 

that the improvements in accuracy seen among the counters group are not simply 

a result of slowing down. It was also the case that there was a significant positive 

correlation, both pre- and post-intervention between completion speed and error 

rates indicating that the faster children made fewer errors. 

There has to be some consideration of the fact that the mixed strategy group may 

have been approaching ceiling levels of mathematical performance in terms of 

accuracy (making an average of fewer than 2 mistakes in the pre-intervention 
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measure) and may therefore have found improvements in terms of speed. The 

findings do suggest that, while working memory intervention is potentially 
beneficial to all children, an understanding of their mathematical strengths and 

weaknesses is also important and that targeting different types of working 

memory intervention at different children depending on their strategy use may be 

profitable. 

7.4.5 How Did the Intervention Improve Mathematical Scores? 

Pearson correlations of the changes in performance between the pre- and post- 

intervention scores revealed no significant relationship between improvement on 

the backward digit recall task and improvements in mathematical performance. 

This was a surprising finding suggesting that, although targeting central 

executive working memory in order to bolster mathematical performance had 

appeared to be effective, the link between the two may not be straightforward. 

There were no significant correlations between the changes in any of the 

measures for the control group. This is not wholly surprising as the changes in 

performance that actually took place were very small. For the intervention group, 

there was a significant correlation between the change in the visual-patterns 

scores and the change in the number of mathematical errors made. This suggests 

that the improvements that the intervention group made in their mathematical 

accuracy might have been due more to improvements in their visual-spatial 

working memory than to improvements in central executive working memory. 

This suggestion begs a number of questions. Given that the working memory 

intervention was not targeted at visual-spatial working memory, is working 

memory less fractionated than the Baddeley and Hitch model might suggest? 

Could the improvements in the backward digit recall task shown by the 

intervention group reflect an improvement in overall working memory capacity? 

Could it be that it was the children who managed to convert this improvement 

into increased scores on the visual-spatial working memory task who were able 

to use it to good effect in their mathematics? The issue of how effective working 

memory intervention might be could be one of the application of working 

memory improvements to specific tasks. Those children who were able to 
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capitalise on their working memory benefits and apply their improved skills to 

the non-trained situations constitute the group who are best able to benefit from 

working memory training. If this is the case, classroom based working memory 

training would need to be done carefully to help those children who are not 

readily able to apply working memory gains to other tasks to ensure that they 

derive the maximum benefit from their training. 

The children who received the working memory training were not a homogenous 

group. They expressed individual preferences about the kinds of strategies that 

they adopted when practicing the backward digit recall task. Some of the 

children were using more visual strategies (such as remembering the imagined 

spatial locations of the digits in order to facilitate backwards recall). It could be 

that those children who did prefer a more visual strategy were using their visual- 

spatial working memory, while those children who preferred a phonological 

strategy were not. This could account for (some of) the improvement in visual- 

spatial working memory seen within the intervention group, and possibly for the 

correlation between the improvement in visual-spatial working memory and the 

improvement in performance on the mathematical task. 

The strong positive correlation between the initial levels of maths errors and the 

improvements in maths errors suggests that there may have been some sort of 

ceiling effect with the addition task. The children who had made a lot of errors 

on the pre-intervention measure showed the strongest gains in performance. No 

such effect was seen in the central executive working memory task, suggesting 

that all the children had the potential for improvement. The lack of a significant 

correlation between gains on the backward digit recall task and gains in addition 

accuracy could reflect that fact that there were some children for whom big 

improvements in addition accuracy were not possible due to very low error rates 

in the pre-intervention measure. There was still a significant positive correlation 

between the number of errors made on the pre- and post-intervention measures. 

An alternative explanation for the lack of relationship between the improvements 

made in the central executive task and the mathematical task could involve the 

difference between working memory gains due to improved strategy use and 
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working memory gains due to increased working memory capacity. Those 

children who made the biggest gains in the trained working memory task tended 

to find a successful strategy (e. g. visualising the numbers, repeating the numbers 
before trying to recall them). All the children who did find a good strategy were 

able to make substantial gains in their central executive working memory scores. 
However, the analysis shows that it was not these children who made the most 

substantial gains with their mathematical performance. 

All the children who `discovered' and were able to implement successful 

strategies for the working memory task were already performing very well on the 

pre-intervention mathematics task. Even with perfect post-intervention scores, 

they would not have improved by more than one or two points. These children 

may have been using their working memory capacity to something near its fullest 

extent prior to the intervention. Finding new strategies may have been the only 

way that they were able to improve their working memory score. 

The children who did not use new strategies (but did improve their working 

memory scores; all the children in the intervention group improved their score) 

may have achieved this by a genuine increase in working memory capacity. It 

could be that this explains why the children who made the most prodigious gains 
in maths were the children who had lower working memory scores to begin with 

and were not the children who made the most prodigious working memory gains 
during the intervention. Any explanation of the mechanism through which 
improvements in working memory performance affect mathematical 

performance should not lose sight of the fact that these gains were very largely 

confined to the intervention group. 

7.5 Specific Case Studies 

In trying to understand what is happening in the data, it may be instructive to 

consider some individual cases, particularly if they do not conform to the general 

pattern of the data. In all her research, Dowker (2005) highlights the importance 

of considering children's individual differences and the fact that children are not 
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a homogenous group and their individual working memory and mathematical 

profiles may differ considerably. 

7.5.1 Paul 

In the data collected for the intervention study, it may be helpful to consider the 

case of Paul (not his real name) who was a child who stood out from the very 
beginning of the data collection process. Paul was highly enthusiastic about the 

project and was delighted to be included in the intervention group. During the 

working memory training sessions, he was routinely requested that the training 

be extended and reported playing memory games at home with his parents and 

siblings as a result of the training. Paul's initial score on the backward digit recall 

task was good (15) without being spectacular. During the course of the training, 

he developed a number of strategies and techniques to help with this task and 

was particularly taken with the idea of visualising the numbers. When he was 

tested on the backward digit recall task post-intervention, his performance was 

prodigious recalling correctly sequences of eight digits through a combination of 
both visual and phonological rehearsal. He appeared to be able to recall the first 

three or four digits visually and then used a phonological strategy for the 

remainder. Paul also used a number of clever associations to help him with his 

memory. For example, when the sequence 4,5,9 occurred in one of the number 

strings, he recalled it as 4+5=9. He was able to reverse this sequence correctly. 

Prior to the intervention, Paul's performance on the mathematical task was 

perfect in terms of accuracy. He maintained this perfect score on the post- 

intervention measure and managed to increase his speed by a few seconds, 

although his was one of the fastest times recorded on the pre-intervention 

measure. This pattern was repeated for the visual patterns task, where Paul 

replicated his perfect score from the pre-intervention task on the post- 

intervention measure. Children like Paul, who scored well on the working 

memory and mathematical tasks in the pre-intervention phase, could possibly 

obscure any interaction between the level of improvement on the working 

memory task and gains in mathematical functioning. Paul's ceiling performance 

on the mathematics task meant that, however good his working memory 
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improvement, he would be unable to capitalise on these gains in terms of 

mathematical accuracy. 

Interestingly, and purely anecdotally, Paul's head-teacher later reported to me 

that he had achieved extremely well in the Year 5 end-of-year optional SAT 

papers, exceeding the expectations of his teachers in both maths and literacy. 

There were other children whose performance did not fit with the general trend 

shown by the group as a whole. It may be worth looking in more detail at those 

children to see whether their a-typical results can tell us anything more about the 

processes at work during the working memory training. 

7.5.2 Hanna 

Hanna was also part of the intervention group, but her results were not typical of 

the group. She performed very well on all the pre-intervention measures making 
just one error on the addition task, no errors on the visual patterns task and 

scoring 12 correct trials on the backward digit recall task, giving a span score of 

4. From the outset, Hanna did not really respond to the working memory 
intervention. She did not find the strategy of imagining the digits particularly 
helpful and claimed that she had `no imagination. ' The use of phonological 

rehearsal also did not seem to make much impact on her either. She found it 

rather confusing and was often unable to rehearse the digits in the correct order. 

This of course meant that it was impossible for her to reverse the digits 

accurately. Her inability to carry the task out successfully was surprising, as she 

had scored relatively well on the pre-intervention measure. 

When it came to the post-intervention measures, Hanna seemed rather ill at ease 

and performed only moderately on the backward digit recall task improving her 

performance by just one trial to 13. She seemed disappointed with this but had 

failed to recall a string of more than four digits in any of the practice sessions 

during the intervention period. The visual patterns post-intervention measure was 

a disaster. Hanna made four errors, three of them in the final four items of the 

task. Again, she realised that she had made a lot of mistakes. This performance 
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represented a substantial decrement on her perfect performance prior to the 

intervention. Hanna is an able pupil, in the top group for maths. On the pre- 

intervention maths measure Hanna made just one mistake. On the post- 

intervention measure she also made one mistake, and was slightly quicker to 

complete the task than she had been prior to the intervention. 

Hanna's relatively poor performance on all the post-intervention measures raises 

some interesting questions as to why six 20-minute sessions of focused working 

memory training appeared to have no impact on her working memory (or 

possibly a negative impact if the visual patterns performance is considered) nor 

any impact on her mathematical performance (in contrast to most of the other 

children who received the intervention). 

