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SUMMARY

This research investigated the role of mathematics in engineering practice and
whether there is a relationship between students’ experiences with school
mathematics and their choice of engineering as a career. The study was inspired by
the observation that there is a lacuna in the scholarly literature concerning the nature
of mathematics’ role, if any, as a significant cause of the declining number of students
entering professional engineering courses. Additionally there is currently no broad

picture of the mathematical expertise required or used by practising engineers.

The population of interest in this study comprises professional engineers practising in
Ireland. A sequential explanatory mixed methods design, where the subsequent
collection and analysis of interview data builds on the survey findings, is employed.
Engineers’ use of mathematics is considered in three parts: curriculum mathematics,
mathematical thinking, and engaging with mathematics. Curriculum mathematics
usage is measured by a derivation of de Lange’s mathematics assessment pyramid
and with reference to three dimensions: mathematics domain, usage type, and
academic level. Thinking usage relates to mathematical modes of thinking. Engaging
usage is the motivation to take a mathematical approach. Engineers’ experiences of
school mathematics, factors that contributed to their engagement with school
mathematics and the impact of their feelings about mathematics on their choice of

engineering careers are investigated.

The findings show that (i) engineers’ feelings about mathematics are a major
influence on their choice of engineering as a career; (ii) teachers, affective factors and
sociocultural influences are the main contributors to engineers’ interest in and
learning of mathematics; (iii) while almost two thirds of engineers use high level
curriculum mathematics in engineering practice, mathematical thinking has a greater
relevance to engineers’ work compared to curriculum mathematics; (iv) professional
engineers’ curriculum mathematics usage is dependent on the interaction of
engineering discipline and role and their mathematical thinking usage is independent

of discipline and role; (v) engineers show high affective engagement with



mathematics and their usage of mathematics in engineering practice is influenced by
the value given to mathematics within their organisation; and (vi) the focus on
“objective” solutions at the expense of tacit knowledge in mathematics education

reduces the value of mathematics in engineering practice.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

It is reported that “engineering has never mattered more” (National Academy of
Engineering 2005; National Academy of Sciences et al. 2010; Robinson 2010;
Sheppard et al. 2009; Tapping America's Potential Coalition 2008). However while
engineering expertise is key to sustaining a modern economy and to the
advancement of civilisation, the interest of young people to pursue careers as
engineers has diminished, in western Europe and the USA in particular (Elliott 2009;
Forfas 2008; King 2008; McKinsey 2011; Organisation for Economic Co-Operation and
Development 2010). In Ireland the declining interest in engineering careers is evident
in the dramatic reduction of CAO' points required for entry into level 8’ engineering
programmes in Ireland over the past twenty years. Less than 8% of all entrants to
level 8 degree programmes in Irish universities choose engineering and technology
programmes compared to 24% who chose Humanities and Arts subjects, 23% who
chose Social Science, Business and Law subjects and 16% who chose Science subjects

(Higher Education Authority 2011).

In Ireland there are two state administered exams: the Junior Certificate at mid
secondary school (age 15) and the Leaving Certificate at completion of secondary
school (age 18). Students sitting these exams can choose either the ordinary level
mathematics curriculum or the more advanced higher level curriculum. Participation
in higher level mathematics in Ireland is low, with only 45% of Junior Certificate
mathematics students and 16% of Leaving Certificate mathematics students taking

the higher level papers (State Examinations Commission 2011a).

It had been determined in Ireland, that mathematics achievement is a strong

predictor of third level persistence generally (Mooney et al. 2010). However Ireland’s

! cao: central Applications Office, Ireland’s central administration for management of the competitive

points system for entry to third level education.
Level 8: Honours Bachelor Degree.



PISAS performance in mathematics is below the OECD average score and is showing a
declining trend over recent years (Perkins et al. 2010). A national survey of Junior
Certificate students found that almost 60% found mathematics difficult and less than
50% found the subject interesting (National Council for Curriculum and Assessment
2007). A major revision of the school mathematics curriculum is currently taking place
in Ireland, under the direction of the National Council for Curriculum and Assessment
(NCCA). The new initiative called “Project Maths” involves the introduction of revised
syllabi for both Junior and Leaving Certificate mathematics. According to the NCCA,
Project Maths “involves changes to what students learn in mathematics, how they
learn it and how they will be assessed” (National Council for Curriculum and

Assessment 2010b).

It is widely thought that mathematics is the “the key academic hurdle” in the supply
of engineering graduates (Croft and Grove 2006; King 2008). Students wishing to
pursue an engineering degree course are required to be proficient in mathematics. In
Ireland the entry requirement to level 8 accredited engineering courses is a grade of
C3 (255%, <60%) or higher in higher level Leaving Certificate mathematics. Lynch and
Walsh (2010) have shown this minimum mathematics requirement contributes to
students’ hesitancy in pursuing an engineering degree course and there is a link
between students’ experience of second level subjects and their perception of future
careers (Lynch and Walsh 2010). Many students have “no idea” what role
mathematics will play in their future careers (Wood et al. 2011). Most students view
engineering education as further engagement in school science and mathematics
(Brickhouse et al. 2000). “Some see mathematics as the gateway to engineering,
paving the way for sound design; others see mathematics as a gatekeeper, denying
entry to otherwise talented would-be engineers” (Winkelman 2009). Many third level
engineering students struggle with the mathematics in their courses (James and High
2008) and “it is now generally accepted that students entering the tertiary level suffer

a lack of mathematical skills and no longer find mathematics to be an enjoyable

3 PISA: Programme for International Student Assessment, worldwide evaluation in OECD member
countries of 15-year-old school pupils' scholastic performance.
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subject ... this decline in mathematical skills leads students to avoid overly analytical

subjects in later years of degree programmes” (Irish Academy of Engineering 2004).

For decades mathematics has been regarded as the fundamental knowledge
underpinning engineering practice. Besides this, it is arguable that traditional
engineering careers cannot interest modern young people to the same extent as
twenty years ago. In the same period, technology usage and associated practices in
the broader society have changed significantly and young people’s ranges of
interests, skills and activities have altered dramatically. The average modern teenager
lives in a world of mobile phones, iPods and iPads where communications,
information and entertainment are now available anytime, anywhere and at low cost.
In addition there is a belief among some practising engineers that the mathematics
they learned is not applicable to their work (Cardella 2007; Pearson 1991; Underwood
1997). There is a view that mathematical and engineering worlds are very different
and it is reported that there is a significant difference between what a mathematician
calls “doing mathematics” and what an engineer calls “doing mathematics” (Bissell
and Dillon 2000). There is also a view, with advancements in technology, knowledge
diffusion and almost instant information availability, that teaching “engineers to think
analytically will be more important than helping them memorise algebra theorems”
(Katehi 2005). There is a further view that the human and “societal aspect” of
engineering practice is becoming increasingly important “with constraints on
engineering solutions becoming less and less technical and more and more societal,

regulatory and human” (Grimson 2002).

Research suggests that while professionals in numerate fields draw upon their
mathematics school learning, they do so in a distinctly different manner from the way
in which they experienced mathematics in school. However, in the case of
engineering practice, research concerning the type of mathematics used by engineers
in their work is sparse (Alpers 2010c; Cardella 2007; Gainsburg 2006; Trevelyan 2009).
While there are a number of studies that investigate engineers’ use of mathematical
thinking, most of these are conducted in academic workplaces. Difficulties associated

III

with investigating “real” engineers’ mathematics usage are that access to engineers is

difficult and with many different branches and job profiles within engineering, there
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is no unique identity as “‘the’ engineer”. Furthermore studies of engineers’ use of
mathematics have tended to take a qualitative approach that involve a small number
of engineering functions and engineers and thus the findings may not represent

engineers generally (Alpers 2010b).

1.2 MOTIVATION

This research was inspired by the observation that there is a lacuna in the literature
concerning the nature of mathematics’ role, if any, as a significant cause of the
declining number of students entering professional engineering courses. On the one
hand, students’ difficulty with higher level school mathematics is often blamed for
the declining number of entrants to engineering degree courses (Croft and Grove
2006; King 2008; Prieto et al. 2009). Coupled with this, there is a view that
engineering is not mathematics, and the close linkage between the two that exists in
the public perception negatively influences the perception of engineering
(Winkelman 2009). On the other hand research concerning the mathematical
expertise that is in fact used in engineering practice is sparse (Alpers 2010b; Cardella
2007; Trevelyan 2009). The many different branches of engineering (e.g. civil,
electronic and mechanical) and the many interpretations of mathematical activity
(e.g. school mathematics, mathematical thinking and understanding) present
obstacles to investigating the role of mathematics in general engineering practice

(Alpers 2010b).

There is currently no broad picture of the mathematical expertise required or used by
practising engineers. A goal of this project is to address this lacuna and provide a

research-based insight into the role of mathematics in engineering practice.

The decline in engineering and technology degree enrolments is a major threat to
global economic growth (Borrus and Stowsky 1997 ; Boskin and Lau 1992; Boskin and
Lau 1996; Griibler 1998; Solow 1957). Interventions such as attempts to improve
school mathematics grades, introduction of engineering science subjects in schools,
students’ participation in engineering projects and activities and students’ exposure

to engineering role models have not regenerated students’ interest in engineering
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careers (Heywood 2005). It Ireland, the NCCA has observed that many students have
a disaffection with mathematics (National Council for Curriculum and Assessment
2007). Further, many students in Ireland with demonstrated high ability in
mathematics choose non-numerate careers (Higher Education Authority 2011; State
Examinations Commission 2011a). Career choice theory suggests that interest, values,
self-efficacy, emotional experiences and socialiser’s attitudes are the major career
choice influencers (Ginzberg et al. 1951). There is a corresponding view that enriching
students’” mathematics experiences holds the key to increasing enrolments in
engineering education (Maltese and Tai 2011; Prieto et al. 2009). Hence, the second
goal of this project is to provide a research-based insight into the relationship
between students’ experiences with school mathematics and whether they chose

engineering as a career.

1.3 RESEARCH QUESTIONS

There are two main research questions in this study.

1. What is the role of mathematics in engineering practice?
a) How can mathematics usage in engineering practice be measured?
b) How do engineers use mathematics in their work?

c) What motivates engineers to engage, or not, with mathematics?

2. Is there a relationship between students’ experiences with school
mathematics and their choice of engineering as a career?
a) To what degree do students’ feelings about mathematics influence
engineering career choice?
b) What factors in mathematics education influence students’ affective

engagement with mathematics?



1.4 SIGNIFICANCE

The main aim of this study is to generate new knowledge in relation to engineers’
mathematics usage in their work and to determine if mathematics experiences
influence school-leaving students’ decisions to choose engineering careers. It is
anticipated that the findings from this study will contribute to knowledge on the
worldwide problem of students’ declining interest in engineering careers. It is
anticipated that new knowledge on the value of mathematics in engineering practice
will inform prospective engineering students and, particularly, engineering educators
and the engineering profession. Given that mathematics is of central importance to
modern society and is crucially important, too, for the employment opportunities and
achievements of individual citizens, the findings of this study will have implications
for school mathematics education, engineering education, engineering practice and

society generally.

1.5 ORGANISATION OF THESIS

This thesis describes a mixed methods approach to investigating the role of
mathematics in engineering practice and the relationship, if any, between students’
experiences with school mathematics and whether they chose engineering as a

career. The thesis comprises two volumes.

Volume 1

Chapters 1 to 8 and the associated references are included in Volume 1. The

remaining chapters in Volume 1 are organised as follows:

Chapter 2: Literature Review

This chapter contains a review of literature about mathematics education, career
choice, engineering education and engineering practice. The purpose of this chapter
is to establish the current available knowledge about the role of mathematics in

engineering practice and its role in engineering career choice. Included in this chapter



are: an exploration of what mathematics is; the different general learning theories
relating to mathematics learning and teaching; career choice factors and the selection
of engineering careers; a review of mathematics in engineering education; a
discussion about engineering practice; and a summary of research concerning

engineers’ use of mathematics.

Chapter 3: Research Design

This chapter describes the study design. The purpose of this chapter is to describe the
research methodology employed and the study design for measuring engineers’
mathematics usage and for determining whether or not engineers’ feelings about
mathematics influenced their choice of career. Included in this chapter are: a
background theory based framework for the research design; a description of the
methodology employed to measure engineers’” mathematics usage which is based on
de Lange’s mathematics assessment pyramid and Project Maths; a description of the
methodology employed to measure engineers’ feelings about mathematics which is
based on motivation theory; the rationale for choosing a sequential explanatory
strategy mixed methods (survey followed by interviews) research design; data
collection methodologies; identification of the study population; quality

considerations; and ethical considerations.

Chapter 4: Survey Methodology and Data Analysis

This chapter presents the methodology used for the collection and analysis of
guantitative data from practising engineers in relation to the research questions. The
purpose of this chapter is to show how the quantitative first phase of the study was
conducted. Included in this chapter are: identification of the survey population;
design of the survey questionnaire; survey administration and data collection; and a

description of the methodologies used to analyse the survey data.

