A Framework for Understanding Engineering Practice

Abstract

Empirical research on engineering practice using interviews and field observation provides a
detailed conceptual framework to describe engineering practice using terminology that can be
used across discipline boundaries. This research provides, possibly for the first time, an
empirically-based and comprehensive description of engineering practice and demonstrates
the centrality of social interactions in engineering practice. The implication for engineering
education is that students need the opportunity to build a rigorous intellectual framework in
which to think about human behavior issues, alongside existing rigorous treatment of
scientific, mathematical and technical issues. Beyond this, students require exposure to the
complexities of engineering practice and socio-technical systems with a solid research-based
foundation. This will be necessary to overcome currently perceived weaknesses in
engineering education which are perceived by industry employers and graduates alike.

Introduction

There are extensive and continuing debates on engineering education at relevant conferences
and also in several journals. These debates focus mainly on pedagogy and performance
assessment: the objectives are mostly taken for granted in the form of the ABET criteria or
similar outcome definitions™™.

At the same time, however, there have been many concerns expressed by employers on the
perceived gaps between engineering education and professional practice®”. These concerns
continue even after fundamental changes to accreditation criteria have been introduced
worldwide. In a survey to assess the effects of these changes, only about 50% of American
employers thought that engineering graduates understood the context and constraints that
govern engineering, and there was a majority assessment that graduate understanding had
declined in the last decade®. This agrees with persistent feedback from employers in Australia
that graduates lack appreciation of fundamental knowledge and engineering courses are
misaligned with industry needs. Graduates themselves have acknowledged these
weaknesses®. A survey of industry requirements for engineering education in Britain found
evidence of skill deficits and concern that “the grade of degree awarded can be a poor
indicator of a graduate’s actual abilities”*°. Employers expressed “a need for enhancing
courses in terms of their development of practical skills but not at the cost of losing a strong
theoretical base”.

There are other signs pointing to the need to rethink the objectives of engineering education.

In a recent visit to a representative sample of leading engineering education institutions in
India I learned that very few of their graduates enter engineering careers: most are employed
by IT firms producing software (and associated services). The apparent driver is salary levels:
IT firms pay 50,000 Indian rupees/month. (~US$16,000/yr). In engineering companies
graduates earn about one third as much. Labor market theory tells us that salary levels are
typically related to the marginal product created by a worker. This suggests that Indian
engineering graduates do not have appropriate skills to generate as much value for their
employers as they can in software-related work.
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Yet, if their education was well structured, they should be able to create more value in areas
of work directly related to their education than in other occupations. In the institutions that |
visited engineering courses follow typical models in leading universities in America, Europe
and Australia in both content and teaching style. While there is slightly less project-based
learning in India, the differences are minor. Indian engineering companies typically do not
recruit graduate engineers from the leading institutions: they cannot offer high enough
salaries. A close examination of young engineers working in a leading export-oriented Indian
manufacturing company! shows a large mismatch between their training and the work they
are expected to do. Therefore it is not surprising that Indian graduates create relatively low
value for their Indian companies employing them.

Given the pressing need to improve energy efficiency and reduce carbon emissions from
developing countries such as India, such skill mismatches point to significant future
difficulties in achieving the desired changes. Engineering performance in India and China
will be a critical factor in reducing atmospheric emissions and the consequences for the global
environment. Anecdotal evidence points to Chinese engineering skill mismatches similar to
those observed in India. Similar issues have been reported in other countries™.

In our research interviews, several young engineering graduates have complained that their
friends who graduated in law, medicine and commerce are earning considerably higher
salaries with less responsibility. Again, labor market theory points to a possible explanation:
they create less value for their employers. Their circumstances mirror employer perceptions
that they lack appropriate skills to be effective as engineers.

If we compare engineers working on projects in 2008 with those of a century earlier, we
would find that they have the benefit of vast resources of accumulated knowledge about the
scientific aspects of engineering. However, just as most engineers of 1908 learned their
engineering science through apprenticeships and personal experience, our research is showing
that today's engineers still learn most of their engineering practice in more or less the same
way. A longitudinal study of our own engineering graduates™® is showing that nearly all the
skills and knowledge they need for their work is learned on the job. While this emphasizes
the importance of graduate learning abilities, it also echoes employer concerns that
engineering education does not provide students with opportunities to learn skills they will
need as graduates.

Our research with practicing engineers is revealing that mistakes and failures in technical
design or in calculations predicting performance still happen but are relatively rare. Mistakes
in the engineering process, however, are all too common. We could start with failures to
understand client needs leading to solutions that clients did not ask for. We could include
failures to anticipate the ways that people interact with machines and processes, failure to
detect and anticipate problems resulting from deviations and unexpected events, failure to use
well-known analysis and forecasting methods appropriately, inappropriate incentives, KPIs
and contract frameworks that drive technical decisions in the wrong directions, failure to
anticipate the significance of seemingly inconsequential decisions and failure to ensure that
work is delegated to people with appropriate knowledge and skills to handle responsibilities
placed on them.

Controlling risk and uncertainty is a big issue in engineering practice. However, whereas the
unpredictable elements of nature still contribute a significant proportion of engineering risks,
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an equally significant proportion of risks are associated with predictable attributes of human
behavior.

Given these signs that engineering education may not be providing graduates with sufficient
attributes to commence their careers, it is interesting to observe that little research has been
reported on engineering practice.

There are very few recent reports of systematic research on engineering practice, with the
possible exception of certain aspects of engineering design**. Florman® complained that "The
average citizen has very little idea what we do, often confusing us with people who run trains
or take care of boiler rooms." In fact it is still not easy for the interested citizen to find a
coherent written account that could provide a comprehensive answer.

On reflection, the reason for this gap in the research literature might be explained by the
relatively small number of people with appropriate research skills and tools and at the same
time enough first-hand experience to understand the language and concepts of engineering
practice. The question “What do engineers do?” seems obvious with hindsight. Yet that was
not sufficient for this author who had most of the required skills and 20 years of first-hand
experience in different fields of engineering. It was the contradictions that became apparent
to the author in South Asia (low labor rates with high costs) that resulted in a serious search
for explanations from 2003 onwards.

