REVISED DRAFT II
14-19 Mathematics Education: Problem-solving in the Physical World

Summary

The Engineering Professors’ Council (EPC) has monitored the steady decline in the mathematics standards of those entering universities in the UK over more than a decade. The decline has necessitated the inclusion of ever more basic mathematics into the first year of engineering degree courses. This paper looks at the historical evolution of this situation, identifies the key issues, and suggests a pooling of interest to contribute to the development of the 14-19 mathematics education curriculum.

1. Introduction

Mathematics is essential for studying engineering and physics; it is both the basic language for communicating scientific facts and the modelling language for tackling real problems.  As a preparation for engineering and physics in Higher Education (HE), students therefore need:

i) basic mathematical skills in arithmetic, algebra, trigonometry, geometry and calculus,

ii) modelling and problem-solving skills using mathematics, and specifically the ability to model and solve problems in Newtonian Mechanics.

Traditionally, students have practised and honed these skills in A-level Mathematics and Physics courses.

2. Changing Pattern of A-Level Mathematics and Physics: 1950-2005 

From the standpoint of mathematical skills development we can identify three distinct phases of A-levels:

2.1 Phase 1: 1950-75  

In Pure Mathematics: students mastered basic concepts and methods.

In Applied Mathematics (i.e. Mechanics): students developed their ability to tackle real problems in mechanics using mathematics.

In Physics: students gained additional experience in practising their mathematical skills whilst developing and reinforcing their modelling / problem-solving skills in the core subjects of Mechanics and Electromagnetism.

Both A-level Mathematics and Physics were internationally recognised as providing students with an excellent preparation for degrees in engineering and physics.

2.2 Phase 2:1975-90

Both Pure Mathematics and Physics remain as in Phase 1.

In Applied Mathematics there is the emergence of Statistics as an alternative to Mechanics. Students aiming to study engineering or physics at university follow an applied mathematics course consisting of either all Mechanics, or Mechanics and Statistics.

Once again, students entering engineering and physics departments have mastered basic mathematical skills and have also acquired experience of applied problem solving in both A-level Mathematics and Physics. They are reasonably well prepared for HE.

2.3 Phase 3:1990-2005

Here we see the introduction of:

i) GCSE  in 1988,

ii) modular A-levels with assessment of individual modules rather than a terminal examination,

iii) new A-level syllabuses.

All these changes were introduced in an attempt to make A-level courses more attractive and accessible to more students. This has worked, with a larger fraction of the age group now staying on into the sixth form and aiming for a university place. However, in the case of A-level Mathematics and Physics and their capacity to prepare students adequately for HE, the effect has been very damaging, creating severe problems for those aiming for engineering and physics courses at university.

3. The Current Situation

The prime concerns which are now apparent are:

i) much algebra has disappeared from pre-A-level work so that students no longer get sufficient practice in, and consequently lack fluency in, algebraic manipulation on entry to HE;

ii) students’ basic mathematical skills have declined rapidly giving rise to ‘The Maths Problem’- some 250 Departments of Engineering, Mathematics and Physics now give their new students a diagnostic test on entry and then run ‘refresher / consolidation’ courses in the first year of their degrees for those with low scores;

iii) A-level Physics has seen a retreat from the use of mathematics, retaining little algebra and no calculus, and problem solving using mathematics is no longer taught and assessed as part of the core;

iv) in Applied Mathematics, students now have yet more choice and can select modules from Mechanics, Statistics and Decision Mathematics, resulting in the possibility of  avoiding any modules in Mechanics. Those students taking no module or only one module of Mechanics thus lack the key modelling/problem-solving skills; the proportion of engineering students in this situation could be as high as 40%. With the recent reduction in the number of applied mathematics units from three to two, this situation has deteriorated further. Since Statistics and Decision Mathematics are now more popular options among pupils in Years 12 and 13, many schools have simply stopped offering the Mechanics units.

There is now recognition of a ‘Mechanics Problem’ in HE. This affects Departments of Engineering and Physics who are faced with ill-prepared students whose mechanics background is either weak or non-existent and so lack the key skills of modelling and problem -solving. 

4. The Key Issues

Five issues are central to the whole mathematics challenge:

i) Basic numeracy is an essential pre-requisite for all citizens for a successful and rewarding life experience in the 21st Century. From managing domestic finances (including loans), to booking holiday journeys on the web requires at least a ‘comfort level’ of basic mathematics. Numeracy is therefore no longer just a cause of concern for those with certain career expectations. 

ii) Early motivation is clearly critical, so that a supply of young, motivated teachers is essential. Careers in Mathematics Teaching must be made more attractive for all those with the necessary skills and enthusiasm – and this includes Engineers and Scientists who are equipped to demonstrate the practical applications of mathematics and thereby create interest.

iii) Schools project work seems to have become ‘exploratory’ rather than ‘open-ended’.  The difference is that frequent prompts lead the student down a well-worn path in the former approach towards a ‘normal’ outcome, whereas the latter approach can release the imagination to explore more creative applications which are vital for all those studying Mathematics in order to embed theory in practice within the physical world. 

iv) The lack of fluency in mathematics and the decline in students’ ability to model and solve problems in mechanics are the key problems now confronting most university departments of Engineering or Physics. These have been the major casualties – as well as specific topic deficiencies like calculus – over the last decade, with deficiency in modelling being perhaps the greatest over-riding concern.

v) The ‘Adrian Smith Report’ was generally welcomed because it recognised the current tensions and concerns within HE. However, the subsequent actions appear to have lost sight of the importance of involving all stakeholders in the debate.  The ‘Tomlinson Report’ also appears to underplay the vital support role of mathematics across the whole range of the educational curriculum. 

