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Abstract: In many countries around the world engineering education is currently based on an outcomes-based approach to curriculum design, student evaluation and program accreditation. The paper analyses the concept of outcomes-based education coming to the conclusion that this approach implicitly rests on a fundamentally reductionist paradigm. However, an earlier study indicates that the formation of engineering competence can not be fully understood within the current instructional framework. This leads to the hypothesis that engineering education has to be viewed as a complex system. On this basis, the paper discusses the general characteristics of complex systems and analyses to what extend they apply to engineering education. With this perspective results from an ongoing study into Accidental Competency acquisition in engineering education are presented in form of illustrative quotes and a contextual model. Accidental competency formation is defined as learning that emerges from the complex interaction of learning activities with other elements surrounding the curriculum. The results of the empirical study are discussed from a systems perspective with regard to their usefulness and implications for the improvement of engineering education
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Introduction

In the past decade engineering education worldwide has undergone significant structural changes.  There has been a paradigm shift in curriculum design, student assessment and program accreditation from a model based on inputs, content and processes to an outcomes-based approach.  Instances of this paradigm shift include in the development of Engineers Australia’s Graduate Attributes (EA 2005) and ABET’s Program Outcomes (ABET 2004).  Similar outcomes-based approaches are being considered elsewhere.  Recent examples are the development of an Malaysian outcomes-based model (Johari, Abdulla et al. 2002; Johari, Abdulla et al. 2005) or discussions on adopting an outcomes-based approach to accreditation and mutual recognition within the framework of the European Bologna process (Walther, Mann et al. 2005). 

Moreover the report of the review of engineering education a decade ago, “Changing the Culture: Engineering Education into the Future”(EA 1996), pointed to even more profound changes.  The report describes engineering education as facing the “great social, economic, environmental and cultural challenges of our time”. This assessment still holds up in current discourse. In a recent Editorial of the Journal of Engineering Education the authors concluded that this “unprecedented array of pressures to change” resulted in “the profession itself […] becoming more complex” (Felder, Sheppard et al. 2005). One main theme is that increasing inter-disciplinarity and the emergence of new engineering disciplines do not only lead to a broadening body of knowledge but also to a redefinition of the role of the engineer in society. The Graduate Attributes speak of the need that engineering students be capable of “communicating effectively […] with the community at large” (EA 2005). This change towards engineering as a profession interacting closely with for example social systems means that engineering is not just becoming more complicated it is in fact about to become truly complex in the sense of current complex systems theory. 
Viewed as a complex system, it is possible to explain some apparent paradoxes and anomalies that have arisen as outcomes-based education programs using Graduate Attributes has been implemented.  For example, in an earlier paper we identified and described a phenomena of Accidental Competency (Walther and Radcliffe 2006).  Accidental Competencies are defined as abilities important to performance in professional practice that are not linked to targeted instruction of stated learning outcomes of the program. These competencies emerge from the complex interaction of traditional forms of learning and other elements surrounding the formal educational process.

In this paper, we review and contrast the educational foundations of outcomes-based education and targeted instruction and the conceptual foundations of complex systems theory.  These are used to interpret the results of a pilot of an empirical study into accidental competencies.  Based on this a model of the acquisition of accidental competencies is proposed and its implications are discussed. 
The reductionist roots of outcomes-based Engineering Education

Outcomes-based education carries with it a certain set of implicit assumptions which were not fully acknowledged when this approach was adopted within engineering education. Those implicit assumptions are best analysed in the context of the historical development of the concept of outcomes-based education. As pointed out by several authors (Heywood 1997; Miles 2003), the philosophy of outcomes-based education goes back to the behavioural objectives movement promoted by Tyler (1949) and Bloom (1956) during the 1950s.  The basis of this instructional paradigm are defined outcomes or objectives as “the description of a performance you want learners to be able to exhibit, before you consider them as competent”(Mager 1962). This means that a learning outcome is related to a specific behaviour or capability and overall competence results from achieving all predefined learning outcomes. On this basis the teaching process is seen as selecting and administering learning activities in order to achieve specific outcomes in a targeted way - we call this Targeted Instruction (Walther and Radcliffe 2006). 