It is worth raising a fundamental question: how can engineering education be soundly based
in the absence of a thorough understanding of engineering practice?

Deficiencies in understanding engineering practice could be resulting in two serious
consequences. First, it is necessary for engineering academics to understand engineering
practice at least to a level sufficient to educate their students. Second, curriculum design
reflects contemporary understanding of engineering practice. Any weaknesses will be
reflected in less than optimal choices in the engineering curriculum.

|15 16-18

Sheppard et al™ presents a view of engineering practice based partly on literature™ " and
partly on perceptions of academics and students. While each of the reports they cite presents
fascinating insights into particular instances of engineering practice, none present a unifying
framework that enables them to be related and compared to each other. Further, these
accounts are not necessarily widely read by engineering academics. Sheppard and her
colleagues concluded that engineering practice consists of problem solving, specialized
knowledge and integration of process and knowledge. However, our own research suggests
that these are significant components of a much greater whole which is difficult, at first, to
perceive. Engineers do solve problems, but they also do many other things as well. (Even
the engineers whom we have interviewed and studied find it difficult to understand the
process in which they spend their working lives.)

Our own research has revealed significant weaknesses in the contemporary understanding of
engineering practice. For example, while learning soft skills such as communication has been
seen as complementary to technical studies, our research indicates that technical and social
issues are inextricably interrelated in practice'®. Without this understanding it can be difficult
for students to understand the relevance of soft skills.
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The research reported in this paper aims to help with a clearer understanding of engineering
practice that could help overcome several of the problems reported above. This paper,
therefore, presents a conceptual framework of engineering practice that transcends discipline
boundaries. The aim is to provide a conceptual understanding of engineering practice that
will help educators and practitioners, and also to help researchers conduct more tightly
focused studies of engineering practice.

This framework emerged from a continuing empirical ethnographic study of engineering
practice, predominantly based on interviews and field observations of engineers in several
countries. The author works with a team of about 20 colleagues and research students: taken
together the team can draw on about 150 years of first-hand engineering work experience.
The author has conducted 70 extensive interviews with engineers and draws on his own first-
hand experience, and a further 90 interviews and many weeks of field observations conducted
by students and colleagues in a broad cross section of industries.

The framework provides a map consisting of 85 different aspects of engineering practice
supported by 35 areas of specialized knowledge. At a higher level this large number of
components can be usefully grouped into a hierarchy that provides a more compact
description. The picture that emerges is that of a socio-technical discipline built around the
intrinsic limitations of human behavior and capabilities. This contrasts sharply with
conventional engineering education in which the technical issues form the core with human
and social aspects lying on an optional periphery.

Empirical Research

The empirical research followed well-established qualitative research methods used by
contemporary social science researchers. Most data has come from transcripts of semi-
structured interviews performed by the author. The sampling was partly opportunistic and
partly purposeful for maximum variation. The ultimate aim is to include engineers in all
major disciplines and types of business (e.g. consulting, private firm, manufacturing,
maintenance, operations, sales etc.) with between 3 and 35 years experience, so sampling
reflects this aim. Both companies and individuals were approached with this requirement for
interviews. Some companies responded with a cross section of their engineers and others
with individuals. 70 engineers agreed to be interviewed so far, with more in mechanical
engineering than other disciplines. Three of the interview subjects were female and most had
engineering degree qualifications.

Each interview took between one and two hours. Open-ended questions encouraged the
respondent to talk about the details of the work he or she performed®®: provides details ~ g
ethnographic method we used allowed interviews to follow the interests of the subject rather
than sticking to some predefined rigid format. Field studies were also part of the survey: a
limited number of subjects were shadowed (with their consent) for 1 — 2 days to triangulate
interview data. Most interviews were recorded and full transcripts were used for analysis. In
cases where recordings were not available, the transcript reconstructed from notes was
checked by the respondent for accuracy. We use standard ethnographic analysis techniques
on interview transcripts, field notes and other reference texts?®?*. Similar methods have been
used by earlier researchers studying engineering practice*® *?’. Their published data together
with independent field observations provided the extra data to ‘triangulate’ the interviews
(providing independent evidence to test the analysis).
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The first stage of analysis was a review of the first 25 interview transcripts and this led to a
list of approximately 70 different aspects of engineering practice. Substantial engineering
work experience was essential to distinguish subtle differences and technical jargon. For
example, when an engineer was reviewing technical work performed by others, there was a
difference between ensuring that it complied with technical and quality standards, and
ensuring that it complied with client standards and requirements. In some cases both checks
were performed together, in other cases there was separate checking. Short, non discipline-
specific descriptors appeared to be a useful way to classify aspects of engineering practice in
disparate disciplines. The descriptors provided most of the codes for the qualitative analysis
of the interview transcripts and other reference data®.

The next stage consisted of careful coding of the first 10 interviews and this revealed the need
for a further 10 additional coding descriptors, for example “planning maintenance” and
“developing technical standards”. There was little or no supporting evidence for some
descriptors, and others had to be merged when it became clear that the evidence could not
distinguish one from another. For example, separate descriptors for “marketing”, “assisting
clients develop projects”, and “researching client needs” were merged into a single descriptor

“influencing clients”.

Several unexpected aspects of engineering practice emerged from the interview data. By far
the most significant was technical coordination. There were three questions in the interview
to explore supervision relationships (with superiors, contractors and subordinates). The initial
review of responses led to a single descriptor for supervision and mentoring. A large
proportion of interview responses referred to interactions with other people that were closely
related to supervision in the sense that the interview subject was relying on other people to
perform some work or provide information. The term ‘coordination’ seemed more
appropriate and general than supervision as most of the people were not subordinates of the
respondent. Instead they were clients, peers, people in other parts of the same organization,
superiors, contractors, and outsiders. These were mostly one-on-one situations and most
references were in response to questions unrelated to supervision.

