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Understanding the Skills and Knowledge Emphasized in Undergraduate
Industrial Engineering Courses

Abstract

In an effort to characterize how, if at all, required courses in industrial engineering (IE) facilitate
students’ development of sociotechnical engineering skills, this research examined the general
content of required IE courses at a large, predominantly white institution in the Midwest. This
paper drew on data generated for a larger research study that leverages Holland et al.'s figured
worlds framework to explore the messaging that undergraduate engineering students at one
institution received in their classes regarding valued knowledge and skills in their field. In this
study, we analyzed observation data from recordings of seven required undergraduate courses in
IE. We analyzed three randomly selected sessions from each course, with a total of 21 unique
sessions observed. Our findings describe the practices that are and are not emphasized within
and across required IE courses and the various manners in which these practices are discussed.
Our findings show that in and across required IE courses, foundational technical knowledge is
emphasized far more often than other knowledge and skills. Sociotechnical practices such as
examining social and contextual considerations, exploring power, and engaging with
stakeholders are seldom presented or discussed in IE classes, as is consistent with evidence from
literature. Our characterization of emphasized engineering practices provides an important
foundation for understanding what was communicated to students about the nature of
engineering work in their field, messaging that has substantial implications for engineering
students and those who persist in the field beyond their undergraduate studies.

Keywords: Industrial Engineering, Engineering Practices, Observations, Sociotechnical Skills

Introduction

A strong understanding of technical knowledge is necessary for all engineers, but understanding
the context of engineering work and the ways in which it impacts individuals, communities, and
the environment is also vitally important. There is increasing recognition among engineers,
educators, and industry leaders of the importance of preparing engineers to account for these
sociocultural dimensions [1]-[4]. We use the term “sociotechnical dimensions” or “practices” to
refer to social or contextual factors such as ethics, engagement with stakeholders, and the
recognition of power and identity and their role in engineering broadly. Environmental factors
such as sustainability and the potential future impacts of engineering work are also categorized
as sociotechnical dimensions as they draw attention to possible consequences to the natural
environment. A call for broader engineering skills is reflected in the Accreditation Board for
Engineering and Technology (ABET) student outcomes, a few of which directly denote the
importance of students’ ability to identify the ethical, cultural, and social impact engineers have
on society [5]. However, engineering education continues to underemphasize or even omit non-
technical aspects of engineering practice [3], [6], [7]. Insufficient attention to sociocultural
content in engineering classes can limit students’ ability to become holistically competent
engineers [8] and potentially result in the development of future engineers whose designs further
perpetuate social and systemic inequities, such as environmental pollution or inefficient designs
that disproportionately affect vulnerable populations and risks human lives [9]. Additionally,
emphasizing the sociotechnical dimensions of the field of engineering in undergraduate



engineering courses can help attract and retain a more diverse population of students who value
socially relevant engineering work [10]-[12].

A deep grounding in both technical and social skills and knowledge is particularly important in
industrial engineering, a field focused on the improvement of systems and processes often
integrating people, technology, energy, and information. Industrial engineering, compared to
many other engineering fields, tends to focus more on human and business dimensions. While
there has been some recognition of the importance of sociotechnical skills and knowledge within
IE [13]-[15], more insight is required regarding the focus of undergraduate IE training and the
kinds of messages IE coursework conveys to students about the nature of engineering work in
the field. Understanding the extent to which these courses offer opportunities for students to
cultivate the vital sociotechnical knowledge and skills that are becoming increasingly essential in
the field of industrial engineering is crucial.

To understand the skills and knowledge emphasized in IE courses, and particularly how, if at all,
these courses address sociotechnical content, our team analyzed classroom observation data from
seven required IE classes at a large, R1, predominantly white institution in the Midwest. Our
primary research objective was to discern and characterize the types of engineering knowledge
and skills IE students most frequently encountered in their required courses. By identifying
prevalent content in IE courses, we not only gain crucial insights into the skills and knowledge
students are expected to acquire in their undergraduate studies, but also learn about the possible
messages conveyed to students regarding the nature of engineering work. Our findings show that
in and across required IE courses, foundational technical knowledge is emphasized far more
often than other knowledge and skills. Sociotechnical practices such as examining social
contexts, exploring power, and engaging with stakeholders are seldom presented or discussed in
IE classes, as is consistent with evidence from literature.

Background

Engineering Practices and Culture

In alignment with the other branches of STEM, engineering has traditionally been perceived as
an objective, apolitical, and neutral discipline. Engineering has long been viewed as a technical
space that is independent of social or cultural considerations and should remain devoid of such
matters [7]. However, integrating more sociocultural dimensions into engineering requires a
substantive change in the undergraduate curriculum, which is currently heavily dominated by
technical knowledge such as fundamental math and science theory, and related skills [1], [2],
[16], [17].

Though technical knowledge is typically at the forefront of engineering course content,
organizations such as the Accreditation Board for Engineering and Technology (ABET)
underscore the importance of integrating both social and technical knowledge and skills in the
engineering curriculum. For example, two key ABET criteria delineate the need for students to
apply their technical knowledge to develop solutions to complex world problems which affect
public health, welfare, and consider global, cultural, social, environmental, and economic
factors. Another instance of such criteria is, “an ability to recognize ethical and professional
responsibilities in engineering situations and make informed judgments, which must consider the
impact of engineering solutions in global, economic, environmental, and societal contexts.” [5].
In addition to the academic standards, industry leaders and educators alike emphasize the



significance of equipping future engineers with skills to account for and meaningfully contribute
to these sociocultural facets [1]-[4].

