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Foreword

Mathematics is becoming ever more important to our lives. It is at the heart of everyday technology from our
smartphones and tablets to the increased automation in daily tasks from driving to shopping. The assumption is too
often made that the increased sophistication of computers and the ubiquity of calculators means that most of us have
little use for mathematics beyond the classroom.

In Britain, few would proudly proclaim their illiteracy. Yet many happily say they are no good with numbers. The
education system reinforces this attitude. For most young people, mathematics finishes with GCSEs. Unlike most
other developed countries where the majority study maths to 18, only 13% of our young people study maths at an
advanced level beyond 16.

Maths matters too much to cut it off after sixteen. For young people from less affluent backgrounds, in particular, their
ability to benefit fully from higher education and play a productive role in the workforce will depend on their
mathematical competence.

Professor Jeremy Hodgen and Dr Rachel Marks, in this review of the literature on maths in the workplace for the
Sutton Trust, explain not only the relevance of the subject in today’s workplace, but also how important it is that people
have the skills they need to apply what they learn in school to their everyday tasks at work.

The fascinating examples they cite showing the importance of estimation and measurement, for example, give the lie
to the idea that everything can be done on a computer. Not knowing such concepts means not being able to spot
errors that in some walks of life such as medicine could prove fatal. At the very least, lack of mathematical
competence means an inability to function fully at work.

So, while GCSE maths may equip young people with a basic understanding of key concepts, it will not necessarily
provide them with the capacity to apply those concepts in practical situations. Such skills are vital in the workplace, as
this study shows, but also in a host of university subjects that are not traditionally seen as mathematical, where
statistical and chronological skills are vital.

The Government has rightly accepted Alison Wolf’'s recommendation that those without a good GCSE in maths should
be expected to study the subject in school or college through to the age of 18.

We think they should go further, and require continued study for all students, though, except for some, not at A-level
standard. We are not alone in this view. We welcome the decision of the Opposition to support the requirement that
students take maths and English through to 18. We are also pleased that so many young people themselves, in our
polling with Ipsos MORI, see the good sense in being able to continue studying these two vital subjects beyond GCSE.

However, this research suggests that their ability to do so will also require the development of an advanced
qualification that equips young people for the practical application of what they learned for GCSE, as well as
reinforcing their knowledge of the key concepts.

| have argued in the past for a full Baccalaureate, which virtually all other OECD countries have, where students study
eight or so subjects to 18 including English and Maths. But ensuring that everyone studies maths alongside A levels or
vocational qualifications would be an important step in the right direction.

| am very grateful to Prof Hodgen and Dr Marks for their work on this report, and | hope it will help policymakers
develop the right curriculum for all our young people.

Sir Peter Lampl
Chairman
The Sutton Trust and Education Endowment Foundation



Recommendations

1. Itis vital that all students have a solid understanding of basic mathematics. For those not taking A-level
mathematics, a new pathway should be developed for students covering fluency, modelling and statistics
for those who already have at least a Grade C in GCSE maths, based on the mathematical needs for
employment rather than on covering more advanced topics.

2. Changes in workplace practices — particularly an increased focus on efficiency measures — have resulted
in mathematical application and understanding becoming an essential skill for all people in the workplace,
even in relatively unskilled jobs. People in the workplace need to be able to make sense of the
mathematics they are using if they are to avoid making mistakes in the workplace.

3. Allyoung people should continue to study maths until the age of 18. The Government has introduced this
expectation only for young people who don’t gain a GCSE Grade C at 16. Continued study of maths
should focus on its application, so that it is relevant to university courses and a growing number of
modern jobs.

4. It is critical that alternatives to the traditional GCSE mathematics pathway are developed that are
rigorous, engaging for students, provide sufficient breadth and are valued by employers. Mathematics is
a critical skill for all, including to those who have not achieved a Grade C at GCSE by age 16.*

5. In general, students with at least a grade C at GCSE have already covered the critical mathematical
techniques and concepts, but they do need to understand what they already know better. Any specialist
mathematical techniques can be learnt in the workplace, provided students understand and can apply
GCSE mathematics. The curriculum should also include more “simple maths in complex settings”, by
providing students with problem-solving opportunities involving “messy” contexts that do not have
straightforward solutions. Students should have many more opportunities to collaborate and discuss,
working together to understand, interpret and communicate the mathematics they are involved in.

6. To allow students to more easily transfer their mathematical skills into the workplace they should use
computers extensively, particularly spreadsheets and computer-generated graphs, to apply and learn
mathematics. Competence in these skills matters in the workplace.



Summary

1. This report reviews over 50 research studies to consider the level and type of mathematical skills needed
by employers in today’s economy. It considers five key questions:

e What mathematics (level and content) is required in the workplace today?

e How and why have the mathematical needs of the workplace changed over time?

¢ In what ways is mathematics used in today’s workplace?

e To what extent do specific workplaces have specific mathematical demands?

e What are the implications of mathematics use in the workplace for post-16 education?

2. This report looks in detail at the application of mathematics by those without numerate degrees in six key
sectors: Health (predominantly nursing); Engineering; Construction and Manufacturing; Transportation;
Retail; Finance.

3. Mathematics participation levels in England are recognised internationally to be low. While over half of
young people gain at least a C grade at GCSE maths, only 20% continue to study any maths post-16,
whereas across the OECD, the majority of young people in all other developed countries outside the UK
continue to study maths until age 18.2

4. The level of mathematics used by people in the workplace and required by employers for all but the most
highly numerate and technical jobs is “simple mathematics in complex settings”. The academic level of
the mathematics required lies almost wholly within the GCSE curriculum.

5. However, although the mathematical content may be at GCSE level, it is embedded within complex
settings and the transfer of mathematical skill to the workplace is not always straightforward. Many
workplace settings require the sophisticated use of these basic mathematical skills, particularly when
people in the workplace are faced with modelling scenarios. Increasingly, and particularly in combination
with the use of technology such as Computer Aided Design and modelling software, employees work in
collaboration to reach joint understandings.

6. All the evidence suggests that workplaces are now technology-rich environments. Many people in the
workplace are engaged in ICT, particularly in using spreadsheets and graphical outputs. However, this
study finds many examples of people in the workplace using a ‘black-box’ approach to some
mathematical techniques, where they lack the mathematical knowledge to understand fully the
techniques they are using, to control the technology, and to understand and use the outputs.