The advantage and charm of this concept lie in the fact that the clear definition of outcomes helps focusing the learning efforts of the student and lends precision to teaching. It is an appealing idea that the teacher, as well as the student, is aware of the goal and purpose of learning which ideally results in a transparent educational process. Additionally, an outcomes-based approach can lead to a reconsideration of the fundamental objectives of education in order to ensure the relevance of the achieved competencies for their later field of application. In the case of the Graduate Attributes this reconsideration has lead to a shift of the instructional focus towards broader qualifications of engineers such as an “understanding of the social, economic and environmental consequences of professional engineering activities” (EA, 1996, p. 7). This shows remarkable insight and acknowledges the necessity of broader attributes of engineers so that the profession is capable to “fully assume its expanding responsibility” (EA, 1996, p. 7).

However, the two components of (i) the definition of overall competence through learning outcomes and (ii) the idea of targeted instruction show that the approach is based on a fundamentally reductionist epistemology. Reductionism, the philosophical underpinning of the scientific approach, generally assumes that phenomena can be broken down into smaller units which can be examined separately. The overall phenomenon can then be comprehended by assembling the descriptions of the parts (Nagel 1961). The theory of outcomes-based education employs Ockham’s Razor on two levels. Firstly, it assumes that the overall competence of an individual is made up by adding up individual competencies or attributes. Secondly, it is implied that learning can be segmented into individual activities which independently lead to the achievement of specific learning outcome. This does not acknowledge interactions between different forms of learning and possible synergies. These point to possible limitations of the outcomes-based approach in engineering education
The fundamental question to how an essentially reductionist approach in education can be an answer to the increasing complexity in many aspects of engineering. Discussions in the field of the philosophy of science have criticised the reductionist method as an "oversimplified idea of the Enlightenment" (Cilliers 1998). In dealing with complexity, the analytic method attempts to “cut up a system” and thus “destroys what it seeks to understand” (p.2). In the context of engineering education, this leads to the hypothesis that we need to view engineering education holistically as a complex system, in order to understand and ultimately improve present processes.  To test this idea we need to review the some fundamental ideas about the nature and properties of complex systems and the application of these to engineering education.

The complex systems analogy - Theoretical analysis
On the abstract level of systems theory, a complex system is distinguished from a merely complicated one by a number of characteristics. The core insight that describes complex systems is as old as the works of Aristotle: “The whole [of a complex system] is more than the sum of the parts” (Aristotle and Kirwan 1971; Goldstein 1999). This means that a complex system on a global level can have properties which are not “held by any of the components of the system” (Sawyer 2005) - these are called emergent properties.  
For the theoretical analysis, we define student learning in engineering schools as the system. The agents of the system are the individuals, which includes teachers, students and other academic staff. The trace of the system – that is the way the elements of the system interact - is information. This information can be transmitted or stored in any form of written or oral communication, formally or informally as well as explicitly or implicitly. More specifically this description includes for example textbooks and lecture notes as well lectures or informal conversations between any of the agents of the system. The following section analyses the general characteristics of complex systems drawn from the existing literature (Cilliers 1998; Bar-Yam, Ramalingam et al. 2004; Sawyer 2005) and examines to what extend they are applicable in the context of engineering education. 
1. Large Number of Elements

One main characteristic associated with complex systems is that it “consists of a large number of elements”(Cilliers 1998). Looking at engineering education at a typical university we can certainly identify a large number of agents or individuals namely students, teachers and anyone interacting with those main agents within the framework of the system.


2. Interaction of Elements 

The existence of a large number of elements alone does not distinguish a complex system from one that is merely complicated. A key factor in defining complexity is the interaction of the elements of the system and certain characteristics of this interaction. In the context of engineering education the fact that individuals interact is an almost trivial statement since the purpose of education is to impart knowledge through communicating information. 

3. Rich Interaction

The interaction of the elements of a complex system is described as “fairly rich”(Cilliers 1998). This means that “any element of the system influences, and is influenced by, quite a few others” (p. 3). For engineering programmes at a higher education institution this certainly holds true as teachers interact with students via learning activities such as courses, tutorials, assessment and other feedback mechanisms. Beyond the teacher/student interaction students communicate with other students or academic staff on various occasions and in a number of different ways.