Industrial engineering distinguishes itself from other engineering disciplines through its
emphasis on data analysis to improve social systems and processes. This field also focuses on
human and business dimensions more so than other engineering disciplines [18]. Industrial
engineering students are usually expected to become proficient in topics such as ergonomics and
human factors, maximizing economic profit, systems engineering, operations research,
manufacturing processes, and quality control [13], [19]. These examples of foundational
knowledge are no doubt essential for industrial engineers to master, however, students often
prioritize that knowledge over non-technical skills. In other words, “Students often have vague
images of professional engineering work, and the images they do have are strongly colored by
the experiences in their educational careers [including navigating...] textbook, problem set, and
text-based mathematics and science courses. As a result, students often ignore, discount, or
simply do not see images of engineering that emphasize its nontechnical, non-calculative
sides...” [20].

Despite the inherent social dimensions within the subjects engineering students are expected to
learn, sociotechnical skills are not integrated into the undergraduate engineering curriculum in
substantial ways [21]. This gap highlights the need for a more comprehensive curriculum that
connects the technical and social aspects of industrial engineering to ensure that students are
competent in the sociotechnical nature of the multifaceted challenges of the industrial
engineering field.

Figured Worlds Theoretical Framework

The figured worlds framework by Holland, Lachicotte, Skinner, and Cain [4], describes the way
people participate within social and cultural domains that carry distinct meanings and are context
dependent. Holland et al. describe a figured world as “a socially and culturally constructed realm
of interpretation in which particular characteristics and actors are recognized, significance is
assigned to certain acts, and particular outcomes are valued over others.” They also describe the
ways in which figured worlds provide a lens through which individuals make meaning of their
own and others’ identities but are also shaped by the participation and actions of individuals
within them. The relationship and interactions between an individual and their environment lead
to the formation of identities and an understanding of what is normalized and valued within that
environment.

Power plays a key role in the formation and maintenance of figured worlds. Inspired by
Bourdieu, Holland et al. maintain that “a field is ‘structure-in-practice,” and as such, is a world of
relationships, of social positions defined only against one another.” Individuals possess relative
positions of power within figured worlds, and some may be excluded entirely from participation.
One’s position in a figured world is determined by the ways their actions are understood and
valued by others and the extent to which these actions align with recognized and culturally
meaningful forms of action, contributing to the preservation of the status quo.

In our larger study, we leverage the figured worlds framework to understand the culturally
constructed beliefs about what it means to “do engineering” in two undergraduate fields, and the



ways in which students’ own values and ways of doing engineering align with these dominant
beliefs. Through our larger data collection efforts, we explore how dominant beliefs about
engineering work, conveyed through curricular messaging, shape and align, or misalign, with
students’ own understandings of what it means to do the work of engineering. Further, we seek
to investigate the ways in which this alignment may have consequences for how students see
themselves as engineers and the possibilities for students’ continued participation in these
engineering figured worlds.

In the present study, our focus centered on characterizing cultural beliefs about the nature of
industrial engineering work through an examination of the skills and practices emphasized in
required IE courses at one institution. Our theoretical framework offers a lens through which to
examine students' learning experiences and how those experiences shaped students’
understanding of the field of industrial engineering. Faculty hold relative power within course
settings and decide the course content, how that content is communicated, and what is or is not
valued in engineering through what they teach. As such, investigating the choices engineering
faculty make with respect to the skills and knowledge emphasized provides insight into the
dominant messaging students receive about engineering work and may offer insight into how
engineering remains a predominantly technically focused discipline.

Methods

This paper utilizes one stream of data from a larger study that examines the messaging that
undergraduate mechanical (ME) and industrial (IE) engineering students receive about the nature
of engineering work through their course emphases, how these messages align with students’
own interests and values, and the ways in which this alignment may shape students’ career
thinking and desire to remain in the field. The present study draws on classroom observation data
from recordings of seven required undergraduate courses in IE.

Research Questions

Selecting industrial engineering as the focal point of this study provides valuable insights into
how a discipline designed to prepare engineers for addressing societal issues imparts such
knowledge and skills within the classroom. In this research study, we examined the engineering
practices emphasized by instructors in required industrial engineering (IE) courses, guided by the
following research questions:

o What engineering practices are most emphasized in required IE courses?
o How, if at all, do emphasized practices differ in various IE subfields?

Positionality of the Researchers

The research team consisted of doctoral students in the fields of higher education, mechanical
engineering, and engineering education with backgrounds in biomedical engineering and
chemical engineering. The team also included a staff researcher with a Ph.D. in higher education
who studies engineering academic contexts and student experiences, a tenured professor in the
school of education with a faculty appointment in integrative systems and design in the college
of engineering, a tenured industrial engineering faculty member with a research focus in
engineering education, and a tenured faculty member in mechanical engineering, also with a
focus in engineering education.