Introduction, Context and Research Questions

Mathematics education in the UK is now acknowledged as internationally unusual in the low participation rates
at upper secondary, as illustrated in the comparison table below.?

What are the participation rates in upper secondary (post-16) mathematics education?

Studying any mathematics

Studying advanced mathematics

England 20%-26% 13%
Germany (Rhineland-Palatinate) >90% 8%-14%
Hong Kong >95% 22-23%

New Zealand

1% (Y12), 44% (Y13)

66% (Y12), 40% (Y13)

Scotland 48% (S5), 21% (S6) 27%
Singapore 66% 39%
USA (Massachusetts) >84% >16%

Note: The base for the participation rates is the number of students of upper secondary age who are in education, employment or
training.

England: The upper limit of those studying any mathematics includes the 6% who retake GCSE.

New Zealand: Figures for both Y12 and Y13 are given.

Scotland: Figures for S5 and S6 are given for studying any mathematics. For advanced mathematics, an aggregated figure is given that
indicates the proportion of student completing advanced mathematics at some point during upper secondary education.

As a result, a consensus is developing around an urgent need to raise participation rates very substantially,*
as reflected in much of the policy literature. To date, the focus of this work has been on supply side issues
such as students’ subject choices,® on understanding policy,® or on the needs of higher education.” Little
attention has been given to the needs of employers or industry. In this study, we seek to address this
imbalance through a focused literature review.

Whilst there have been studies into the mathematical needs of the non-technical workforce,® this literature is
fairly limited and quite fragmentary. In this study we identify these key publications (from both academic and
policy literature in the UK and internationally), and review and synthesise these in order to outline the
mathematics needed in the modern workplace, situating this within the current, complex, policy context of a
rising school-leaving age and debate around the mathematics pathways provided.

Research Questions

e What mathematics (level and content) is required in the workplace today?

¢ How and why have the mathematical needs of the workplace changed over time?

e In what ways is mathematics used in today’s workplace?

e To what extent do specific workplaces have specific mathematical demands?

e What are the implications of mathematics use in the workplace for post-16 education?

Workplace Contexts: Employment and Industry Sectors

In line with other reports,® we looked across major employment and industry sectors in order to examine the
mathematics used, and required, in the modern workplace:

e Health (predominantly nursing)




e Engineering

e Construction and manufacturing
e Transportation

e Retail

e Finance

Examples from this literature are used to illustrate the key themes covered within this report.

Workplace Contexts: The Workforce and Mathematical Need

Mathematical needs and usage in the workplace fall into two categories: the high-end sophisticated use of
mathematics by those with degrees including a substantial mathematical element in specialised workplaces,
and the use of mathematics by non-specialist people in the workplace. The focus of this report is on this latter
group, those working in what we call the non-technical sector - roles not requiring a numerate degree or
mathematical specialism. In our view, understanding the mathematical demands on this workforce is crucial to
understanding what mathematics pathways and qualifications should be offered to those students who do not
currently take mathematics through to age 18 in England.

“Simple Mathematics in Complex Settings”

One of our important findings is that the level of mathematics used by people in the workplace and required by
employers for all but the most highly numerate and technical jobs is “simple mathematics in complex
settings”.’® We use the terms “simple” and “complex” here with care; they are relative terms. The academic
level of the mathematics required is almost wholly within the GCSE curriculum, covering the core areas of:

e Number, particularly mental maths, approximation, estimation and proportional reasoning
e Using and interpreting calculators and spreadsheets

e Statistics and probability, including data collection, interpretation and representation

e Algebra, particularly graphical representation and diagrams

e Geometry and measures, including 2D and 3D representation

However, the application of this ‘simple’ mathematics is not straightforward. Workplaces are often complex
settings and the application of mathematics is no different. Workplace mathematics is carried out in ways that
are very different to how mathematics is taught in schools. It often involves the use of technology and is more
often than not used in collaboration with others. People in the workplace need to choose the appropriate
mathematics, sometimes under pressure. They then need to apply it, and make informed judgements using
the results. All this is central to the type of mathematics required today in employment and industry and it is
recognised to be a significant deficit in the skills of today’s people in the workplace.**

Diana Coben’s*? widely cited definition of numerate behaviour is relevant here:

To be numerate means to be competent, confident, and comfortable with one’s judgements on whether to use
mathematics in a particular situation and if so, what mathematics to use, how to do it, what degree of accuracy

is appropriate, and what the answer means in relation to the context.




Overview of Findings

Here we provide a tabulated overview of our key findings. These are then each discussed in detail within
section 3: “Simple Mathematics in Complex Settings”, and inform our recommendations.

“Simple mathematics”

The mathematics used by the maijority of people in the workplace is at a level no higher
than that contained within the current GCSE syllabus.

Mathematical content

The mathematical content used within, and appropriate to, the workplaces of today
includes: Number, Statistics and Probability, Algebra and Geometry and Measures. Of
particular importance are mental proportional reasoning, approximation and estimation,
the interpretation of graphs, and the use of spreadsheets and calculators.

“Complex settings”

Although the mathematical content may be at GCSE level, it is embedded within
complex settings. These settings require the sophisticated use of mathematics
particularly when people in the workplace are faced with modelling scenarios.

Technology rich environments

Evidence across the literature base suggests that workplaces are technology rich
environments with much of the mathematics people in the workplace are engaged in
embedded within ICT, particularly in the use of spreadsheets and graphical outputs.
This has implications for how mathematics in taught in schools.

Collaborative working
environments

Increasingly, and particularly in combination with the use of technology such as
Computer Aided Design and modelling software, employees work in collaboration
reaching joint understandings. This should be reflected in approaches to post-16
mathematics provision.




“Simple Mathematics in Complex Settings”

Our literature review indicates that, aside from those with highly numerate degrees, the majority of people in
the workplace only use relatively simple mathematics,* the content of which is covered in the current GCSE
curriculum.

