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Abstract

The CDIO Initiative is an international collaboration of over 50 universities and colleges working with the shared objective of improving the education of engineering students. Drawing on extensive stakeholder and alumni surveys, the group has produced a comprehensive syllabus and a set of standards which provide a description of the level of knowledge, skills and professional attributes that graduates of engineering programmes should be expected to acquire. The CDIO approach does not imply that the technical content of a programme should be reduced, rather that by teaching the discipline in the context of conceiving, designing, implementing and operating a product or system, opportunities to develop these additional skills and attributes can be provided at the same time. The approach is based on established pedagogy and best practice. Through a network of regional and international meetings, an annual international conference and published texts, the CDIO community offers a structure and guidelines for collaborators on which the reform of existing degree programmes, or the development of entirely new ones, can be based.
The School of Mechanical and Aerospace Engineering at Queen’s University Belfast became the 5th member of the Initiative in 2003 and since joining has implemented a number of significant changes that have been directed by the CDIO methodology. These changes have included a major refurbishment of teaching spaces to better facilitate active and interactive learning, new introductory modules in the first year of all degree programmes, the extension of group design build and test projects to all years of undergraduate study, and associated developments in the assessment of individuals in groups. Additionally, an entirely new degree programme with an integrated curriculum based on the CDIO syllabus and standards has been established. 
This paper provides a reflective critique of the School’s involvement in the CDIO initiative and the resulting benefits. These include improved attainment and retention rates, particularly in first year. It is concluded that involvement with the CDIO community has enabled the School to leverage the expertise of a great number of committed practitioners in engineering education and facilitated an accelerated process of change which has enhanced the teaching environment. The efficacy of these changes has also been validated by recent audits of teaching quality carried out by two professional accrediting bodies and the University’s own Education Enhancement Process.
1.
Introduction
The latter part of the 20th century saw a drift away from a practice based curriculum to a more engineering science based model for undergraduate engineering programmes. There was divergence between the objectives of researched focused engineering faculty and the requirements of employers, who desired graduates with better design, team working and communication skills. The CDIO Initiative was established in 2000 by the Massachusetts Institute of Technology and three Swedish universities; KTH - Royal Institute of Technology, Linköping University and Chalmers University of Technology as a group which shared the objective of challenging the then current conventions and improving how engineers were educated. Fundamentally the collaborators contend that the context of engineering education should be that of Conceiving, Designing, Implementing and Operating a product, process or system. The CDIO approach does not imply that the technical content of a programme should be reduced but rather that by teaching the discipline in this context that opportunities to develop additional skills and attributes are provided at the same time, thus increasing the scope of what can be learned. Further, the CDIO approach demands that programmes are consciously designed to produce the desired learning outcomes derived from the characteristics and abilities identified as requirements by stakeholders. To formally define the methodology and to serve as a guide to how CDIO might be applied to enhance existing programmes, or develop new courses, a textbook has been published by the CDIO collaborators [1]. Drawing on extensive stakeholder and alumni surveys, this text defines a syllabus and a set of 12 standards which provide a comprehensive description of the level of knowledge, skills and attributes graduates of engineering programmes should be expected to acquire. In addition to discipline specific technical knowledge these include product and system building knowledge and skills, personal and professional skills and interpersonal skills. The School of Mechanical and Aerospace Engineering (SMAE) at Queen’s University Belfast (QUB) became the 5th member of the Initiative in 2003 and the group of collaborating schools now exceeds 50 including representatives from North and South America, Europe, Africa, South East Asia, China, Japan and Australia. 
1.1
CDIO Syllabus and Standards
The syllabus defines what should be taught in a CDIO focused engineering degree and the standards act as a framework for how this syllabus should be taught. Both were developed as a result of a rigorous design process which included the needs analysis of multiple stakeholders and reference to a number of national and international accreditation requirements. Subsequently these have been subject to ongoing peer review by the growing number of collaborators and now represent a comprehensive set of requirements for a professional engineer in the 21st century. The resources of the Initiative are available as open source documents for the engineering community via the website www.cdio.org.
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Figure 1: CDIO Syllabus (X.X level)

Figure 1 shows the CDIO syllabus expanded to the X.X level (A further level of detail is available in the X.X.X level). The technical knowledge is dependent on the particular engineering discipline but the other 3 sections are common to all engineering programmes and include many skills and attributes not traditionally defined as learning outcomes of undergraduate engineering programmes. Figure 2 shows 12 Standards that collaborators should seek to adopt in order to be considered fully CDIO compliant. The list is not prescriptive but some of the standards are considered to be more essential than others .Self assessment rubrics are available to assist with course evaluation and development against these standards and collaborators are encouraged to reassess at regular intervals.
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Figure 2: CDIO Standards
Prospective collaborators are asked to show a commitment to work towards implementing the syllabus and standards and to engage in the regional and international activities of the CDIO community.  