Chapter 5: Survey Findings

This chapter presents the results of the survey data analysis. The purpose of the

chapter is to present the survey findings. Included in this chapter are: five main



survey findings; generalisation of the survey findings; and a discussion of the survey

findings.
Chapter 6: Interview Methodology & Data Analysis

This chapter presents the methodology used for the collection and analysis of
qualitative data from a sample of practising engineers in relation to the research
questions and the survey findings. The purpose of this chapter is to show how the
gualitative second phase of the study was conducted. Included in this chapter are: a
description of the methodology used to select interview participants; the interview

design; the process of conducting the interviews; and the interview data analysis.

Chapter 7: Interview Findings

This chapter presents the results of interview analysis involving a sample of practising
professional engineers in relation to the research questions and the survey findings.
The purpose of the chapter is to present the interview findings. Included in this

chapter is a discussion of the ten themes that emerged from the interview data.
Chapter 8: Concluding Discussion

This chapter discusses the overall findings. The purpose of this chapter is to present
the overall findings and conclusions. Included in this chapter are: a summary of the
interview findings in the context of both the survey findings and the two main
research questions; a discussion of both the survey and interview findings;
contributions to research knowledge; implications of this new knowledge; limitations

of the methodology employed; and suggestions for further work.

Volume 2

The appendices are included in Volume 2. These are:

Appendix 1: Survey Questionnaire



A copy of the survey questionnaire distributed to practising professional engineers
and used to collect quantitative data is included in Appendix 1 in Volume 2 of this

thesis.
Appendix 2: Survey Support Document

A copy of a separate “Survey INFO” document that accompanied the survey
questionnaire is included in Appendix 2 in Volume 2 of this thesis. This survey support
document was designed to assist survey participants when completing the
questionnaire and it describes and illustrates each of the five mathematics usage
types that are measured in the survey analysis. The document also contains

instructions for completing and returning the survey questionnaire.
Appendix 3: Survey Distribution Emails

Copies of survey distribution emails and notices are included in Appendix 3 in Volume
2 of this thesis. Engineers Ireland, the professional body representing engineers in
Ireland, distributed the survey questionnaire and the survey support document by
direct email, to its 5,755 chartered members. Engineers Ireland also included a direct
link to the survey questionnaire on its weekly newsletters on 9" and 16™ March, 2011

which were emailed to its entire 21,700 members.

Appendix 4: Survey Data Analysis

Survey analysis is included in Appendix 4 in Volume 2 of this thesis.
Appendix 5: Interview Participants’ Emails

A copy of the email sent to a sample of practising Chartered Engineers requesting
their participation in the interview study is included in Appendix 5 in Volume 2 of this

thesis.
Appendix 6: Interview Protocol

A copy of the interview protocol compiled to assist the semi-structured interview
process is included in Appendix 6 in Volume 2 of this thesis. An interview protocol is a

list of questions and predetermined inquiry areas that the interviewer wants to



explore during each interview and it helps to make interviewing multiple participants

more systematic.
Appendix 7: Interview Participants’ Stories

The interview participants’ stories are included in Appendix 7 in Volume 2 of this
thesis. These are engineers’ individual stories about their background, their
mathematics education experiences, their career decisions and their work in

engineering practice.
Appendix 8: Interview Data Codes

The interview data codes are included in Appendix 8 in Volume 2 of this thesis. In the
first cycle of coding, 107 descriptive codes, representing sections of the transcript
data that were likely to be helpful in addressing the research questions, were
identified. Following subsequent coding cycles, ten overarching themes,

characterising key concepts of the analysis, emerged from the data.
Appendix 9: Interview Data Analysis

Interview data analysis is included in Appendix 9 in Volume 2 of this thesis. This
includes: a profile of interviewees; a profile of engineers’ mathematics teachers;
engineers’ motivation to engage with school mathematics; feelings about engineering
mathematics; feelings about mathematics in engineering practice; feelings about
mathematics outside of engineering; engineers’ paths to engineering education;
engineers’ job descriptions; engineers’ views about engineering practice; engineers’
curriculum mathematics * usage; engineers’ curriculum mathematics usage by
discipline and role; engineers’ views about and usage of mathematics in engineering
practice; the need for a mathematical approach in engineering practice; and the value

of mathematics education in engineering practice.

* Curriculum mathematics: Term devised in this study to represent engineers’ mathematics education
at school and university.
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

This chapter presents a review of research literature relevant to the two main

research questions:

1. What is the role of mathematics in engineering practice?
2. Is there a relationship between students’ experiences with school

mathematics and their choice of engineering as a career?

The literature review is organised under six themes:

Page number

2.2 MATHEMATICS ...ttt ettt ettt sttt ettt et e st e b e saeesbeesaeeenee 12
2.2.1 What is MOtR@MALICS?.......ccoveeeiiiiiiieeiee et 12
2.2.2 MathematicQl TRINKING ..........cc.ueeeeeceieeeeeiiieeeesieeeeecitaeeseteeeesseeaessanaa e 17
2.2.3 Is Mathematics @ SPecial SUBJECE?..........occeeeeecieieieaaeeeeeeciieeeeeeeeeeccaeeens 19

2.3 LEARNING MATHEMATICS ..ottt 23
2.3.1 Mathematics Learning TREOIY ............eeeeeeeeeeeeeecieeeeeeeeeeeecsieeeaaaeeeeecciaeeeeas 23
2.3.2 Effective Mathematics TEACNING..........eeeeeeeeeeeciieeeieeeeeeeeciiiveeeeeeeeeeeciiseeennns 25

2.4 ENGINEERING CAREER CHOICE .......ciiiiiiiiiieeniteetee ettt 31

2.5 MATHEMATICS IN ENGINEERING EDUCATION .....ooiiiiiiienieeieeneeeee e 42

2.6 ENGINEERING PRACTICE ....coitiiieeieeereeeee ettt 50
2.6.1 WhHQL iS ENGINEEIING? .......eveeeeeeeeeeeeeeeeeeee e eeeectetteee e e e e e esssataeaaaaaeeesssnssnnees 50
2.6.2 The ENGiNeering ProfeSSiON.........ccccevvveeeeeeeeeeeiiiieeeeeseeeeeisiiieseeeseseessssisssssenns 56

2.7 MATHEMATICS USAGE IN ENGINEERING PRACTICE .......ooriiiiiinieeieeneeeiee e 57
2.7.1 Investigating Engineers’ MathematicsS USAQE ............ccoeeevvvvveeveeeeereeeiirvnennn. 58
2.7.2 SUMMGQIY ccoovvvieeeeeeeeeeeeisttee s e e ettt e e e e e e e ettt esessaeaaettssssaesssasssatssaanesaaaaans 68

2.8 SUMMARY ...ttt ettt st s e e nne e s ne e e 69
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2.2 MATHEMATICS

2.2.1 What is Mathematics?

In order to investigate the role of mathematics in engineering practice and in the
formation of engineers, there is a need to explore what mathematics is. As expected,
there are many different perspectives of what mathematics is. Most people consider
mathematics to comprise arithmetic, algebra, geometry, trigonometry, statistics and
probability, a subset of logical thinking and/ or a mechanism for reasoning. In 1962,
some 75 well-known U.S. mathematicians produced a paper wherein they stated “to
know mathematics means to be able to do mathematics: to use mathematical
language with some fluency, to do problems, to criticize arguments, to find proofs,
and, what may be the most important activity, to recognise a mathematical concept

in, or to extract it from, a given concrete situation” (Ahlfors et al. 1962).

Defining mathematics is conditional since each person and even each time period,
tends to emphasise different aspects of the subject. Many people have attempted to
define or describe mathematics and words such as logical ideas, interconnected
ideas, relationships, patterns, communications and numbers appear regularly in such
descriptions. Orton and Wain (1994) define mathematics as “an organised body of
knowledge, an abstract system of ideas, a useful tool, a key to understanding the
world, a way of thinking, a deductive system, an intellectual challenge, a language,
the purest possible logic, an aesthetic experience, a creation of the human mind”
(Orton and Wain 1994). Greer and Mukhopadhyay (2003) say that mathematics is
characterised as “the purest form of reasoning, embodying the highest standards of
proof; and as a training in dispassionate, objective, rational thinking” (Greer and
Mukhopadhyay 2003). Paul Ernest from the University of Exeter in the United
Kingdom presents two perspectives of mathematics, one is the “absolutist”
perspective where maths is viewed “as an objective, absolute, certain and incorrigible
body of knowledge, which rests on the firm foundations of deductive logic.” His other

view is the “fallibilist” philosophy of mathematics where mathematics is viewed as
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“human, corrigible, historical and changing ... the outcome of social processes ... open

to revision” (Ernest 2004b).

Mathematics is often associated with certainty and with being able to get the right
answer. For example, Lampert (1990) suggests that “doing” mathematics means
following the rules laid down by the teacher; knowing mathematics means
remembering and applying the correct rule when the teacher asks a question and a
mathematical “truth” is determined when the answer is ratified by the teacher”
(Lampert 1990). However there appears to be a distinction between mathematics as
a study subject and mathematics that is useful. Thomas Romberg (1992) is of the view
that rather than “passing on a fixed body of mathematical knowledge by telling
students what they must remember and do ... society today needs individuals who
can continue to learn, adapt to changing circumstances, and produce new
knowledge”. He says this mathematical literacy “involves moving beyond a
knowledge of concepts and procedures produced by others to gathering and
interpreting information about open-ended problems, making conjectures, and
building arguments to support or reject hypotheses” (Romberg 1992). Burton’s (2004)
view of mathematics as the “product of people and societies” contrasts with the
commonly held view of mathematics “as objective knowledge, codified and
transmitted inertly and separated from the people who learn and do mathematics”
(Burton 2004). According to Chambers (2008), pure mathematicians are of the view
that mathematics is: “objective facts”; “a study of reason and logic”; “a system of
rigour, purity and beauty”; “free from societal influences”; “self-contained”; and
“interconnected structures”. The purist view of mathematics is that “applications are
inferior to the set of structures that make up pure mathematics” and “mathematics is
a higher-level intellectual exercise, an art form and an example of the creativity of the
human mind”. With a focus on economic success, applications became the most
important part of mathematics in the 1980s when learning how to do mathematics
was perceived to be more important than understanding the underlying principles.
Since then mathematics is often characterised as “a tool for solving problems, the
underpinning of scientific and technological study and providing ways to model real

situations” (Chambers 2008). According to Evans (2000) doing mathematics includes
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processing, interpreting and communicating numerical, quantitative, spatial,
statistical mathematical information in ways that are appropriate for a variety of

contexts (Evans 2000).

Ernest (2010) believes that there is much more to mathematics than numbers and
what is taught in school and that there are many reasons for and capabilities desired
in teaching and learning mathematics. He lists three types of necessary mathematics,
these are: functional numeracy (for successful functioning in society and minimum
requirement for general employment at end of schooling); practical work-related
knowledge (solve industry and work-centred practical problems, not necessary for all)
and advanced specialist knowledge (specialist high school or university mathematics
needed by a minority). He adds that there is also mathematics that has “personal,
cultural and social relevance”. This includes deploying mathematical knowledge and
powers in both posing and solving mathematical problems, being confident in one’s
personal knowledge of mathematics and being able to identify and critique the
mathematics embedded in social, commercial and political systems. Ernest’s last
capability is an appreciation of mathematics as an element of culture including its role
in history, culture and society in general. Ernest lists some of the “big ideas of
mathematics” such as: “pattern; symmetry; structure; proof; paradox; recursion;

randomness; chaos and infinity” (Ernest 2010).

Given the ubiquitous use of information technology in the workplace, Hoyles, Wolf,
Molyneux-Hodgson and Kent (2002) found that mathematical skills in the workplace
are changing and “mathematical literacy” is displacing numeracy in the workplace.
They say that mathematical literacy reflects the skills needed in businesses and the
communication of mathematically expressed decisions and judgements within
businesses (Hoyles et al. 2002). De Lange (2001) defines mathematical literacy as “an
individual’s capacity to identify and understand the role that mathematics plays in the
world, to make well-founded judgments, and to engage in mathematics in ways that
meet the needs of that individual’s current and future life as a constructive,
concerned and reflective citizen” (De Lange 2001). Hoyles, Noss, Kent and Bakker
(2010) introduce the term “techno-mathematical literacies” whereby individuals

“need to be able to understand and use mathematics as a language that will
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increasingly pervade the workplace through IT-based control and administration
systems as much as conventional literacy has pervaded working life for the last
century” (Hoyles et al. 2010). In the context of engineering where mathematics is
regarded as the fundamental undergirding engineering practice, Radzi, Abu, and
Mohamad (2009) are of the view that mathematics “should not merely serve as a
subject that provides only the basic knowledge needed in engineering” but as
importantly, “to inculcate essential and effective critical thinking skills”. Mathematics
oriented thinking skills include “the ability to interpret information presented in a
mathematical manner and to use mathematics accurately to communicate
information and solve problems” (Radzi et al. 2009). Another perspective of
mathematics in engineering is that the engineer’s burden of truth is lighter than that
of the mathematician where truth is nothing less than absolute, generalised proof.
According to Chatterjee (2005) “the unique charm of mathematics in engineering lies
in the many levels and forms in which it is evoked, revoked, used, abused, developed,
implemented, interpreted and ultimately put back in the box of tools, before the final
engineering decision, made within the allotted resources of time, space and money, is

given to the end user” (Chatterjee 2005).