4. Non-Linear Interaction

The interaction of elements of complex systems is generally non-linear. This means that small influences can have large effects in the system and conversely, that large influences can have small effects. In the educational context this can be verified for example by looking at the process of formal teaching: Generally the same amount of teaching will not result in the same amount of learning across all students in the class.

5. Short Range Interaction

Elements of complex systems typically interact with their immediate neighbours (not necessarily to be understood in a spatial sense). This does not mean that there are no long-range influences on other elements. The trace of the system, however, is usually transmitted over a chain of local elements. In the context of the interaction of individuals in education the direct transmission of information is evident. In a local sense it can be direct communication between teacher and students in for example lectures, or in a non-spatial sense, teacher student interaction via say distance learning. Also, higher level institutional objectives or regulations are ultimately transmitted and implemented through a chain of the interaction of individual teachers, students or staff. 

6. Feedback Loops

The interaction of elements of complex systems usually contains stimulating or inhibiting feedback loops. This feedback causes the activity of an individual element to reflect back on itself. One aspect of engineering education that illustrates the existence of feedback loops is the element of formal assessment. A very simplified way to illustrate this is looking at how student learning would ideally lead to good grades (positive feedback) which in turn leads to increasing motivation and ultimately more learning.

7. Open System

Complex systems are generally described as open systems which interact with their environment. This entails that for a complex system the definition of the boundaries is not self-evident and this framing strongly depends on viewpoint of the observer. In our example of engineering education, this difficulty became apparent above when defining the scope as student learning at one engineering school. However, the system could also have been defined nationally or internationally, where different institutions interact and influence each other (A detailed analysis of viewing a national education system as the complex system is described in (Kaput, Bar-Yam et al. 2006)). Also, universities as a part of larger social systems are also certainly open to other aspects of society, such as political or economic systems. This does not only include interaction on the level of the organisation, but also the fact that students and teachers, the agents of the system we consider here, are also part of those other social systems.

8.  Operate Far From the Equilibrium 

Complex systems are generally dynamic and “operate under conditions far from equilibrium”(Cilliers 1998) they are “systems in process that constantly evolve and unfold over time” (Arthur 1999).  This means that there has to be a constant input of some sort into the system to ensure its survival. In the case of engineering education the system’s dynamic becomes apparent on several levels. On a general level education is ultimately driven by supply and demand in terms of industry requirements and numbers of graduates. Thus, it requires a steady input of resources and ‘unprocessed students’ and can through this process grow, shrink or evolve as a whole. 

9. History Dependant

As opposed to deterministic systems which can be comprehensively characterised by its initial conditions, the behaviour of complex systems is influenced and determined by the system’s history. With respect to student learning in engineering education, several aspects evidently demonstrate this dependency on the system’s history. Institutional tradition is an element of the system’s history that explicitly shapes education. On an elementary level, the history of the individual agents also enters the system. For example, what is taught today is strongly influenced by what today's teachers once learned. Similarly each student brings a history and thus, certain characteristic into the system.

10. Complexity is Not Embedded in a Single Element

It is characteristic for complex system that the complexity emerges from all of the previously described characteristics. More specifically, the complexity is not embedded in a single element of the system. In more practical terms this means that a single agent in the system does not “know what [is] happening to the system as a whole”. Engineering academics would at this point certainly claim that they as an “element in the system” are not as described in Cilliers (1998) “ignorant of the behaviour of the system as a whole” (p. 4). However, this characterisation should not be understood in a way that individual agents can not have a general knowledge of general processes taking place at their institution. “Ignorance” in this context means that any point in time a teacher or student does not know what all other individuals are doing. For example, academics are not fully aware what information is transmitted in other lectures and how that influences the student learning in their class. 