All members of our team share a deep commitment to advancing engineering education and
believe that the undergraduate engineering curriculum should align with the expected skills and
knowledge of those in the field. As such, the entire research team- most of whom have had or
currently hold an instructional role, believe that it is important to develop deep understandings of
engineering course content and identify opportunities where engineering training may better
incorporate social dimensions of the field, aligned with calls for better integration of these
dimensions into engineering curricula. While we have varied social identities and personal and
professional backgrounds, we share a desire to ensure the field of engineering can recruit and
retain a diverse student body and believe attention to course content is one important and
understudied potential influence in that effort.

Data Collection

After obtaining IRB approval, data were collected from recordings of seven required
undergraduate IE courses. The decision to use course recordings rather than conduct in-person
observations was influenced by the university’s 2020 policy to automate course recordings as a
response to COVID-19. Additionally, our team believed that using these recordings would be
less intrusive than in-person observations and would also permit more detailed analysis with the
ability to refer to data as necessary. To ensure that we could use data from course recordings of
in-person classes, our team followed our institutional review board guidelines and had our
research study approved by both the university general counsel and college leadership to
safeguard proper handling of any incidental recording of student voice data that might be present
in course recordings. Course recording videos were focused only on the course instructor and
teaching materials, such as PowerPoint slides and a whiteboard background. Faculty were
contacted via email by the faculty authors to participate in our study. In the recruitment message,
we requested access to their course recording repository and a copy of the course syllabus. We
assured participating faculty that our study was focused on understanding the range of skills and
knowledge central to the work of the field of IE, with the ultimate goal of better supporting
student learning, and that our study was not an evaluation of their teaching. We also provided an
informed consent form which contained details and goals related to our study.

The seven required courses included in our study were recorded during Fall 2021 through Fall
2022 semesters. Class sessions ranged from 60-minutes to 120-minutes long, with an average
class time of 98-minutes. For each course, we selected a subset of three individual course
sessions using a random number generator, resulting in a total of 21 unique class sessions used in
our analysis. We only selected three individual course sessions to balance in-depth data analysis.
The first and last sessions from each class were excluded from our sample, as these often do not
cover substantive or new content.

Classroom observation methods have been used by researchers to understand how teaching and
learning occur in classrooms [22]-[27]. In the context of engineering education, classroom
observations have become more common to conduct research related to curricular practices [28].
As our research questions centered on how engineering practices were taught and understanding
how classroom time was utilized, classroom observations served as an ideal method through
which to collect data.



To guide the data collection, the project leadership team (EM, LL, JLM, and SD) developed and
iterated an observation protocol. The observation protocol consisted of 35 practices, which were
drawn from literature on engineering competencies [1], [5], insights from student interviews
probing the emphasized skills and knowledge in their required engineering courses, and
interviews with engineering faculty and staff. The protocol was operationalized through a list of
the engineering practices and their respective descriptions. The protocol was structured to
capture the occurrence and manner in which observed practices were discussed in IE courses in
10-minute intervals. Our protocol was designed to capture both the presence and absence of a
variety of relevant practices, as well as allow for a more descriptive account of the ways in
which the practices were being integrated into the course by the instructor. The practices that
were included in our observation protocol are listed in Table 1 below. The complete observation
protocol can be found in the appendix.

Table 1: Engineering Practices Codebook

Engineering Practice Code Practice Description
Business and Financial |Account for financial or economic considerations
Coding or Programming Engage in computer coding or programming
Data Analysis Engage in data analysis, processing, and interpretation
Data Collection Collect data following proper procedures
Ethics [Weigh (often complex) ethical responsibilities
Experiment Design Design or develop plans and procedures for experiments

Foundational Technical KnowledgqLearn or study fundamental engineering principles or technical knowledge

Future Impacts Consider or account for potential future impacts of one's work

Human Factors and Ergonomics |Account for human factors and ergonomics -how bodies physically interact with
a potential solution

Immediate context [Account for the immediate context in which a solution may be deployed

Information Gathering & Research|Gather information or conduct research needed to address a problem

[nnovation (and Ideation) Come up with innovative ideas and approaches

Interdisciplinarity Engage in interdisciplinary collaboration or integrate ideas from other fields of
study

Interpersonal Awareness [Demonstrate social awareness, empathy, and self-awareness in interactions

[teration [terate on and improve on ideas or designs

Leadership Use leadership skills to ensure teams work effectively

Lifecycle of a solution Consider a design, product, or process over the course of its lifecycle

Logistics [Understand or coordinate logistics of a process, problem, or system

Modeling and Simulation Develop or work with virtual models or simulations

[Natural Environment [Account for the natural environment and/or issues of sustainability

Optimization Engage in optimization to identify the best or most effective decision

Outcome predictions Predict outcomes by drawing on engineering principles or methods

Power/ Position/ Identity Consider dynamics related to the identities, positions, backgrounds, or relative

ower of self and/or others

Presentations on or Explanations ofPresent on or verbally communicate about one's work or its value
Work

Problem Definition Define a problem to understand it and identify constraints and/or requirements

Project Management Manage project work across multiple stages and/or multiple team members

Relationships and Tradeoffs |Account for relationships or tradeoffs between multiple aspects of a project
and/or the larger system

Social Context |Account for the social or cultural context in which a problem is embedded

Solution Evaluation Test and evaluate potential solutions




Stakeholders Engage with or account for stakeholders’ needs and perspectives

Tangible Artifacts Building Build tangible artifacts as models, prototypes, or working products

Teamwork and Collaboration Engage in teamwork or collaborate towards a common goal

Technical Communication Prepare technical communication, including written reports and figures to
represent work

Technical Details [Account for, develop, or refine the concrete details of (potential) solutions

Troubleshooting Engage in troubleshooting to systematically identify or assess potential issues

Data Analysis
The data analysis team consisted of three doctoral engineering and engineering education

students (SMC, VV, and JW), all of whom have a background in engineering. As such, these
individuals were well-equipped to discern when a faculty was discussing a particular engineering
practice in their course.