Given the importance of mathematics outside the classroom, mathematics within the
classroom is evolving from “objective knowledge” to being mathematically prepared
for an increasingly technological world. Mathematics curricula and instruction are
being transformed. For example, in the context of the new “Project Maths”’
mathematics curriculum in Ireland, the National Council for Curriculum and
Assessment (NCCA) state that “mathematics is a wide-ranging subject with many
aspects. On one hand, it is about pattern; the mathematics of which can be used to
explain and control natural happenings and situations; it is about logical analysis; and
it provides the basic language and techniques for handling many aspects of everyday
and scientific life. On the other hand, it deals with abstractions, logical arguments,
deduction, calculation and fundamental ideas of truth and beauty, and so it is an

intellectual discipline and a source of aesthetic satisfaction” (National Council for

Curriculum and Assessment 2010a). Rather than assess mathematical knowledge, the

> Project Maths: Major revision of the second level school mathematics curriculum in Ireland.
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OECD Programme for International Student Assessment (PISA) assesses students’
mathematical literacy. Students’ mathematics literacy is assessed in relation to:
content (space and shape, change and relationships, quantity, uncertainty);
competencies (reproduction, connections, reflection) and situations (personal,
educational/ occupational, public, scientific). PISA uses six proficiency levels to
represent groups of tasks of ascending difficulty ranging from level 1 where students
can answer questions involving familiar contexts where all relevant information is
present and the questions clearly defined, up to level 6 where students can
conceptualise, generalise and utilise information based on their investigations and
modelling of complex problem situations (Organisation for Economic Co-Operation
and Development 2009). Another international assessment of students’ mathematics
is the Trends in International Mathematics and Science Study, (TIMSS)G. In the TIMSS
assessment, mathematics is classified into “content domains” and “cognitive
domains”. The 2011 framework has four content domains: number (30%); algebra
(30%); geometry (20%); and data and chance (20%) and three cognitive domains:
knowing (35%); applying (40%); and reasoning (25%) (International Association for

the Evaluation of Educational Achievement 2011).

Rather than present school mathematics in the traditional sense of lists of topics, Niss
(2003) identifies eight competencies in mathematics, these are: thinking
mathematically (mastering mathematical modes of thought); posing and solving
mathematical problems; modelling mathematically (analysing and building models);
reasoning mathematically (proof and proving); representing mathematical entities
(objects and situations); handling mathematical symbols and formalisms;
communicating in, with, and about mathematics and making use of aids and tools
(information technology included). He is of the view that each mathematical
competency has three dimensions: the degree of coverage (the extent to which the
person masters the characteristic aspects of the competence); the radius of action
(the spectrum of contexts and situations in which the person can activate that

competence); and the technical level (how conceptually and technically advanced the

® TIMMS: Trends in International Mathematics and Science Study, an international assessment of the
mathematics and science knowledge of fourth grade and eighth grade students around the world.
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entities and tools are with which the person can activate the competence) (Niss

2003).

2.2.2 Mathematical Thinking

Mathematical thinking is a form of mathematics that that is considered necessary in
many workplaces. According to Breen and O’Shea (2010), mathematical thinking
involves “conjecturing, reasoning and proving, abstraction, generalisation and
specialisation” (Breen and O'Shea 2010). Schoenfeld (1992) is of the view that a
mathematics “curriculum based on mastering a corpus of mathematical facts and
procedures is severely impoverished” and especially lacking in mathematical thinking.
He says that mathematics is multidimensional and he considers metacognition,
beliefs and mathematical practices as critical aspects of thinking mathematically
(Schoenfeld 1992). According to Schoenfeld, “learning to think mathematically means
(a) developing a mathematical point of view — valuing the processes of
mathemisation and abstraction and having the predilection to apply them, and (b)
developing competence with the tools of the trade, and using those tools in the
service of the goal of understanding structure — mathematical sense-making”.
Schoenfeld’s five aspects of mathematical thinking are: the knowledge base; problem
solving strategies; effective use of resources; mathematical beliefs and affects; and
engagement in mathematical practices. The knowledge base includes: “informal and
intuitive knowledge about the domain; facts and definitions, and the like; algorithmic
procedures; routine procedures; relevant competencies; and knowledge about the
rules of discourse in the domain”. Schoenfeld notes the limited capacity of short term
memory and the complexity of accessing information from long term memory
(Schoenfeld 1992). According to Ernest (2011) there are two forms of mathematics
knowledge, these are explicit (theorems, definitions) and tacit (personal know how).
Ernest’s view is that knowledge is usually learned in a social context. He says that the
transfer of learning between contexts often does not take place and that it is the
social context that elicits the skills and knowledge from long term memory (Ernest

2011).
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Problem solving in mathematics is the process of “doing” mathematics and differs
from learning how to do “textbook” problems which are a reinforcement of
knowledge (Ernest 2011). Problem solving strategies are methods or procedures that
guide the choice of skills or knowledge to use at each stage in problem solving and
they offer no guarantee of success. George Pdlya (1945) developed systems of
heuristics and he suggested ways of teaching problem solving strategies to students
(PAlya 1945). Typical stages to problem solving are: understanding the problem:
devising a plan; applying strategies; and reviewing the solution. Ernest (2011) lists the
following thought strategies and processes: “imaging; representing; symbolising;
explaining; describing; discussing; hypothesising; generalising; taking special cases;
classifying; interpreting; rule-making; and proving” as part of the problem solving
process. While problem solving includes cognitive activities such as using and
applying mathematical knowledge, there is also a metacognitive aspect (Ernest 2011).
Metacognition refers to monitoring, self-regulation and resource allocation during
cognitive activity and problem solving. Metacognitive activities include “planning,
controlling and monitoring progress, decision making, choosing strategies, checking
answers and outcomes and so on” (Ernest 2011). Schoenfeld (1992) showed that
students’ problem solving performance is enhanced when engaging in self-monitoring
and controlling activities. While there is little work on the effectiveness of teaching
problem solving strategies to students, Schoenfeld’s work demonstrates that teacher
interventions can raise the level of metacognitive activity and effectiveness in

problem solving among students (Schoenfeld 1992).

Schoenfeld (1992) is also of the view that an individual’s beliefs and affects toward
mathematics impact how and when they use mathematics and engage in
mathematical thinking. The affective domain’ includes a person’s internal feelings,
such as liking of mathematics, confidence in one’s mathematical ability, anxiety
towards mathematics and importance of mathematics. The affective domain in the
context of mathematics learning is discussed in Chapter 3. Experiences in school

mathematics form the basis for the conception, appreciation and images of

” The affective domain: The manner in which people deal with things emotionally, including for
example feelings, values, attitudes and beliefs.
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mathematics constructed by learners. Researchers have found a significant
correlation between teachers’ attitudes and student achievement in mathematics

(Schoenfeld 1992).

Schoenfeld’s fifth aspect of mathematical thinking is engagement in mathematical
practices. While experience gained from engagement in mathematical performances
leads to increased knowledge and confidence, Schoenfeld notes that there is a
considerable difference between school mathematics and the way experts engage in
mathematical practices. He suggest that mathematics classrooms should engage in
practice type mathematics that includes: classroom discussions; defending claims
mathematically, coming to grips with uncertainty; engaging in a science of patterns,
extracting mathematical tools from the solutions of complex problems; reflecting on
thought process; having a mathematical point of view and mathematical sense-

making (Schoenfeld 1992).

2.2.3 Is Mathematics a Special Subject?

There is some evidence to suggest that mathematics is a special subject compared to
other school subjects. According to Smith (2004) it is widely recognised that
“mathematics occupies a rather special position”. He refers to mathematics as “a
major intellectual discipline,” providing “the underpinning language for the rest of
science and engineering and, increasingly, for other disciplines in the social and
medical sciences,” underpinning major sectors of modern business and industry and
providing “the individual citizen with empowering skills for the conduct of private and
social life and with key skills required at virtually all levels of employment” (Smith
2004). Smith identifies what is widely known as the ‘mathematics problem’ where
mathematics education “fails to meet the mathematical requirements of learners,
fails to meet the needs and expectations of higher education and employers and fails
to motivate and encourage sufficient numbers of young people to continue with the
study of mathematics post-16”. He maintains that there is a tendency for schools to
see choosing high level mathematics as a higher risk in terms of outcome than in

many other disciplines (Smith 2004). A study of student participation in upper
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secondary mathematics education in 24 countries found evidence of students
behaving strategically by not choosing mathematics, particularly advanced
mathematics, because it is perceived as being more difficult than other subjects or

one in which it is harder to achieve higher grades (Hodgen et al. 2010).

Compared to most other subjects, mathematics is a “hierarchical subject” where later
learning depends critically on earlier learning and students perfect their technique at
each lower level before they progress to the next level (Chambers 2008; Ridgway
2002). Compared to other subjects, mathematics concepts are more abstract, and
learning the subject involves manipulation of symbols with little or no tangible
meaning (Brown and Porter 1995; Nardi and Steward 2003). Students’ attainment in
mathematics and their attitudes about mathematics are strongly inter-related (Betz
and Hackett 1983; Brown et al. 2008; Carmichael and Taylor 2005; Hackett and Betz
1989; Hannula 2002; Hannula et al. 2004; Nardi and Steward 2003). Many students
see mathematics as being uniquely difficult. For example, a longitudinal study of
students’ experiences of the curriculum in the first three years of their post-primary
schooling in Ireland found that, compared to other Junior Certificate subjects,
students perceive mathematics to be the most difficult and the least interesting
subject (National Council for Curriculum and Assessment 2007). Studies show that
even relatively successful students perceive that they have failed at the subject and
they do not feel that they are good enough to cope with mathematics at more
advanced levels and there are also reports about the perception of “elitism” in
mathematics where only a ‘clever core’ of students are capable of learning
mathematics (Brown et al. 2008; Hodgen et al. 2009; Matthews and Pepper 2007;
Nardi and Steward 2003). Paul Ernest (2009) reinforces this view, he states that the
perception of mathematics “in which an elite cadre of mathematicians determine the
unique and indubitably correct answers to mathematical problems and questions
using arcane technical methods known only to them” puts “mathematics and
mathematicians out of reach of common-sense and reason, and into a domain of
experts and subject to their authority. Thus mathematics becomes an elitist subject of
asserted authority, beyond the challenge of the common citizen” (Ernest 2009). While

Ernest (2009) argues that “higher mathematical knowledge and competence is not

20



needed by the majority of the populace to ensure the economic success of modern
industrialised society” one special value of higher level Leaving Certificate
mathematics in Ireland is that students are awarded a greater number of CAO points

compared to other school subjects.

There is a real disaffection in students towards mathematics and, by extension, other
numerate studies. Skemp (1987) says “not only do we fail to teach children
mathematics, but we teach many of them to dislike it” and he admits that “for too
many children, the word “mathematics” has become a conditioned anxiety stimulus”
(Skemp 1987). Nardi and Stewart (2003) found that the characteristics of classroom
mathematics include: tedium; isolation; rote learning, elitism; and depersonalisation
(Nardi and Steward 2003). It is reported that there is a sense of fear and failure
regarding mathematics among a majority of children (National Council of Educational
Research and Training 2006). In a study of second-level mathematics classroom
practices in Ireland Lyons, Lynch, Close, Sheerin and Boland (2003) found that all
students, regardless of the level of mathematics studied or the type of school
attended, had “a fear of being seen to be ‘wrong’” and many suffered “mathematics
anxiety” when teachers taught at a very fast pace, when teachers were critical of
students who made errors or sought help and when teachers pressurised students to
achieve without giving positive support (Lyons et al. 2003). Jo Boaler (2006) notes the
narrowness by which mathematics success is judged where “executing procedures
quickly and correctly” is valued above all other practices in mathematics learning and
consequently “some students rise to the top of classes, gaining good grades and
teacher praise, while others sink to the bottom with most students knowing where
they are in the hierarchy created” (Boaler 2006). Richard Skemp (1987) asks “why
should anyone want to learn mathematics?” His response is “motivation ... towards
satisfaction of some need” and in the classroom short-term motivations are “the
desire to please the teacher and the fear of displeasing her or him” (Skemp 1987).
Paul Ernest also asks “what is the purpose of teaching and learning maths?” He
believes that the aims of teaching mathematics “can be a hotly contested area.” An
absolutist-like view of “giving students mainly unrelated routine mathematical tasks

which involve the application of learnt procedures, and by stressing that every task

21



has a unique, fixed and objectively right answer, coupled with disapproval and
criticism of any failure to achieve this answer” lead to “mathephobia” or a feeling that
“mathematics is cold, hard, uncaring, impersonal, rule-driven, fixed and

stereotypically masculine” (Ernest 2004b).