However, this simple mathematics is used in situations — both environments and tasks — which appear
complex to the outsider.** The mathematics often involves idiosyncratic procedures, graphs and other tools
that are often specific to particular sectors or even individual workplaces that are very different to those used
in school mathematics. Some people are extremely competent in applying mathematics to solve problems in
sophisticated ways. Many others encounter difficulties. Some, but not all, of these difficulties are due to poor
mathematical understanding. In many cases, it is the application of mathematics in the workplace that causes
difficulties.

Competence matters in the workplace. The incorrect application or interpretation of mathematics can have
significant economic or safety implications. Serious errors appear to be relatively infrequent, but when they do
happen, the consequences can be serious. The literature gives examples across sectors from agriculture,
health care, banking and finance,® to chemical spraying,'® health care,’” and nursing, retail, finance and
defence.®® It can also have serious consequences for individuals’ decisions involving health or financial risks.®
For example, in Gail FitzSimons®® study of chemical handling and spraying, they report on the need for
employees to carefully calibrate spraying equipment taking into account variables such as the tractor used
and the gradient of the field. All calculations are conducted as teams and double checked because any
mistakes ‘may threaten public safety and the livelihoods of the workers and their managers.’ Robin Riall and
David Burghes cite the example of a Post Office employee who incorrectly “rounded up” a number by adding
an extra zero, thus launching a major internal inquiry into increased mail levels.?* The consequences of
mathematical error were also strongly highlighted in the incorrect use of statistics and subsequent serious
miscarriage of justice in the Sally Clark case.?

In this section, we look in detail at how competence is developed. We draw on in-depth studies to provide
examples of people in the workplace with a strong understanding of workplace mathematics and also look at
where this can go wrong, highlighting the role of technological change leading to invisibility and ‘black-boxing’.

Workplace Competence

In this section, we discuss and give examples of mathematical competence in the workplace. Workplace
mathematics looks different to the mathematics of the school classroom. Workplace mathematics is
“situated” and can often only be understood in context. Indeed, because they involve idiosyncratic
conventions and sometimes break the “rules” of mathematics, outsiders often struggle to make sense of how
mathematics is carried out, which we believe has considerable implications for how mathematics is taught
post-16 (see Section 4). Approximation and estimation are often, but not always, more important than an
“accurate” result as calculation is very often carried out with calculators, spreadsheets or other electronic
tools.

Let us first consider accountancy. Margaret Dawes’®* study of accountants was unusual in looking at a group
of skilled professionals who are highly numerate, yet not required to have a mathematics, engineering or
similar numerate degree. The accountants in her study were highly adept numerically, although they make
very considerable use of calculation aids. Dawes’ draws on theories of distributed,?® and situated,” cognition
to show how the accountants used mathematics to develop shared judgments about the extent to which large
bank loans were secure. Whilst the accountants’ mathematics has features peculiar to accountancy, many
aspects of their practices are common in other workplaces.



Tom, a partner in a global accountancy firm, was extremely competent mathematically. Indeed, he was the
most mathematically competent accountant in Dawes’ study. Although he used no mathematics beyond that
contained in the GCSE curriculum, he applied this mathematics with considerable sophistication, and with
fluency in that it was carried out without a pause or break in his analysis (see Box 1).

Box 1: Assessing the safety of loans in accountancy

In Dawes’ study (pp. 106-116) of the bank audit team in a large international accountancy firm, she presents the case of
Tom, the partner responsible for UK bank audits. Tom was observed individually reviewing his team’s cash flow model
to assess the debt of a company (Kookaburra) and to decide whether it was reasonable to assume that a bank’s loans to
Kookaburra were safe. Given the size of the debt, this was a significant decision for the bank, for the company and
perhaps even for the UK economy. Tom began by commenting on the report, ‘unhelpfully, this doesn’t tell me what the
total debt is’, then started to make his own calculation using figures from the report.

Tom was typical of other accountants in Dawes’ study in that he did relatively little calculation either mentally or on
paper. We note that his team had produced their models using spreadsheets. He did perform some relatively simple
addition and subtraction mentally [7.4 — 6.3=1.1 (billion)] but for anything less straightforward, such as multiplication
and division, he used a calculator. For example, having rounded a debt of £6.3 billion up to £6.5 billon, he used a
calculator to estimate the annual interest due on the debt, 6.5 X 0.05, reading the display [0.325] as ‘approximately 350
million to 400 million interest every year’.

To estimate the debt write off, he constructed the following algebraic equation,27 which he recorded in his notebook:
x /90 +x*0.05 =350

Tom did not solve this equation algebraically but used trial and error. He began by evaluating his expectation that the
company should write off 50% of the debt. To do this, he substituted his anticipated write off, 3.25 billion, for x,
carrying out the calculation, 3.25/90 + 3.25 X 0.05 [with the answer read as 199], on a calculator. Tom was surprised
that this was around 150 billion less than the 350 billion cash flow, commenting, ‘I thought they needed to halve the
debt to make it.” As a result, he changed his judgment of the appropriate write off to 25%. He did not check this using
the equation. Instead, he estimated that a quarter of the available cash flow would be available for cash repayments,
calculated this using a calculator [350 X 1/4], rounded the result [87.5] to 85 and multiplied this by 83, the unexpired
term of the company’s concession, again using a calculator. He concluded from the resulting £7033 million that the
debt could be repaid, ‘So we might have to write off 25%. Maybe prices aren’t as far away as | thought’.

Tom used two distinct models of debt repayment in his analysis. The algebraic equation, a standard repayment model,
was used as a framework to structure Tom’s thinking and to set out the logic of his argument rather than as a formal
mathematical problem to be solved. Since he considered that he ‘knew’ the answer (the company should write off 50%
of the debt), he tested this using the formula. Surprised when his expectation was disproved, he revised his hypothesis
to a write off of 25% of the debt, then used a different model to test this: could the company repay the debt over the
remaining term of the concession at an annual rate of £85 million. Dawes notes that implicit but unstated in this second
model was an assumption that, if 25% of the debt is written off, then 25% of the cash flow would be released for
repayments.