Are there children who do not respond to the working memory training in the 

form that it was given? If so, can any form of working memory training be useful 
for them, or should they spend their time in school doing other things? Of course, 
it is very difficult to draw any concrete conclusions from a very small number of 

cases. Hanna is a very enthusiastic and bright girl who had no lack of motivation 

to take part in the study. She simply seemed to find the working memory training 

rather frustrating, as she was unable to convert practice into gains in performance. 

She became cross with herself during the post-intervention visual-patterns task 

and made a number of careless mistakes. Hanna, despite being an able pupil, 

does not enjoy maths lessons and is anxious and lacking in confidence with this 

subject. She frequently makes self-deprecating comments about her own 

mathematical ability; she was often heard to say that she was `useless' and 

`hopeless' at maths, although this is patently not the case. She also lacks 

confidence with maths and may have found that her working memory was 

hampered by the use of digits as stimuli. 

Hanna's comments about her lack of imagination possibly point to a cognitive 

profile that meant that she was unable to take full advantage of the working 

memory training, particularly in the way it was presented. She may have a 

relatively strong central executive component, but weaker slave systems, 

meaning that she was unable to take advantage of more efficient strategies. The 

suggestion that she visualise the digits may have made her more anxious and 
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may have de-motivated her. It does seem clear from her particular case that a 

one-size-fits-all approach to working memory intervention may be as blunt an 

instrument as it is in mathematics teaching. This only makes some form of 

screening and increased teacher knowledge about their pupils' cognitive profiles 

as well as a range of working memory interventions all the more important. 

7.6 Chapter Summary 

The findings from the Intervention Study have built on those from the studies 

carried out in Phase 1. The study has yielded a number of interesting and novel 
findings. The evidence here suggests that working memory is not fixed and that 

targeted training can lead to significant improvements in performance on tasks 

thought to require working memory resources. More importantly, the findings 

from this study suggest that these improvements lead to improvements in non- 

trained tasks that rely on working memory. This has a number of implications, 

both theoretical and practical in terms of how this information might help 

teachers and pupils in primary schools. These implications are explored in the 

following chapter. 
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Chapter 8- Implications 

8.1 Chapter Overview 

The results of educational research are of very limited use unless they can be 

made available to and workable for practitioners working with children in 

classrooms (Hammersley, 2002). Having looked in detail at the different studies 
that comprise this research project, this chapter explores the implications of the 
findings. The findings from the research have implications in terms of both 

theoretical understanding of the ways in which working memory is involved in 

children's mathematical processing and practical implications for education 

professionals. The chapter also considers how a better understanding of 

children's cognitive processes could make teaching more effective and learning 

easier, specifically in primary mathematics lessons. The chapter begins by 

considering how the results from this research project might contribute to current 
debates about the nature of the involvement of working memory in children's 

mathematical, performance. 

8.2 Theoretical Implications 

8.2.1 Causal Link between Working Memory and Maths 

All the studies prior to the Intervention Study adopted a correlational design in 

which the natural variation in working memory performance was compared with 

the natural variation in mathematical performance. This research design was well 

suited to answering the research questions posed at the beginning of the research. 
However, correlations are unable to provide any evidence about the direction of 

any causal relationships between working memory and mathematical 

performance. It is unclear whether good working memory causes good 

mathematical performance, or vice-versa. This major weakness in the initial 

studies was tolerated in the knowledge that the Intervention Study, which 
involved the direct manipulation of working memory, might be able to address 

this problem. 
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In the Intervention Study, working memory was improved by direct intervention, 

leading to gains in mathematical performance. This suggests that differences in 

working memory capacity cause (some of the) differences in mathematical 

performance. This is a highly important finding given that a number of studies 
looking at working memory and mathematical skills have used a correlational 
design and have assumed that differences in working memory cause differences 

in mathematical performance. It now seems clearer that the differences in central 

executive working memory that were seen in the children in Studiesl, 2 and 3 

could explain some of the differences in mathematical functioning seen in those 

children. 

Figure 8.1 Direction of causality between working memory and mathematics. 

Working Mathematical 

The fact that there is evidence suggesting a causal link between working memory 

and mathematical performance does not preclude a link in the opposite direction. 

The results of the Intervention Study suggest that working memory is not an 

immutable resource, that it is malleable and can be altered with practice. 

Although this study did not investigate a causal link in the opposite direction (by 

manipulating mathematical performance and observing any resulting changes in 

working memory performance), the results do not constitute evidence of the 

absence of this link. It is quite possible that a link exists in both directions, i. e. 

changes in working memory cause changes in mathematical performance and 

changes in mathematical performance cause changes in working memory 

performance. The results of the Intervention Study can only suggest that there is 

a causal link from working memory to mathematical performance. 
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This finding may also help to counter another potential criticism of correlational 

studies, namely that there is a third factor that mediates both variables that appear 

to be correlated. By directly manipulating working memory and observing an 

effect on mathematical performance, it seems more likely that the link between 

these two variables is direct and not mediated by any third variable. However, 

the results of the Intervention Study do not totally eliminate this possibility, in, 

that it is just possible that improving working memory might have had an impact 

on a third variable, which in turn affected mathematical performance. Some 

putative third variables that might mediate that link between working memory 

and mathematical performance are considered below. 

" Anxiety - it is possible that the children who received the working memory 

training and who spent 20 minutes each week with the experimenter felt more 

comfortable in his presence and less anxious about the post-intervention tasks 

than did the children in the control group. This is considered unlikely as the 

majority of the children were well known to the experimenter prior to the 

pre-intervention measures, All the children appeared to be at ease with the 

situation and all were given the chance to withdraw. The fact that the sample 

was self-selecting meant that children who might have been particularly 

anxious did not volunteer to take part. 

" Processing Speed - it is possible that the working memory intervention 

simply served to increase the children's speed of processing, which in turn 

led to the gains seen in the mathematical task. This seems highly unlikely, as 

the significant differences between the children who received the intervention 

and the control group were in accuracy rather than speed. Although the 

intervention group did make gains in terms of speed, they were modest (an 

average of just over 2 seconds). - 

" Focus on Accuracy - the working memory intervention may have caused the 

children who received it to focus more on accuracy rather than speed, leading 

to significantly fewer errors in the mathematical task. This explanation seems 

unlikely as the children in the intervention group also made modest gains in 

speed. 

" Improvement in Strategic Thinking - it is possible that the working memory 

training helped to improve the children's strategic thinking, which led to 
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improvements in the mathematical task. Certainly, although very little direct 

instruction about strategy was given in the course of the working memory 

training, several of the children discovered strategies that helped them to 

improve performance on the working memory task. Although strategic 

thinking can be very important in certain areas of maths such as problem 

solving, it is difficult to see how a more strategic approach would have been 

of benefit in completing the addition task used in the Intervention Study. It is 

possible that the children were using their working memory more 

strategically and efficiently. It was very difficult to determine how much of 

the improvement seen in working memory performance were due to more 

strategic use of existing working memory capacity and how much was due to 
increases in capacity. 

While none of the explanations discussed above seems likely, the findings from 

the Intervention Study cannot rule them out categorically. More research is 

needed to determine precisely how working memory training leads to improved 

mathematical performance. For teachers, the precise mechanisms that underlie 

the link between working memory training and improvements in mathematical 

performance may be less important. 

Figure 8.2(a) Involvement of a third variable between working memory 
mathematical performance. 
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Figure 8.2(b) Involvement of a third variable between working memory and 
mathematical performance. 
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Taken together, these results add weight to the evidence refuting the idea that 

working memory plays no role in children's mathematical performance (Landerl 

et al., 2002). The findings presented here certainly point to an important role for 

working memory in children's mathematical performance for reasons outlined 

elsewhere. However, none of the children who took part in the Intervention 

Study were on their respective schools' register of Special Educational Needs 

and there was no suggestion from any of their teachers that they had any kind of 

arithmetical learning disability. The children in Landerl et al. 's (2002) study 

were carefully screened based on their performance on a mathematical task. So, 

while the results of this study suggest strongly that working memory training 

could have a significant impact on the mathematical performance of the children 

who receive it, it does not indicate conclusively that working memory training 

could help children who have been given a diagnosis of `dyscalculia'. If their 

problems in learning mathematics are caused by a failure in the basic number 

processing module (as suggested by Butterworth) then working memory 

intervention is unlikely to help significantly. However, if these problems can 

stem from a number of different causes (as suggested by Geary, 2003) some of 

which are related to failures in working memory, then working memory training 

could benefit those children. 
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While working memory appears to be involved in mathematical processing, this 

does not mean that it is the only cognitive system involved. The evidence (both 

anatomical and psychological) that human beings possess some kind of dedicated, 

domain-specific number processing module is strong. However, while this 

module is recruited for tasks such as number comparison, (which Landerl et al. 
(2002) found deficient in their MD children), this does not mean that it alone can 

explain the variations in mathematical performance. The number processing 

module needs support from a domain-general `working memory' system to 

maintain the operands, to retain partial results, etc. There is certainly no hard 

evidence for a separate working memory system for numbers. This position 

would be consistent with that proposed by Geary (2004), that the problems some 

children have in learning mathematics could have different causes. In some, the 

`number module' could be deficient (as proposed by Butterworth and his 

colleagues), but in others, a deficit in working memory could be causing 

mathematical difficulties. This could help explain the large standard deviation in 

the working memory scores of the children in the Landerl et al. paper. This 

position would also be consistent with the finding that children who perform 

poorly in end of year SATs, as a group, have poorer working memory 
functioning that the children who performed better in the SATs (Gathercole & 