Mathematics is a minority subject whereby only minorities of students take the
subject at higher level compared to other subjects. For example, in Ireland only 16%
of all Leaving Certificate mathematics students (and 14% of all Leaving Certificate
students) take the higher level option compared to 64% for English, 32% for Irish, 66%
for History; 78% for Geography; 75% Biology and 76% for Art. The number of higher
Leaving Certificate mathematics students is approximately the same as the number of
students taking higher level Art (State Examinations Commission 2011a). An
international comparison of upper secondary mathematics education found that
fewer than 20% of pupils in the United Kingdom take mathematics in any form during
the “upper secondary” years. The study found that in the eight countries where all
students (95-100%) study mathematics the subject is compulsory for all upper
secondary students; these countries are the Czech Republic, Estonia, Finland, Japan,
Korea, Russia, Sweden and Taiwan. On the other hand, mathematics is entirely
optional in the four United Kingdom countries, Australia, Ireland and New Zealand
once a minimum level is reached. The study also found that participation in advanced
mathematics in upper secondary school is low (0-15%) in Germany, Ireland, Russia,
Spain, England, Wales and Northern Ireland; is medium (16-30%) in Australia, Estonia,
Finland, France, Sweden, USA (Massachusetts) and Scotland; and is high (31-100%) in
Japan, Korea, New Zealand, Singapore and Taiwan. The study also observed that in
countries where participation is higher in advanced mathematics, it generally follows
that participation in any mathematics is also higher - at least in countries where
upper secondary general education is not targeted to a relatively small elite (Hodgen

et al. 2010).
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2.3 LEARNING MATHEMATICS

A research question in this study is to query if there is a relationship between
students’ experiences with school mathematics and their choice of engineering as a
career. This requires consideration of the theories of mathematics learning and

mathematics teaching.

2.3.1 Mathematics Learning Theory

Research literature shows that there are a variety of different general learning
theories that are applied to mathematics learning. Mathematics is often described as
a hierarchical subject, where later learning depends on understanding of earlier
concepts (Chambers 2008). Skemp (1987) asserts that “the amount which a bright
child can memorise is remarkable, and the appearance of learning mathematics may
be maintained until a level is reached at which only true conceptual learning is
adequate to the situation. At this stage the learner tries to master the new tasks by
the only means known — memorising the rule for each kind of problem. That task
being now impossible, even the outward appearance of progress ceases, and, with
accompanying distress, another pupil falls by the wayside” (Skemp 1987). Skemp
(1987) also asserts that “mathematics is the most abstract, and so the most powerful
of all theoretical systems” where “more abstract means more removed from
experience of the outside world”. Skemp believes that “mathematics cannot be learnt
directly from the everyday environment, but only indirectly from other
mathematicians”. He says that mathematics learning is “very dependent on good
teaching” and that “to know mathematics is one thing and to be able to teach it — to
communicate it to those at a lower conceptual level — is quite another; and | believe it

is the latter which is most lacking at the moment” (Skemp 1987).

Most mathematics learning theories refer to Jean Piaget whose work established
constructivism as a leading theory in mathematics learning (Chambers 2008; Ernest
2011; Jaworski 2002; Zimmerman and Schunk 2003). Constructivism is founded on
Piaget’s belief that learning is an active process whereby new knowledge is

accommodated into previously understood knowledge. Piaget (1896-1980) identified
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four stages of learning through which people progress from birth to adulthood, these
are: sensor-motor (up to 2 years); preoperational (2 to 7 years); concrete operational
(7 to 11 years) and formal operational ( 11 years and older). Teaching involves using
methods that are appropriate to a child’s stage of development and children move
through these levels in the defined order; they cannot skip a stage. Constructivism is
based on the theory that thinking is an internalised activity and that new knowledge
is constructed based on experiences. When a child encounters a learning experience,
mental structures or schemas are constructed to represent perceptions of what they
experience. New experiences result in new schemas or the reinforcement or
modification of existing schemas. Assimilation is the process where new knowledge is
fitted into existing schemas and accommodation is the process of adapting schemas
to fit new perceptions (Chambers 2008; Ernest 2011; Jaworski 2002; Zimmerman and

Schunk 2003).

Deriving from Piaget’s work, Lev Vygotsky developed a theory of social constructivism
based on the idea that social interaction with others provides the foundation for
individuals coming to understand ideas for themselves (Vygotsky 1978). Social
constructivism adds the dimension of language and communication to Piaget’s idea of
learning through constructing new understanding. In Vygotsky’s theory of learning, he
links the content that is learned with the social context in which it is learned. He
suggests that thought and thinking depend on language that is acquired in discussion
and conversation with others. According to Vygotsky learning is fundamentally a
social process whereby knowledge exists in a social context and is initially shared with
others instead of being represented solely in the mind of an individual. He says that
the stimulus for learning comes from outside the individual and the individual’s
construction of knowledge is secondary to the social context. Building on this theory,
Vygotsky developed the idea of the student’s zone of proximal development which he
defines as “the distance between the actual development level as determined by
independent problem-solving and the level of potential development as determined
by problem-solving under adult guidance, or in collaboration with more capable
peers” (Vygotsky 1978). According to this view, there is a difference between what

learners could achieve by themselves and what they could do with assistance from a

24



skilled person. Vygotsky highlights the key role of teachers in mathematics learning
whereby skills are developed through the interaction and guidance of teachers, who
provide scaffolding on which students construct their learning. Scaffolding is a means
whereby a more skilled person imparts knowledge to a less skilled person through
language and communication. Vygotsky findings suggest that learning environments
should involve interaction with experts and that discussion between teacher and
students and amongst students themselves enhance students’ mathematical thinking

and communication (Vygotsky 1978).

2.3.2 Effective Mathematics Teaching

Vygotsky’s theory of social constructivism suggests that understanding and social
interaction are key components of effective mathematics learning. Accordingly
teacher interaction with the learner is essential for effective mathematics teaching.
Learning mathematics is an active process where learners engage in tasks and make
sense of concepts rather than just passively receive facts and skills. It is up to teachers
to structure tasks that present an appropriate challenge for learners to engage in.
Mason and Johnston-Wilder (2004) hold that mathematics learners require: “relevant
experiences from which to extract, abstract and generalise principles, methods and
ways of working with mathematics; stimuli appropriate to the concepts to be worked
on; and a supportive and compatible social environment in which to work” (Mason

and Johnston-Wilder 2004).

Mathematics has a number of dimensions, including: developing knowledge and
skills; applying mathematics in a range of contexts; relating mathematical ideas to
each other; and expressing mathematics. It is the teacher’s task to facilitate this
learning. For example, Pietsch (2009) says that “mathematics teachers need to be
comfortable with a wide range of mathematical abstractions, techniques, concepts,
ideas and generalisations”. They also “need to feel comfortable working with
individuals, with people who are fundamentally unpredictable, beyond complete
understanding, each person representing a unique exemplar of multiple overlapping

abstractions” (Pietsch 2009). One reason advanced to explain the decline in
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mathematical competencies of students in Ireland is the number of untrained and
under-qualified teachers of mathematics. It is estimated that only 20% of Leaving
Certificate mathematics syllabus is taught by those with degrees in the subject. One
concern about unqualified teachers is that they fear having to teach mathematics and
consequently “the problem-solving power and logical basis of mathematical
manipulations is often lost and replaced by attempts by students to learn by rote and
memorise numerous sets of complex rules”. Another concern about higher level
Leaving Certificate mathematics is that the course is considered too long and offered
too much choice resulting in both teachers and students omitting significant parts of

the course (Irish Academy of Engineering 2004).

According to Vygotsky’s theory of social constructivism, the method by which
students construct their own meaning based on accommodating new ideas into their
already understood set of knowledge, understanding is critical in mathematics
learning. Teaching for conceptual understanding requires a radically different
approach compared to teaching for skill development. It is claimed that many
teachers overstress methods, routine tasks and skills at the expense of long term
learning strategies and that consequently students are poor at transferring their skills
(Pietsch 2009). For example, in Ireland mathematics teachers generally rank lower-
order abilities (e.g. remembering formulae and procedures) more highly and higher-
order abilities (e.g. providing reasons to support conclusions, thinking creatively and
using mathematics in the real world) less highly: than do teachers in many other
countries (Lyons et al. 2003). Schoenfeld recommends a shift from memorising
towards conjecturing and mathematical reasoning (Schoenfeld 1992). Vygotsky’s
theory regarding students’ zone of proximal development suggests that mathematics
teachers should present students with the right level of challenge and teachers

should assist students perform tasks just beyond their current level of understanding.

The key to Vygotsky’s theory of social constructivism is the idea that learning is
constructed in a social context and that classroom discussion, rather than the
teachers’ transmission of knowledge, is an essential part of mathematics learning.
Developing specific mathematical forms of discourse that can be internalised by

individual students is an important part of effective mathematics teaching (Pietsch
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2009). In Ireland there is little evidence of group work, individualised work, whole
class discussion or reflection in mathematics classrooms (Lyons et al. 2003).
Classroom discussion, dialogue and collaboration are critical components of social
constructivist theory of mathematics learning. Dialogical classrooms, while
challenging teachers, allow students to ask questions and consider different
perspectives, create rich learning environments. Collaborative learning, where a
group of students work together dealing with different perspectives and a common
goal, encourages interaction between students. The peer tutoring element of
collaborative learning benefits both students who are tutoring as they are
encouraged to clarify their own thinking and those who are being tutored as they can
address their areas of misunderstandings. Collaborative learning opportunities
encourage students to verbalise their ideas and challenge other students (Pietsch

2009).

There are numerous mathematics classroom teaching practice views and the majority
of these recommend a shift away from isolated facts and memorisation of procedures
and a move towards conceptual understanding and problem solving (Chambers 2008;
Jaworski 2002; Pietsch 2009; Schoenfeld 1994; Watson and Mason 2008). The
National Council of Teachers of Mathematics (NCTM) in the U.S. is probably the most
active initiative aimed at reforming school mathematics teaching. The NCTM released
standards for school mathematics in 1989; these were subsequently updated and re-
released in 2000 and they are called “Principles and Standards for School
Mathematics”. The NCTM’s Principles and Standards for School Mathematics
highlight students’ need to learn mathematics with understanding by actively building
new knowledge from existing knowledge and experience. The council also highlights
the need to focus on “important mathematics” that will prepare students for
continued study and for solving problems in a variety of school, home and work
settings (National Council of Teachers of Mathematics 2000). The NCTM present six
principles and ten standards to guide teachers who seek to improve mathematics
education in their classrooms and schools. The six principles for school mathematics
address overarching themes of: Equity (“excellence in mathematics education

requires equity-high expectations and strong support for all students”); Curriculum
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(“a curriculum is more than a collection of activities: it must be coherent, focused on
important mathematics and well-articulated across the grades”); Teaching (“effective
mathematics teaching requires understanding what students know and need to learn
and then challenging and supporting them to learn it well”); Learning (“students must
learn mathematics with understanding, actively building new knowledge from
experience and prior knowledge”); Assessment (“assessment should support the
learning of important mathematics and furnish useful information to both teachers
and students”; and Technology (“technology is essential in teaching and learning
mathematics; it influences the mathematics that is taught and enhances students’
learning”) (National Council of Teachers of Mathematics 2000). In the teaching
principle the NCTM confirms that “students’ understanding of mathematics, their
ability to use it to solve problems and their confidence in and disposition toward
mathematics are all shaped by the teaching they encounter in school”. For teachers
to be effective, they “must know and understand deeply the mathematics they are
teaching and be able to draw on that knowledge with flexibility in their teaching tasks
. make curricular judgments, respond to students’ questions, and look ahead to
where concepts are leading and plan accordingly ... need to know the ideas with
which students often have difficulty and ways to help bridge common
misunderstandings”. Because “students learn by connecting new ideas to prior
knowledge, teachers must understand what their students already know”. Teachers
need to establish and nurture an environment conducive to learning mathematics
that “encourages students to think, question, solve problems and discuss their ideas,
strategies and solutions”. Teachers who engage in effective teaching motivate
students to engage in mathematical thinking and reasoning and provide learning
opportunities that challenge students at all levels of understanding”. The NCTM note
that learning mathematics without understanding is a big problem and a major
challenge in mathematics education (National Council of Teachers of Mathematics
2000). Conceptual understanding is an important component of mathematics
proficiency and mathematics makes more sense and is easier to remember and to
apply when students connect new knowledge to existing knowledge in meaningful
ways (Schoenfeld 1988). The NTCM present that classroom interactions, problem

solving, reasoning and argumentation enhance mathematics learning with
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understanding (National Council of Teachers of Mathematics 2000). The NCTM’s ten
standards describe what mathematics instruction should enable students to know
and do. These ten standards are divided into two groups titled Content and Process.
The five Content Standards (Number and Operations, Algebra, Geometry,
Measurement, Data Analysis and Probability) explicitly describe the curriculum or the
content students should learn in their mathematics classes. The five Process
Standards (Problem Solving, Reasoning and Proof, Communication, Connections, and
Representation) are interwoven throughout the curriculum to provide a context for
learning and teaching mathematical knowledge. The NTCM present that by learning
problem solving in mathematics, students develop new mathematical understandings
and they acquire ways of thinking, habits of persistence and curiosity and confidence
in unfamiliar situations. When engaged in problem solving students develop
metacognition and they frequently monitor their progress and adjust their strategies
accordingly. Reasoning and proof include: developing ideas; exploring phenomena;
justifying results (arguments consisting of logically rigorous deductions or
conclusions); and using mathematical conjectures (informed guessing). The NCTM
confirms that communication is an essential part of mathematics and mathematics
education in that it is a way of sharing ideas and clarifying understanding. When
students are challenged to think and reason about mathematics and to communicate
the results of their thinking to others orally or in writing, they learn to be clear and
convincing and they also develop new levels of understanding mathematics. The
NCTM believes that communicating mathematics is neglected in mathematics
education. It holds mathematics is an integrated field of study and that mathematical
connections to contexts outside of mathematics should be part of students’
mathematics learning experiences. By emphasising mathematical connections,
students build a disposition to use connections in solving mathematical problems
rather than see mathematics as a set of disconnected, isolated concepts and skills.
Another contribution from the NTCM is that the ways in which mathematical ideas
are presented are fundamental to how people can understand and use those ideas.
Diagrams, graphs and symbolic expressions are not ends in themselves but rather are
supports to students’ understanding of mathematical concepts, communicating

mathematics, recognising connections and applying mathematics to realistic problem
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situations. When students gain access to mathematical representations they have a
set of tools that significantly expand their capacity to think mathematically.
Technological tools offer students opportunities to use new forms of representations
and they allow students to explore complex models of situations. The NCTM
maintains that students’ use of representations to model physical, social and
mathematical phenomena should grow through their school years (National Council

of Teachers of Mathematics 2000).