The mathematics used by Tom is not easy for an outsider to understand. In reconstructing and extending the
work that his team had done, he used numbers and relationships between numbers to construct an argument
about the company’s debt and the necessary write off. His competence was not so much in an ability to do
formal calculation since most calculations were carried out using a calculator. Using a calculator reduced the
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cognitive effort he expended on calculation, allowing him space for analysis.?® Calculators can speed up the
calculation process,?® as Tom recognised. We note also that Tom did not manipulate the algebraic equation.
Rather, Dawes suggests that the algebra enabled him to work quickly with mathematical models, to round and
approximate numbers and to retain the situated or commercial meanings of the numbers and the
relationships.

Tom’s story shows that competence is not just about being able to do basic mathematics but about knowing
which mathematics to use and being able to construct appropriate models and interpret and communicate the
results. Although Tom’s mathematics was right in these circumstances, it might well be judged “incorrect” by a
school teacher. His rounding and approximation procedures certainly did not follow the normal mathematical
rules. Yet in the context of debt assessment, rounding 0.325 billion to 350 million to 400 million, given the
magnitude of the figures he is working with, was appropriate. It was important in this case to have some
flexibility in the application of basic mathematical ideas.

Dawes’ looked at a highly qualified graduate profession where high levels of numeracy are required, but a
numerate degree is not required. Whilst Tom’s mathematical fluency is impressive, competence in
mathematics is not exclusive to graduate professions. Celia Hoyles and colleagues give the example of Jim, a
technician who left school aged 16.%° By interpreting extremely complex graphs relating to key performance
indicators, Jim could successfully identify the causes of abnormalities in the manufacture of specialist
packaging films. Yet despite such technical proficiency, Jim was unable to describe this in mathematical
terms. As a result, his skills were not shared with other people in the workplace, some of whom described him
as practising “black arts”. Hence, whilst Jim’s team was very much more effective than other teams, there was
no mechanism by which the other teams could learn his mathematical understandings to improve their own
effectiveness.

Dawes’ accountants were extremely numerate. Nevertheless, many aspects of the mathematics they used are
similar to those used in other workplaces. Celia Hoyles and colleagues demonstrated that it is crucial for
safety of dosages that the nurses keep the meaning of the numbers in mind as they calculate (see Box 2).*!
These nurses’ calculation methods were “fit for purpose”, although the nurses were working with a different
level of precision and used more grounded calculation methods. Informal methods such as these are a feature
of workplace mathematics. For example, Edwin Hutchins found that experienced navigators could calculate
the speed of a ship using the three minute rule: how many hundred yards a ship travels in three minutes as its
speed in nautical miles per hour.* Using this rule, experienced navigators could read a distance measure
simply as a measure of speed with little calculation. Such use of mathematics reflects the essence of Arthur
Bakker and others’ analysis of the use of measurement in the workplace by employees without numerate
degrees.®* They provide an example of lab technicians using a spectrophotometer to ascertain the
concentration of a particular chemical. These employees, by understanding their work environment, dilute the
chemicals before the analysis by a simple calculation allowing the technology to be used appropriately,
effectively and efficiently.
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Box 2: Calculating drug dosages in paediatric nursing

In an ethnographic study of practicing paediatric nurses, Celia Hoyles found that practitioners’” mathematical skills are
considerably better in the workplace than in formal pencil and paper tests.>* Typically, drugs are prescribed by weight,
but produced as solutions in standard packages. Hence, nurses need to calculate how much solution is to be
administered to the patient. So, in training, student nurses are taught - and tested on - a formula that is intended to
retain this meaning:

What you want

X The volume it comes in
What you've got

OR

Dose prescribed (mg)

X Vol h pack l
Amount per package (mg) olume of each package (ml)

Although this formula is widely known, it is used less frequently than more informal ‘grounded’ methods. So, for
example, one nurse, Belinda, described how she calculated the volume of liquid (2.4ml) required for 120mg dose of
amakacine: ‘I knew the doses ... | know that that one is two point four ... two point four mils. With the amakacine,
whatever the dose is, if you just double the dose, it's what the mil is. Don’t ask me how it works, but it does’ (p.19).
Amakacine was available in 2ml vials each containing 100mg of the drug. Belinda’s method of ‘doubling’ works because
of the particular way in which the drug is package and can be expressed in terms of the nursing formula above:

1203 ol = 1.2 x 2mi = 2.4m

— X =1.2x% = 2.

100mg =™ m m

In ‘doubling’, Belinda has ‘seen’ 120mg as 1.2 and simply doubled to get the dose. This method was fast, itself an
advantage in a hospital ward. The method was also ‘grounded’ in the packaging of the particular drug and thus safe,
because the method retained meaning (at least for as long as the drug was packaged in this way).

Estimation and approximation are critical in workplace mathematics. The pilots in Richard Noss and
colleagues’ study used estimation rather than exact calculation when landing in windy conditions where cross
wind speed is a critical factor.®® This could be calculated very accurately using trigonometry, but this would be
slow and would prevent the pilots from carrying out other important tasks. So, rather than exact calculations,
they instead estimated cross winds using a linear approximation for the sine function, which was quicker and
carried sufficient accuracy for their purposes. Further examples are seen in Arthur Bakker’s analysis where
they argue that, where successful, the purpose of the measurements informs the degree of accuracy with
which they are taken.* This emphasis on linear estimation is further illustrated within the a 2011 report by the
Advisory Committee on Mathematics Education where estimation is shown being used in a range of
workplaces from large corporations (a graduate trainee in a bank estimating ratios within a mortgage model)
to a catering company (estimating the cost of producing sandwiches).*’

The accountants are not unusual in their use of spreadsheets; they are used in many workplaces.
Spreadsheets have considerable advantages over pencil and paper in that they can provide an ongoing
record and enable the structuring of problems, both of which were crucial to the work of Margaret Dawes’
accountants. Similarly, Julian Williams and Geoff Wake® give the example of an engineer, who had an
engineering degree, estimating his plant’s energy use with a spreadsheet.* Dan constructed a spreadsheet to
predict the amount of gas that would be required overnight. He then inputted readings by other people in the
workplace (0600 INTEGRATING READING is the meter reading taken by a worker at 6am):

12



[[[[[”2nd INTEGRATING READING”-“0600 INTEGRATING READING”] + [[[”2nd INTEGRATING READING”] — [“1°

INTEGRATING READING”]]/ T2]*TIME4]]/100000] /3.6*CALCV*1000000/29.3071]