Pickering, 2000b) 

The contention (Geary, 2003) that there may be a number of different causes for 

mathematical problems, supports the idea that mathematical processing requires 

a domain-specific number module supported by a domain-general working 

memory system for the temporary retention of partial results, regulation of the 

focus of attention etc. Failure in either of these systems could result in poor 

mathematical performance. The results of the Intervention Study suggest that 

working memory training can help children whose basic number processing is 

intact, but whose working memory is weak. The results also suggest that working 

memory training can be effective for children whose working memory is not 

impaired in any way. In fact, it may be the children who can use their working 

memory most flexibly who are in the best position to apply the working memory 

gains they make as a result of the training to mathematical tasks. 
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8.2.2 Strategy Development 

There is considerable debate (reviewed in Chapter 4) about the role of conceptual 

understanding in children's arithmetic strategy development. Do the results from 

the Intervention Study, or the other studies that comprise this research project 

provide any evidence for that discussion? The evidence from Study 3, that 

central executive working memory processes appear to be much less involved in 

multiplication than in addition strategy development suggests that strategy may 
develop in different ways for the two operations. The evidence (Studies 2& 3) of 

an inhibitory role in multiplication accuracy and a role for phonological working 

memory in multiplication strategy development (Study 2) suggests that many 

children rely on rote learning of multiplication facts as learned verbal codes. It is 

possible that Siegler's associative learning models provide a more appropriate 

explanation for the development of multiplication strategy (although not a 

complete explanation, as the re-organisation of multiplication facts (Butterworth 

et al., 2003) indicates that conceptual understanding leads to changes in recall). 
The role of conceptual understanding in strategy development (Baroody, 1999a, 

1999b) appears to be more important in addition (and probably subtraction, 

although this research project can provide no evidence for this). The involvement 

of the central executive in information processing suggests that addition 

strategies are more conscious and therefore possibly more mediated by 

conceptual understanding. 

8.2.3 The Role of Working Memory in Children's Mathematical Processing 

Gathercole et al. (2006b) suggest that the knowledge of a correlation between 

working memory and mathematical performance is of little use unless the 

mechanisms that mediate the correlation are explained. The results from these 

studies add to the emerging picture of these relationships as indicated in Table 

8.1. 
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Table 8.1 An initial model for the involvement of working memory in addition 
and multiplication. 

Simple Addition Simple Multiplication 
Phonological loop has a role in the Encoding of rote verbal sequences to be 
maintenance of the addends in questions that passed into long-term memory. Better 

PL are presented verbally, or in questions where phonological loop functioning allows a 
the addends are presented visually and then more robust association to form between 
withdrawn. the multiplicands and the product. 
Involved in early addition No obvious role. There could be some 
Involved in the transfer of abstract sums to role in the way that the concept of 
visual (mental) representations multiplication is introduced i. e. as rows 

VSSP Possibly involved in children's early and columns. However, this has not been 

conceptual development. investigated here. 

Involvement in the development and use of a 
mental number line. 
Appears highly important for simple addition. Involved in the inhibition of unwanted 
The mechanisms, which mediate this and incorrect associations activated by the 
involvement are not clear. However, even presentation of the multiplicands. Its 

CE simple counting on from one number by primary influence is on accuracy rates 
another number involves the storage of rather than speed of retrieval/calculation. 
information in the face of other processing. The role of the central executive in 
This ability is strongly predictive of multiplication appears to be much more 
performance on a simple addition task. limited than its role in simple addition. 
Children with poorer working memory may Good phonological working memory may 
rely more on (finger) counting to offset some allow children to progress to a more 
of the working memory load. Children who efficient recall strategy more quickly. The 
are able to make robust visualisations of sets phonological loop is needed to retain the 
and can manipulate them in working memory two multiplicands while the product is 
are more likely to `discover' properties such calculated. Good phonological working 
as the commutativity of addition, which memory will therefore allow a robust 
allows the development of more efficient association between the two 
strategies. multiplicands and their product. There is 

Strategy Central executive functioning, in particular the some evidence that the phonological loop 

ability to carry out and monitor multi-step is involved in the retrieval of information 

procedures may allow the development of from long term memory. 
more sophisticated addition strategies. For 
example, although more error prone, counting 
on nine may require less central executive 
processing than adding ten and adjusting, 
which is a two step process that requires 
monitoring and the ability to carry out some 
processing while retaining information. 

These connections and. the studies that have provided evidence are shown in the 

figure below. 
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Figure 8.3 The relationship between working memory and mathematical 
processing as in the Phase 1 studies. 
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8.3 Educational Implications 

8.3.1 Screening and Early Intervention 

The advantages of early intervention are well documented (e. g. Blair & Wahlsten, 

2002) and are many. Intervention for children at risk of educational `failure' 

often struggles to keep pace with the problem, despite considerable evidence that 

early intervention is more effective and its effects are more durable (e. g. Ramey 

& Ramey, 2004). In many cases, remediation is triggered only when a child has 

been struggling with a particular subject for some time and is making 

significantly less progress than is expected. 

This is particularly a problem in maths, where the'nature of the subject means 

that early problems are difficult to remedy later on. While there are some aspects 

of the mathematics curriculum that do stand alone, much of the work undertaken 
in later years is dependent on a good understanding of what has gone before. For 

this reason, early identification of potential problems with mathematics is 

particularly important. As subsequent instruction is often based on what has been 

previously taught, the failure to intervene early can create a vicious-circle in 

which a child falls further and further behind his peers (the Matthew effect) and 

may develop a negative emotional reaction to maths (Ma & Xu, 2004). Early 

intervention in maths allows measures to be put in place before a protracted 

period of educational `failure'. 

Working memory is a good predictor of later mathematical skills (Kroesbergen et 

al., 2007; Passolunghi et al., 2007; Swanson & Kim, 2007). This makes it an 
ideal screening tool for children at risk of developing problems with maths later 

their school career. Working memory tasks are very easy to administer and can 
be carried out quickly. Arming teachers with information about children who 

may experience later problems with maths can help them make better-informed 

and more timely decisions. 

However, it is worth noting that if working memory screening were to be 

introduced into schools, teachers would have to be aware of two major issues: 

246 



" Teachers should not `expect' some children to fail if their working memory 

screening reveals a deficit. Teacher expectation can often be a self-fulfilling 

prophecy. 

" Teachers must also beware missing children whose working memory 

screening reveals no problems, but who may be at risk of falling behind for 

other reasons. 

Working memory screening would enable teachers to be forewarned and 
therefore better able to identify children who may be at risk of problems with 

mathematical learning. One way in which a better understanding of children's 

working memory abilities can be used in the classroom to avoid learning failures 

is to reduce the working memory load for children with weaker working memory. 

83.2 Reducing Working Memory Demands in the Classroom 

One approach to helping children with poor working memory in the classroom 
focuses on reducing the (often unwittingly imposed) working memory load 

placed on children by apparently routine classroom tasks. A first step in being 

able to remedy these problems is an awareness of the working memory demands 

being made by a given task, and an awareness of the working memory 

capabilities of individual children. This supports the contention that some kind of 

working memory screening process is important in terms of tailoring classroom 

activities to the needs and capabilities of individual children. 

Alloway (2006) and Gathercole and Alloway (2004) document examples of 

children with poor working memory, who experience failures to complete 

complex tasks because of the concurrent processing and storage demands 

inherent in the task. A possible solution is to reduce the processing demands of 

the task, e. g. by using colour to make instructions easier to follow, writing 
instructions in a visible place (Alloway, 2006). The examples that they give all 
involve literacy lessons in which the processing demands are reduced by making 

the vocabulary in the sentences simpler, or providing a list of spellings. Similar 

things could be done in maths lessons, e. g. by providing a list of number bonds 

that a child can use during a complex calculation, or by encouraging a child to 
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write down all the steps of a calculation including partial results. The National 

Numeracy Framework has scope for children to develop their own informal 

methods of calculation. Unfortunately, while such interventions may make a 

difference in the classroom, there are some tasks (such as mental arithmetic) that 

are inherently demanding of working memory. By avoiding the working memory 

demands of such tasks, it may be that children will never develop the necessary 

working memory capacity to be able to deal with similar tasks. It is possible that 

a `two-pronged' attack. could be the best strategy, with some classroom help to 

reduce the working memory load and a programme of working memory training 

designed to boost working memory functioning. 

Alloway (2006) advises that children with poor working memory need to be 

given strategies to help them recognise when their working memory is being 

stretched beyond its capacity and to know what to do when this situation. arises. 

Some children may be unaware of their own working memory difficulties, or 

may be reluctant to ask for help. Older children are often aware of their own 

working memory failings and are keen to adopt techniques that will help to 

overcome them (Gathercole et al. 2006b). Creating a classroom environment in 

which the children themselves are aware of the working memory demands being 

made of them and in which they feel able to ask for help if they do forget 

something should help to prevent failures due to working memory overload. 

While reducing the working memory demands that classroom activities make of 

children may facilitate their learning, it does not directly address the remediation 

of the working memory problem. This was the focus of the Intervention Study 

and is discussed in the following section. 