All three analysis team members familiarized themselves with the observation protocol by
analyzing data from one engineering course not used in this study. This orientation process also
served as an opportunity for the group to resolve any questions or issues that arose. To analyze
data for the present study, the analysis team members independently coded data from three class
sessions of an introductory engineering course and clarified any questions to reach agreement for
reconciliation of each class observation. After the group reached consistency in their
identification and description of course practices, they used a paired coding model in which two
members independently coded a class session and then met to compare codes. Any questions or
discrepancies were resolved during bi-weekly meetings during which EM offered guidance to
address issues, particularly as it informed the other parts of the larger study.

Coding was accomplished by indicating if any of the practices in Table 1 were discussed in the
observed classes. To ease the process of coding 60+ minute class sessions, the group utilized 10-
minute intervals as a unit of analysis. The analysis team members used the observation protocol
developed for this study to code the class recordings and identify the occurrence of practices
within a 10-minute interval. Multiple practices could be coded within a 10-minute interval. For
instance, each 60-minute class session was segmented into six 10-minute intervals and the team
recorded whether a particular practice was discussed in each of these 10-minute intervals. The
analysis team members also documented examples of instances when a particular practice was
observed.

In an effort to maintain anonymity, the courses analyzed in this study have been clustered into
“subfields”, as shown in Table 2 below. Courses were grouped based on their related curricular
content and the shared patterns of emphasized practices.

Table 2: Required Industrial Engineering Courses by Subfield
Subfields of Observed Courses

Introduction to the Field: One 100-level course

Optimization and Data Analytics: One 200-level and 300-level course

Probability and Statistics in Engineering: One 200-level and 300-level course

Design and Simulation: One 300-level and 400-level course




The first author calculated the average occurrence of a practice across courses per 10-minute
interval, the length of class session, and number of class sessions. For example, each of the three
Introduction to the Field class sessions were 80-minutes long, resulting in the analysis of eight
10-minute intervals across three class sessions observed. The “Foundational and Technical
Knowledge” practice appeared in six of the 24 possible 10-minute intervals across the three
course sessions, resulting in an average of 25% observed frequency. The same process was
conducted across all seven IE courses for each of the three class sessions. In addition, the
average practice frequency for each subfield was determined by calculating the average across
the courses within that subfield.

The descriptive accounts of the ways in which engineering practices were discussed or integrated
into the course by the instructor were also analyzed. The first author systematically reviewed
each documentation of an observed practice and identified emergent themes across class sessions
in a subfield. For example, in the Introduction to the Field subfield, BAC read through each
observed practice and looked for common trends in the open-ended descriptions of how practices
were emphasized in a given course.

Findings

In this section, we describe the most emphasized engineering practices observed in required IE
courses as a whole and by subfields. Also included in this section are descriptions of how
engineering practices appeared and were discussed in the observed class sessions. Findings are
presented by subfield, beginning with an overview of emphasized practices across all required IE
courses.

Emphasized Practices Across All Required IE Courses

Examining the most emphasized engineering practices across all levels of required IE courses,
we found that “Foundational Technical Knowledge” (75%) was overwhelmingly the most
frequently observed practice. “Optimization” was the next most frequently discussed or
demonstrated practice in courses, observed in 28% of the 10-minute intervals across all class
sessions, while “Modeling and Simulation” and “Human Factors and Ergonomics” practices
were also observed relatively frequently (17% and 16%, respectively). With the exception of
“Coding or Programming" (11%), all other practices accounted for 10% or less of our
observations in required IE courses. The frequencies of all practices are shown in Figure 1
below.
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Figure 1: The percent average of engineering practice frequency across three class sessions of
all required IE courses.

In the three class sessions of each course in this study, engineering instructors predominantly
discussed topics related to “Foundational Technical Knowledge” by defining conceptual and
theoretical knowledge or reviewing concepts through example problems. For instance, in one
class session of an introductory course, an instructor spent the majority of class time defining the
concept of biomechanics and demonstrating practice problems calculating force and torque. In
every class session of the three higher level courses, instructors reviewed practice examples of
concepts pertinent to their class covering topics such as integers, statistics, and branch and bound
problems. In the remaining three upper-division courses, instructors introduced or continued
their discussion of conceptual knowledge. Topics such as Markov chains, motion study, and
random numbers were discussed.

Foundational and technical knowledge is demonstrated in the following examples. In one course,
an instructor of an introductory IE course began the class by introducing biomechanics and
illustrating its connection to other sciences: “So biomechanics is using the laws of physics and
engineering concepts to describe motion undergone by the various body segments and the forces
acting on the body segments." (Introduction to the Field subfield, IE Faculty)



In one mid-level course, an instructor demonstrated how to work through a branch and bound
problem. The instructor completed their conceptual overview by directing students to refer to
their problem-solving skills, specifically referencing students’ knowledge on solving linear
problems.