At first sight this function appears complex and difficult to understand, partly due to the multiple nested
brackets (which in turn reflect how the function was constructed). Indeed, the employees who took the various
readings did not understand how these were used. Yet, this function is simply a linear estimation that takes
the gas used already that day and adds an estimate of the gas that will be used for the rest of the day, based
on the current rate.”® Moreover, although it is expressed algebraically, Dan has chosen to construct the model
using a spreadsheet rather than formal symbolic algebra.** Dan’s spreadsheet function also illustrates the
idiosyncratic meanings and processes that can develop in the workplace, with the mathematics embedded in
ways that may be difficult for even some knowledgeable insiders to understand.*

In other cases, idiosyncratic meanings and embedded mathematical processes are understood only by a
small number of “experts”, such as Dan, the engineer in Julian Williams and Geoff Wake’s study* or Jim, the
technician in Celia Hoyles’ study** whose colleagues regarded his successful and effective interpretation of
graphs and key performance indicators as “black arts”. Difficulties in some employees’ interpretation and
understanding of graphical representations and other mathematical outputs, particularly within statistical
process control, are also highlighted in the ACME case studies where managers and senior employees
ranging from clinical governance in health to engineers within the railway industry make critical decisions
based on these outputs. Yet, these procedures can have very significant benefits. Edwin Hutchins study notes
that seamen reading measurements under pressure or in conditions of poor visibility could make errors by
transposing or misreading digits.*® As a result, procedures that may seem opacue or odd to an outsider have
been developed to avoid such errors.*

Margaret Dawes’ study highlights a further common aspect of the workplace. The accountants’ work — and the
mathematics involved — was carried out with others. Whilst Tom worked individually, his work was in a social
context. He made sense of the interim reports prepared by his team — the mathematical work of others — so
that he could make a judgment about debt write off. This judgment would form the basis of the next steps in
his team’s investigations and help frame a final collective decision. The accountants presented data to each
other in numeric form. They argued over the data and, in doing so, they corrected their own and each other’s
errors. In the end, they reached collective judgments on the basis of the mathematics. Their numeracy was at
a very high level. Indeed, most expert accountants, such as Tom, are not just highly competent but highly
fluent in that their application of mathematics appeared to be seamless. But accountancy is not unique.
Workplace mathematics is social and collaborative. This can involve a collaborative social setting where
people in the workplace — as with the accountants - very deliberately work together on a common task,*” or it
can involve the same tasks being carried out by different nurses at different times — as in Hoyles’ study*® —
resulting in seemingly idiosyncratic procedures becoming part of a shared mathematical wisdom.

Finally, the type of mathematics involved obviously varies across sectors. Perhaps surprisingly, Dawes’
accountants make very little use of graphs or of statistical approaches, although Dawes suggests that this is
due to the particular nature of these accountants’ work (loan loss reviews) and statistics is fundamental to
many financial and other workplaces.*® But, despite this variation, the mathematical content is taught within
GCSE mathematics: multiplicative reasoning, approximation and estimation, mental maths, simple statistics,
using and interpreting calculators and spreadsheets, interpreting graphs, and measurement. This type of
mathematical content reflects the mathematical content required for quantitative literacy, a skill set, which,
across studies, is generally agreed as being essential.*
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In this section we have explored the extent to which mathematics in the workplace is deeply embedded and
specific to particular workplaces, leading to the need for a sophisticated application of mathematics, even
where the mathematical principles may be covered by the GCSE curriculum. In these contexts, employees
spend time, both individually and collaboratively, coming to understand the meaning of the mathematics they
use and applying this to their own jobs. So, what are the barriers to such mathematical competence?

Barriers to Mathematical Competence

There are many situations where employees do not appear to have sufficient mathematical competence. In
this section, we consider the causes of such a lack of competence. Several studies indicate that, in familiar
and routine settings, people in the workplace can use basic mathematics confidently and generally
successfully,®* often because procedures have been developed that support and enable these routine
calculations. In the studies that we reviewed, many of the respondents considered that they did little more
than “basic” arithmetic.’> The mathematics becomes partially invisible because the employees can do it
without thought, making it appear trivial and non-mathematical to them and their employers. Unlike classroom
mathematics, where practices and artefacts are clearly labelled (such as a mathematics class, a mathematics
teacher, a mathematics textbook) workplace mathematics is embedded in specific roles, tasks and goals.>®

A number of other studies raise concerns that people in the workplace lack this basic competence,® resulting
in significant skills gaps.®® This lack of competence reflects findings from a recent study of English secondary
school pupils who demonstrated poor understanding of decimal number, ratio and multiplicative reasoning
generally.>® Whilst these levels of misunderstanding are extremely serious, the problem is not simply one of
being able to “do”, or calculate with, mathematics but of being able to understand its practical application in
the workplace.

In Celia Hoyles’ study® of mortgage advisers, employees used a mortgage illustration tool to model
repayments for a current account mortgage (CAM)*® based on financial information supplied by the client. On
the basis of this information, a computerised mortgage calculator produced a graphical illustration showing the
repayments the client would make and their savings compared with a standard repayment mortgage (see
Figure 1).

Outstanding
Mortgage (£)

0 5 10 15 20 25

Years

Figure 1: A mortgage calculator similar to that used by the mortgage advisers in Hoyles’ study. The mortgage adviser was also
presented with information about the predicted savings: ‘This is what you will save: £29,504.99 interest saved. Term reduction: Three
years and seven months.’
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The mortgage adviser was given a script to present these savings to the client:

Mr Smith, on the basis of the information you have given me, with a current account mortgage you could pay

off your borrowing three years and seven months early, and save yourself £29,504.99 in interest. Is that
alright for you? >

It was crucial to the mortgage company that they should meet their legal requirement to identify clients who
would not benefit from a CAM mortgage and to ensure that clients understood the advantages - and
disadvantages - of a CAM mortgage over a standard repayment mortgage. However, when faced with queries
or atypical clients, the mortgage advisers were unable to explain where the apparent savings of approximately
£30,000 arose and they could not use the graphs to explain the reduced term. In part, the mortgage advisers
had very limited experience of interpreting graphs.® It is even more surprising that the advisers saw little
connection between the mortgage and credit card debt, a relationship fundamental to the CAM mortgage.**

In understanding the extent to which these mortgage advisers did not display mathematical competence, it is
useful to compare their case with the competence demonstrated by Margaret Dawes’ accountants:®

Participants were very competent in setting up and performing calculations. They were skilled and
knowledgeable users of arithmetic. Generally they chose to perform an appropriate calculation and set up
that calculation without too much thought or effort. They made few mistakes when calculating and these
were almost always picked up and corrected, either almost immediately or during the review process. For
written work electronic means of calculation were used for all but the simplest calculations and calculations
were checked for completeness and accuracy where they were deemed important. Mental calculations were
used in oral discussions observed: these were generated from information in written texts, set up, described
and performed in conversation. Also, for critical calculations, time was spent ensuring that there was a

common understanding of and agreement as to what was to be calculated, the result and/or its meaning.