Willing cooperation also seemed to be important. An insightful first-hand comment about C.
Y. O’Connor, the engineer responsible for the Perth to Kalgoorlie pipeline in 1895-1899,
emphasizing his capacity to obtain the willing cooperation of others?® P** helped to clarify
this. The absence of formal authority in most reported interactions led to the conclusion that
securing willing cooperation is an important part of engineering practice.

The very large number of references to this ‘coordination’ descriptor led to a decision to code
the first 10 interviews again with a range of descriptors for different kinds of coordination
(listed in a later section).

The final stage of analysis consisted of a careful review of all the remaining transcripts and
detailed coding of a further 15 interviews using the descriptors described above to test for
saturation. (Saturation in qualitative analysis means that further analysis leads to little or no
change in the qualitative result.) This step yielded only two additional descriptors and only
slight changes in the relative prominence of the different aspects of engineering practice,
though further detailed evidence continues to emerge from individual quotations. This result
helps to confirm that the sample size is sufficient to develop framework of engineering
practice. Coding of quotations and first-hand observations reported in published literature,
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together with notes from field observations, provided triangulation for this result and did not
reveal any gaps.

The descriptors are presented in Appendix 1 (engineering practice) and Appendix 2 (technical
knowledge).

The engineering practice descriptors can be grouped into categories as follows:
1. Managing self and personal career development (8 descriptors)

2. Coordination, working with other people (16)

3. Engineering processes, project and operations management (13)

4. Financial processes (6)

5. Procurement, buying products or services (3)

6. Human resource development, training (4)

7. Business development or marketing, selling products or services (11)

8. Technical work, creating new concepts, problem solving, programming (13)
9. Technical reviews, checking, testing and problem diagnosis (10)

10. Hands-on technical work, construction or repairs (1)

35 technical knowledge descriptors also emerged from the analysis, for example
1. Definition, function of product
2. Customer needs (technical, social, business)
5. Operating the product
14. Properties, models of product assembly for predicting performance and behavior
14a. Prediction, forecasting methods, analysis, simulation
17. Normal standards for technical work, production faults and defects, signs of
“trouble”
18. Manufacturing methods,
20. Control of production or working environment, elimination of errors, quality
control, safety.
23. Component and material properties, models, singly and in combinations
24. Knowledge of components, materials, purpose and function
25. Procuring components and materials, storage, logistics, transport

It is important to realize that the framework of descriptors depends on the approach taken by
the investigator. It is well known that classification of the kind needed to establish such a
framework depends on the individuals involved in the process® .

Typical engineering activities will often map to two or more descriptors. For example, an
engineer working with a colleague on design of a process plant could be mapped to ‘design’,
‘scoping’, “sketch or outline’, and ‘coordinate insiders’. Each of the descriptors can be
mapped to skills and knowledge required to perform those aspects of engineering practice.

No similarly comprehensive framework for engineering practice seems to have been proposed
before. Solomon and Holt*! proposed a broad set of 7 descriptors, but a more detailed
approach has revealed many important aspects missed in earlier accounts. The real test will
be whether the framework provides a useful reference for other researchers: this will take time
to establish.

Qualitative analysis software provides an easy method to count interview references to codes,
in our case to descriptors, specific aspects of engineering practice. This does not imply a
corresponding proportion of work time, but it does provide strong evidence for the relative
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prominence of the ten different categories of engineering practice listed above. Coordinating
people dominates the graph, followed by “‘engineering process’ which includes project and
operations management, change management etc. The proportion of interview references to
these aspects has the least variation between interviews.

In the 25 interviews coded so far, 7.5 percent of all interview references were about
coordinating people inside the organization: this was the most commonly referenced single
aspect of engineering practice in our study. This was followed by managing projects (4.2
percent), design (3.5 percent), following procedures (3.5 percent), and coordinating clients
(3.2 percent).

One must be careful not to place too much significance on the numerical results. The
numerical values can be strongly influenced by the way the interviews and analysis were
conducted.

Coordinating people

Engineering process

Technical review, check & test

Technical, creative {

Self & Career Development

Business Development

Procurement }
Financial }
Human resource development }

Hands on work ]H

0 5 10 15 20 25 30 35 40

Figure 1 (Caption): Average percentage of references in each interview (horizontal
axis) to engineering work descriptors in the designated categories (vertical axis). The
dark area of each bar represents the extent of variability between interviews (from one
standard deviation of percentage less than the average up to one standard deviation
more than average).

Fundamental Concepts in Engineering Practice

The framework rests on the aspects of engineering practice and technical knowledge
identified in the analysis of the interviews (Appendices 1 and 2). While this level of detail is
essential for analysis and to establish training needs, abstraction at higher level provides more
generally useful insight.

At the highest level of abstraction we can see that there are two fundamental aspects of any
engineering venture. The first is to understand client needs and then to conceive, design, and
predict future scenarios to enable the client and engineer to decide jointly whether, and if so,
how to undertake the venture. The second aspect is to reliably deliver the chosen future: the
solution (or service) for the client. In the case of a major project this is a discrete process with
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clearly identifiable phases. However, engineering more typically consists of multiple
overlapping projects and continuous service delivery where the sequence and phases tend to
be blurred.

Engineering practice, therefore, consists of two intertwined threads. The first is largely
intellectual: understanding social needs, and then conceiving solutions and predicting how
well they will work. Prediction has to be as accurate as possible, on technical, commercial,
environmental, safety and timescale issues. Predictions provide answers to questions like
“How much will it cost? When will it fail? How long will it take to build? How safe will it
be? How will it affect atmospheric emissions?” Prediction relies on engineering science
taught extensively at universities, and also on prior experience in the form of heuristics or
‘rules of thumb’ that develop in communities of practice. Testing and measurement are also
part of prediction, providing empirical data to confirm predictions or to improve accuracy
beyond what theory alone can provide.