“So, what we have here is a two-dimensional integer program, [it is] two dimensional
because we have X one and X two, two decision variables, and an integer because of this
constraint that we have here...in fact, we also have that they are positive integers. And
so, what we did here is we said, “Ok, so it’s a maximization problem, so we’re going to
try and solve it using the techniques that we know how to use, and the problems that we
know how to solve are linear problems.” (Optimization and Data Analytics subfield, IE
faculty)

A final example of how “Foundational Technical Knowledge” appeared across all required IE
courses was observed in a course taken by IE students nearing graduation. In this class, students
learned about how random number generators operate, “First, let’s examine a little bit of random
number theory, or how random numbers for a particular distribution get generated.” (Design and
Simulation subfield, IE faculty) The remainder of this class session was spent overviewing the
function and theoretical foundations of random number generators.

While the manner in which “Foundational Technical Knowledge” was discussed or
demonstrated in courses from the excerpts above differed in subject matter, all examples
showcased an emphasis on conceptual or theoretical knowledge. Furthermore, throughout the
entirety of each of the class sessions highlighted above, it is important to note that at no point did
students encounter material related to sociotechnical practices, including “Ethics,”
“Stakeholders,” “Social Context,” or “Power/Position/Identity.” However, in other class sessions
where these practices did arise, an instructor guided students in thinking about different levels of
power in various settings. For instance, a professor recommended that students consider their
own identity and prompted students to think about how their personal characteristics may
influence engineering designs and consequently, the communities those designs may serve. In
another class, a professor highlighted the importance of considering stakeholders and how they
might interact with an engineered process.

These findings indicate that while it appears that there was a fair range of observed engineering
practices across all required IE courses, they were not all discussed at substantial levels. Apart
from “Foundational Technical Knowledge”, other practices were discussed somewhat or rarely.
This finding highlights that students often learned foundational engineering knowledge in the
absence of its social and contextual implications.

Emphasized Practices by Subfield: Introduction to the Field

Within the course in the Introduction to the Field subfield, “Human Factors and Ergonomics”
(38%) was the most prevalent practice discussed and/or demonstrated by the instructor. The next
most observed practice was “Technical Communication” (33%) followed by “Foundational
Technical Knowledge”, “Power/Position/Identity”, and “Stakeholders”, with each accounting for
25% of our observations. There were also references to the role of “Interpersonal Awareness”
(13%) and “Social Context” (13%), although these were no more frequent than other more




technical topics, such as “Solution Evaluation” (21%), “Relationships and Tradeoffs” (13%),
“Tangible Artifact Building” (13%), and “Troubleshooting” (13%). Frequencies of all practices
are shown in Figure 2.

Introduction to the Field

Business and Financial | 0%
Coding or Programming | 0%
Data Analysis | 0%
Data Collection | 0%
Ethics | 0%
Experiment Design = 0%
Foundational Technical Knowledge I 25%
Future Impacts B 4%
Human Factors and Ergonomics I 38%,
Immediate Context HE—) 7%
Info Gathering & Research I 8%
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Figure 2. The percent average of engineering practice frequency across three class sessions of an
introductory engineering course with an emphasis on industrial engineering.

In one example of course content related to “Human Factors and Ergonomics”, an instructor
introduced anatomical concepts and later explained a particular assessment that students might
use in their work as engineers:

“Ok, so now I want to talk a little bit more about motions of the body and of the planes of
the body. So, there are three planes of the body. The first one I’ll define is the sagittal
plane. So that’s this plane here that is cutting the body in half. This is the transverse axis,
right here. The transverse axis is perpendicular to the sagittal plane. Then, the next one
I’1l define here is our coronal plane.” (Introduction to the Field subfield, IE Faculty)

In the same course, the instructor also discussed one risk assessment tool that students may
encounter in the field, saying:



“And we’re going to look at one particular way of looking at risk. There’s a lot of
different ways to do it. But the RULA is the Rapid Upper Limb Assessment and it’s a
way to take some of these computational models that are pretty complex that I’ll
highlight to you and simplify them down for a quick kind of assessment that you can do
in a workplace environment, for example.” (Introduction to the Field subfield, IE
Faculty)

The curricular content for this introductory course also included material in technical
communication. The excerpts below were extracted from a class session where students learned
about professionalism in written communication. Here, the instructor described key elements
students were expected to include in their professional electronic communication, saying: “You
want to make the topic and the purpose of your email is identified in the subject line and in the
first few sentences of the [beginning of the email] ...then you want to provide a little bit of
background information.” The instructor then elaborated, emphasizing the importance of each of
these elements: “We’re looking for all of these elements. We’re looking for: are you providing
context? Are you explaining the purpose [of the email], are you providing all the information
that was required?” (Introduction to the Field subfield, IE Faculty)

Among the remaining observed engineering practices in this subfield, “Foundational Technical
Knowledge” was discussed at a similar rate as some sociotechnical dimensions of engineering
work such as “Stakeholders" and the role of “Power/Position/Identity.” Each of these
engineering practices appeared in six of the 24 possible instances in the class sessions. In one
class, an instructor touched on concepts related to both stakeholders and power by facilitating a
class discussion on the various phases of a project. For example, an instructor explained that the
“explore phase” often consists of many conversations with stakeholders and those who may
interact with a design. Other discussions related to social elements included an instructor
advising students to address their instructors as “doctor” or “professor” to avoid offending them,
suggesting the need to attend to the academic hierarchies that exist in the university.