While this outline of complexity in relation to education is necessarily brief and somewhat simplified, nevertheless does establish the key elements and how they interact. Other phenomena such as student's competence formation, student retention and the like can be explained from the characteristics of the system as described by these ten points. Such higher level phenomena "emerge as a result of nothing more than the interaction between the various elements of the system" (Cilliers 1998) which can in turn be stimulated by the outside influences. This suggests strongly that engineering education does exhibit complex behaviours – in particular the emergence of global properties - as do other complex systems such as neural networks (Bar-Yam 1997) or national economies (Arthur 1999). 
Empirical Study

In order to empirically investigate the complex nature of engineering education, a pilot study was conducted to investigate the acquisition of Accidental Competencies by recent graduates during their time as engineering students.  The empirical enquiry used critical incident techniques based on focus groups to establish accounts of how Accidental Competencies were acquired. The respondents for the study consisted of engineering graduates from Australia and Germany with one to five years of working experience in the field of professional engineering. This was to ensure that the respondents were sufficiently close to their formal engineering education to be able to recount detailed critical incidents from their period of formal education. Equally, the respondents need to have the specified working experience to be able to relate their critical incidents of accidental learning to professional engineering practice. According to the methodology of Critical Incidents, as described by McClelland (1973; McClelland 1998) Boyatzis (1982) and Spencer (1993), participants were either asked to recount critical learning experiences or critical events in specific job situations. The competencies which were perceived as crucial in this context were then related back to the participant’s learning experiences in the described sense of Accidental Competency acquisition. 
The transcripts were then coded for competencies and their mode of acquisition. These results can be accessed on two levels: Firstly the rich detailed accounts of critical incidents of Accidental Competency acquisition foster an understanding of the complex phenomenon. Superficially this method of extracting isolated individual critical incidents of the phenomenon might appear reductionist in nature. However, the examples are not used as generalizations but rather enable the reader to form an interpretive understanding of the phenomenon. Secondly, on a more general level the critical incident accounts were developed into a contextual model of Accidental Competency acquisition.
Illustrative examples of Accidental Competency acquisition
This section introduces quotes from the focus group discussions to illustrate the general mechanism of Accidental Competency acquisition. The particular examples chosen in this context concern the development of the students’ understanding and appreciation of complexity. This choice of the examples which look at how students acquire an understanding of complex systems within the complex system of education might appear confusing at first. A number of other examples from the transcripts could have been chosen to illustrate the phenomenon. The particular examples, however, allow further interpretation as to why engineering education is currently approached in an essentially reductionist way on the level of teaching delivery and instructional design (see discussion).
Quote 1 

“The chaotic system of my degree structure with parallel courses and conflicting constraints was in retrospective a blessing. Today I am able to organize myself in similar conditions, manage my time and access information through networking with others” 
In the context of this quote the respondent talked about imponderability of the educational process from the student’s point of view. The formal requirements of the degree structure which are in their implementation embedded in the social context of the particular institution were experienced as a highly complicated and in some aspects even complex system. The student was confronted with a situation characterised by “a multiplicity of potential solutions [where] the outcome actually reached is not predictable in advance” (Arthur 1999). The navigation of this complex situation helped this respondent to develop the following Accidental Competency:

· Ability to make sense of and work within complex systems (Compare with Craig et al. (2005)) 
In addition to this general understanding, the person adopted a certain set of Accidental Competencies to operate within complex systems:
· Ability to interact socially and build relations in order to gain information or advice (Gundling (2000) describes “network, gets things done through others” as an innovation trait sought by 3M, compare also “use peer support” in Scott (2002)
· Time management (Parkinson (1999) classifies this as an enabling skill for life-long learning, compare also Graduate Attribute (x) in Engineers Australia (2005))
The analysis shows that this incident of Accidental Competency acquisition emerged from the coaction of various elements of the educational system. However, it should be noted that other effects, such as traditional learning, might also have contributed to the acquisition of the stated competencies.
Quote 2 