The other thread is practical: delivering solutions that match the predicted cost, timescale,
safety, and environmental impact. This has to be done almost completely through the hands
of other people: artisans, laborers, contractors and suppliers. Compromises in delivery are
negotiated through awareness of the predicted consequences, and performance prediction is
always qualified by practical experience. Figure 2 illustrates the feedback cycle required for
effective supervision and control.

prediction [ predicted stata

prediction

differences

inspection ( actual state
consequencea
implementation deIaD change neededad

revise plans

Figure 2 (Caption): Management process for delivering engineering work. Prediction
yields an anticipated state at a particular time. Inspection (on site, or through site
personnel) reveals the actual state. The differences (deviations) often result from
differences in interpreting the requirements, and also from unanticipated physical
circumstances. A further prediction step evaluates the longer term consequences of
the observed deviations. This leads to a decision on whether to change plans or site
processes. Any change will require detailed revised plans to be prepared and
implementing changes will take time, leading to an implementation delay. This
feedback loop must be stable: hence the inspection time cycle and implementation
delays must be tightly controlled.

Contrary to popular perceptions of a precise science-based discipline, the data from this study,
summarized in the appendix tables, is showing that both threads of engineering rely mainly on
distributed cognition, unwritten tacit knowledge and hidden skills. Engineering is a complex
social and technical system, often only partly understood by its own participants.

Engineers seldom deliver the product or service to the ultimate end-user: engineers depend on
other people to do this. Therefore, the ultimate value from the work of an individual engineer
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is only obtained through successful collaboration with others, including the client and the
ultimate end-user. These social interactions are critical for success in engineering and much
of the complexity revealed by the analysis presented in this paper reflects human behavior
constraints imposed by this socio-technical system.

The significance of these social interactions is further underscored by evidence from the
longitudinal study of our own engineering graduates. Graduates asked to estimate time spent
on different aspects of their work estimated that nearly 60% of their time is spent interacting
with other people, including working face to face, meetings, correspondence, reports and
working with human-readable data in information systems.

Implications for Engineering Education

Engineering science, the focus of nearly all current engineering research, enlarges options for
design and helps with accurate predictions. Hundreds of journals and conferences present the
results of that research and much of it is carried into industrial application by the students
taught by the researchers. This process has enabled great advances in engineering technology
over the last century. Evidence from surveys® ° suggests that engineering education is
providing satisfactory results in this aspect.

The other aspects of engineering, including understanding client needs and reliably delivering
client solutions with predictable lifecycle costs inevitably rely more on complex human socio-
technical systems. This is the process rather than the science of engineering. Even though
research evidence is limited, we can be confident that employers are concerned at the low
levels of understanding by graduates of the engineering process and engineering practice.

If one accepts the results of the research reported in this paper, then it is clear that one of the
keys to understanding engineering practice is the understanding of human behavior around
technical issues. Understanding the language and concepts of engineering practice is also
essential. Here it should be noted that the language of engineering is itself a significant
barrier to understanding. Engineers use common English words to convey concepts which
either mean little to non-engineers, or can even convey the opposite to the common meaning.
For example, “sign-off” usually means to finish ones association (e.g. to finish presenting a
TV show), whereas an engineer accepts ultimate and on-going responsibility for a document
when “signing-off”.

Typical engineering science curricula provide basic methods which engineers may use in
practice, but much of the content provides little that engineers can directly apply in practice.
While engineers may learn the subtle mathematical foundations of finite element analysis, the
relatively few graduates that will actually operate finite element software for analysis will
never need to perform the mathematical derivations they had to learn for examinations. The
link between education and practice is, therefore, largely indirect. By inspiring students to
embrace challenging mathematical and scientific tasks, we achieve three important results.
First we are providing them with confidence that they can overcome these challenges, second
they build a rigorous intellectual framework to help them think about technical issues, and
third they acquire the ability to learn new technical concepts quickly when needed. This
education is demonstrably successful: in changing the agenda we must be careful to build on
established methods that provide good results.

Contrast this with the treatment of engineering practice issues. First engineering science
forms the core of typical engineering curricula: practice is usually a peripheral component. At
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typical Australian universities, a first year course introduces students to team projects (mostly
paper-based) and they listen to visiting engineers talk about professional engineering. In final
year students often take a project management or sustainability-related course, again relying
on visiting speakers to provide real-world authenticity. Most universities provide a variety of
team project experiences for students in technical courses, but seldom is there any formal
treatment of team work skills. The intellectual rigor of these experiences is limited by the
presenters and the absence of appropriate literature. Without a solid research base, the
intellectual content can never be rigorous in the way that technical courses are presented.

Staff and students often regard these courses as “soft options” in contrast to “hard technical
material”. This is in stark contrast with the results of our research interviews. Engineers,
when asked what makes them think hardest in their work, almost always comment on the
difficulty of solving people problems. “The technical issues are easy in comparison.”

A rhetorical question will help illustrate the kind of changes that we need to embrace.
Imagine two candidates presenting themselves for accreditation as engineers.

The first candidate has studied mathematics, science and a discipline-relevant set of technical
courses, even a management option. The accreditation panel chair, with extensive knowledge
of engineering practice, asks the candidate how he or she will learn about contracts,
specifications, coordinating colleagues and managing technical staff. “Oh, I will pick that up
as | go along, I will ask for help from colleagues, | am sure I can learn that when | need to”,
replies the candidate.

The second candidate then appears, having studied psychology, philosophy, economics,
commerce, finance, accounting, organizational behavior and anthropology. The accreditation
panel chair, with extensive knowledge of engineering practice, asks the candidate how he or
she will learn about solid mechanics, electro-optics, vibration measurement and analysis and
spectral power density. “Oh, | will pick that up as I go along, | will ask for help from
colleagues, 1 am sure | can learn that when | need to”, replies the candidate.

Clearly the second candidate would have a hard time convincing the accreditation panel, yet
the first candidate has happily admitted ignorance of critical issues which we now know to lie
at the core of engineering practice.