8.3.3 Working Memory Training 

While many of the suggestions contained in the papers by Alloway (2006) and 

Gathercole and Alloway (2006) are highly practical and could be of great benefit 

to teachers who are trying to enhance the learning of children with poor working 

memory, they do not address some key points: 
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9 There may be some classroom activities where the alleviation of the heavy 

working memory demands is not possible without compromising the learning 

objectives of the task itself. 

" Alleviating working memory demands in the classroom does not address the 

root of the problem, namely a working memory deficit. A great deal of 
learning takes place outside the classroom. A child with a working memory 
deficit may not always be in a position where care has been taken to alleviate 

the working memory demands. Boosting the child's working memory 

capacity might represent a more long-term and portable solution. 

" The suggestions do not address the possibility that all children, not just those 

with a specific working memory deficit could benefit from working memory 
training. 

An obvious extension of this finding is that working memory training should be 

integrated into primary classrooms, for all children, in order to bolster their 

cognitive functioning and to make them better able to take advantages of the 

learning opportunities that school presents, to them. The evidence from the 

Intervention Study suggests that practising working memory skills can help 

children with simple mathematics, particularly with the mastery of number facts, 

which is often a springboard to other, more complex mathematical skills (e. g. 

Jordan, 2003). The findings also suggest that all children, not only those with low 

working memory scores can benefit from working memory training. 

There are, however, a number of questions that the Intervention Study has not 
directly answered concerning the practical implementation of 'a programme of 

working memory training. These questions could form the basis of future 

research studies: 

" Should working memory training be integrated into maths lessons, or should 
it be given as a `stand alone' lesson/integrated into lessons on `thinking 

skills' or `building learning power'? 
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" Should the working memory training concentrate on complex/central 

executive tasks only, or should children be given the chance to practice more 

passive storage tasks. 

" Should the intervention have subject specific stimuli e. g. in attempting to 

improve mathematical performance through working memory training, 

should the tasks use digits as the do-be-remembered stimuli? 

" Should all children be given working memory training, only those who 

appear to have working memory deficits, or only those who appear to have 

scholastic deficits? 

" How can the delivery of working memory training be done most effectively 

with whole classes of children? 

Given that working memory intervention appears to represent a profitable line of 

enquiry, it is legitimate to ask whether such an intervention could be feasibly 

incorporated into existing methods of teaching in the UK. 

8.3.3.1 Building Learning Power 

Cognitive enhancement in different forms is not something new to education in 

the UK. There are currently a number of different initiatives that' are seeking to 

raise standards in the classroom, by making children more effective learners in a 

domain-general way (Building Learning Power; Claxton, 2002) and by targeting 

teaching more effectively to individual children (Personalised Learning). The 

following sections will explore the ways that working memory training could be 

incorporated into these two initiatives. 

The aims of the `Building Learning Power' (BLP) initiative are to enhance each 

child's ability to learn in a range of different situations. Although working 

memory is not mentioned explicitly in books about BLP, there are several areas 

of the programme where working memory training could play a role. One of the 

skills that marks out a successful learner is `meta-learning' i. e. an awareness of 

oneself as a learner. 
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`There is a wealth of research which shows that good learners know a lot 

about learning. ' (p31) 

Children who are better able to understand their own use of their memory are 
likely to be better able to use the working memory resources that they have in an 

effective way. During the Intervention Study, the children who received the 

intervention began to think about how they used their memories in other subjects 

and about ways to make it more effective. Once they had been aware of their 

own working memory, many of them came up with innovative strategies to help 

them use their memories more effectively. 

BLP also emphasises the importance of making links between existing 

knowledge and new information. Working memory is an important cognitive 

component of this process, as it will involve the integration of information held 

in a temporary state with concepts and knowledge that exist in long-term 

memory. Effective learners are able to monitor their own learning performance 

and to manage distractions. This clearly relates to the central executive 

component of working memory, which appears to have a role in inhibiting 

unwanted information. Finally, good learners are also able to imagine situations 

and play with ideas as they look for a solution to a particular problem. There is a 

lot of evidence that the composition and manipulation of visual images is 

mediated by working memory. The authors of BLP appear to acknowledge that 

this ability can be nurtured and trained. 

`Scientists, designers and executives need a good imagination just as 

much as painters and novelists, and it can either be developed through 

appropriate experience and encouragement, or left to shrivel up. ' (p27) 

Some of the conversations that arose from the working memory training 

undertaken in the Intervention Study suggest that making children more aware of 

their own cognitive processes could help them to become more effective 

strategists and more effective learners. 
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8.3.3.2 Personalised Learning 

In 2006, `2020 Vision', the report of the `Teaching and Learning in 2020' review 

group chaired by Christine Gilbert was published. The findings of this review 

group have led to the development and elaboration of the term `personalised 

learning'. As defined in the Report of the Teaching and Learning in 2020 Review 

Group: "Put simply, personalised learning and teaching means taking a highly 

structured and responsive approach to each child's and young person's learning, 

in order that all are able to progress, achieve and participate. " (p6). 

There are several ways in which the findings of the studies that comprised this 

research project can play a part in moving classroom practice towards the ideals 

envisaged in the report. One of the five principles for personalised learning cited 
by the DIES (http: //www. standards. dfes. gov. uk/personalisedlearning/about/) 
highlights the importance of assessment for learning. 

`Assessment for Learning (AfL) means using evidence and dialogue to 

identify where pupils are in their learning, where they need to go and 
how best to get there. ' 

Formative assessment is crucial if teachers are to deliver teaching that aims to 

meet the individual needs of the children in the class. Without some indication of 

why the child is unable to complete a task, remediation or intervention is less 

likely to be effective. Working memory screening assessments are formative in 

that they provide teachers with information about the cognitive profiles of the 

children in the class. 

Personalised learning is not focused exclusively on helping the lower attaining 

children to improve their performance. The ethos of personalised learning means 

that all children should be encouraged to reach their full potential. Results from 

the Intervention Study reported in the previous chapter suggest that all children 

can benefit from working memory training, but that it is possibly the more able 

children who are able to extend their working memory more. Working memory 
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training may represent a further way in which more able pupils are able to take 

more control over their own learning. 

For pupils, personalised learning `means a focus on their learning skills and their 

capability to take forward their own learning. ' The findings of the Intervention 

Study and others suggest strongly that children in Key Stage 2 are able to see 

themselves as learners and to talk about their own learning skills. By giving the 

children a vehicle for understanding more about what happens to them 

cognitively when they learn and what might be happening when they struggle to 

learn something, schools are moving closer towards developing independent 

learners, who have ̀ portable' learning power. 

Both these initiatives focus on domain-general cognitive skills. Working memory 
is a domain-general cognitive system and is therefore implicated in a number of 
different learning situations. The following section considers the possibility of 
incorporating working memory training into maths lessons. 

8.3.4 Combining Two Approaches 

It should be noted here that the suggestions made by Alloway (2006) and 

Gathercole and Alloway (2004) relate specifically to children with poor working 

memory, whose learning is being compromised by their cognitive deficiencies. 

The Intervention Study was done with children who had not been identified as 

having Special Educational Needs. For the majority of children, the results of the 

Intervention Study suggested that they were able to improve their working 

memory quite readily. It may be possible that a combination of both approaches 

could be useful in improving learning in maths (and other) lessons. 

Working memory training could be given to all children as part of a wider 

thinking skills/learning power programme, possibly with special attention given 

to those children whose screening revealed a significant working memory 

weakness. This training could be combined with an increased awareness of 

children whose learning in the classroom could be limited by their working 

memory deficits. For these children (and possibly for the majority of children), 
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ways of reducing the working memory load imposed by a specific task could be 

found. In addition to these steps, the working memory training would help to 

make children more aware of their own working memory capabilities. This 

would enable them to realise when their working memory was being over- 

stretched and learning breaking down as a result. They could then come up with 

strategies to help themselves, or ask for help. 

This combination of approaches would appear to do everything possible to 

prevent working memory problems from limiting learning and to try and remedy 
the deficit and allow a more portable solution. However, for some young children, 
it may not be clear that working memory can be usefully used to make 

mathematical learning more effective. There may be some benefit in explicitly 
integrating the use of working memory into maths lessons. A challenge for " 

teachers is to make sure that, in creating a working memory component to 

lessons, children with poorer working memory skills are not disadvantaged or 

turned off the tasks. The idea of working memory training embedded within 

classroom teaching appears at first sight to be directly at odds with other 
initiatives (e. g. Alloway, 2006) which seek to reduce the working memory load. 

The following section contains some examples of the way that working memory 

could be incorporated into maths lessons without compromising the learning of 

those children whose working memory is more limited. 

8.3.5 Working Memory within the National Numeracy Framework 

It would be comparatively easy for teachers to build some kind of working 

memory training into maths lessons without compromising the mathematical 

content of the lesson. It would also be possible to vary and differentiate the 

working memory load so as to target the training specifically at different children 

or groups of children with different working memory profiles. It is quite possible 

that making children specifically aware of the working memory demands of a 

particular maths task will help them to be successful at the task, by marshalling 

their attention to the task in a more focused way. 
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Working memory could be integrated into daily mäths lessons at all stages of the 

curriculum. The earlier that these cognitive skills can be practised, the more 
likely it is that the benefits of the training will be useful. As has been mentioned 

above, the importance of working memory in children's maths will tend to lessen 

as the children get older and the demands of the maths become more complex. 
More complex maths may rely more heavily on learned procedures. 