Emphasized Practices by Subfield: Optimization and Data Analysis

We observed a total of six class sessions from one 200-level course and one 300-level course in
the Optimization and Data Analysis subfield. The average frequency across these six observed
class sessions shows that “Foundational Technical Knowledge” (100%) was by far the most
widely discussed practice in this subfield of required IE courses; it was emphasized in every
observed class session. Unsurprisingly, given this category’s name, the next most emphasized
practice was “Optimization,” which accounted for 75% of our observations in these courses. The
emphasis on “Foundational Technical Knowledge” is further evidenced in the prevalence of
discussions and demonstrations of “Coding and Programming” (22%), “Problem Definition”
(22%), and “Modeling and Simulation” (16%). These courses also appeared to be highly focused
in terms of curricular topics, with only nine of the 35 practices we examined discussed in the six
class sessions observed in these two courses. Frequencies of all practices are shown in Figure 3.




Optimization and Data Analytics Courses

Business and Financial — ee— 129,
Coding or Programming — se— )%,
Data Analysis e (%
Data Collection 0%
Ethics 0%
Experiment Design 0%
Foundational Technical Knowledge 100%
Future Impacts 0%
Human Factors and Ergonomics 0%
Immediate Context 0%
Info Gathering & Research 0%
Tnnovation (and Ideation) 0%
Interdisciplinarity 0%
Interpersonal Awareness 0%
Iteration 0%
Leadership 0%
Lifecycle of a solution 0%
Logistics 0%
Modeling and Simulation —ee————— | (%
Natural Environment = 0%
Optimization 73%
Outcome Predictions 0%
Power/Position/Identity 0%
Presentations on or Explanations of Work 0%
Problem Definition —e— )%,
Project Management 0%
Relationships and Tradeoffs —m—10%,
Social Context 0%
Solution Evaluation  mess 4%,
Stakeholders 0%
Tangible Artifacts Building 0%
Teamwork and Collaboration 0%
Technical Communication 0%
Technical Details 0%
Troubleshooting 0%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Percent Average

Figure 3. The percent average of engineering practice frequency across three class sessions of
two courses with an emphasis on optimization and data analysis.

In this subfield, “Foundational Technical Knowledge” was presented by introducing and
reviewing conceptual knowledge such as stochastic and deterministic models. In many cases,
faculty demonstrated foundational and technical knowledge by demonstrating practice problems
related to topics pertinent to the course. For example, in one class, an instructor reviewed
concepts that will appear in the course midterm and prepared students by going over practice
problems. One instructor referenced “Foundational Technical Knowledge” when teaching about
inventory management with stable products and noted a similarity to another model:

“So, basically, here we know that the demand is uncertain, but you know the
distributional information of the demand. You know the random variable, so you know
the distribution and you have a fixed order cost, K, and unit ordering cost, ¢ per unit,
holding cost, h, and penalty costs, b. This is the same as the deterministic EOQ model.”
(Optimization and Data Analysis subfield, IE Faculty)

In another example from this course, the instructor points out the relationship between expected
cost and revenue and how to maximize the latter:

“So, again, we want to minimize the total expected cost. Or, if you have a selling price,
you then can turn this problem into a maximization of the revenue. So, the maximization



of the revenue is the same as minimizing the cost.” (Optimization and Data Analysis
subfield, IE Faculty)

In the second course of this subfield, technical references to “Optimization” practices focused on
the mathematics involved in evaluating possible solutions. Here, the instructor references linear
programs (LP’s), noting “There exists an optimal solution located at one of the extreme points of
the LP’s feasible region” and later explains how to solve two-dimensional LP’s calling students’
attention to the process: “What was the first thing that we did? Well, we drew the feasible region
while the intersection of two constraints is an extreme point. And we’ll see that precisely in this
class.” (Optimization and Data Analysis subfield, IE Faculty)

In all of the class sessions observed in this subfield, there was a notable absence of
sociotechnical practices. Sociotechnical practices such as “Ethics,” “Power/Position/Identity,”
“Stakeholders,” and “Social Context” did not appear in the six class sessions in our data for this
subfield. This finding suggests that while students are gaining foundational knowledge related to
optimization and developing their data analysis skills, they may be doing so without
opportunities to learn or practice applying their foundational knowledge to social issues or
considerations.

Emphasized Practices by Subfield: Probability and Statistics in Engineering

This subfield included one 200-level and one 300-level course. Throughout the six class sessions
of these courses, “Foundational Technical Knowledge” (100%) was again the central focus of
the course material in each session, as seen in Figure 4. The prevalence of this practice was even
more apparent than in the Optimization and Data Analysis subfield as there were fewer other
practices observed at all in these courses. All of the topics covered in these class sessions
focused on teaching statistical concepts and mathematical techniques.
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Figure 4. The percent average of engineering practice frequency across three class sessions of

two courses with an emphasis on probability and statistics for engineers.