The challenge in considering engineering education changes is to provide a more appropriate
balance between social science and technical issues, an appropriate level of rigorous
intellectual treatment at different levels of the course, and an appropriate balance between
didactic and experiential learning in laboratories, role playing exercises, fieldwork, co-op
(industrial placement) programs and team projects. The balance can also be obtained by
providing an element of choice, allowing students to choose more or less technical content
(beyond a minimum requirement for both technical and behavioral content).

Creating a balanced treatment that prepares students for engineering practice will require a
rigorous treatment of human behavior issues and engineering practice. There is a long history
of behavior-related research in the social sciences that can provide an appropriate foundation,
though it will be necessary to provide a balanced treatment of competing approaches from
psychology and anthropology. Beyond the introductory level, there is useful material to draw
on already, for example on socio-technical systems®”**, in the analysis of human error®*°
and the study of high-reliability organizations**°. Civil aviation provides startling and
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fascinating stories with spectacular failures, along with highly reliable operation coupled with
intense commercial competition and decreasing costs. Japanese manufacturing provides
elegant examples of high quality and consistently reliable engineering practice*>**. Beyond
that, professional topics from the lists provided in the appendix can provide scope for student
research projects with appropriate supervision.

Recruiting a proportion of academics with extensive (> 5 years) industry experience will also
help bridge the gap between education and practice. This is even more important given
declining levels of professional work experience in engineering academics*.

However, simply introducing rigorous study of people and organizations is not sufficient by
itself. Inspection of the aspects of engineering practice and technical knowledge in the
appendix reveals that few items have significant presence in engineering courses. A telling
response from one graduate in our longitudinal study*® exploring aspects of engineering
practice derived from Appendix 1 was “These questions above all feel like 'real world'
questions, why do they make sense now, but | have never been exposed to this kind of stuff at
uni??” Equally surprising is that few items seem to receive serious treatment in early career
training for graduates. While many items are highly specific (or even confidential) for certain
companies and industries (e.g. organizational procedures, product knowledge, manufacturing
techniques) students need to appreciate the extent of the landscape before them that they need
to explore and come to know for themselves. Knowing that they need to acquire this
information can be very helpful. In the words of one student exposed to this material:

“In my vac work (professional internship) I realized that there was so much going on
that I didn’t really appreciate, but with this framework | can now begin to understand
what | was learning.”

As one specific example, students could usefully understand the interrelationship between
standards and specifications and how specifications can be structured differently. The
difference between method-based specifications and test-based specifications are subtle but
can have a large influence over the ways in which engineering work is conducted.

Beyond formal knowledge of engineering practice there lies another issue at the heart of
engineering education. Close examination of the classification of technical knowledge listed
in Appendix 2 reveals that much of the knowledge is usually implicit. Like other occupations
engineering relies extensively on implicit and tacit knowledge®™. Yet conventional means of
assessment only value explicit knowledge that can be reproduced for examinations and tests.
Does the high value placed on explicit knowledge through the education process lead to an
implicit de-valuation of implicit knowledge? Could this explain part of the gap between
education where the currency is formal knowledge and engineering practice in which
informal, implicit, and tacit knowledge plays a highly significant role?

Building an engineering practice research agenda is critical for success in answering questions
like these. Spinks et al'® refer to the need for students to acquire “practical skills”. However
there is not much detail on what they mean by that except “graduates who combine technical
expertise with practical ability, backed up by strong interpersonal skills, including an
awareness of commercial realities (p59). Research is needed to understand this and similar
aspects of engineering practice in sufficient depth to provide useful education and awareness.
Martin et al provide evidence of skill deficits from graduates: multidisciplinary teams,
leadership, practical preparation and management skills®.
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A nucleus of appropriate research skills and methods is emerging in engineering education.
Long regarded as a “side show” in the research life of a typical engineering school,
engineering education is now establishing itself as a legitimately rigorous field for academic
enquiry. The same research methods can be applied: interviews, focus groups, field studies,
and surveys. While the literature is sparse, there is enough to provide a start™.

At the same time, engineering practice research is not easy. The language used by engineers
is a significant barrier to understanding: currently a combination of significant work
experience and awareness of the language issue is essential to overcome this barrier. Second,
it is not easy to negotiate appropriate levels of access to many companies to study the work
performed by engineers. Companies are often concerned by commercial confidentiality
issues and possible disruption to time-critical work. Third, engineering academics will need
to learn appropriate research methods and master the subtleties of competing social sciences
approaches to the study of human behavior through the literature and interaction with social
sciences academics. However, the rewards are significant. Not the least reward is that
research on engineering practice enables an engineering academic to discuss practical issues
with students with much greater confidence and credibility.

Eventually, one could expect that persistent research will lead to real opportunities to improve
engineering practice.

Even though it is a significant challenge, particularly for undergraduate students, to enter this
field of research, the degree of student interest in this research at my own university has been
surprising. Part-time students with extensive industry experience have been attracted into the
program because they can see many of the difficulties in engineering practice in their daily
work. They have demonstrated a keen desire to learn new research methods and master the
literature. Undergraduate students are typically attracted out of curiosity: “I’m going to be an
engineer, so researching engineering practice seems like a good idea. | will be more ready for
it as a result of doing this research.”

Conclusion

This paper has described research which provides, possibly for the first time, an empirically-
based and comprehensive description of engineering practice. Analysis presented in this
paper leads to a conceptual framework to help guide continuing research in engineering
practice.

The data presented in this paper point to the need for fundamental changes in engineering
education. The data reveal the importance of understanding human behavior: many of the
aspects of engineering practice have evolved to control the incidence of human errors and
differences in interpretation. Just as students currently gain a rigorous framework of ideas to
help them think about technical issues and problems, they also need rigorous intellectual
treatment of human behavior. Engineers are human and rely on other people to achieve their
results: this is fundamental to engineering practice. Relocating the human element to the
centre of engineering practice from its present position at the periphery is an essential pre-
requisite to integrate studies of engineering practice in the curriculum to help overcome
widely perceived weaknesses in engineering education.