While constructivism provides the theoretical basis for mathematics education
generally, there is a more recent view in research literature whereby “all of the goals
of mathematics education do not need to be achieved through the processes of
personal construction and not all the mathematics students learn needs to be
invented by students” (English 2007). English (2007) holds that studies of the nature
and role of mathematics used in the workplace and other everyday settings should
contribute to how students are taught mathematics. Her view is that the increasing
sophistication and availability of new technologies is changing the nature of the
mathematics needed in the workplace. Students’ future lives involve a world
governed by complex systems and the body of research on complex systems and
complexity theories should have an impact on mathematics education. Complexity is
the study of systems of interconnected components whose behaviour cannot be
explained solely by the properties of their parts but from behaviour that arises from
their interconnectedness. In order for students to be able to deal with such complex
systems beyond school, they need to learn the following abilities: “constructing,
describing, explaining, manipulating and predicting complex systems; working on
multi-phased and multi-component projects in which planning, monitoring and
communicating are critical for success; and adapting to ever-evolving conceptual
tools and resources”. English holds that these abilities can be developed through
mathematical modelling. She defines models as “system of elements, operations,
relationships and rules that can be used to describe, explain or predict the behaviour
of some other familiar system”. The inclusion of real-world problems that involve

data handling, statistical reasoning and mathematical modelling and applications in
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school mathematics curricula would equip students for a rapidly advancing and

exciting technological world (English 2007).

Another major factor in mathematics learning concerns the affective domain which is
explored in more detail in Chapter 3. The affective domain is that area of causes
internal to a person that drives their behaviours and includes attitudes, feelings,
beliefs, confidence and values. “There is a common and reasonable belief that
positive attitudes, particularly liking for, and interest in, mathematics, lead to greater
effort and in turn to higher achievement ... affective learning outcomes — such as
enjoyment, enthusiasm, fascination, appreciation — may be taken into account
alongside the more cognitive aspects of learning mathematics which are measured in
terms of achievement” (Costello 1991). A study of high achievers in mathematics
found that for almost two thirds of the students mathematics was their favourite
subject. Being good at mathematics and the ability to get 100% marks in tests were
the main reason for students’ enjoyment of mathematics. Some people enjoyed
mathematics for other reasons including: the “beauty” of the subject; the logical
nature of the subject; the clear cut answers; the challenge of problem solving;
satisfaction from problem solving and the pleasure of figuring something out that was
not initially obvious. The students were generally highly motivated and thrived on
challenges. The most exciting mathematics came from opportunities to do advanced
mathematical work with mathematically talented peers outside of school. The
majority of the students were interested in pursuing a mathematics related career
(Leder, 2008). However in Ireland, mathematics learning is often associated with a
belief that mathematics is boring and difficult (National Council for Curriculum and

Assessment 2007).

2.4 ENGINEERING CAREER CHOICE

Engineering career choice is a central theme in this study. There is considerable
evidence in published literature to show that in spite of good career prospects, there
has been a decline in both the study of mathematics in schools and engineering at
university level. This trend is common to the United States, Australia, Europe, the

United Kingdom and Ireland (Elliott 2009; Forfds 2008; King 2008; McKinsey 2011;
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Organisation for Economic Co-Operation and Development 2010). Mathematics,
misunderstandings about what engineers do and their invisibility as a profession and

financial reward are some of the reasons offered for the decline.

While the selection of a career made during students’ senior school years is among
the most critical in a person’s lifetime, there are many factors that enter into the
selection of a career including: the choices a person makes (e.g. school subject
choice); the values a person holds; the successes and failures a person experiences;
the social class in which a person has developed; and the interests, strengths, and
capacities of the person (Ginzberg et al. 1951). According to Ginzberg, Ginsburg,
Axelrad, and Herma (1951), career development may be viewed as an evolutionary
process comprising three periods: fantasy; tentative and realistic. In the fantasy
period, the impulses and momentary needs of a young child are translated into career
choices without any realisation of facts regarding the occupation. During this period,
the child begins to role-play these occupations while the family responds with
attitudes toward both the behaviours and the occupations and this plays an
important role in influencing the child during the fantasy period. The child is typically
aged 11 to 17 years in the tentative period and career choices are based on personal
criteria: interests; abilities; and values. During this time adolescents begin to evaluate
the occupational activities available, the traits of the people in those occupations and
the attitudes of others towards those people and occupations. The adolescents
consider the things they enjoy or are interested in doing, their abilities and talents,
salary, satisfaction specific occupations offer, work schedule and other value-related
facets. In the realistic period, which is the early years of adulthood, the individual
begins to balance the personal criteria with the opportunities, requirements, and
limitations of the occupations presented in society. It is during this period that the
individual determines the specific career choice or the area in which they choose to
work. The individual's choice is a compromise of interests and abilities, as well as

satisfying values and goals as much as possible (Ginzberg et al. 1951).

Roberts (2002) attributes low engineering enrolments to “poor experiences of science
and engineering education among students generally, coupled with a negative image

of and inadequate information about, careers arising from the study of science and
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engineering” (Roberts 2002). Social cognitive career theory posits that greater
knowledge of occupation specialities and greater match between one’s image of a
career and one’s self-identity are each associated with greater confidence in career
choice (Lent et al. 2002). However Knight and Cunningham in their “Draw an Engineer
Test” found that many students, especially younger students, associate engineers
with fixing car engines, construction work and with being male (Knight and
Cunningham 2004). Studies of young people’s perceptions of engineers generally
show that engineers’” work is viewed as fixing, building, making or working with
vehicles, engines, buildings and tools and engineers are generally male. Such
misconceptions and stereotypes about engineering make it more difficult to attract
students to engineering (Capobianco et al. 2011; Oware et al. 2007a; Oware et al.
2007b). Research literature also shows that even many students in engineering
education are not familiar with different career choices (Shivy and Sullivan 2003).
While there are many reports highlighting the shortage of people qualified in science,
technology, engineering and mathematics (Brown et al. 2008; McWilliam et al. 2008;
National Academy of Sciences et al. 2010; Smith 2004), Prieto, Holbrook, Bourke,
O’Connor and Husher (2009) note that many of these reports focus on symptoms
such as shortages of engineers and fewer students taking science and higher level
mathematics in secondary school rather than the causes. They say that the multiple
meanings and the wide range of contexts in which engineering takes place lead to
misconceptions, mystification and misunderstandings about what engineers do and
to a decline in university enrolments in engineering education (Prieto et al. 2009). In
their review of research literature on students’ interest in mathematics, science and
engineering leading to enrolment in engineering education, Prieto, Holbrook, Bourke,
O’Connor and Husher (2009) found four main influences contributing to poor
enrolments in engineering degrees. These are national investment, sources of
information, education and perceptions of the profession. They say that students’
image of the engineering profession comes from their parents, family relations and
school career advisor. They present a consensus that “college graduates who become
teachers have somewhat lower academic skills on average than those who do not go
into teaching” and that significant percentages of middle school mathematics and

science teachers do not have a major or minor in those subjects. Consequently
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students’ mathematics and science learning is compromised. They say that when they
draw all the factors together that raising students’ interest in mathematics and
science and relating these subjects to engineering is of critical importance. They
believe that enriching the mathematics and enabling sciences experience for students
holds the key to increasing enrolments in engineering education (Prieto et al. 2009).
Similarly, McWilliam, Poronnik and Taylor (2008) are of the view that engaging
students in mathematics and science is crucial to their interest in such careers and
they say that “schools and universities whose curriculum, pedagogy and assessment
remain ‘outside’ will be increasingly irrelevant to the modes of learning and social
engagement that young people choose and to the future of their work” (McWilliam et

al. 2008).

Becker (2010) looks at the changing role of engineers and technology and he says that
young people “simply do not see it as attractive enough compared to other options”
and that “society and the business world send a host of psychological and financial
signals that contradict their claims to foster science and technology”. Becker claims
that engineering has changed from the second half of the nineteenth century, when
the challenge was to develop “working innovations”, to the current challenge which is
“to prevail in an intensively competitive market where a wide array of non-technical
factors determine success”. He says that current technological performance has
become invisible and that engineering primarily involves the computer screen. He
adds that “direct hands-on technology experience is nearly impossible in the
everyday environment; thus, eliminating a strong incentive for pursuing it” and that
“the gap between technology nerds and technology users has widened”. Becker
believes that a bachelor’s engineering curriculum is not relevant for the labour
market but instead it is a theoretical foundation for a master’s degree. Becker notes
that in 2010 only 25% of Siemens’ managing board members were scientists and
engineers, while in 2001 the percentage was 64%. Becker is of the view that young
people know what type of education will lead them to the top positions in companies
and in society (Becker 2010). Similarly, Duderstadt (2008) asserts that students “sense
the eroding status and security of engineering careers and increasingly opt for other

more lucrative and secure professions such as business, law and medicine”. He also
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notes that engineers no longer occupy positions in business and government and he
says this is because neither the engineering profession nor the educational system
supporting it has kept pace with the changing nature of the “knowledge-intensive
society and the global marketplace”. Duderstadt (2008) asserts the need “to
transform engineering practice from an occupation or a career to a true learned
profession, where professional identity with the unique character of engineering
practice is more prevalent than identification with employment”. He suggests that
engineers “would increasingly define themselves as professionals rather than
employees. Their primary markets would be clients rather than employers. And
society would view engineering as a profession rather than an occupation”

(Duderstadt 2008).

Given the underrepresentation of women in engineering, much of the available
research on engineering career choice relates to women’s participation in
engineering. In Ireland, approximately 20% of undergraduate entrants to university
engineering courses each year are women (Higher Education Authority 2010).
Similarly women represent approximately 20% of bachelor’s degrees awarded in
engineering in the United States of America (National Science Foundation 2010).
Morgan, Isaac and Sansone (2001) found that women are significantly less likely to
enter physical/ mathematical science careers than men and women are also
significantly less likely to enter physical/ mathematical science careers than enter
social services or medical careers. This is because students’ perception is that careers
in physical/ mathematical science areas are less likely to offer interpersonal rewards
and more likely to offer extrinsic rewards when compared to social service careers
and medicine (Morgan et al. 2001). A 20-year follow-up study of mathematically
gifted adolescents also showed that males as a group were heavily invested in the
inorganic sciences and engineering and that there was greater female participation in
the “medical arts and biological sciences as well as the social sciences, arts and
humanities”. The findings show that males placed greater weight on securing career
success and females’ priorities included career, family and friends. The study also
found that “those with exceptional mathematical abilities relative to verbal abilities

tend to gravitate toward mathematics, engineering and the physical sciences, while

35



those with the inverse pattern are more attracted to the humanities, law and social
sciences” (Benbow et al. 2000). Lubinski and Benbow (2006) say that mathematically
precocious females, more often than mathematically talented males, are “endowed
with talents that enable them to excel with distinction in domains that require highly
developed verbal-linguistic skills”. Lubinski and Benbow note that these skills give
career flexibility which is useful in “navigating today’s multidimensional work
environments”. They say that women are well suited to working in interface areas
that form connections with multiple disciplines (Lubinski and Benbow 2006). In a
study of graduates who didn’t come from the pool of mathematically gifted students,
it was found that male scientists have “exceptional quantitative reasoning abilities,
relatively stronger quantitative than verbal reasoning ability, salient scientific
interests and values, and, finally, persistence in seeking out opportunities to study

scientific topics and develop scientific skills” (Lubinski et al. 2001).