2.
CDIO Implementation
The CDIO syllabus and standards have provided a clear focus and framework for the School of Mechanical and Aerospace Engineering at Queen’s University Belfast in its efforts to produce graduating students fit for professional practice. An initial self evaluation concluded that there was much to be done for the School to meet the CDIO standards and that the contribution of many members of academic staff would be required to effect change. In addition it was recognised that effective engagement would require attendance at meetings and conferences abroad and inevitably associated costs. The support of the Head of School and Director of Education in funding CDIO activities has been an essential element in facilitating the implementations below. The sections which follow summarise what the School has achieved since joining the CDIO initiative in 2003 and represent a number of parallel but related projects which have been undertaken during this time. 
2.1
Active and Interactive Learning (CDIO Standard 8)
A fundamental aspect of the CDIO approach is to encourage students to become fully engaged in their learning in the belief that deeper learning and understanding will be achieved. This extends beyond activities which easily lend themselves to active participation, such as Design Build and Test (DBT) projects, to engineering science subjects and mathematics which had previously been delivered in a more traditional “chalk and talk”, broadcast manner. Significantly the teaching environment was altered to be more student-centred with active and collaborative learning strategies encouraged. This approach was not invented at Queen’s, rather pedagogy with proven efficacy from elsewhere was adopted and adapted to suit the local context [2]. The interactive, computer based learning resources for helping engineers learn mathematics (HELM) which had been developed by a consortium of English universities (Loughborough, Hull, Reading, Sunderland and Manchester) also proved to be a valuable resource which make a significant contribution to improvements in first year engineering mathematics classes in the School. Figure 3 shows statistics for a first year module which adopted these changes in 2009 and saw an immediate improvement in attainment and engagement.
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Figure 3: Stage 1 Engineering Mathematics module attainment statistics 2007-10

2.2
Teaching Workspaces (CDIO Standard 6)
An active and interactive mode of teaching with collaborative learning is not easily achieved in a classroom with rows of fixed seating. Project based learning requires both space and equipment to accommodate the building and testing of prototypes as well as rooms for activities such as group design review meetings. The School’s ambition to transition its method of teaching to be more compliant with the CDIO model meant that there was a need to also change the teaching workspaces to be more appropriate. 
The opportunity to tour the facilities of other collaborating universities at the twice yearly international meetings and conferences allowed staff to view workspaces already in operation at a wide range of institutions. There was also a working group established in the early years of the initiative which focused on the specification of workspaces. From this a requirement specification for CDIO workspaces was developed [3]. This was subsequently used to accurately define the teaching workspace requirements for a £6 million refurbishment of the Ashby Building, home of the School of Mechanical and Aerospace Engineering, in 2010. This involved significant reconfiguration of internal walls changing both the size layout and function of the majority of the teaching spaces. Since such major refurbishments are rare events within a rolling programme of university estate management it is important to get it right, else you can be stuck with inappropriate facilities for years or decades. 
2.3
Introductory Courses (CDIO Standard 4)
Some of the most critical feedback received from the alumni of universities in the stakeholder surveys revealed a widely held opinion that programmes have so much mathematics and engineering science in the first 2 years that students found them uninteresting. Motivation had been identified as suffering from the teaching of engineering fundamentals without opportunities to apply the science until year 3 of the programme in a major capstone project. In response to this CDIO standard 4 was developed to promote the inclusion of an introductory module in the first year of all degree programmes. Its purpose is to reinforce engineering fundamentals in the context of a series of short, simple design exercises carried out in teams.  By allowing students to engage in projects which replicate professional practice they gain authentic experiences which motivate and demonstrate the need for the disciplinary content of other modules.  They also get opportunities to start developing other skills identified as essential by employers such as team working, problem solving, communication and interpersonal skills.
The School now includes such introductory modules in its 3 undergraduate programmes (Mechanical Engineering, Aerospace Engineering & Product Design and Development). The Mechanical programme gained the introductory module first as the result of the application of a generic curriculum change management process [4]. The application of this process was assisted by the UK Centre for Materials Education (UKCME) based at Liverpool University, another collaborator in the CDIO Initiative. As part of this process UKCME staff facilitated a series of structured interviews with academic staff which produced a list of desired learning culture changes (Figure 4) that could be achieved through the introductory course in the context of broader curriculum reform.
	From
	To

	Learning as individuals
	Learning with others

	Competition (between students) 
	Collaboration (between students)

	‘Pupil’ at school being told / spoon fed
	Adult learner challenged / stretched

	Strong drive to get the right answer,

with mode of assessment operating to

promote this
	Opportunities to make and learn

from mistakes, with mode of

assessment operating to reward this

	Curriculum content that is

compartmentalised
	Curriculum content that is integrated



	Artificially contrived practical exercises
	‘Real life’ situations

	Theory dominating learning
	Theory ‘by stealth’

	Theory perceived as a chore to learn,

and so abandoned when problem solving
	Theory is trusted, and so is seen as

a necessary tool in problem solving

(as a shortcut to problem solving)

	Students are diffident
	Students taking responsibility and

caring about outcomes


Figure 4: Learning culture changes related to new introductory courses
From these desired changes a clear set of learning outcomes for the introductory modules was developed, with reference to the CDIO syllabus. The implementation of these introductory first year modules, along with other initiatives such as a Personal Development Planning regime supported by personal tutors, have improved the first year experience. As a result the School has seen a significant reduction in first year dropout rate in recent years as shown in Figure 5. 
	2007-08
10.6%
	2008-09
5.0%
	2009-10
4.1%