A Framework for Understanding Engineering Practice page 13

Acknowledgements

This work would not have been possible without the support of my family. My colleague
Sabbia Tilli searched for relevant literature in so many engineering and social science
disciplines. My faculty colleagues Ruza Ostrogonac, Melinda Hodkiewicz and students Sule
Nair, Leonie Gouws, Sally Male, Adrian Stephan, Ernst Krauss, Emily Tan, and David
Mehravari all contributed to this research. | need to provide anonymous thanks to all the
engineers and others who have contributed, knowingly and unknowingly, through their
interview responses, comments, voluntary contributions and suggestions.

References

1. L. J. Shuman, M. E. Besterfield-Sacre and J. McGourty, The ABET "Professional Skills" - Can They
Be Taught? Can They Be Assessed? Journal of Engineering Education, 2005. Vol. 94, No. 1, pp. 41-55.

2. M. E. Gorman, Turning Students into Professionals: Types of Knowledge and ABET Engineering
Criteria. Journal of Engineering Education, 2002. Vol. 91, No. 3, pp. 327-332.

3. ABET, Criteria for Accrediting Engineering Programs 2006-2007. 2005. http://www.abet.org/,
accessed.

4, Engineers Australia, Stage 1 Competency Standard for Professional Engineers. 2005, Canberra:
Engineers Australia. http://www.engineersaustralia.org.au/about-us/course-
accreditation/publications/publications-and-supporting-documentation.cfm, accessed July-15 2006.

5. S. Florman, Non-technical studies for engineers: The challenge of relevance. European Journal of
Engineering Education, 1997. Vol. 22, No. 3, pp. 249-258.

6. C. Dillon, Engineering education: time for some new stories. Engineering Science and Education
Journal, 1998. Vol., No. August, pp. 188-192.

7. L. Pascail, The emergence of the skills approach in industry and its consequences for the training of
engineers. European Journal of Engineering Education, 2006. Vol. 31, No. 1, pp. 55-61.

8. L. R. Lattuca, P. T. Terenzini and J. F. Volkwein, Engineering Change: A Study of the Impact of
EC2000. 2006: ABET. http://www.abet.org/papers.shtml, accessed.

9. R. Martin, B. Maytham, J. Case and D. Fraser, Engineering graduates' perceptions of how well they

were prepared for work in industry. European Journal of Engineering Education, 2005. Vol. 30, No. 2, pp. 167-
180.

10. N. Spinks, N. Silburn and D. Birchall, Educating Engineers for the 21st Century: The Industry View,
Henley, England: Henley Management College, 2006.

11. V. K. Domal and J. P. Trevelyan. Comparing Engineering Practice in South Asia with Australia. in
American Association for Engineering Education (ASEE) Annual Conference. 2008. Pittsburgh.(submitted for
review).

12. A. Enshassi and A. Hassouna, Assessment by employers of newly graduated civil engineers from the
Islamic University of Gaza. European Journal of Engineering Education, 2005. Vol. 30, No. 3, pp. 309-320.
13. S. Tilli and J. P. Trevelyan. Longitudinal Study of Australian Engineering Graduates: Preliminary
Results. in American Association for Engineering Education (ASEE) Annual Conference. 2008.
Pittsburgh.(submitted for review).

14. J. P. Trevelyan and S. Tilli, Published Research on Engineering Work. Journal of Professional Issues in
Engineering Education and Practice, 2007. Vol. 133, No. 4, pp. 300-307.

15. S. Sheppard, A. Colby, K. Macatangay and W. Sullivan, What is Engineering Practice? International
Journal of Engineering Education, 2006. VVol. 22, No. 3, pp. 429-438.

16. L. L. Bucciarelli, Designing Engineers. Inside Technology, ed. W. E. Bijker, W. B. Carlson and T. J.
Pinch, Cambridge, Massachusetts: MIT Press, 1994.

17. L. A. Perlow, The Time Famine: Towards a Sociology of Work Time. Administrative Science
Quarterly, 1999. Vol. 44, No. 1, pp. 57-81.
18. W. G. Vincenti, What Engineers Know and How They Know It: Analytical Studies from Aeronautical

History. Johns Hopkins Studies in the History of Technology, ed. M. R. Smith and T. Hughes, P., Baltimore:
The Johns Hopkins University Press, 1990.

19. J. P. Trevelyan, Technical Coordination in Engineering Practice. Journal of Engineering Education,
2007. Vol. 96, No. 3, pp. 191-204.

20. A. Strauss, Qualitative Analysis for Social Scientists: Cambridge University Press, 1987.

21. M. Q. Patton, Qualitative Evaluation and Research. 2nd ed, Newbury Park, California: Sage, 1990.
22. M. Miles and A. Huberman, Qualitative Data Analysis: An Expanded Sourcebook. 2nd ed, Thousand
Oaks, California: Sage Publications Inc., 1994.


http://www.abet.org/
http://www.engineersaustralia.org.au/about-us/course-accreditation/publications/publications-and-supporting-documentation.cfm
http://www.engineersaustralia.org.au/about-us/course-accreditation/publications/publications-and-supporting-documentation.cfm
http://www.abet.org/papers.shtml

A Framework for Understanding Engineering Practice page 14

23. A. M. Huberman and M. B. Miles, eds. The Qualitative Researcher's Companion. 2002, Sage
Publications: Thousand Oaks, California.

24, R. Zussman, Mechanics of the Middle Class: Work and Politics Among American Engineers, Berkeley:
University of California Press, 1985.

25. J. Orr, Talking About Machines: An Ethnography of a Modern Job. Collection on Technology and
Work, ed. S. Barley, Ithaca, New York: Cornell University Press, 1996.

26. A. Darr, Technical Labour in an Engineering Boutique: Interpretive Frameworks of Sales and R&D
Engineers. Work, Employment and Society, 2000. Vol. 14, No. 2, pp. 205-222.