Taking the Year 1, Spring Term week of lessons on `Place Value and Ordering' 

as an example, it would be simple to include some activities that train and 

practice working memory skills. One of the teaching activities involves putting 

counters on a bus to illustrate passengers getting on and off the bus. It would be 

perfectly possible to encourage the children to carry out this task mentally by 

imagining the counters, or imagining the people getting on and off the bus. It 

might be necessary to make the numbers slightly smaller so that the children's 

working memory capacity is not overloaded, but the exercise would reinforce the 

maths while allowing the children to use their working memory. Work by 

Hughes (1984) suggests that children are almost as successful when carrying out 

this kind of mental manipulation as they are when using concrete manipulatives. 

More importantly, encouraging children to use their working memory as a 

`mental workbench' may help them to make the abstract more concrete and 

therefore provide a bridge between the manipulation of counters, and the more 

abstract number work that is to come (Holmes & Adams, 2006). 

Incorporating the use of working memory in this way would not disrupt pupils' 

learning. It is quite possible for the teacher to model the problem with counters 

on the white-board while the children are trying to visualise the problem 

mentally. In that way, children who are not sure can look to the board for support 

and can make the transition to a more mental representation of the problem when 

they are ready. Such activities could be fitted neatly into the mental-oral starter 

portion of the lesson, or into the plenary session. 

Older children learning to recognise coins could play a game in which one child 

imagines a coin and describes it to the other children, who have to guess its value 

from the description. This would allow children to focus on and remember the 
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physical features of the coins and to associate this mental image with the coin's 

value. Children whose working memory deficits might preclude their 

participation in such a game could be given cards with pictures of the coins to 

describe to their peers. This would reduce the working memory load, allowing 

the child to participate, and still help to boost the child's memory. It would be 

possible to play a `pairs' type memory game in which the children take turns to 

reveal a coin and a value, the object being to match the coin with its unique value. 
Such a game would focus attention on the physical features of the coins and 

reinforce the mental link with its value. Children whose working memory might 

preclude playing could play with a partner, or could play with a reduced number 

of `pairs'. Working memory is again being used as a mental workbench in which 

the concrete is made more abstract. For children using money in situations 

outside the classroom, some kind of `portable' mental representation of the coins 

will be essential. 

The teaching materials for the revised primary framework include activities such 

as visualising shapes (e. g. there is an activity in which children are encouraged to 

visualise a cube that can fit into a larger box and to find the number of different 

ways that the cube can fit. ). The objectives for Year 6 children include `Describe, 

identify and visualise parallel and perpendicular edges or faces; use these 

properties to classify 2-D shapes and 3-D solids'. These kinds of activities 

provide a lot of scope for improving visual-spatial working memory skills. The 

development of internal number lines or number squares can be fostered by 

playing games in which children are asked to guess a number from a set of clues. 

This kind of activity would fall into the `Properties of and Reasoning about 

Numbers' work in the Year 6 Spring Term plans in the Numeracy framework. 

This kind of activity appears in Block B in the revised framework. Children 

would select a number between one and a hundred and answer questions from 

the rest of the class, whose job it would be to guess the number. The children 

guessing would have to remember the information that they have already elicited 

and have some kind of mental representation of how that affects the possible 

answers. Again, this could be modelled very easily on an interactive whiteboard 

for those children whose working memory is not yet able to cope with the 

demands made. Equally, a number of wipeable hundred squares could be 
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available, which children could use to eliminate impossible answers until the 

correct answer is revealed. The currriculum as it currently stands allows teachers 

all kinds of possiblities to integrate explicit use of working memory into the daily 

maths lesson at all levels without compromising the mathemtical content. 

The results of several of these studies suggest that visual-spatial working 

memory plays a role in young children's early ideas about number and 

mathematical operations. As young children are taught about numbers and 

number operations, the use of concrete objects and the imagination and mental 

manipulation of those objects could be highly important. In countries such as 
Hungary (which has long been recognised for excellence in mathematics 

teaching), children spend a lot longer than their peers in the UK working with 

objects to establish basic ideas about number and quantity manipulation. 
Teachers of young children may need to go further than incorporating explicit 

use of working memory into lessons. It may be beneficial to allow children more 

time using and manipulating objects and encouraging them to imagine this as 

they build their ideas about number. 

8.3.4 Appropriate Intervention for Children with Mathematical Difficulties 

Having considered the potential benefits of working memory training for 

children who are not experiencing any significant learning problems, it is worth 

exploring how the information from Phase 1 might help to target working 

memory intervention for children with specific problems in maths. 

Geary (2004) has suggested that there are different sub-types of mathematical 

difficulties, some, but not all of which may have their roots in working memory 

deficiencies. However, children with these different sub-types of MD may 

present very similar problems with maths, leaving teachers with little scope for 

personalising any remediation programme. The most effective intervention for a 

child whose MD has its roots in working memory problems may lie in measures 

to improve working memory through training. A child, whose problems with 

mathematics lie in a failing of a basic number process (see Butterworth, 1999) 

may require a different kind of intervention in order to be effective. 
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Understanding of the roots of each child's individual mathematical difficulties 

may allow teachers to target problems directly by reducing the working memory 
demands made of children in the classroom. 

This is being acknowledged for the first time in the new guidelines for maths 
intervention in the revised primary framework. The revised framework includes 

three ̀ waves' of instruction. The first wave includes all pupils and the second is 

for children who are deemed to need some small group intervention to accelerate 

progress to age-related expectations. Children who are not responding after 
Wave 2, or who are deemed to need further support are included in Wave 3. This 

wave includes ̀ focused teaching activities, which tackles fundamental errors and 

misconceptions that are preventing progress' (p. 16). Wave 3 allows teachers to 

focus on individual's misconceptions in all four mathematical operations. This 

allows teachers to focus intervention to where there are problems. 

Although the Wave 3 materials represent a forward step in terms of identifying 

individual problems, they do not acknowledge the possibility that cognitive 

problems, particularly working memory deficiencies, could be at the heart of the 

difficulty. A child who is unable to carry out a given mathematical operation 

successfully may have a conceptual difficulty, or may have a working memory 
deficit, which causes important information to be lost during the calculation 

process. A detailed assessment of the child's calculation problems coupled with a 

working memory assessment would provide teachers and classroom assistants 

with more information with which to assist the child. If a child has an 

understanding of the mathematical concept, but is unable to carry out the 

procedure successfully because of a working memory deficit, some form of 

working memory training might provide a useful part of the intervention. 

8.3.5 Specific Details about how WM Mediates Maths 

Gathercole et al. (2006b) lament the fact that studies reporting correlations 
between working memory and scholastic attainment are of little use to 

practitioners if the mechanisms that mediate these correlations are not explained. 
Given that the Intervention Study has provided some evidence that working 
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memory interventions can be effective, a closer look at the original five studies 

carried out for this piece of research can help to identify some of those 

mechanisms. The results from these initial five studies suggest several ways in 

which working memory is specifically involved in children's mathematical 

learning. Several practical educational suggestions follow. 

8.3.5.1 Addition and Subtraction 

Children who are struggling with quantity manipulation operations such as 

addition and subtraction may benefit from some additional visual-spatial working 

memory training. The results of the studies (Studies 1&2 in particular) suggest 

that visual-spatial working memory training linked to addition and subtraction 

should take place early in a child's school career and should ideally be integrated 

with the introduction of the concept of addition/subtraction. This is done very 

explicitly in a number of countries such as Hungary. The existence of a 

correlation even for children in Year 5 between visual working memory and 

addition mastery (Studies 1& 2) suggests that even at this late stage in a child's 

primary school career, intervention may be effective in boosting performance in 

this area of maths. 

8.3.5.2 Multiplication 

The findings from Study 2 suggest that children who are finding it difficult to 

learn multiplication tables may derive more benefit more from phonological loop 

training (although this proposition was not tested as the scope of the Intervention 

Study did not extend to multiplication). Improving phonological working 

memory may allow such children to build more robust associations between the 

two multiplicands and their product, leading to more accurate and faster recall of 

multiplication facts. This, in turn, would reduce the working memory demands of 

more complex multiplication calculations. 
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8.3.5.3 Errors 

Children who are making a lot of errors with multiplication, particularly 

associative intrusion errors may benefit from working memory training that 

focuses on inhibiting unwanted information. Such a task formed part of the 

general central executive working memory training that was given as part of the 

Intervention Study described in detail in Ch 7 above. Improving this working 

memory skill may allow those children to reject plausible, but incorrect answers 

to multiplication questions more readily. The ability to disregard distractions and 

to focus on important information is a strong component of Building Learning 

Power (Claxton, 2002). While that initiative does not mention working memory 

specifically, it seems clear that working memory interventions that target these 

skills could be very helpful in making for more efficient learning. 

8.3.5.4 Strategy 

The explicit teaching of different strategies has become part of the National 

Numeracy Strategy in the UK. Evidence from these studies suggests that for 

some children, a working memory deficiency may be, the factor that causes them 

to persist with a less efficient strategy. Children who use their fingers to count 

may be doing so to ease the burden on their already stretched working memory 

(Geary, 2004). However, finger counting is a slow and error-prone strategy. 