“Every lecturer has a certain defined set of content and you have to learn to get through. In Industry it is more about getting the whole thing done”
In the description of the critical incident the participant contrasted the way of learning at university to work in the professional context. At university the separation of learning content into courses and discipline areas caused the student to experience the learning in a disconnected way. The classroom problems isolated the learning content of that particular course by defining other aspects which are the focus in other courses as negligible. As one example we might consider that in typical dynamics problems the effect of friction which links this field to thermodynamics is usually discarded as negligible. Through this instructional approach the student in a way lost sight of the forest of engineering problem solving for the trees of perfected performance in specific subject areas. He reported that this was initially a disadvantage in his professional work since he could not apply a holistic systems approach to the engineering tasks. Through the subdivision of learning content into subject areas and their teaching in isolation caused the Accidental Incompetency:
· The inability “to utilise a systems approach to design and operational performance” (Which is the opposite of the graduate attribute (x) in EA (2005))
Another participant commented in a similar context that “we are born systems thinkers and it gets trained out of us.” The same phenomenon was reported by Thorstein Veblen (1918) almost a century ago in what he termed “trained incapacity”. He observed that the increasing specialization in education lead to a narrowing focus of the student and ultimately resulted in a lack of awareness of broader implications of their education for professional practice. He further argued that certain practices in professional education train students to ignore some aspects or variables in carrying out specific tasks. As an example from business education he observed that “transactions are carried out with an eye single to pecuniary gain - the industrial consequences, and their bearing on the community’s welfare being matters incidental to the transaction of business” (p. 351).
In the field of engineering education the Boyer Commission similarly reported that “many students graduate having accumulated whatever number of courses is required, but still lacking a coherent body of knowledge or any inkling as to how one sort of information relate to others” (Boyer Commission 1998). The connection of this accidental in-competency to the educational process is discussed in (Kellam, Mann et al. 2006). The study quotes an engineering academic who believes that “analysis type courses may actually inhibit the understanding of complex systems integration” (p. 10). 
Spiral Model of Competency Formation
On the basis of the incidents of Accidental Competency acquisition identified in the empirical study, a contextual model of the formation of competencies was developed.  It covers three types of outcomes: intentional outcomes, accidental competencies accidental in-competencies. 
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Figure 1: The Spiral Model of Competency Formation
The outer circle contains different categories of the elements that constitute the complex system of education. Some of these categories contain entities on a level above the individual elements. However, these higher order entities are essentially clusters of interaction of the individual agents. As an example the prevailing culture of an institution (category 5) is composed of various interactions of the individual teachers and students. The elements of the traditional concept of targeted instruction are grouped in the category of learning activities (category 1), comprising lectures, group work or research projects. The mechanisms of formal assessment (feedback loop of the system) are located in the cluster of general curricular elements (category 2). This also includes the curriculum as a whole. This was illustrated in the analyses of the first quote where the degree structure and organization posed a learning task and a source of competency formation in itself. The student disposition (category 3) comprises aspects of the individual student brings to the history of the system. Factors such as innate traits or educational background can have a significant impact on how the other elements interact to form competency. The student’s extra-curricular activities (category 4) link the open system of university education to other systems such as the wider social context. 
As demonstrated in the illustrative quotes for some of the above categories, their elements interact at several levels (indicated by the arrows in Figure 1) and lead to the formation of competencies. This includes learning outcomes through formal learning processes but also Accidental Competencies and Accidental In-competencies. 
Discussion

Significance and applicability of the results
Establishing the complex nature of the system of engineering education suggests the need for a qualitative empirical research approach and an interpretative analysis of the results. More specifically, this means that the first step in discussing the results is to establish what those results are and equally what they are not. As indicated in the description of the methodology the complex nature of the system means that generally no universal principles or rules can be derived to comprehensively describe the system. Cilliers (1998) refers to complex systems as “flat networks [which are ] not supported from below by some foundation, nor held together from above through general abstractions.” (p. 129). This means the fact that no universal rules can be derived is not due to technicalities of the enquiry such as the size of the sample, it is an inherent characteristic of the system. 