Generally, all calculation participants kept commercial meanings attached to the input and output numbers
as they calculated. They or other team members were interested in the answers produced and their
commercial meanings; routinely making sense of the calculations. These practices taken together explain the
participants' general high level of competence.

The accountants certainly were more numerically competent than the mortgage advisers. But, unlike the
mortgage advisers, the accountants ensured that they understood what the calculations they were doing
meant and they were interested in the “commercial meanings” of the results. For the mortgage advisers, the
mortgage calculator was what Bruno Latour calls a black-box ‘about which they need to know nothing but its
input and output’.®® In the workplace, black boxes can often be seen where spreadsheets have been
constructed by others. Although the mortgage calculator was designed to help the adviser, it has not made the
meaning of the calculations any more transparent.

Mathematical competence is also challenged when people in the workplace are faced with unexpected
problems — or “breakdown situations” — and are forced into confronting mathematics with which they would not
usually engage on a day-to-day basis.®* When people in the workplace are taken outside their comfort zone
and asked to explain processes usually hidden by a black-box, weaknesses in their mathematical competence
quickly become apparent. For example, Richard Noss and colleagues asked nurses to interpret a hospital
memo about a new drug administration procedure.®® They were asked to judge whether the proportion of a
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dose in a catheter was safe to inject. Getting this wrong mattered, because it could result in a serious drug
overdose. Although the nurses had been able to calculate familiar drug dosages successfully,® they struggled
with this unfamiliar, but real, problem and several required help to do so.

This literature review indicates that there are significant barriers to mathematical competence. It is important
to emphasise that simply being able to carry out the relevant mathematical procedures is not enough.
Employees need both to understand the mathematical content (though only at GCSE level) and have the
capacity to understand it within their workplace. This understanding needs to include making sense of a
problem, interpretation and communication. Neither the mathematical understanding nor the application
capacities are sufficient on their own. Studies such as those by Julian Williams and Geoff Wake,®” and by
Celia Hoyles,®® indicate that the relevant mathematical understanding is best developed through the use of
problem solving techniques and a consideration of mathematics in context.

Technology and Efficiency

Recent changes in today’s workplaces — particularly the growth in technology — have significant implications
for the mathematics needed in the workplace. Technological advancement, alongside globalisation and
demographics, is a major driver of workplace change.®® Much of this technological advancement has been in
the field of information and communications technologies (ICT) although it is predicted that other technologies
— such as biotechnology or nanotechnology — will result in workplace changes in the future. The use of ICT in
the workplace has continually increased: in 1986, 40.3% of all employees used computers or computerised
equipment, rising to 73.7% in 2001 and 77.4% in 2006.7° Alan Felstead’s report, from which these figures are
extracted, suggests that this final figure represents a saturation point, yet others predict technological
progress will continue or accelerate.™

This increase in technology has changed the mathematical practices in which people in the workplace are
required to engage,’ although few studies have examined these changes over time. For some semi-skilled
employees, technology has resulted in deskilling. Luxury boat builders cited in Robyn Zevenbergen’s study,”
now use templates rather than measuring, while the electricians cited in Wolff-Michael Roth’s study used
conduit benders set to predetermined values rather than trigonometry in bending tubing to the correct angle.”
In some cases, it is surprising how little technology is used. For example, the delicatessen-counter employees
in Kim Hastwell’s study of a large suburban supermarket in New Zealand relied almost exclusively on paper-
based record keeping.”

For other people in the workplace, technology has increased the mathematical demands. Alain Mercier’s
study of agricultural technicians found the mathematics in calculating the dietary requirement of cattle feed to
have increased.” Whereas these technicians previously used a specific procedure called the ‘diagonal cross’
to calculate weighted ratios, together with ready reckoner tables, the introduction of computers means that the
technicians needed to interpret non-linear graphs instead of doing traditional calculations.

Statistical analysis shows an increasing use of numeracy across managers, professionals and trade workers
between 1996 and 2006, and a rise in the need for mathematical skills — such as the interpretation of non-
linear graphs — not used by previous generations.”® Staff are now required to be ‘more mathematically
competent ... [and are] ... required to undertake higher cognitive tasks such as interpreting the meaning of the
computer generated results of calculations’,” and understand the significance of the numerical output,® as
calculations move from manuals and charts to spreadsheets and calculators. The mathematics has become
more embedded in working life.5 However, the impacts of technological change may be dependent on the
skill level of employees. For example, semi-skilled manufacturing employees initially tended to make very little
use of ICT or used it as a supporting tool rather than to change traditional ways of working.®? Now, the
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introduction of computer aided design (CAD) has substantially increased technology within manufacturing,
reducing development costs and wastage, and changing the required types of mathematical engagement.