In the example that follows, an instructor began the class by reminding students of previous class
discussions. The instructor then introduced random variables and shared the intention to start
with the most important types of random variables, which he identified as continuous variables.
It is noteworthy that aside from analyzing an example problem and commenting that exams were
not cumulative, the instruction in this class session focused entirely on technical knowledge as
illustrated below:

“We have started our discussion on just the general notion of discrete random variables.
And then, after discussing the general notion of the security random variables, we spoke
about specific discrete random variables including the Bernoulli, the binomial, and the
hypergeometric distributions. Today, I will talk a little bit about the general motion of
continuous random variables, and then I will discuss specific random variables and I will
start by discussing the most important continuous variables, which is the normal
distribution.” (Probability and Statistics in Engineering subfield, IE Faculty)

In another course taught by a different professor, the use of Markov chains in managing
engineering systems is the focus of the class session, and the instructor seeks to connect the
lesson to the concerns of practicing engineers:



“So, the idea there is you have systems that you need to look at, that you have to be able
to manage continuously, have to be able to see what’s happening at any point in time. So,
it’s not like you go out and you come back on, and you say ‘Hey, what’s happening
here?’ It’s a system that you really care about, knowing what’s happening at every single
point in time. And for those systems, we can do continuous time. Markov chains
continuously look at those systems, the way we model those systems is going to be
something similar to what we had in the discrete time.” (Probability and Statistics in
Engineering subfield, IE Faculty)

As reflected in Figure 4, there was no discussion of sociotechnical concepts in the six class
sessions observed in this subfield. Of all the subfields included in this study, this one appears to
be the most technically focused.

Emphasized Practices by Subfield: Design and Simulation

The Design and Simulation subfield included one 300-level and one 400-level course. In the
classes within this subfield, we observed more variety in the practices discussed than in any
other subfield, still, “Foundational Technical Knowledge” (50% of observations) was the most
common practice. The subsequent observed practices were also technically-oriented: “Modeling
and Simulation” (39%), “Human Factors and Ergonomics” (38%), “Optimization” (24%),
“Coding or Programming” (17%) and the “Immediate Context” (15%). Class observations also
included discussions of “Stakeholders” and “Business and Finance”, but only accounted for 6%
of observations each. There were slightly more references to “Logistics” (9%), “Data Collection”
(8%), and “Data Analysis” (8%) in these courses as shown in Figure 5.
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Figure 5. The percent average of engineering practice frequency across three class sessions of
two courses with an emphasis on design and simulation.

Faculty from courses in this subfield exemplified “Foundational Technical Knowledge” by
overviewing concepts about motion study and motion-time management (MTM) during
discussions on enhancing efficiency for specific processes. Faculty underscored the purpose of
understanding MTM as a measure to gauge task completion times. Another guest instructor of a
course in this subfield demonstrated foundational knowledge by sharing the theory behind
random number generators and conducted a ProModel simulation to support learning around

goodness of fit tests.

In the following example, the instructor aimed to exemplify the distinctions between the work of
researchers and practicing engineers in motion studies. The distinction lies in illustrating the
engineer as a technician who applies established methods created by others, i.e. researchers.
However, by the instructors’ conclusion, the instructor tries to avoid denoting an overly rigid
demarcation between these two roles by amplifying the interconnectedness of research and
technical work in engineering:

“Basically, you can see that motion study is, roughly speaking, divided into two different
components. One is the researchers’ work and one is the engineers’ work. What’s the
difference between the two? Researchers are the people who establish the fundamental
method for other people to use. Engineers are the people who apply the methods already




developed by the researchers in a concrete workplace. Not necessarily totally separated
but there is a different emphasis there.” (Design and Simulation Subfield, IE Faculty)

We also observed an instructor of a different course emphasize modeling and simulation
techniques, particularly the use of random number generators in simulation models, saying:

“One of the things about knowing a little bit about random number generation is the fact
that we can actually increase variability or decrease variability of some of these random
streams that we use in a simulation model. So, we’re going to see how that works, in
particular, with respect to Promodel.” (Design and Simulation Subfield, IE guest
instructor)

Faculty also discussed how such techniques may be applied in the workplace, as is noted in the
excerpt below where the instructor focused on the question of how to decide among alternatives
for the layout of an actual facility, and explained the challenges associated with random
numbers:

“One common thing to do sometimes is that if you are going to, say, make changes to the
current layout of a facility, and you find out that, actually, between the two alternatives,
the differences are not too big, one potential thing that you can do is actually minimize
variability because when you compare systems that are close to each other, in terms of
the changes, sometimes, the variability you introduce with random numbers might be
masking the actual differences in the layout.” (Design and Simulation Subfield, IE
Faculty)

In the six class sessions observed in this subfield, there were two instances of discussion of
sociotechnical practices. An instructor briefly mentioned that an initial step to commencing a
time study procedure should include a conversation with stakeholders so that there is an
understanding of the purpose of the study. In a separate class, the instructor discussed the
importance of prioritizing the needs of stakeholders in engineering projects. There was no
emphasis or discussion of other sociotechnical engineering practices in the remainder of the class
observations in this subfield.