Accordingly the illustrative examples of Accidental Competency acquisition do not necessarily represent standard of typical cases that could serve as a blue print to understand the dynamics of the system in general terms. They can, however, provide a unique insight into the complex dynamics of the system and illustrate some aspects of the system’s behaviour thus fostering a deeper interpretive understanding. Sawyer (2005) describes this access to complex social systems in stating that “some social properties can be explained by identifying their processes of emergence from individuals in interaction” (p. 7). This agrees with the function of the illustrative examples used in this enquiry. They are meant to “trace narrative trajectories through the complex flat network” (Cilliers 1998). This approach of providing real-world accounts of students’ competency formation is ultimately hoped to combine with the reader’s own experiences to form an internal mental working model of the system. 
Equally the development of the contextual model of Accidental Competency acquisition is intended to help the reader understand and appreciate the complex nature of engineering education. This model should not be understood in the reductionist tradition as a means “to predict and control the behaviour of a system” (Cilliers 1998) but as being “rich in information” (p.13). Again, this particular approach to modelling the system follows from its complex nature: “Since the model will have to be as complex as the system it models, it cannot reveal the ‘true nature’ of the system in terms of a few logical principles” (Cilliers 1998). The focus of the spiral model (See Figure 1) is to depict the self-organising structure, the influences acting in the system, and the emergent nature of students’ competencies. This might seem in contrast to the statement above that complex systems do not follow underlying governing rules. However, it should be noted that complexity should not be mistaken for chaos – complexity does not suggest that “anything goes” (Lyotard 1984). It is possible to identify patterns of emergence proprietary to the system. In the context of the application of complex systems theory to social phenomena Lee (2003) speaks of “inferring relationships between the constituent parts and subsystems” and “deducing global underlying principles” (p. 7). However, these patterns of emergence can not be used to predict the future behaviour of the system nor can the model amount to a comprehensive description of the system.
Beyond fostering a general understanding, the systems view on engineering education allows to draw on strategies from other areas of application of complex systems theory: “Once we have a better understanding of the dynamics of complexity, we can start looking for the similarities and differences between different complex systems and thereby develop a clearer understanding of strength and limitations of different models” (Cilliers 1998). An example for the transferability of strategies from other areas of complex systems research can be derived from the discussion of the two illustrative quotes presented. It was shown that attempts to structure education by confining learning to different subject areas hamper students’ appreciation of complexity (Boyer Commission 1998; Kellam, Mann et al. 2006). 
Somewhat ironically, aspects that, due to the complex nature of the social context, cannot be externally controlled foster this competence (See Quote 1). This points to an important aspect in the context of control and external design of engineering curricula and allows an interesting comparison to the area of economics. The application of complex systems theory in this field suggests that the complex system of a national economy can, for obvious reasons, not be completely controlled through external measures. Arthur (1999) advocates that a complex system should be influenced “not by a heavy hand, not an invisible hand, but a nudging hand”. He sees the role of external design in seeking “to push the system gently toward favoured structures that can grow and emerge naturally” (p. 108). These strategies would have to be further explored in a time where the field of engineering education internationally thrives for more structure and control of student learning through the implementation of outcomes-based education.

Wider implications

When considering the wider implications to the field it is necessary to go back to the statement that engineering education is currently adopting a reductionist approach to teaching delivery and instructional design. It can be argued that this reductionist tendency is the result of the prevalence and the tremendous success of the analytical method in engineering. In a way reductionism is a defining element of engineering. As one striking example, the use of the Free Body Diagram in solid mechanics signifies the typical engineering approach: A problem is subdivided into its components which are analysed separately and later reassembled. For this class of problems this reductionist approach is a very powerful tool.  Engineering has always striven to keep its systems simple and linear in order makes them simpler to build and predict – thus reductionism has developed into the fundamental epistemology of engineering (and other sciences for that matter). Accordingly, a study of the complex systems perspective in engineering education (Kellam, Mann et al. 2006) has reported a large variation in the “level of understanding of complex system integration” (p. 14)  among engineering academics. Since most engineering educators are a product of the same process of education it stands to reason whether we collectively need to overcome the same Accidental Incompetency of not appreciating complexity, which was described by the graduate engineer in the second quote. 
Conclusion

The theoretical analysis and the empirical study presented suggest that engineering education is a complex system.  On the one hand this result has an impact on how the specific findings of the study can be interpreted and ultimately applied to current practices of teaching delivery and instructional design in engineering. On the other hand this main outcome points to a number of wider implications for the field of engineering education.  Accepting that engineering education is a complex system would entail the need for a radically different thinking in the field in order to overcome the “epistemological anxiety” (Wilensky 1997) and embrace complexity.  
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