217. D. Vinck, ed. Everyday Engineering: An Ethnography of Design and Innovation. Inside Technology,
ed. W. E. Bijker, W. B. Carlson and T. J. Pinch. 2003, MIT Press: Boston. 247.

28. A. G. T. Evans, C. Y. O'Connor: His Life and Legacy: University of Western Australia Press, 2001.
29. G. Button and W. Sharrock, Occasioned practices in the work of software engineers, in Requirements
Engineering: Social and Technical Issues, M. Jirotka and J. A. Goguen, Editors. 1994, Academic Press Ltd:
London. pp. 217-240.

30. H. Garfinkel, Studies in Ethnomethodology, Englewood Cliffs, New Jersey: Prentice-Hall, 1967.

31 F. L. Solomon and J. E. Holt, On the Nature of Mechanical Engineering Work: An Analysis of Practice.
International Journal of Engineering Education, 1993. Vol. 9, No. 6, pp. 442-452.

32. K. Eason, Inventing the future: collaborative design of socio-technical systems, in Engineering
Psychology and Cognitive Ergonomics, D. Harris, Editor. 1997, Ashgate: Aldershot, UK. p. 3-10.

33. S. Dekker, The Field Guide to Understanding Human Error, Aldershot, UK: Ashgate, 2006.

34. T. Kletz, An Engineer's View of Human Error. 2nd ed, London: Institution of Chemical Engineers,
VCH Publishers, 1991.

35. J. Reason and A. Hobbs, Managing Maintenance Error: Ashgate, 2003.

36. J. S. Bushy and J. E. Strutt, What limits the ability of design organisations to predict failure?
Proceedings of the institution of Mechanical Engineers, 2001. Vol. 215 Part B, No., pp. 1471-1474.

37. K. H. Roberts, Some characteristics of one type of high reliability organisation. Organization Science,
1990. Vol. 1, No. 2, pp. 160-176.

38. R. L. Klein, G. A. Bigley and K. H. Roberts, Organisational Culture in Higher Reliability
Organisations: An Extension. Human Relations, 1995. Vol. 48, No. 7, pp. 771-793.

39. K. H. Roberts, S. Stout and J. Halpern, J., Decision Dynamics in To High Reliability Military
Organisations. Management Science, 1994. Vol. 40, No. 5, pp. 614-624.

40. L. H. Lynn and H. Salzman. What Makes a Good Engineer? U.S., German and Japanese Perspectives.
in European Applied Business Research Conference. 2002.

41. A. Lam, Embedded Firms, Embedded Knowledge: Problems of Collaboration and Knowledge Transfer
in Global Cooperative Ventures. Organization Studies, 1997. Vol. 18, No. 6, pp. 973-996.

42. A. Lam, Tacit Knowledge, Organizational Learning and Societal Institutions: An Integrated
Framework. Organization Studies, 2000. Vol. 21, No. 3, pp. 487-513.

43. D. Mehri, Notes from Toyota-land: an American engineer in Japan, Ithaca, NY: Cornell University
Press, 2005.

44, 1. Cameron, Declining levels of professional work experience in engineering academics, J. Trevelyan,
Editor. 2007: Perth.

45, M. Eraut, Learning from other people in the workplace. Oxford Review of Education, 2007. VVol. 33,

No. 4, pp. 403-422.



Appendix 2
Technical knowledge classification

TO1
T02

TO3

TO4

TO5

TO6

TO7

TO8

T09

T10

T11

T12

T13

T14

T1l4a

T15

Definition of product

Customer needs (technical,
social, business)

Selling the product

Applications of the product

Operating the product

Maintaining the product

Repairing, remediation,
modifying the product

Disassembly, reassembly of
product

Failure symptoms, signs of
“trouble” with the product

Failure modes of product

Diagnosis methods for
product

Packaging, storing,
transporting product
Documentation techniques
and standards, representing
the product, ways to
represent the internal
operation of machines and
physical systems.
Properties, models of
product assembly for
predicting performance and
behaviour

Prediction, forecasting
methods, ayalysis,
simulation.

Industry standards and
codes applicable to product
and components,
government regulations

Knowledge of product details and components, function and location of each
component, how each component contributes to the function of the whole assembly.
Understanding of individual client needs, including technical requirements for
performance, life, maintainability, compatibility, industry standards etc.,
understanding client social needs, both within local community and as individual
people, understanding client business needs such as price, financing method, delivery
timing, client organisation logistics, business rules, installation, maintenance, service
and support, repairs etc.

Knowledge of appropriate techniques to represent product to client so that decisions
can be influenced, knowledge of aspects of product that are important to client and
how to describe and present these. (Also see business development aspects)
Knowledge of how product is applied and used by client’s personnel. The client is
more likely to have detailed knowledge than the engineers developing and making the
product.

Knowing how to operate the product correctly to obtain desired performance and
avoid damage, how to recognize operational problems, how to start the product
operating, how to stop the product and shut it down, how to “mothball” the product
for extended storage, how to protect the product from external environment or
potential damage, how to care for the product (other than maintenance).

Knowledge of maintenance procedures for individual components and for the finished
product, including the labour skills and knowledge required, appropriate maintenance
planning and scheduling techniques to be used, spare parts management, procurement
and logistics.

Knowledge of repair methods is essential to restore a damaged product to working
condition, including both superficial repairs (e.g. panel beating for motor vehicles)
and repair methods for damaged materials and components. Modification of the
product is often essential to obtain improved, even satisfactory performance in a given
application. Knowledge of modification methods typically lies with users and may
not be known to the makers or producers.

Disassembly and reassembly is required for inspection, installation of upgraded
components and repairs. This is often associated with subsequent failure: components
can be reassembled in the wrong sequence or left out altogether.