Interventions to boost working memory capacity in children may enable them to 

move to a more efficient and more accurate strategy, although this hypothesis 

was not tested explicitly in the Intervention Study. In addition to the adoption of 

more sophisticated strategies, improving working memory may have other, less 

obviously mathematical, but still highly important benefits 

8.3.6 Alleviation of maths anxiety 

There is a considerable body of evidence suggesting that children who suffer 

from high levels of maths anxiety have their working memory disrupted when 

they try to carry out mathematical tasks (e. g. Ashcraft & Kirk, 2001). Results 

from Study 5 (reported above) suggest that working memory is disrupted even 

when the task at hand is does not specifically involve mathematical processing. It 
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is quite possible that the feeling of memory impairment and the consequent loss 

of processing power is one that serves to exacerbate the negative emotional 

reaction to mathematical tasks among such people. 
Classroom based initiatives designed to reduce the working memory load placed 

on children as they carry out mathematical and other activities might have an 

effect in terms of reducing the anxiety levels of children who are normally 

maths-anxious. By reducing the working memory demands in classroom maths 

tasks, children who have been anxious about maths may begin to recover their 

confidence. However, anxiety might re-appear in situations when the working 

memory demands of the mathematical situation are not regulated. 

Children who are maths anxious may benefit from specifically tailored working 

memory interventions. The stimuli in such interventions could be mathematical 
in nature to allow children to get used to using their working memory effectively 
in situations in which numbers are present. There is no reason to include any 
kind of mathematical processing demand in the working memory training. The 

working memory processes that appear to be especially important for children 

who are anxious about maths would be those that focus on maintaining 
information in the face of other demands. If such children can be trained to 

ignore competing demands on their working memory, they might be able to 

focus on the maths task in hand without the anxiety it produces causing such a 

serious decrement in recall performance. 

Older children could be made aware of the reasons for their compromised 

mathematical performance and encouraged to look for other strategies to 

compensate for their working memory deficits. Older children might be very 

good at analysing their own situation and developing working memory aids that 

could be used in anxious mathematical situations. A simple realisation of the way 

that the anxiety affects mathematical processing might help to alleviate some of 

the fear of maths in itself. For example, if teachers allowed children time to write 

down the interim steps in mental calculations rather than demanding immediate 

answers, children with poor working memory might not be so disadvantaged in 

such tasks and might feel less anxious. This is an example of the potential power 
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of `meta-cognition' the ability to think about one's own learning and learning 

processes. 

8.3.7 Textbooks and the Presentation of Concepts 

Sutherland (2007) highlights the fact that different mathematics curricula around 

the world do not introduce mathematical concepts in the same way. There are 

striking differences both in curriculum design and in the textbooks that support 

the introduction of mathematical concepts. The way that concepts are introduced 

has a profound effect on the way that they are understood and, quite possibly, on 

the cognitive resources that are recruited as children engage with them. 

Sutherland (2007) compares the different ways that multiplication is introduced in 

textbooks from France, Singapore, Hungary and the UK. She notes that 

`throughout the Singaporean text attention seems to be paid to the linking of a 

diagrammatic representation to a symbolic representation'. (p 20). 

There is some considerable evidence from the research presented above and from 

other research (e. g. Lee & Kang, 2002) that the phonological loop is highly 

important in the mastery of multiplication facts. However, it could be the case 

that children who are introduced to multiplication by diagrammatic 

representations of repeated sets or arrays may engage visual-spatial working 

memory while gaining an understanding of the concepts involved. The extent of 

this visual-spatial working memory involvement may depend on the nature of the 

textbooks and the way that the concept is introduced. 

Sutherland's point about the different representation of mathematical ideas in 

textbooks suggests that practitioners who are aware of the cognitive profiles of 

the children in their class might be able to introduce concepts in ways that allow 

the children to make the best use of their cognitive resources. While working 

memory may not be at the forefront of the minds of those writing and compiling 

primary maths textbooks, individual practitioners are in a good position to decide 

how different concepts are introduced. It is highly unlikely that all the children in 

a given class have the same cognitive strengths and weaknesses. This suggests 

that teachers may need to present the same concept in different ways in order to 
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maximise children's understanding. Understanding is, of course, very important if 

children are not to fall back on meaningless procedures or the repetition of rote- 

learned ̀ facts'. 

The sections above have considered the ways in which working memory 

screening and training could benefit both children with poor and those with 

normal working memory performance. 

8.4 Chapter Summary 

This chapter has sought to consider both the theoretical and practical 
implications of the results of this research. The research highlights the 

importance of knowing about each child's working memory profile and 

understanding the way that this profile might affect her mathematical learning 

(Gathercole et al. 2006b). Using working memory as a screening tool is 

recommended to try and anticipate problems with mathematical learning before 

they become severe. The detailed nature of the studies carried out suggests 

precise ways in which specific working memory deficits could cause 

mathematical problems. The findings from the intervention study indicate that 

teachers and schools should consider building working memory training into 

their classroom activities in order to enhance all children's cognitive functioning. 

The results of this study indicate that this could have real benefits in terms of 

mathematical performance. 

6 
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Chapter 9- Conclusions 

This thesis began in the classroom, with questions about the nature of children's 

cognitive processing as they engaged in mathematical tasks. The research project 

was born of frustration with a lack of understanding about the way that cognitive 

processes are involved in children's acquisition of mathematical skills and 

processes. Its aims were to enhance initially my own, and hopefully other 

teachers' understanding of the cognitive processes at work as children learn 

maths and carry out mathematical tasks. This increased understanding could then 

help teachers to teach more effectively and to understand some of the problems 
their pupils might have in learning maths. 

9.1 Meeting the Aims 

9.1.1 Bringing Two Worlds Together 

The worlds of cognitive psychology and primary school classrooms have not 

always been closely connected. This research project has been able to take the 

concept of working memory from cognitive psychology and use it as a way of 

enhancing understanding about what children are doing as they acquire 

mathematical skills and perform mathematical operations. `Memory' is not a 

particularly fashionable way of looking at learning, as it tends to be associated 

with a meaningless recital of facts rather than anything that can be reasonably 

called `learning'. The concept of working memory actually has little to do with 

the simple recall of information and nothing to do with meaningless rote 

repetition of facts. The research in this thesis shows that working memory is 

about the focus and distribution of attention in supporting complex cognitive 

tasks. As such, it has proved to be an interesting and valuable way of considering 

mathematical learning. Exploring fully the precise ways in which working 

memory affects mathematical skills is something that will take some time and 

more research. The findings from the studies in Phase 1 have added further 

details to this emerging picture. 
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9.1.2 Developing a Model of Working Memory Involvement in Children's 

Mathematical Performance and Learning 

The findings from the first phase of the research have added some details to the 

emerging picture of the ways in which working memory is involved in different 

mathematical operations. The fact that different mathematical operations appear 

to make demands of different components of the working memory model 
indicates that further research in this area needs to be very specific in terms of 

which area of mathematics and which components of the working memory 

model are measured. The findings from this research also suggest that children's 

strategy selection is highly predictive of their mathematical performance and that 

their working memory profile may help explain why some children appear to 

move to more efficient and sophisticated more quickly than others. 

9.1.3 Investigating Working Memory Training 

The research has also questioned the fixed nature of working memory and has 

indicated the possibility that working memory training could have an impact on 

mathematical functioning. The research has provided evidence that this is 

potentially a profitable way forward for teachers and others seeking to help 

children to learn mathematics more effectively. Working memory did appear to 

respond to training, and the gains in working memory performance were not 

limited to those children whose working memory was initially poor. The fact that 

those children whose working memory performance was initially good were able 

to make substantial improvement in their working memory performance suggests 

that working memory training may benefit all children and not only those who 

are finding learning difficult. 

9.1.4 Practical Suggestions for Classroom Teachers 

Returning to some of the classroom incidents described in Chapter 1, it seems 

clear that an understanding of working memory would help to explain some of 

the problems that the children were having and suggests some ways forward in 

terms of practical help. Martha's counting was being let down by her inability to 

remember which items in the set she had already counted and which were left un- 
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" counted. This research suggests several ways that this knowledge could help 

Martha (from Chapter 1). She could be taught specific strategies for organising 
her counting, such as putting the items to be counted in a line, or moving them to 

one side once they had been counted. Her visual-spatial working memory 

problems are liable to hamper her acquisition of other mathematical concepts, so 

some practice with visualising and remembering groups of objects, or other 

stimuli might help to strengthen her working memory and prevent problems later 

on. Martha's teachers' increased awareness of the nature of her problems and a 

greater understanding of the way that visual-spatial working memory plays a role 
in the acquisition of mathematical ideas may help them to make better provision 
for her in the future, by designing tasks in such a way that her working memory 

problems do not compromise her ability to learn, and by providing some specific 

training to try to boost her working memory performance. 

9.2 Contribution to Knowledge 

The initial studies (Phase 1) have done more than replicate other studies that 

have reported a significant association between working memory and 

mathematical performance. Unlike the majority of studies in this area (which 

have been with adults), the Phase 1 studies looked specifically at the role of 

working memory in the mathematical functioning of primary school children 

whose mathematical education is not yet complete. Unlike many studies in this 

area, the research reported above has looked at the relationship between very 

specific areas of the maths curriculum and very specific areas of the working 

memory model. In doing so, it has been able to make novel suggestions about the 

precise ways in which working memory might affect the development of 

children's mathematical skills. Notably, these studies found that different 

components of the working memory model play different roles in different 

mathematical operations. This information is vital if practitioners are to make 

any use of an understanding of the cognitive processes that underpin 

mathematical processing. 