5. Development of the 14-19 Mathematics Curriculum

5.1 Functional Mathematics

Functional Mathematics is a much more fundamental concept than mere numeracy, with which it sometimes erroneously confused. It is a new conceptual vehicle:

i) To encourage the use of mathematics in order to provide tools for thinking and modelling.

ii) To engender the ability to apply mathematics to real-world situations.

iii) To enthuse students with the usefulness of mathematics.

As such, Functional Mathematics should permeate the entire mathematics syllabus at all levels of ability, including A-level. Functional Mathematics should not be taught as something separate to ‘real’ mathematics.

A review of the way mathematics is taught and assessed is long overdue. However, there is no reason why this should result in a reduction of content. On the contrary, the introduction of real-world applications should both motivate the students and accelerate their learning of the mathematical principles.

It is a fact of educational life that students are driven by the nationally-controlled assessment process. Consequently, we support the view that it is essential that we assess what we want the students to learn. Currently, too many students are trained to answer short ‘party trick’ questions in an examination without necessarily having any deep understanding of the purpose of the trick. New forms of assessment are required which measure a student’s ability to extract mathematical models from real-world situations and then to think through the procedure required to obtain a solution. However, the assessment process must be robust and resistant to the kind of plagiarism that bedevils the portfolio-based coursework used in the present GCSE Mathematics.

5.2 GCSE Mathematics

GCSE Mathematics should be made a double award to reflect the vital importance of mathematics and to achieve comparability with GCSE Science and English Language/English Literature. However, if there remained the alternative of taking a single GCSE operating in parallel, there is a very real danger that pupils in year 9 would opt for the single maths GCSE option so as to enable them to fit some of the other less analytically-demanding subjects into their curriculum. Since A-level mathematics would require students to have studied the full double-maths option at GCSE, this could well result in a catastrophic fall in the number of students studying A-level mathematics. Furthermore, if double maths were perceived to be more difficult than other GCSE subjects then Head Teachers, driven by the school league tables, would be tempted to put pressure on their mathematics departments to restrict double maths to only the most able students. If it is accepted that mathematics is an essential life skill, and that as many as possible should achieve a certain level of ability, then there is no case for the less mathematically-able student studying less mathematics.

As now, there should be more than one tier of (Functional) Mathematics at GCSE level. This would give the more mathematically able students a more integrated learning experience than having the higher-tier maths bolted onto a common core of so-called ‘Functional Mathematics’.

5.3 A-Level Mathematics

Something must be done to combat the Mechanics Problem. At least some mechanics should be included as part of the core curriculum for A-level Mathematics. This would help to bring the pure mathematics to life and provide some real-world examples. The same goes for the fundamental concepts of probability. If Functional Mathematics is to have any real meaning to the students, such applications should be intertwined with the teaching and assessment of the pure mathematics. This would suggest a new way of structuring the A-level course with a core of pure mathematics coupled with illustrative applications. Options would build upon this core to further bring out the functionality of the mathematics and to extend students’ knowledge of applied mathematics.

Assessment must move away from the set of short questions towards a more searching assessment of the student’s ability to use and apply appropriate mathematics to the solution of real-world problems.

      6.  The Way Forward

It is recognised that a period of stability is desperately needed in the schools, and the Government’s response to the Tomlinson Report acknowledges this. It is also recognised that it takes significant time to design and implement any changes in the education world. We therefore have to consider what measures can be put in place in the short term as the ‘maths problem’ is with us now.

6.1  The Short Term

First and foremost we need to ensure that matters do not deteriorate further. Although we are encouraged by the reported improvement in the numeracy skills of pupils entering Key Stage 3, we are concerned that these gains may be lost in the ongoing review of primary school education. For example, care needs to be exercised to ensure that the teaching of fractions and their manipulation should be a core part of the mathematics curriculum at Key Stage 2.

A consolidated approach by all the key players in the Engineering and Physics world is needed. It is therefore suggested that a meeting of the main stakeholders be arranged as soon as possible, involving the Engineering Professors’ Council (EPC), the Deans of Science, the Heads of Department of Mathematical Sciences (HoDoMS), The Royal Academy of Engineering (RAEng), The Engineering Council (ECuk), The Institute of Physics (IoP), The Institute of Mathematics and its Applications (IMA),The Royal Society (RS) and the Qualifications and Curriculum Authority (QCA) in order to:

i) Stress the importance of mathematics across the whole spectrum of education.

ii) Explore ways to increase the supply of enthusiastic mathematics teachers.

iii) Draw particular attention to the ‘Mechanics Problem’ in Higher Education – i.e. the decline in students’ ability to model and solve physical problems.

iv) Confirm the continuing need for Newtonian Mechanics to remain in the A-level Mathematics syllabus, it being the best vehicle for enabling students to acquire essential modelling and problem-solving skills.

v) Explore ways to encourage more students who are aiming to take engineering and physics degrees to study sufficient mechanics modules at AS- and A-level.

Professor Celia Hoyles should be invited to join – and ideally chair – this group to ensure that the views emerging are fed back into Government thinking as swiftly as possible.

6.2 The Long Term

A consolidated approach by all the key players in the Engineering and Physics world is necessary to ensure that their needs are not overlooked in the forthcoming review of the 14-19 curriculum. Care should be taken to ensure that all the potential professional ‘users’ of mathematics are fully engaged in further consultations, studies or steering groups dealing with the future of mathematics education.  
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