Many studies of the disproportionately low numbers of women compared to men in
engineering education and in engineering careers concern women’s mathematical
self-efficacy. According to Albert Bandura’s social cognitive theory, individual’s beliefs
about their competencies in a given domain affect their choices. Self-efficacy
perceptions come from past experiences, observing others, encouragement and
emotions (Bandura 1986). A study by Betz and Hackett (1981) found that the
strongest predictors of the range of career options were interests and self-efficacy.
Self-efficacy expectations are one’s beliefs concerning one’s ability to successfully
perform a given task or behaviour. Self-efficacy expectations are “viewed as both
learned and modified via four types of information: (a) performance
accomplishments; (b) vicarious learning; (c) emotional arousal, for example anxiety in
response to a behaviour or set of behaviours; and (d) verbal persuasion, for example
encouragement or discouragement” (Bandura 1986). Betz and Hackett found that the
occupation perceived as most difficult among males was that of physician while
among females was engineer. The occupation that received the most divergent
ratings for the sexes was that of engineer, “70% of males but only 30% of females felt
they could successfully complete its educational requirements”. The significant sex

differences in self-efficacy with regard to occupations such as engineer and
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mathematician were not paralleled by significant sex differences in ability. Betz and
Hackett suggested that “women’s lower self-efficacy expectations with regard to
occupations requiring competence in mathematics may be due to a lack of
experiences of success and accomplishments, a lack of opportunities to observe
women competent in math, and/ or a lack of encouragement from teachers or
parents” (Betz and Hackett 1981). Lent, Brown and Larkin (1986) also found that self-
efficacy is predictive of important indexes of career entry behaviour such as college
choices and academic performance (Lent et al. 1986). Social cognitive career theory,
which grew out of Bandura’s social cognitive theory, posits that “academic and career
choice goals and actions are seen as being influenced largely by interests, self-efficacy
and outcome expectation as well as by the environmental supports and barriers that
people have experienced or expect to experience in relation to particular choice
alternatives” (Bandura 1986; Lent et al. 1994). Many studies show that women’s
mathematical self-efficacy is significantly lower than men’s perceptions of their
capability to succeed in mathematics and this is a major influence on career choice
(Correll 2001; Lgken et al. 2010; Zeldin and Pajares 2000). Shelley Correll (2010)
presents a social psychological model of career choice whereby students must believe
they have the skills necessary for a given career in order to persist on a path leading
to that career. In her study of high school students, Correll found that because males
assess their mathematical competence higher than their otherwise equal female
counterparts, they are more likely to pursue activities leading to a career in science,
mathematics and engineering. She says that “boys do not pursue mathematical
activities at a higher rate than girls because they are better at mathematics. They do
so, at least partially, because they think they are better” (Correll 2001). Lgken,
Sjoberg and Schreiner found that girls who do choose science, technology,
engineering and mathematics (STEM) related careers are highly motivated for success

and they often have positive childhood experiences with STEM (Lgken et al. 2010).

Morgan, Isaac and Sansone (2001) in their study of college students found that while
women were less likely to choose physical/ mathematical science careers than men,
the perceived “interestingness of a career” was a significant predictor of career

choice for both male and female college students even when perceived competence
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of related school subjects was controlled. They say that “real or anticipated
experience of interest when engaged in career-related activities is a critical influence
on career choice” (Morgan et al. 2001). Hardré, Sullivan and Crowson (2009) studied
how rural high school student’s self-perceptions and environmental perceptions
influence their course-related interest, school engagement and post-graduation
intentions. They found that teacher support predicated student interest in subject
matter. Learning goals, perceived competence and instrumentality (“learner’s
tendency to ascribe worth and benefits to knowledge and skills in the domain, which
in turn influences attention, engagement and investment”) demonstrated strong
influences on interest and the likelihood of pursuing postsecondary education
(Hardré et al. 2009). Maltese and Tai, in their study of graduate students’ interest in
science, found that interest in science begins before middle school. In that study the
majority of females stated that their interest in science was sparked by school-related
activities and for males it was mostly “self-initiated activities” (Maltese and Tai 2010).
In another study Maltese and Tai found that the majority of students who choose
STEM careers make that choice during high school and that choice is related to their
interest in mathematics and science (Maltese and Tai 2011). While Matusovich,
Streveller & Miller (2009) say that what is lacking in research findings is an
understanding about why students choose engineering careers and their case study
analysis investigated how students’ motivational values contributed to their choices
to enrol and persist in engineering education. They found four values: attainment;
cost; interest; and utility. Attainment is one’s self-identity as an engineer. Cost
concerns the effort and sacrifices required to become an engineer. Interest is about
enjoyment of activities thought to be associated with engineering and utility is the
perceived usefulness of an engineering degree. It was found that all four values
influence engineering career choice but that students’ choice of engineering is
primarily related to “students’ sense of self” or attainment value. While attainment
value concerns one’s sense of identity of becoming an engineer, a student’s reason
for pursuing (or not pursuing) engineering is related to the student becoming the type
of person who is an engineer (Matusovich et al. 2009). Similarly Sjoberg and Schreiner
in their study of how young people in different cultures relate to science and

technology found that the more emancipated a society and the greater the range of

38



alternatives that a highly differentiated labour market offers young women, the less
likely they will be inclined to opt for professions they do not wish to identify with

(Sjoberg and Schreiner 2011).

Engineering career choice was much more popular in 1985 than it is today. The
results of a study, conducted by Purdue University in the USA in 1985, found that the
challenge of engineering work, salary, creativity and a liking for problem solving were
of central importance to students’ choices to pursue engineering careers at that time
(Jagacinski et al. 1985). However since 1985 major changes have occurred within
engineering fields. Also since 1985, there has been a huge “social change” with
respect to the supply of students to universities whereby students choose non-
traditional subjects in favour of science and technology subjects (Heywood 2005). In
the past 30 years, the Irish education system has also experienced huge change. For
example, when the Irish CAO system (competitive points system for entry to third
level education in Ireland based on Leaving Certificate grades) was conceived in 1977,
only 5 universities and 69 courses were part of the system, compared to 2008 when
44 higher education institutions (universities and institutes of technology®) offered
778 degree courses and 407 diploma and certificate courses (Central Applications
Office 2008). Heywood (2005) says that one consequence of the change in both
engineering and education is that entry requirements into engineering studies, as
measured by grades in public examinations, have reduced. Consequently science and
engineering departments in universities have to adapt to the new student intake. The
mathematical ability of students entering engineering is a concern for both direct
entry to engineering degree programs and for students progressing to engineering via
technician courses®. Interventions such as attempts to improve school mathematics
grades, introduction of engineering science subjects in schools, students’
participation in engineering projects activities and students’ exposure to engineering

role models have not regenerated students’ interest in engineering careers

® Institutes of Technology form part of third level education in Ireland. They operate a unique system in
that they allow students to progress from two year programmes (level 6) and three year programmes
(level 7) to primary degree and postgraduate qualifications.

®In Ireland students who achieve high grades in technician courses (level 6) can subsequently enrol in
year 3 of engineering degree courses (level 8) and thus bypass the minimum requirement of 55% in
higher level Leaving Certificate mathematics.
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(Heywood, 2005). Heywood believes that interventions in schools can help teachers
acquire knowledge that will better prepare and excite students about engineering
careers. Heywood asserts that even though we live in a technological society, that
“engineering departments possess a vast knowledge that is not readily available to
school teachers”. He suggests new types of degrees in which students undertaking an
engineering program can also obtain teacher certification. Heywood is also of the
view that raising the status of design and technology in schools is difficult when

students perceive engineering jobs as “unglamorous” (Heywood, 2005).

A longitudinal study of engineering undergraduate students found that students’
views of themselves as future engineers include “being good in math and science,
being communicators, being good at teamwork and enjoying activities they believe
engineers do, doing problem-solving and having/ applying technical knowledge”
(Matusovich et al. 2009). Mathematics is perceived to be the “the key academic
hurdle” in the supply of engineering graduates (Croft & Grove, 2006; King, 2008). At
the same time the idea that engineers need to be good at mathematics is being very
effectively communicated (Baranowski and Delorey 2007). For example, Craig Barrett,
former Chairman of Intel Corporation came to Ireland in February 2010 to speak
about Ireland's economy and how he sees education as one of the key solutions to
Ireland’s current economic woes. In his ten-point plan for economic recovery, Barrett
told the Irish people that their “future relies on a critical mass of maths and science
skills”. He gave the same message to the American people: “America’s economic
future lies with its next generation of workers and their ability to develop new
technologies and products. This means we must strengthen math and science
education in the U.S” (Barrett 2008). Engineers Ireland, the body that accredits
engineering degree programmes in the Republic of Ireland, also emphasises the
importance of mathematics in engineering. Engineers Ireland specifies that
engineering degree students must have a minimum of grade C3 (55%) or better in
higher level Leaving Certificate mathematics or an equivalent mathematics grade

approved by the body (Engineers Ireland 2012).

Students’ difficulty with higher-level school mathematics is considered to be a major

contributor to the declining number of entrants to engineering degree courses
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(Bowen et al. 2007; King 2008; Prieto et al. 2009). In a review of the literature in
engineering education, James and High (2008) maintain that mathematics is “believed
to be one of the confounding variables tripping students in their learning” of
engineering. However they were unable to answer the following question: “is there a
correlation between people choosing engineering as their field of study and those
who enjoy applications of mathematics?” (James and High 2008). Similarly Ifiok
Otung, from the University of Glamorgan, questions the “wisdom of scaring away
potentially successful engineers with a mathematical content that is rarely used
during the career of 98% of practitioners” (Otung 2002). According to Smith (2004)
many of the problems identified across science and engineering manifest themselves
most acutely in the area of mathematics. He expresses a deep concern about many
young people’s perception of mathematics as being “boring and irrelevant” and “too
difficult, compared with other subjects” (Smith 2004). Winkelman (2009) maintains
that “mathematics bestows its practitioners with intellectual status” and
consequently serves as a gatekeeper to engineering education. He is of the view that
mathematics, when detached from engineering, runs the risk of alienating students
(Winkelman 2009). Lynch and Walsh (2010) observed that first preference
applications for level 8 engineering degree courses in Ireland have fallen from
nineteen per cent of the total student cohort in 2000 to nine per cent in 2010. In their
longitudinal study of secondary school students, they noted a significant shift away
from engineering careers as students progressed through second level school. They
observed that engineering was the only career sector to show such a drastic decline
in popularity across second level. A significant finding of the study was that the
minimum mathematics requirements for entry into engineering education
contributed to students’ hesitancy to pursue engineering degree courses. It was also
found that students’ “interest in and self-efficacy in regard to, a particular second
level subject had a significant influence on their decision to apply for their chosen
third level course”. It was noted that male students opted for courses that they
perceived had better career prospects while female students noted personal interests
and occupational status as their main career influencers (Lynch & Walsh, 2010).
However an analysis of the 2009 Irish education statistics shows that “in 2009, out of

8,420 students sitting the higher-level Leaving Certificate exam, approximately 6,800
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students scored either grade A B or 2 By contrast, only an estimated 1,500 CAO
places requiring this result were filled in third level colleges, with 1,200 of these
places in engineering and technology. It appears that Ireland, in 2009, produced 5,300
students with Leaving Certificate maths achievements that are redundant, from a
career perspective (notwithstanding indisputable general education value)” (Devitt

and Goold 2010).

2.5 MATHEMATICS IN ENGINEERING EDUCATION

It is anticipated that the findings from this study and new knowledge in relation to
engineers’ mathematics usage in practice will inform engineering educators. It is
therefore necessary to review the research literature concerning engineering
education and more specifically the treatment of mathematics in engineering

education.

It is asserted that general engineering education is “attempting to educate 21st-
century engineers with a 20th-century curriculum” (Duderstadt 2008). Wulf and
Fisher from the National Academy of Engineering in the U.S. assert that “many of the
engineering students who make it to graduation enter the workforce ill-equipped for
the complex interactions, across many disciplines, of real-world engineered systems”
(Wulf and Fisher 2002). While much has been written about the need to reform
engineering education, McMasters (2006) states that most of this literature has been
written from “an academic rather than industry or employer perspective”
(McMasters 2006). Trevelyan (2009) presents that the literature on engineering
practice is rarely mentioned in contemporary writing on engineering education,
“possibly because it is widely dispersed, hard to find, and often written for non-
engineering audiences” (Trevelyan 2009). Given the perceived disconnect between
engineering education and engineering practice, there are many calls for reforms in
engineering education in order to prepare engineers for a rapidly changing world. For

example, a U.S. report on engineering for a changing world, highlighting some

1% Grade A: >85%
! Grade B:<85%, >70%
2 Grade C: <70%, >55%
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difficulties in engineering education, presents that: the “applied science” nature of
engineering curricula is dated; the broader curricular experience where many
different areas of knowledge are integrated (“big think”) is favoured over
specialisation (“small think”); passive learning environments are preferred to active
learning approaches that engage problem solving skills and team building; faculty are
rewarded for generating new knowledge rather than for application of knowledge (as
in the case of medicine); engineering curricula are overloaded with knowledge that
has a short shelf life; engineering students are forced to specialise early and engage in
heavy workloads thus vyielding 45% student attrition rates; there is no relation
between early stages of curriculum and career; and lack of professional skills

education (Duderstadt 2008).