A significant increase in ICT is visible in the production and use of spreadsheets across many sectors.
Mathematical understanding of the principles underlying the spreadsheet is essential in order to make sense
of the output. However, a mathematical understanding is not sufficient. For example, Celia Hoyles quotes the
owner/manager of a family-run farm bakery, who describes how employees need to use mathematics
differently as a result of the introduction of spreadsheets:®®

One of the things we’re struggling with at the moment is updating the cost per unit of the products ... You’ve
got the transfer of information from recipes, a lot of which are historic and written in imperial units, going
into a metric formula, because a lot of the raw ingredients — not all though, it’s still a mix are in metric units.
So you’ve got to watch carefully, for example a can of golden syrup is sold as ‘4 pounds’, but the spreadsheet
has a metric volume. So there are little things, not necessarily mathematical to the eye, which they’ve got to
be watching all the time. Once the spreadsheet is in place it should be working itself out. The staff have got
to be looking for anomalies. We have found that suddenly the price of a cake based on the raw ingredients
will go from £1 to £1.50 in a six month period, and so I’ve had to say, go back and look because there’s
obviously a problem there, the raw materials haven’t increased by 50%. And when they go back they’ll find

that often a raw ingredient has been entered in imperial instead of metric or vice versa, or one of the cooks

has changed the recipe and that information hasn’t been fed through. They might have changed from 4
ounces of ground almonds to 5 or 6. Although there’s a mathematical problem there, it’'s a matter of
attention to detail in the workings.

By recording production data over time, a well-designed spreadsheet can enable efficiency savings that would
be almost impossible otherwise. But spreadsheets cannot themselves think nor solve problems. The bakery
employees need to be able to use the spreadsheet to identify anomalies and anticipate potential problems.
The mathematical concepts involved are well within GCSE mathematics: the effect of a 50% gain and the
difference between metric and imperial units. However, this “attention to detail” requires staff to use
mathematics to notice anomalies such as an unbalanced increase in the cost of production.

Spreadsheets are commonly used for modelling across industries, particularly in the financial sector. In
finance, they give people in the workplace greater control — and more responsibility — over whole products,
such as providing advice on choosing pensions, investments and mortgage products. But that greater
responsibility brings its own problems if people in the workplace don’t understand the outputs of the models,
as with the workings of compound interest cited earlier.®* The result can be incorrect advice to clients.

Technological change — particularly the use of models or similar procedures — is also ingrained in wider
industry processes. Process Improvement and Statistical Process Control are good examples. These
procedures are often used on production lines to identify bottlenecks and increase overall efficiency through
monitoring of outputs at various stages and modelling to ascertain the potential impacts of changes. At Master
Cake, a large automated bakery producing sponge cakes observed in Celia Hoyles’ study,®® Process
Improvement is shown through the use of new technology to increase production line efficiency, but problems
occur when only a few people in the workplace can engage with and fully interpret the outputs. This is similar
to what Jim the technician was involved in as he engaged with key performance indicators.
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Summary

In this section we have discussed the need for mathematical competence in the workplace. Changes in
workplace practices — particularly an increased focus on efficiency measures — have resulted in mathematical
application / understanding becoming an essential skill for all people in the workplace, even in relatively
unskilled jobs. People in the workplace need to be able to make sense of the mathematics they are using
(individually and in collaborative situations), interpreting inputs and outputs rather than entering data blindly in
a ‘black-box’. Additionally, many people in the workplace need the capacity to spot anomalies and to respond
to these in appropriate ways. It is also essential that all people in the workplace are able to communicate
outputs coherently, both internally and to external clients.

However, developing mathematical competence is not straightforward, and learning cannot simply be
transferred from a classroom context to the workplace. Mathematics in the workplace is highly contextual (to
the extent of becoming invisible), embedded in workplace practices through idiosyncratic procedures and
processes, and very different from school mathematics.®® Much mathematics carried out in the workplace is
now carried out using ICT (although we note the persistence of paper based work in some low-skilled
sectors), with spreadsheet usage being particularly prevalent. In general, technological advances appear to
have increased, not decreased, the mathematical demands of many staff.

People in today’s workplaces certainly do need mathematics skills. This curriculum content is predominantly
covered sufficiently in the current GCSE curriculum. However, it is the application of this content to the
workplace that is not straightforward. Therefore, in the next section we consider how competence in the
application of this content can best be developed in post-16 mathematics education.
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Implications for Mathematics Post-16

What does the literature on workplace mathematics tell us about the implications for teaching and learning
after GCSE and the needs of those students who do not currently study any mathematics beyond the age of
16 in England?

This is a diverse group of students. A-level mathematics participation is heavily skewed towards the highest
attaining group of students.?” There are three groups of students essentially. First, there are the 13% of 17
and 18 year-olds who take a maths AS or A level course and are, thus, already catered for. Second, there are
the students who get at least a grade C at GCSE aged 16 but do not take a maths AS or A level course (just
under half of the cohort). More than half of those who get A or A* grades at GCSE don’t continue studying
maths, in addition to the vast majority of those who get a B or C grade. It is critical that a new pathway is
created targeted at the needs of this group. Finally, there are those students who don’t gain a grade C at
GCSE (just under half of the cohort of all 16 year-olds). As a result of the Wolf Report,® this latter group will
continue to study towards GCSE mathematics if they are on a school or college course. For this group, it is
important to identify ways to tailor the traditional GCSE mathematics pathway to the needs of this group that
are rigorous, engaging for students, provide sufficient breadth and are valued by employers.®°

Our review of the literature indicates that the transfer of mathematical skills from school to the workplace is not
straightforward. Mathematical understanding is important and the literature highlights the importance of
particular mathematical topics. However, it is not on its own sufficient for students to successfully develop
mathematical competence in the workplace. In part, this is because the ways in which mathematics is applied
at work are very different to school mathematics. We have termed this as “simple mathematics in complex
settings” to emphasise that the problem is more about how mathematics is taught and learnt at school rather
than the content of the curriculum.