Figure 5: QUB SMAE first year dropout rates
2.4
Integrated Curriculum (CDIO Standard 3)
Modularised curricula with discrete silos of technical knowledge taught in isolation have become common among undergraduate engineering programmes. Students often select from a smorgasbord of unrelated elective modules depending on their personal preferences, or using a strategic approach in order to maximise their grade point averages, to the detriment of their development as an engineering professional. Often these modules have no relationship to or interaction with one another. In the case of personal and professional skills these are often “bolted on” and delivered by external staff without context and by non engineers, almost as a token gesture. Large classes including students from different disciplines are typical and as a result the content is often generalised with no relevant engineering examples which the students can more easily relate to. This observed and undesirable  situation is addressed by CDIO standard 3 which demands that the curriculum is designed with mutually supporting disciplinary subjects, explicitly planned to coordinate with active Design Build and Test (DBT) experiences, as well as providing opportunities to develop personal, interpersonal, product and system building skills.
Such integration does however require major restructuring and the conversion of existing curricula can be far from straightforward. At QUB SMAE this restructuring is ongoing for the Mechanical and Aerospace Engineering undergraduate degrees but for Product Design and Development there existed an opportunity to apply the CDIO methodology as the fundamental guiding principle for this new degree which admitted its first students in 2004 [5]. Using a core of team based Design Build and Test (DBT) projects in each year of the degree the curriculum seeks to go beyond the requirements of the CDIO standards and aims to create the type of educational environment espoused by Armstrong and Niewohner [6] where the development of skills is woven through all years in a structured and progressively staged manner. Blooms taxonomy is used to assist with the setting of appropriate learning outcomes for each stage of development. Students study a strict diet of integrated modules in the first 3 years of the degree and only in the 4th year of the MEng programme are there any module options. While student choice is diminished this structure does mean that the carefully planned curriculum is delivered to all students on the programme and therefore a better chance that all the knowledge, skills and attributes required for professional practice are developed.
3.
Reflection
New collaborators are encouraged to host a regional or international meeting soon after joining the initiative. Queen’s welcomed international collaborators in 2004 for a 2 day meeting that included a series of workshops that enabled a large number of the academic staff in the School to get up to speed with the CDIO methodology. These workshops have been refined over the years and now run as a standard set of introductory workshops at the annual international conference in June for the same purpose of fast tracking academics’ knowledge of the syllabus and standards. Bringing a large number of expert educationalists to Belfast provided an inspirational impetus on which to build. Subsequently, a number of new members of staff have attended a CDIO conference to undergo the same type of induction.
The School benefitted significantly by securing funding for a Centre of Excellence in Teaching and Learning (CETL) in Active and Interactive Learning. This supported the appointment of a Teaching Fellow from 2005 until 2010 as an extra resource concentrated on the development and implementation of the active and interactive elements of the CDIO syllabus and standards in the School. Since the majority of academic staff tend to concentrate their research efforts in their particular technical disciplines it can be difficult to get involvement if there is no reward or recognition for teaching developments. The pace of change is obviously related to the amount of human resources that can be deployed and some CDIO collaborators choose to embed educationalists in their departments in support of the engineering academics.
From  2008 to 2010 the School underwent three separate audits of teaching quality.  The Institution of Mechanical Engineers reassess their accreditation of degree programmes every 5 years, including a thorough examination of the learning outcomes against UK-SPEC. In 2004 the School had just begun to implement CDIO principles to its courses and by 2009 these principles formed the basis of the submission. Queen’s also introduced a new internal audit system in 2008, the Educational Enhancement Process (EEP), which focuses on how each School is enhancing its educational provision and the student experience.  In 2010 the Royal Aeronautical Society carried out its review of the Aerospace Engineering degree. All reviews were very positive with the changes instigated by involvement in CDIO being recognised as being significant and valuable. For example the IMechE report stated that:
“The CDIO process is a commendable benefit which has 36 other Institutions worldwide joined up, all operating with real world products, processes and systems. The CDIO is quite a shift in teaching style and the School are fully engaged with staff able to attend the CDIO yearly conferences to give them ownership and full understanding of the best practices in the UK. The documentation showed some previous poor attendance and the CDIO does reflect enthusiasm and an increase in attendance with positive feedback as it encourages team working and a competitive edge.”

Overall there is recognition that involvement in and support from the CDIO community has enabled the School to not just transform is teaching but also to make a significant change in the teaching culture within the School. CDIO has provided a robust structure on which to base and continually evaluate reform. The regular meetings and conferences provide opportunities to meet with like minded academics in a sharing and collaborative community. This works because most of the collaborators are not in direct competition with one another to attract students. The international aspect also adds credibility to aspects of the curriculum that deal with the development of engineering professionals for a global economy.  

The work of fully implementing CDIO within the School continues as the CDIO initiative itself matures and reflects on what is the next stage in its own development as it moves into its second decade. The School of Mechanical and Aerospace Engineering at Queen’s hope that the future years of engagement will prove as beneficial as the last eight.
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