There is also a view that social issues such as communications and team work
contribute significantly to the gap between engineering education and engineering
practice (Tang and Trevelyan 2009). Studies show that engineering graduates lack
communication and problem solving skills required in engineering practice (Nair et al.
2009). One study of established engineers, with between five and twenty years of
engineering experience, identify “communication, teamwork, self-management and
problem-solving” as critical competencies required for their work (Male et al. 2010;
Male et al. 2009). Another study of engineers who had been practising for no more
than ten years, reveals the strong need for integrating “managerial, leadership,
teamwork, creativity and innovation skills, as well as knowledge of business policies in
classroom activities” into engineering education. The engineers also indicate the need
for additional emphasis on project activities, summer training and closer links
between engineering industry and academic institutions (Baytiyeh and Naja 2010).
However given engineering graduates’ needs to obtain a socially aware and
technically oriented education for a business environment, Williams (2003) is of the
view that “all the forces that pull engineering in different directions - toward science,
toward the market, toward design, toward systems, toward socialization - add logs to

the curricular jam” (Williams 2003).

A major problem currently facing engineering educators is attracting and retaining

students. While engineering has evolved significantly in the past twenty years, the
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general academic backgrounds of students entering engineering degree programs
have declined. It is reported that mathematics is one of the main factors contributing
to student dropout in engineering education (James and High 2008). Croft and Grove
(2006) highlight the high attrition rates in many engineering programmes and they
state that there is widespread recognition that good achievement in school-level
mathematics no longer guarantees a comfortable transition into first-year
engineering courses at university (Croft and Grove 2006). Some U.S. colleges claim
that as much as 60% of freshman engineering students are not calculus ready (Flegg
et al. 2011; Gleason et al. 2010; Klingbeil et al. 2004). Engineering students are
generally challenged by more complex mathematics delivered at a faster rate than
what they experience in school (Irish Academy of Engineering 2004; Manseur et al.
2009; Manseur et al. 2010a; Manseur et al. 2010b). One of the biggest challenges
facing engineering educators is the mathematics proficiency of students as evidenced
by the availability of bridging courses and drop-in mathematics clinics for engineering
students (Buechler 2004; Croft and Grove 2006; Fuller 2002; Gleason et al. 2010;
Henderson and Broadbridge 2007; Henderson and Broadbridge 2008; Irish Academy
of Engineering 2004; King 2008; Masouros and Alpay 2010; Reed 2003). Educators
say that it is becoming increasingly difficult to engage engineering students in
mathematics and to demonstrate the relevance of mathematics to an increasingly
diverse student body (Henderson and Broadbridge 2007; Manseur et al. 2010a;
Sheppard et al. 2009). Sheppard, Macatangay, Colby and Sullivan (2009) present that
engineering students “generally find it difficult to relate math to real objects around
them or to engineering practice”. They say that the students “struggle to make the
connection between mathematical representation and the real-world manifestation

of the concept” (Sheppard et al. 2009).

In Ireland the teaching of mathematics to engineering students is usually associated
with large class sizes and teachers are not recruited for their expertise in engineering
mathematics but rather for their own specialised areas of research. As in many
countries there is a division in service departments between mathematics and
engineering and it is believed that this creates barriers in the students’ minds with

respect to mathematics and engineering applications. The Irish Academy of
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Engineering note that the downside of an overly abstract approach to mathematics in
engineering education is detachment from physical situations and confusion over
mathematical notations, leading to uncertainty in students’ minds (Irish Academy of

Engineering 2004).

While there is no consistent research-informed view of “how, what, when and by
whom mathematics should be taught to engineering students” (Flegg et al. 2011),
there is a strong view that the engineering curriculum is overcrowded and that
engineers should no longer be taught mathematics as if they were mathematicians
(Flegg et al. 2011; Lesh and English 2005; Manseur et al. 2010a). There are also beliefs
that mathematics is of limited use in graduate engineers’ professional life. For
example, Kent and Noss (2002) present one engineer’s view of mathematics usage:
“once you’ve left university you don’t use the maths you learnt there, ‘squared’ or
‘cubed’ is the most complex thing you do. For the vast majority of the engineers in
this firm, an awful lot of the mathematics they were taught, | won’t say learnt,
doesn’t surface again” (Kent and Noss 2002). Chatterjee (2005), a professor of
mechanical engineering, asserts that engineers solve technological questions as
opposed to scientific or mathematical questions. He maintains that “the process of
training an engineer to answer such questions requires a study of engineering models
and the mathematical techniques used to analyse them. These models though
approximate, require correspondence with reality in their conception, and precision
in their description. And those mathematical techniques, like all mathematical
techniques, require practice, sophistication and rigour. In this way, the technological
world of an engineer builds up from the purer disciplines of mathematics and the
sciences, but is not contained in them” (Chatterjee 2005). Wood (2010) reports that
communication with mathematics can be problematic for students and her research
reveals that no graduate believed that they had studied mathematics communication

at university (Wood 2010).

Innovative ways proposed for the teaching of mathematics to engineering students
include problem based learning (PBL), multidisciplinary approach, computer based
methods and active learning methods (Coupland and Gardner 2008; Henderson and

Broadbridge 2007; Henderson and Broadbridge 2008; Manseur et al. 2009; Manseur
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et al. 2010a). While there is little consensus on how reform of mathematics education
in undergraduate engineering should take place, key issues of concern include: the
“one-size-fits-all” approach to engineering mathematics which leads to teaching more
mathematics than is required by specific disciplines; applied mathematics is of greater
interest to engineers compared to theoretical mathematics; and teaching
computational methods given the availability of powerful computing and design tools

(Manseur et al. 2010b).

Challenges to the engineering science approach to engineering education, where
engineering is taught after a strong foundation in science and mathematics, have
resulted in the introduction of major design projects in many engineering degree
courses. It is claimed that design pedagogy and project-based learning have
advantages of improving student retention and motivation (Doppelt et al. 2008; Du
and Kolmos 2009; Knight et al. 2007). Dym, Agogino, Eris, Frey and Leifer (2005) are
of the view that engineering education should graduate engineers “who can design
effective solutions to meet social needs” (Dym et al. 2005). They contrast the
epistemological approach in engineering education where knowledge is applied to
analyse a problem to reach “truthful” answers (convergent thinking) with conceptual
design thinking where design solutions do not have a “truth value” (convergent-
divergent thinking). They claim that engineering education does not teach divergent
inquiry well and it is not acceptable for engineering students to present multiple
concepts that do not have a truth value in their answers to exam questions. They say
that system design and systems thinking skills include: thinking about system
dynamics (anticipation of “unintended consequences emerging from interactions
among multiple parts of a system”); reasoning about uncertainty (dealing with
“incomplete information” and “ambiguous objectives” and application of probability
and statistics); making estimates (one challenge of design is that as the number of
variables and interactions grows, the system stretches beyond the designers’
capability to grasp all of the details simultaneously and good system designers are
usually good at estimation); and conducting experiments (design requires use of
empirical data and experimentation) (Dym et al. 2005). They also present that

engineering curricula underemphasise the application of probability and statistics and
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they also note that engineering graduates are generally not good at estimation (Dym
et al. 2005). Winkelman (2009) also contrasts the “open-endness” of design
processes, where there are a multiplicity of possible solutions for a given problem,
with undergraduate engineering mathematics where “a single correct answer is

generally assumed” (Winkelman 2009).

Many researchers are calling for a shift in approach from teaching mathematical
techniques to teaching through modelling (Kent and Noss 2003; Lesh and English
2005). Winkelman asserts that engineering “is neither mathematics nor science, nor a
combination of the two. Instead he sees mathematics as “abstract, based on the
manipulation of symbols according to certain rules”, which he says is disassociated
from the “real world”. Winkelman is of the view that mathematics “enters the real
world through modelling” and that design should be taught alongside mathematics
and not after mathematics (Winkelman 2009). Lesh and English (2005) are of the
view that relevant ways of thinking in “real life” need to “draw on ways for thinking
that seldom fall within the scope of a single discipline or textbook topic area and that
attention should shift beyond “mathematics as computation” to “mathematics as
conceptualisation, description and explanation” (Lesh and English 2005). “Solutions
to non-trivial problems tend to involve a series of modelling cycles in which current
ways of thinking are iteratively expressed, tested and revised; and, each modelling
cycle tends to involve somewhat different interpretations of givens, goals and
possible solution steps.” Lesh and English assert that it is “possible for average ability
students to develop powerful models for describing complex systems that depend on
only new uses of elementary mathematical concepts that are accessible to middle

school students” (Lesh and English 2005).

The debate about mathematics in engineering education, while driven by the need to
improve student retention and success is also considering the mathematics skills
required by future practising engineers (Coupland and Gardner 2008; Sheppard et al.
2009). Sheppard, Colby, Macatangay, & Sullivan (2009) advocate that engineering
education should be centred on professional practice and the “demands on the new-
century engineer.” They are of the view that engineering schools are often influenced

by academic traditions that do not always support the professions’ needs. They say
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that in engineering the first professional degree is the undergraduate degree and that
“the tradition of putting theory before practice and the effort to cover technical
knowledge comprehensively, allow little opportunity for students to have the kind of
deep learning experiences that mirror professional practice and problem solving”
(Sheppard et al. 2009). There is a general support in the research literature for
problem solving based learning strategies where students are required to engage in
learning tasks that are relevant to engineering practice (Flegg et al. 2011). Janowski,
Lalor and Moore (2008) from the University of Alabama are of the view that applying
mathematics to solve complex engineering problems is an essential but often missing
skill for young engineers. They support the idea of teaching mathematics in the
context of engineering with a focus on: “the development of thinking and
understanding; the development of engineering and mathematical language; the
development of the confidence required to tackle large engineering projects and
persist in finding solutions” (Janowski et al. 2008 ). Kent and Noss say that the
engineering science “first principles” approach to mathematics in engineering
education is being challenged by the “spectrum of mathematical competence”
required in engineering practice” (Kent and Noss 2003). In Ireland Jane Grimson is
also of the view that the science based approach to engineering education should be
re-examined in the light of the needs of the 21% century engineering (Grimson 2002).
While engineers in the past often had to resort to first principles, Grimson says that
“problem solving today takes place at a higher level combining approaches and
partial solutions and applying them to the problem in hand”. Given the “vast array of
modern problem solving tools and methodologies” available to engineers, Grimson
calls on engineering educators to encourage students to “exploit the power of
engineering tools in order to tackle real-world problems” (Grimson 2002). Similarly in
Australia where several practising engineers say that their university mathematics
was a ‘waste of time’, many engineers stressed the importance for engineers to
understand the “mathematics and scientific fundamentals behind the software tools
and techniques they use and the ability to validate quantitative outcomes of
simulations” (King 2008). The Australian Learning and Teaching Council found that
modelling, data analysis, statistics and risk assessment are deemed necessary for

engineering practice (King 2008).
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There are many calls for engineering curricula to better incorporate mathematics-
oriented critical thinking skills including analytic skills, problem-solving skills and
design skills (National Academy of Engineering 2005). Radzi, Abu and Mohamad
(2009) maintain that with the current advancement in knowledge and technology,
engineers are required to be increasingly critical in “discerning information and
making decisive judgments when confronting unexpected situations and novel

problems” (Radzi et al. 2009).

In an investigation of university students’ conceptions of mathematics, Reid, Petocz,
Smith, Wood and Dortins (2003) found that students experience mathematics in
three different ways: components (toolbox of components and procedures);
modelling (building and using models); and life (mathematics as an approach to life)
(Petocz and Reid 2006; Reid et al. 2003). However for many students, the nature of a
career involving mathematics is not at all clear (Petocz et al. 2007). While Petocz and
Reid (2006) found that students’ perceptions of mathematics in their future
profession influence their approach towards learning mathematics in university
(Petocz and Reid 2006), Wood found that “the use of mathematics within the job of
engineer is not necessarily self-evident to an undergraduate student” (Wood 2008;
Wood et al. 2011). Furthermore adjusting to the workforce can be problematic for
many students as they discover what they learned in university needs to be
contextualised for work (Wood 2010). In a study of first year engineering students in
an Australian university, Flegg, Mallet and Lupton (2011) found that students
generally regarded mathematics as relevant to their future career and study. In
particular, the students noted specific benefits of mathematics education that
include: ways of thinking (82%); ideas (79%); mathematical skills (76%);
communicating using mathematical arguments (94%); and formulating and solving

engineering problems (59%) (Flegg et al. 2011).