Piecing together a picture of the precise ways in which working memory is 

involved in primary school children's mathematical functioning is an ongoing 
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process, in which new findings add to and refine the existing picture. The 

research presented in this thesis adds to this body of evidence in many ways and 

allows the formation of a tentative model of the interaction of working memory 

and different mathematical operations, specifically addition and multiplication, 

which have been the focus of many of the studies undertaken as part of this 

research project. 

Many studies that have been carried out investigating the relationship between 

mathematical functioning and working memory have adopted a correlational 
design, often for very good reasons. One highly significant contribution of this 

work is that it has provided evidence concerning the direction of the causal link 

between working memory and mathematical performance. The results of the 

Intervention Study have suggested that changes in working memory functioning 

lead directly to changes in mathematical functioning. The results do not preclude 

a link in the opposite direction, but do not provide sufficient evidence to support 
it definitively. This finding therefore not only contributes new knowledge to the 

field of working memory and its relationship with mathematics, it also 

retrospectively validates a number of studies that have assumed that the direction 

of the causal link was from working memory to mathematical performance, but 

were not able to show it. 

Very importantly, the Intervention Study has shown that working memory 

training can improve performance on working memory tasks and that this 

improvement appears to lead to gains in mathematical performance. The fact that 

the intervention was carried out with a range of normally achieving primary 

school children and was delivered in school rather than in a research laboratory 

opens' the door for using working memory training as a way of helping primary 

school age children to learn more effectively. The conclusion of the research is 

timely, in that there is an increasing realisation that schools should be doing more 

than transferring bodies of knowledge to children. Schools are increasingly 

becoming places where children are equipped to continue learning throughout 

life. The enhancement of cognitive systems such as working memory, which play 

a vital part in learning, is surely part of this process. 
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9.3 Future Research 

This project met many of the aims set out in the first chapter, but clearly there are 

questions that have arisen from the research as it has been carried out. Time 

constraints did not allow for any follow-up of the control or intervention groups 
to investigate how durable the effects of the intervention had been. Clearly, the 

findings of the study would be strengthened if it could be demonstrated that their 

effects were durable over several months. The findings from this study do invite 

a follow-up study, which could be more longitudinal in nature, exploring the 

long-term benefits of working memory training and their effect on mathematical 

performance. 

The question of which children benefit most from working memory training has 

not been fully answered by this study although some intriguing questions have 

been raised. There is some suggestion in the data of a ceiling effect for the 

children whose mathematical performance was good prior to the intervention. It 

could be the case that those children who performed very well in the pre- 
intervention addition task (and were therefore unable to demonstrate large gains 
in mathematical functioning) may have been able to put their working memory 

gains to good use in a more complex mathematical task. There may be other 

cognitive factors that affected the extent to which the children were able to 

benefit from the working memory training. More research is needed to determine 

appropriate working memory training for all children. 

There is a need for more research to explore the relationship between the 

improvements seen in the central executive working memory task and the 

improvements seen in the mathematics task. The relationship seen in this sample 

is not straightforward and more understanding is needed to unravel the 

mechanisms through which working memory training leads to improvements in 

mathematical functioning. Is it, in fact, the case that improvements in 

mathematical functioning are mediated by improvements in visual-spatial 

working memory? Is there some factor that has not been identified in this study, 

which allows some children to make more use of their working memory gains 

268 



and to apply them to mathematical situations beyond those in which the working 

memory training was administered? 

Further research is also needed to examine the best ways of delivering working 

memory interventions to groups of children within lessons, or at least in the 

classroom as part of the normal school day. If working memory training is to 

become part of the school day, its administration needs to be possible to groups 

of children, or even whole classes of children at a time. The methods for 

delivering the intervention need to be made as easy as possible for teachers who 

are already too busy trying to teach an already over-crowded curriculum. 

The children in the studies reported in this thesis were all in Year 5. These 

studies and other research evidence suggest that the interaction between working 

memory and children's maths might be more important the younger the children 

are. Further studies with younger children would help to form a clearer picture 

about the changing role of working memory as children learn maths throughout 

primary school. 

The studies reported in this thesis were not able to look specifically at the effects 

of working memory on subtraction and division. Future studies in this area would 

help to build up a fuller picture of the interaction of working memory across a 

broader mathematical landscape. Future intervention studies might indicate 

whether mathematical performance in these areas could be enhanced by the 

development of working memory skills. 

Finally, the working memory intervention focused on the central executive 

component of working memory and did not look at the possibility of training 

other areas of working memory. The decision to focus on this area was, carefully 

taken, but future studies exploring training other areas of working memory might 

help researchers and educational practitioners to develop optimally-effective 

working memory training initiatives. The intervention study reported above gave 

the same working memory training to all the children and took no account of 

their pre-intervention working memory performance. More research is needed to 
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design working memory interventions that can be delivered easily and which 

target specific working memory problems and deficits. 

The research presented above represents a serious attempt to further 

understanding about the cognitive processes that underpin successful 

mathematical learning and processing in children in the final stages of their 

primary education. It focuses on the cognitive mechanism of working memory as 

a useful way of exploring the cognitive processes associated with children's 

maths. It has raised a number of interesting questions for further research, but has 

also delivered a number of original findings, which make a novel contribution to 

knowledge. 

9.4 Concluding Comments 

Education is complex. There are a huge number of factors that have an impact on 

children's learning in primary classrooms, one of which is the children's ability 

to hold and manipulate information while they engage in complex cognitive tasks 

such as mathematics - that is their working memory. Using working memory as a 

way of considering the cognitive processes involved in children's mathematical 

learning has yielded several key findings about the ways that children carry out 

mathematical tasks. Understanding the cognitive systems that allow us to think, 

reason and solve problems is increasingly finding relevance beyond the confines 

of research laboratories, and may one day be part of everyday life in primary 

schools. The time may not be far away when working memory training will be 

part of the UK primary school curriculum. Training working memory in order to 

develop targeted interventions to help primary school children's mathematical 

learning may one day be accepted as an important part of every child's primary 

school experience. An understanding of cognition will be part of everyday life in 

the classroom. 
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Appendices 

Appendix A- Introduction Letter. 

Elko University of 3I 
O1 BRISTOL 

L_` 
56 Fenshurst Gardens, 

Long Ashton, 
Bristol, 

BS41 9AX. 

9th May 2006. 

Dear Mr Stathers, 
My name is Marcus Witt and I work at the School of Education at Bristol 
University. I am currently conducting a series of small scale research projects 
looking at children's cognitive functioning and how this might impact on their 
mathematical learning. 

I am hoping to begin a study with children in Year 5 once the SATs are over in 
May/June and was hoping that your school might like to be involved. Should you 
be in favour of participating, it would involve my coming into school for an initial 
10 minutes to give the children some background information about the study and 
to hand out consent forms. Following that, I would need to come into school to 
work with the children individually for about 10-15 minutes each. 

I have spent many years working in primary schools and have a full enhanced 
CRB check. All the research is done within the ethical guidelines laid down by 
the university and the British Psychological Society. I would obviously make sure 
that the research creates a minimum of disruption to normal classroom life. In 
studies I have done in the past, all the children have enjoyed the experience and 
have been interested to be part of a research project. 

Thanks for taking the time to consider this. I appreciate that schools are very busy 
places. I will ring in a week or two to see what you think and, hopefully, to 
arrange a time with the relevant class teacher(s) to come in and speak to the 
children. 

Many thanks 

Marcus Witt. 
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Appendix B- Consent Letter 

Dear Parent/Guardian, 
Your child has expressed an interest in taking part in a small study run as part of my 
PhD studies at the University of Bristol. The study is looking into ways of improving 

the teaching of maths in primary schools. The study would involve your child 
completing some simple maths tasks and playing some memory games. It will take 

approximately 12-15 minutes and will be done within school time. 
In accordance with the university's ethical guidelines, parents/guardians and the 

children themselves need to give their informed consent in order to be able to 

participate. Your child would be free to withdraw from the study at any time without 
giving a reason. Both parents and participating children have the right to see any data 

collected and to have that data removed from the study at any time. Although none of 
the data is in any way sensitive, all names will be removed and no individual will be 

named in the study 
If you would like to know more about the study, please feel free to contact me at home 

on 0117 902 5011 or by e-mail at Marcus. Witt@bristol. ac. uk or my supervisor, Dr Sue 
Pickering on 01 17 928 7008 (S. Pickering@bristol. ac. uk) 

If you consent for your child to take part in the study, please sign below. 

Many thanks. 

Marcus Witt. 

I give permission for my child to take part in the mathematics study. I understand that 

they are free to withdraw at any time and that all the data gathered will be made 

anonymous. 

(Parent/Guardian) ................................................................................ . 

I agree to take part in the mathematics study. I understand that I am free to withdraw at 

any time and that all the data gathered will be made anonymous. 

(Child) ............................................................................................... 

304 



Appendix C- Updating Task 

Name 
Practice: low load (3 recall items). Suppression =4 (3 from 7) 

Lorry, Hammer, Orange, Man, Pen, Door, Horse. 

Low Load (3 recall items). Suppression =4 (3 from 7). 

Table, Pea, Car, Sausage, Giraffe, Coin, Building. 

Onion, Ship, Snail, Crocodile, Paperclip, Church, Fridge. 

Plate, House, Ant, Whale, Person, Bridge, Pencil. 