Problem indicators, clues, queues and symptoms can include unusual noise, smell,
heat, and visible fragments (chips, smoke, rubbings, flakes, fragments, dust, particles -
- particles may be attracted or retained by secondary effects such as wet or oily
surfaces). Evidence of heating can include discolouration, burn marks, heat haze,
shimmering as well as direct tactile contact or temperature indications. Visible
damage can include cracks, dents, scratches, marks, rubbing, bends, crazing,
discoloration, wrinkling, distortion in light reflections, and burn marks. With
electronic equipment signs of trouble can include intermittent failures, heating, even
audible noises. Problems can also be evident from operator comments, even the
contents of trash bins, for example discarded copies from a photocopier.

Symptoms suggest specific failure modes given an understanding of the product and
how it operates (TO1). For example, a sticking valve in a process plant can cause
chemicals to spill from a tank. The failure symptom is spilled chemicals. The failure
mode is a valve failing to operate correctly.

Technical methods for collecting data and analysing data to determine the cause of
performance loss or failure. This also relies on having a model of how the product
functions (T01) and relevant physical principles (T29).

Materials and techniques for packaging, packing the product, labelling, batch/serial
number identification, storage facilities, transportation of product.

Drawing and documentation methods and standards, use of visual representations,
flow diagrams, process and instrumentation diagrams, SAMA diagrams, 3-d models,
charts, maps, plans, three-dimensional mapping systems, mine information systems,
geographic information systems, use of specifications and standards.

Properties of completed product, models of product behaviour (technical and
commercial) in given applications. Software, mathematical models of technical or
commercial performance. Methods for predicting product performance, both
commercial and technical.

Knowledge to predict future events based on present conditions, anticipation of future
events. Knowledge of models and methods to calculate future conditions.

National standards (e.g. BS, DIN, AS), industry standards (IEC, API), and
international standards (1SO), codes for design and operations (ASME, ASCE, ASTM
etc.), government regulations for technical work. Companies can also have their own
internal standards.




T16

T17

T18
T19
T20

T21
T22

T23

T24

T25

T26

T27

T28

T29

T30

T31

T32

T33

Measurement, test,
inspection methods

Normal standards for
technical work, production
faults and defects, signs of
“trouble”

Manufacturing methods

Programming product

Control of production or
working environment,
elimination of errors, quality
control, safety.

Tools

Component and material
failure modes.
Component and material
properties, models, singly
and in combinations

Knowledge of components,
materials

Procuring components and
materials, storage, logistics,
transport

Information retrieval:
locating required technical
information in large
amounts of mostly
irrelevant written
documentation

Defining complete list of
parts and materials

Productive resource
management

Mathematics and science-
based abstract knowledge

Human behaviour, in
design, production work,
maintenance and operation
of the product

Economic design for
manufacture, neat, well
structured, designs
Previous designs for similar
products

Sources of engineering
expertise, know-how and
skills

Measurement methods and instrumentation, inspection methods, data collection,
analysis of data and presentation of results, data storage and archiving, calibration of
instrumentation, certification of calibration, quality assurance of measurement
process.

Relevant to product manufacture and assembly, knowledge of normal standards of
workmanship and finish, knowledge of production faults (related to failure modes of
production tools and equipment), visible (or audible) symptoms of production faults
and other signs indicating present or future problems.

Techniques for manufacture, assembly of product, construction methods, time/cost
and resources needed.

Applicable principally to products comrising a significant computational component,
techniques for programming the product, time/cost and resources needed

There are many possible ways to control the work environment, such as (for
example):

* A system of technical standards covering all aspects of work practices, and staff
whose job it is to ensure that these standards are followed. This means continually
mentoring and guiding technical workers, and helping them understand how to do the
work so that it conforms to the standards.

* Ensuring that appropriate tools and materials are available.

* Setting out all required parts, materials and tools in an organized way before starting
the work and maintaining the layout through the job.

Tools, techniques and processes for product assembly, use of tools, maintenance of
tools.

Similar to failure modes for the finished product (T10), this involves knowledge of
the failure modes of the constituent materials and components.

This goes beyond knowledge of the components and materials used in a product
(T24): here we are referring to the properties of the components and materials. This
information is often needed to create a useful model of the product. Many
components and materials behave distinctly differently when used in combination
with each other, for example, certain plastics will soften or dissolve when exposed to
certain oils or organic solvents, oil and water together will often encourage bacteria to
grow on the fluid interface, many metals will dissolve or corrode quickly in the
presence of acids, others in alkaline solutions.

This is fundamental: knowledge of the constituents of a product underlies all other
areas of knowledge. Includes ability to recognize and distinguish different
components and materials on visual inspection.

It is one thing to have knowledge of components and materials, but quite another to
know where and how to purchase them.

This might mean finding the minimum clearance between a part (held by a tool)
during an assembly operation. To find out, an engineer has to find all the possible
components, tools and fixtures that could cause clearance problems and then decide
on typical or worst case configurations and calculate or measure clearances to find the
most critical ones. Another task might mean looking at every different fastener used
in a given work environment to assess how many different types are in use and what
they are used for. It takes knowledge and experience to know how to read the
documentation, how to interpret information to extract the pieces that are needed, and
finally how to reassemble the relevant details into a message that is understandable for
someone else.

Defining complete list of parts and and assembly/manufacturing steps required for
given assembly and tools and other equipment required for construction, production
and assembly. This knowledge is required to be able to prepare and manage robust
plans for production, maintenance, shutdowns and repairs.

Engineering work often requires people to decide how to use resources efficiently,
and it is often easy to spot failures to do this. There have been many attempts to
automate resource allocation decisions using computer software but not many
successes. (See engineering aspects for project management, and managing
productive resources).

Abstract knowledge, mathematics and science-based, from formal education to
construct an abstract model of a machine, organism or physical system needed to
predict performance or diagnose performance deficiencies.

The ability to anticipate human behaviour is often underrated technical knowledge,
not even included in many ergonomics courses. It is fundamental to safety
engineering because so many safety problems are caused by people not following
normal “sensible” rules of behaviour.

This is mainly tacit knowledge that develops with experience, practice and
observation.

Most engineering is based on earlier designs, both in-house and from competitors.

Knowing whom to ask is as important as knowing.