Thomas Romberg has another different perspective on mathematics education, he
maintains that rather than “passing on a fixed body of mathematical knowledge by
telling students what they must remember and do ... society today needs individuals
who can continue to learn, adapt to changing circumstances, and produce new

knowledge” (Romberg 1992).
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2.6 ENGINEERING PRACTICE

It is asserted that a lack of understanding about engineering limits the number of
students entering and persisting in engineering education (Courter and Anderson

2009), thus it is interesting to explore what engineering is.

2.6.1 What is Engineering?

The Oxford English Dictionary defines an engineer as “one who contrives, designs or
invents; an author, designer; also an inventor, a plotter, a layer of snares” (Oxford
English Dictionary 1989). The U.S. Department of Labour describes engineering as the
application of “the principles of science and mathematics to develop economical
solutions to technical problems”. It also says that engineers’ “work is the link
between scientific discoveries and the commercial applications that meet societal and
consumer needs”. Engineers work in design and development and in testing,
production, or maintenance and engineers use “computers extensively to produce
and analyse designs; to simulate and test how a machine, structure, or system
operates; to generate specifications for parts; to monitor the quality of products; and
to control the efficiency of processes” (U.S. Department of Labor website 2010-11).
Wulf and Fisher from the National Academy of Engineering in the U.S. say that what
engineers do is “design under constraint”. They say that “engineering is creativity
constrained by nature, by cost, by concerns of safety, environmental impact,
ergonomics, reliability, manufacturability, maintainability — the whole long list of such
‘ilities” (Wulf and Fisher 2002). Sheppard, Colby, Macatangay and William (2006)
present that there are three perspectives of engineering practice, these are: studies
of individual and organisations engaged in engineering work; researchers who
observe work of engineers and develop generalised understanding of engineering
practice; and faculty and students engaged in engineering education. Their view is
from research and engineering education perspectives. They say that engineering is,
“at its core, problem solving” where formulating the problem and technical and non-

technical requirements are key components. They say that engineers are able to
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engage in problem solving because they have mastered a specialised body of
knowledge. However it is the integration of the problem solving process and
specialised knowledge along with the available analytic and physical tools, the
constraints and the requirements that comprise engineering practice (Sheppard et al.

2006).

However there is a view that there is an inadequate body of work on engineering
practice and there are misconceptions as to what engineers actually do (Anderson et
al. 2010; Cunningham et al. 2005; Tilli and Trevelyan 2008). Research also shows that
students and teachers generally lack an understanding of what engineers do (Courter
and Anderson 2009; National Academy of Engineering 2008). Chatterjee (2005)
maintains that engineers have done a poor job defining who they are. He says that
engineers who design are called scientists, engineers who develop new products are
called entrepreneurs, engineers who program computers are called IT professionals
and engineers who work in industry are called managers (Chatterjee 2005). Panitz
(1998), in a study of the U.S. workforce, found that only about one third of
engineering graduates work as engineers. The others worked as engineering
managers, entrepreneurs, financial analysts, salespeople, educators and a variety of
other positions (Panitz 1998). Chatterjee’s view is that engineering’s “broad sweep
encompasses physics, chemistry, biology, mathematics, economics, psychology and
more ... it is the name for activity geared towards the purposeful exploitation of the
laws, forces and resources of nature, not merely towards uncovering further esoteric
truths but towards a direct improvement of the human condition” (Chatterjee 2005).
Rosalind Williams from the Massachusetts Institute of Technology (2003) argues that
engineering is undergoing an “identity crisis”. She says that engineering has evolved
into “an open-ended profession of everything in a world where technology shades
into science, art, and management, with no strong institutions to define an
overarching mission” and that “engagement with technology has far outgrown any

one occupation” (Williams 2003).

A common theme in the literature describing engineering is associated with the
conception of the term global engineer where the role of the engineer has become

quite broad (Chatterjee 2005; Lohmann et al. 2006). Accordingly there are a number
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of different perspectives on what engineering practice is: it is “design process” (Eckert
et al. 2004); “engineering practice is, in its essence, problem solving” (Sheppard et al.
2009); “the application of the theory and principles of science and mathematics to
research and develop economical solutions to technical problems ... the link between
perceived social needs and commercial applications” (U.S. Department of Labor
2007); “a decision-making process (often iterative), in which the basic sciences and
mathematics and engineering sciences are applied to convert resources optimally to
meet a stated objective” (ABET Engineering Accreditation Commission 2010); and
"the process of integrating knowledge to some purpose. It is a societal activity
focused on connecting pieces of knowledge and technology to synthesize new
products, systems, and sciences of high quality with respect to environmental

fragility" (Bordogna 1992).

There is a view that engineering practice worldwide is changing. Many of the studies
of engineering practice focus on the social relationships within a range of different
engineering contexts. Sheppard, Macatangay, Colby and Sullivan (2009) say that
historically the engineer was a “disengaged problem solver” because the engineer’s
perspective was outside the problem whereby the engineer would “model the
problem in “objective, mathematical terms” and devise a technical solution. They say
this practice is outmoded and that there has been a shift from the outside to the
inside perspective of “complex social, physical, and information interconnections that
enable modern technologies to function” and engineers are now “immersed in the
environment and human relationships from which perception of a problem arises in
the first place” (Sheppard et al. 2009). Engineering is a highly collaborative process
(Bucciarelli 2002; National Academy of Engineering 2005). Crawley, Malmquvist,
Ostlund and Brodeur say that modern engineers work in teams and that engineers
exchange “thoughts, ideas, data and drawings, elements and devices” with other

engineers around the world (Crawley et al. 2007).

In their study of engineers working in six different engineering firms, Anderson,
Courter, McGlamery, Nathans-Kelly and Nicometo (2010) found that: engineers see
real engineering work as technical problem solving while emphasising the importance

of the coordinated efforts of a group of people; engineers identify a nuanced set of

52



communication and coordination skills as the most important skills within their work;
engineers say the most significant constraints on their work are organisational
business practices relating to time and budgets; and engineering identity is a complex
equation of problem solving, teamwork, lifelong learning and personal contributions
where engineers value the thrill of solving a challenging problem (Anderson et al.

2010).

James Trevelyan (2009) is also of the view that engineering is both a technical and a
social system. He found evidence that “engineers coordinate other people to deliver
the products and services for which they are ultimately responsible” (Trevelyan
2009). In a longitudinal study of engineering graduates’ perceptions of their working
time, Tilli and Trevelyan (2008) found that engineers spend 60% of their time
explicitly interacting with other people (Tilli and Trevelyan 2008). In another study of
engineers, Trevelyan (2010) also found that social interactions lie at the core of
engineering and that engineering “relies on harnessing the knowledge, expertise and
skills carried by many people, much of it implicit and unwritten knowledge”
(Trevelyan 2010b). Trevelyan asserts that engineering practice is based on
“distributed expertise” and engineering is a combined performance involving a range
of people such as clients, suppliers, manufacturers, financiers and operators and as
such a large proportion of engineers’ time is spent on social interactions. Engineering
performance is time, information and resource constrained. Seldom is there complete
information available and the available information has some level of uncertainty. A
major part of engineers’ work is to explain, often at a distance and through
intermediaries, how the products of their work need to be designed, built, used and
maintained effectively (Trevelyan 2010a). Trevelyan observes that every engineering
venture follows a similar sequence: engineers attempt to understand and shape
clients’ perceptions of their needs; engineers conceive different ways to meet
requirements economically; engineers collect data and create mathematical models
to predict the technical and commercial performance of different solutions; engineers
prepare plans, designs and specifications of work to be performed; engineers
coordinate and manage work; and engineers arrange for decommissioning, removal

and reuse and recycling at the end of a product’s life span (Trevelyan 2010a).
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Trevelyan says that engineering practice relies on applied engineering science, tacit
knowledge (unwritten know-how carried in the minds of engineers developed
through practice and experience) and an ability to achieve practical results through
other people. He adds that building a deep understanding of engineering practice into
the curriculum has the potential to greatly strengthen engineering education

(Trevelyan 2010a).

In a study of the early work experiences of recent engineering graduates Korte,
Sheppard and Jordan (2008) hold that the social context of engineering in the
workplace is a major driver of engineering work and they call on engineering
educators to better prepare students for the social context of their future work by
specifically offering industry-relevant learning experiences to students. In their study
the new engineers defined their work as a “problem-solving process or way of
thinking” where they tried to “organise, define, and understand a problem: gather,
analyse, and interpret data: document and present the results: and project-manage
the overall problem-solving process”. The engineers presented that the “workplace
problems often lacked data and were more complex and ambiguous with far more
variables” compared to school problems. One problem for engineers was that
workplace problems often had multiple and conflicting goals and multiple solutions.
Another problem for the engineers was their “not knowing the “big picture” in which
a problem was grounded”. The engineers found that their lack of understanding of
the big picture contributed to the uncertainty and ambiguity in their understanding of
their work and to the value of their work in the organisation. Interpreting data was a
new experience for many engineers. One engineer said he was “learning more about
how to present my data to other people”. A challenge for many new engineers was
the accuracy of their methods which often depended on other people’s judgement
rather than as derived from data. The engineers presented that their work involved
“a large amount of social interaction and social influence”. They had to learn the
constraints of the social system within their work groups and the new engineers
“relied on their co-workers and managers to learn the subjective aspects of their
work”. The engineers say that “learning from co-workers was the primary method of

learning on the job” (Korte et al. 2008).
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Wood (2010), who investigated mathematics graduates transition to the workforce in
terms of their communications skills, found that graduates generally felt they knew
more mathematics than was required for their work positions. She also found that
most engineers associated logical thinking with their work. The graduates noted that
their education did not teach them to use standard computer products such as Excel
(spread sheet software), Visual Basic (programming language) or SAS (Statistical
Analysis System software). The graduates found that they had to change their ideas
of working as a mathematician and how mathematics is used in the real world
particularly where assumptions are relaxed. Prior to working the graduates had not
considered the use of mathematics to communicate ideas. In the workplace,
graduates are often the only ones who can speak the mathematical language and
many graduates are unable to release the strength of their mathematics because they

do not know how to communicate mathematically (Wood 2010).

Trevelyan (2011) says that in Australia, most companies assert that it takes up to
three years for a novice engineer to become reasonably productive in a commercial
context. While medical educators have embraced extensive clinical practice,
Trevelyan argues that it is not possible for engineering educators to do the same
given the diversity of engineering career settings and the complexity of engineering
environments. He notes that the scarcity of systematic research on engineering
practice makes it difficult for educators who wish to design learning experiences to
enable students to manage the transition into commercial engineering contexts more

easily (Trevelyan 2011).

The increasing availability of computerised tools and resources is contributing to the
changing nature of engineering where IT tools are dominating modern engineering
practice (Anderson et al. 2010). Grimson (2002) says that “the engineer today has at
his or her disposal a vast array of modern problem-solving tools and methodologies,
which can be applied without detailed knowledge of the underlying techniques”
(Grimson, 2002). Crawley, Malmqvist, Ostlund and Brodeur say that “modern
engineers design products, processes and systems” that are sometimes state-of-the-
art technology but engineering is mostly “applying and adapting existing technology

to meet society’s changing needs” (Crawley et al. 2007).
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2.6.2 The Engineering Profession

Despite the growing importance of engineering practice to society, the engineering
profession is held in low esteem compared to other professions. Duderstadt (2008)
attributes this poor image to the “undergraduate nature” of the curriculum and to
the “evolution of the profession from a trade” and the way that industry all too
frequently tends to view engineers as “consumable commodities, discarding them
when their skills become obsolete or replaceable by cheaper engineering services
from abroad”. So too, the low public prestige of the engineering profession is
apparent both in public perception and in the declining interest of students in
engineering careers relative to other professions such as business, law, and medicine.
“Today’s engineers no longer hold the leadership positions in business and
government that were once claimed by their predecessors in the 19" and 20
century, in part because neither the profession nor the educational system
supporting it have kept pace with the changing nature of both our knowledge-
intensive society and the global marketplace. In fact the outsourcing of engineering
services of increasing complexity and the off shoring of engineering jobs of increasing
value raise the threat of the erosion of the engineering profession in America and
with it our nation’s technological competence and capacity for technological

innovation” (Duderstadt 2008).

In a study of perceptions of engineers and engineering, the National Academy of
Engineering (NAE) found that there is no readily identifiable “public face” of
engineering. They also noted that it takes a “powerful awareness” to be able to see
engineering even though it is everywhere. The NAE found that some engineers can
“be very hard on themselves” and that they see themselves as “nerds and geeks”.
One of the study participants says “people who are not in it [the field] have a hard
time grasping what we do [and] we don’t do a good job of explaining it either. It
[engineering] is seen as a bunch of technical things they can’t grasp ... and boring,
too”. The NAE say that the perceived difficulty of technical aspects of engineering,
especially mathematics and science, contributes to difficulties communicating

engineering (National Academy of Engineering 2008).
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Jane Grimson (2002) holds the view that the context-free approach of engineering
science is not readily adaptable to solving real world problems and that engineers’
failure to realise the importance of the context-sensitive view undermines the
engineering profession. She is of the view that society values engineers who can apply
their skills across disciplines and she notes the importance of engineers
communicating effectively with non-technical people. She says that engineers should
have the ability to explain technical probl