Within this study, we found the literature on workplace mathematics to broadly fall into four categories.

e There are a number of policy focused commentaries which introduce and debate terms such as
quantitative and mathematical literacy.%

e There are several broad studies into workplace mathematical skills which examine practices across
sectors and are often based on large-scale surveys or case-studies.™

e There are studies which specifically look at learning within the workplace which we considered
relevant to a discussion of school-based interventions/implications in that they serve to identify very
specific focal areas, particularly in the use of spreadsheets, models and graphs, in the mathematics
needed in the workplace.*

e There are also a few studies which examine how we can better match classroom learning and
workplace needs.%

Broadly the first group argues for an approach reflecting the use of mathematics in the workplace, particularly
when engaged in Process Improvement activities or working with numerical outputs in modelling financial
scenarios. However, as Geoff Wake and Julian Williams argue, workplace mathematics is so ‘complex and
messy’ that it ‘demands a critical, inquiring disposition’.** On this basis, we concur with Celia Hoyles that the
‘skills deficit’ is less about mathematical and calculation skills narrowly and more about how mathematics is
applied and interpreted.** For example, our own ICCAMS study shows that students’ difficulties relate to
knowing when contexts involve multiplicative and proportional relationships.®

Although the mathematical content required differs from workplace to workplace, this content is largely
covered in the GCSE curriculum. Whilst many GCSE topics are important, we note the particular importance
of proportional (or multiplicative) reasoning, approximation and estimation, the interpretation of graphs, and
the use of spreadsheets.®” However, this content looks different in the workplace. For example, although
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relatively little symbolic algebra was apparent in these studies, people in the workplace are often required to
understand relationships between variables and to use spreadsheet algebra.®® Similarly, rather than following
mathematical rules and conventions to the letter, approximation and estimation is used in ways that are “fit for
purpose”, as we saw with Tom. However, this use of approximation and estimation needs to be grounded on a
good understanding of measurement and error. Measurement is key to many workplaces — it is important, for
example, that people in the workplace understand error is cumulative.®® Yet, measurement receives relatively
little attention in the curriculum.

Statistical reasoning is used in some workplaces, but it is very different to the formal procedures that students
encounter in the classroom. For the workplace, exploratory and descriptive techniques appear to be often
more important than the use of formal statistical tests.’® Of course, statisticians do need to understand a
range of sophisticated techniques, but for others a thorough understanding of measures of centre and spread,
together with a feel for statistical relationships and simple probability, is sufficient. Even in degree subjects
where more advanced statistics may be needed, such as the biosciences, these skills can be taught later
provided students have a thorough grounding in simple GCSE level statistics.'®* Similarly, for the workplace,
using a computer to interpret statistical relationships is very much more important than competence with
pencil and paper procedures.’®? Recent work by Dave Pratt and colleagues on using simulation to better
understand these relationships provides one model for this.'®

The literature reviewed suggests significant features of workplace mathematics not generally reflected in
school mathematics. For instance, much workplace mathematics is not a solitary activity but one involving
collaboration at different levels, either with people in the workplace coming together as a team or where
employees with responsibility for specific processes bring these together to create whole products.
Collaboration in the form of teamwork is particularly important in that it enables participants to build a strong
shared understanding of the mathematics they are engaged in and this approach should underlie post-16
mathematics provision. Such approaches have previously been seen in mathematics pathways such as the
Free Standing Mathematics Qualifications (FSMQs) and the AS-Level Use of Maths.'® This review also
suggests a need to address the computational methods in use; whilst workplaces tend to use calculators and
computers for anything beyond the most basic of calculations, school mathematics remains a largely pencil
and paper world.**® Furthermore, the application of mathematics learnt in the classroom to the workplace is
not straightforward.%

Further Research

Elsewhere we have recommended that a new advanced mathematics pathway should be introduced with a
focus on fluency, modelling and statistics, but that research was needed about the mathematical needs for
employment to guide the design of this pathway and associated qualification.*®” This literature review has
begun to address this question. However, there are still research needs. We note, in particular, that more
research is needed about the mathematics of professionals and about how workplace mathematics is
changing over time.

We also noted that, in implementing the Wolf Report recommendation that GCSE Mathematics should remain
compulsory until students have attained a Grade C, it is important to avoid a remedial focus. In a subsequent
report, we recommended identifying alternatives to the traditional GCSE mathematics pathway that are
rigorous, engaging for students, provide sufficient breadth and are valued by employers. Students should
have opportunities to develop their understanding of “simple mathematics in complex settings”. Providing such
learning opportunities in school is far from straightforward. Further research is needed into the design and
effectiveness of these.
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A Note on Methodology

An Assessment of the Literature

The literature on workplace mathematics is partial. We found that many of the studies sourced — particularly
those that were industry specific — were skewed towards apprentices or other work placements often linked
with the researchers’ institutions, rather than long-term employees. This may have implications for the types of
mathematical practices reported. Further, few of the journal papers (in comparison with studies published as
books) tackled the problems or provided in-depth examples and as such many longer illustrations are taken
from a limited literature base. Several of the in-depth ethnographic studies are very good indeed and we rely
on these heavily in this review.’®® There were no longitudinal studies, a somewhat surprising finding given the
scale of technological change in the workplace.

Literature Sourcing

Literature was drawn from two sources: expert knowledge of the field and online/database searches. For the
online/database searches, a list of search strings — including 10 industry specific searches — was used. Full-
text and title only searches were conducted across nine databases and Google Scholar with a limit of articles
published from 2000 onwards. Databases were selected from the researchers’ knowledge of the field. The
total number of articles sourced was tabulated in a matrix for each string and database. Potentially relevant
documents from database searches and the first 250 results from Google Scholar searches were tabulated
and imported into an Endnote database.'® Further limited literature sourced through researcher contacts and
following up of references was added to this database. After cleaning, the database contained 311 entries.
These entries were coded as relevant to, or beyond the limits of, a scoping study. Examples of exclusion
criteria included being concerned with subject matter outside of mathematics or educational stages (such as
primary schooling) irrelevant at this stage. Coding was discussed as a research team and references put
through a process of snowballing, resulting in 133 articles retained as relevant for our scoping study. Further
classification resulted in 54 core articles and 79 background articles. A further 25 policy documents were
identified as important.

Literature Categorisation, Synthesis and Report-Writing

The 54 core articles were categorised as general literature (31 articles) or industry specific e.g. manufacturing,
retail (29 articles). There was a small degree of double-categorisation with some articles covering multiple
industries (6 articles).™® The key themes of the general literature and policy documents were noted. Industry
specific literature was read in industry groups and their key findings were recorded on a template in Excel.
Key issues were then synthesised from the general literature, policy and industry-specific tables/templates to
evidence and illustrate the key themes. The table below provides an overview of the literature sourced,
categorised and drawn on.

Initial full-text search results (excluding Google Scholar) 127946
Initial results considered from Google Scholar 3500
Literature included in database following cleaning 311
Literature relevant to this scoping study 133
Literature classified as core 54
Literature classified as background (but within the scope of the study) 79
Relevant policy documents 25
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