Medium Load (4 recall items). Suppression =4 (4 from 8). 

Gorilla, Finger, Carrot, Tree, Classroom, Slug, Bus, Apple. 

Leaf, Shoe, Field, Butterfly, Beach, Car, Mouse, Motorway. 

Garden, Horse, Ruler, Strawberry, Cow, Egg, Kitchen, Nail. 

High Load (5 recall items). Suppression =4 (5 from 9). 

Hall, Plate, Hand, Bristol, Frog, Room, Forest, Hammer, Cup. 

Ocean, Cherry, Book, Pen, Aeroplane, Fork, Door, Rabbit, Dinosaur. 

Tomato, Bed, Caterpillar, Dog, Moon, Tooth, Coach, Whistle, Rhinoceros. 

Appendix D- Shapes Inhibition Task (examples) 
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Appendix E- Addition Multiple Choice 

Name: Time: Score: 

3+2 a. 4 b. 6 c. 5 d. 17 

4+5 a. 20 b. 8 c. 15 d. 9 

6+3 a. 9 b. 10 c. 16 d. 18 

7+2 a. 10 b. 14 c. 9 d. 23 

2+6 a. 20 b. 8 c. 12 d. 9 

8+3 a. 11 b. 27 c. 12 d. 24 

2+5 a. 10 b. 15 c. 9 d. 7 

5+6 a. 7 b. 11 c. 10 d. 30 

3+3 a. 6 b. 9 c. 7 d. 10 

7+4 a. 12 b. 17 c. 11 d. 28 

8+2 a. 10 b. 11 c. 16 d. 20 

7+5 a. 1l b. 12 c. 35 d. 18 

9+2 a. 18 b. 11 c. 10 d. 15 

4+4 a. 8 b. 16 c. 9 d. 13 

8+4 a. 12 b. 13 c. 32 d. 17 

7+3 a. 10 b. 9 c. 21 d. 14 

4+8 a. 13 b. 32 c. 12 d. 20 

5+5 a. 21 b. 11 c. 10 d. 25 

9+3 a. 12 b. 11 c. 18 d. 27 

6+4 a. 11 b. 20 c. 24 d. 10 
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Appendix F- Multiplication Multiple Choice 

Name: Time: Score: 

3x2 a. 9 b. 6 c. 5 d. 17 

4x5 a. 20 b. 25 c. 18 d. 9 

6x3 a. 9 b. 21 c. 16 d. 18 

7x2 a. 16 b. 14 c. 9 d. 23 

2x6 a. 20 b. 8 c. 12 d. 18 

8x3 a. 11 b. 27 c. 31 d. 24 

2x5 a. 10 b. 15 c. 19 d. 7 

5x6 a. 17 b. 11 c. 24 d. 30 

3x3 a. 6 b. 9 c. 12 d. 23 

7x4 a. 13 b. 24 c. 11 d. 28 

8x2 a. 10 b. 14 c. 16 d. 29 

7x5 a. 30 b. 12 c. 35 d. 19 

9x2 a. 18 b. 11 c. 27 d. 16 

4x4 a. 8 b. 16 c. 29 d. 20 

8x4 a. 12, b. 28 c. 32 d. 17 

7x3 a. 10 b. 16 c. 21 d. 18 

4x8 a. 17 b. 32 c. 12 d. 24 

5x5 a. 21 b. 20 c. 10 d. 25 

9x3 a. 24 b. 12 c. 18 d. 27 

6x4 a. 10 b. 31 c. 24 d. 20 
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Appendix G- Questionnaire (Study 1). 

Name Date of Birth 

1. What do you think of maths? 
Hate it Love it 

2. How easy do you find maths? 
Really Hard Really Easy 

3. How do you feel when it's time for maths? 
Panic Joy 

4. What do you think of school in general? 
Hate it Love it 

S. When you get stuck with maths, how often do you ask the teacher for help? 
Never Always 

ý -j 

6. How easy do you find it to remember things in general? 
Really Hard Really Easy 

7. How easy do you find it to remember your tables? 
Really Hard Really Easy 

8. Do you think that having a good memory can help with maths? 
No help Really helps 

i 
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Have a go at this question in your head. How did you work it out? 

7+9 
Have a go at this question in your head. How did you work it out? 

Lxs 
Have a go at these questions on the paper. 

247 
+388 

7 2 3 
-2 5 7 

When you think about maths, how do you normally feel? 

Panic Dread 
Joy Happy 

Upset Nervous 

Looking Bored 
forward 

When you think about the number five, what most naturally comes into your head? 
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Appendix H- Maths Anxiety Questionnaire (Study 5). 

How do you feel about maths??? Name 

Maths makes me feel nervous 

Strongly Agree Agree 

Fý 171 
Disagree Strongly Disagree 

QQ 

I look forward to maths 
lessons 

Strongly Agree Agree 
1-1 F-I 

I feel confident about solving 
Strongly Agree Agree 

maths problems 
r-I F1 

I don't like answering maths 
Strongly Agree Agree 

questions in front of the class 

I sometimes feel panic when 
Strongly Agree Agree 

I'm doing maths. 
1-1 LI 

Disagree Strongly Disagree 

F-I LI 

Disagree Strongly Disagree 
1-1 F-I 

Disagree Strongly Disagree 

F1 r-I 
Disagree Strongly Disagree 

F] 7 
I often get stuck when I'm Strongly Agree Agree Disagree Strongly Disagree 

doing maths 
El 1-1 1-1 Fý 

I usually feel happy when Strongly Agree Ag ree Disagree Strongly Disagree 
doing maths Q Q Q Q 

I worry about not 
Strongly Agree Agree Disagree Strongly Disagree 

understanding maths lessons 171 LI F1 LI 

Maths sometimes makes me Strongly Agree Agree Disagree Strongly Disagree 

feel upset. 7 Q Q Q 
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Strongly Agree Agree Disagree Strongly Disagree 
Maths is a very important 

subject. 

Being good at maths helps 

with other subjects. 

Strongly Agree Agree 
1-1 1-1 

Disagree Strongly Disagree 

F-I 
You don't really need maths 
when you leave school. 

Being good at maths helps 

you get a better job. 

Strongly Agree Agree 
1-1 F] 

Strongly Agree Agree 

There is no point in learning Strongly Agree Agree 

maths. 
1-1 F] 

It is better to be fast than 
accurate in maths. 

Strongly Agree Agree 
1-1 1-1 

I try to avoid anything with 
numbers. 

Strongly Agree Agree 

F] F-I 
Maths is a very boring subject 

Strongly Agree Agree 
F-I 1-1 

Disagree Strongly Disagree 
1-1 F] 

Disagree Strongly Disagree 
LI LI 

Disagree Strongly Disagree 

F-I LI 

Disagree Strongly Disagree 
LI 

Disagree Strongly Disagree 
1-1 F] 

Disagree Strongly Disagree 
1-1 F] 

I would prefer not to have to Strongly Agree Agree Disagree Strongly Disagree 
learn maths. QQQQ 

I like the challenge ofsolving Strongly Agree Agree Disagree Strongly Disagree 

maths problems. QQQ 
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Appendix I- Example of a Participation Certificate. 

@I 
Carly 

We are hoping to see if people who are good at using their working memos are better at answering addition and 
multiplication sums. We are also seeing if one kind of working memoy was better for addition or multiplication. 

We found out that your memory for visual things gives us a good idea at how fast and OO 
accurate you are with addition questions, but not multiplication questions. We think that 

this is because you use your visual memory when you first learn to add. You use O 
collections of counters to work out sums. Being able to remember these sets of counters ®O and see them in your head may help you to become better at addition. 

Your memory for spoken things seems to be connected to how well you can remember 
your multiplication tables We also looked at how well you could keep in mind a list of 
things and change the list as you went along (in the task where you had to remember 

the three smallest items in the list). People who are very good at this tend to make very 

^n jý few mistakes with their tables. They are able to focus their mind on the right answer 
fyj) 

(ý G 
and not let other (wrong) answers creep into their thoughts. 

JZJ 
We are hoping that all this work will help us to find better ways to leach maths, to make it even more fun and to help children 
to learn more easily. In the meantime, here are some suggestions for games you can play to help your working memory (and 

hopefully to help your maths as well): 
1. In a group of friends sitting in a circle the first one begins by saying 'Martha went to the shops and bought a hairdryer. ' The 

second person says 'Martha went to the shops and bought a hairdryer and a purple shirt. ' The third person has to repeat what 
Martha bought and make up another item etc. Keep going adding as many things to the list as you can. You have to remember 

them in order. 
2. Practice the backward numbers game with a friend. You say some numbers and your friend has to repeat them backwards. 

Try using letters, or shapes or names of items instead of numbers. 

3. Sit back to back with a friend. You have a picture of an unusual shape, or a set of dots (there are some in the boxes below, 

but you can make them up). Look at the shape/dots for a minute, then put it out of sight. You have to remember what you saw 

and describe it to your friend, who draws what you describe. When you've finished, see if their drawing looks like the shape 

you saw. You can also play this game by just looking at the picture, putting it out of sight for 2 minutes and then trying to draw 

it. You could play with a friend and see whose drawing is most like the original picture. 

Thank you for taking part. I really hope you enjoyed it and found it interesting. If you'd like to know more about it, or if you 

come up with any really good memory games, you can contact me at: . 
Thanks again. 
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