Discussion

This study elucidates the engineering skills and knowledge that are and are not emphasized
within and across required IE courses, and the various ways in which these practices were
discussed. Our characterization of emphasized engineering practices provides an important
foundation for understanding what is communicated to students about the nature of engineering
work in industrial engineering, messaging which has substantial implications for the population
of students who enter and persist in the field beyond their undergraduate studies. Overall, our
findings indicate that foundational and technical knowledge dominate required course content in
IE, suggesting that students may not encounter course material that appropriately orients them to
the sociotechnical nature of engineering work. As such, the lack of sociotechnical course content
can result in students being ill-prepared to incorporate contextual factors into their technical
work, which is necessary to address the complex problems with societal implications they will
likely encounter as engineers. Additionally, the omission, or only occasional mention, of



sociotechnical engineering practices may signal to students that the field of engineering is
narrowly technical with little need to consider social matters.

Undergraduate IE students in this study encountered the most variation in attention to
engineering practices at the beginning and end of their academic program. The Introduction to
the Field subfield showcased 18 of the 35 engineering practices included in our study, though the
majority of the most discussed practices in this subfield were practices that required technical
knowledge. In addition to technically leaning practices, the Introduction to the Field course also
presented material, albeit sporadic, related to the social implications of engineering work. While
topics related to power, social implications of engineering work, and engagement with
stakeholders were discussed fairly frequently in this introductory course, these discussions were
not necessarily structured to promote student reflection on what they would mean for their future
work as engineers. These findings suggest that even in introductory courses, which often cover a
wider breadth of content and serve as students’ initial formal exposure to the field [30], students
were briefly exposed to material that revealed the sociotechnical dimensions of engineering
work, but not engaged in robust examinations of these topics.

As such, it is possible that students learn early on that matters of social context are separate from
the work of engineers. Examining this finding through the lens of the figured worlds framework
[4], we can infer that students’ perception of engineering and engineering work is influenced in
part by their participation in the context of their introductory courses. Additionally, if students’
understandings of engineering work and culture are shaped through participation in course
contexts, students may learn that social issues are completely separate from and not valued in
engineering-related work.

Similarly, in the Design and Simulation subfield that included courses students are likely to
enroll in as they near graduation, 19 of the 35 engineering practices were observed. Here,
“Foundational Technical Knowledge” was the most emphasized practice, but “Human Factors
and Ergonomics” and “Modeling and Simulation” were also emphasized substantially. At this
stage of their program, students who aim to conduct socially relevant engineering work would
benefit from frequent class discussions about the social impact of their future work. As students
approach graduation and enter the workforce, many will rely on their knowledge acquired from
their undergraduate studies. This underscores the importance of a sociotechnical engineering
curriculum that supports the interplay between society and engineering. While there was some
diversity in the material discussed in these courses, two of the sociotechnical topics that
appeared in the introductory course — “Power/Position/Identity" and “Social Context” — were not
discussed in the six class sessions observed in this subfield. References to “Stakeholders" were
only 6% of observations in these courses. It is possible that these topics were discussed in other
class sessions not included in our study. However, our random selection of class sessions offered
insight into course material that IE students typically encounter at various points of an academic
term. Given this sampling, it is unlikely that sociotechnical concepts were discussed substantially
in other class sessions not included in our study.

Although students encountered a fairly wide range of topics in courses in the beginning and end
of an industrial engineering program, the prioritization of foundational knowledge was heavily
emphasized while social or contextual skills and knowledge were not. Interestingly, this finding



is consistent with other studies of engineering course emphases. For instance, [3] examined the
curricular emphases in six fields of engineering including industrial engineering, as well as
biomedical/bioengineering, chemical, civil, electrical, and mechanical engineering. This study,
conducted in 2007-08, utilized a sample of 31 U.S. engineering schools, chosen for their
representative institutional missions and level of highest degrees offered. It revealed that
introductory and design courses — typically offered at the beginning and end of students’
undergraduate programs — are key stages where students are first introduced to professional
skills and sociotechnical knowledge. Tenure-track and non-tenure track instructors’ reports on
their own courses in these fields, showed that design courses carry much of the responsibility for
teaching the kinds of sociotechnical knowledge that ABET and many other reports on
engineering education, such as [29], identified as critical to effective engineering. Moreover, the
study showed that in addition to promoting sociotechnical knowledge and skills, these courses
also give students practice in applying foundational and technical knowledge. While the
referenced study did not disaggregate findings on industrial engineering, the patterns we
observed in our study are consistent with those reported in the referenced study, and both of
these sets of findings are consistent with emerging findings from our observations of required
courses in mechanical engineering in the same institution, which will be presented in another

paper.

In contrast to courses in the Introduction to Engineering and Design and Simulation subfields,
observed course sessions in the Probability and Statistics in Engineering and Optimization and
Data Analytics subfields displayed low levels of engineering practice variability. The courses
within the Optimization and Data Analytics subfield focused purely on technical knowledge.
Further, the emphasis was primarily on foundational or abstract technical content, with less
frequent mention of more applied technical practices such as data analysis or accounting for
concrete technical details of a solution. These findings are consistent with prior research on the
ways undergraduate engineering education often presents a narrow representation of engineering
practice through a disproportionate emphasis on abstract knowledge over more applied forms of
engineering work [20].

In this foundational work, our observations of required IE courses across lower- and upper-
division levels reveal the variations in emphasis on 35 engineering practices in these courses.
When these observations are combined, we gain insight into the overall image that instructors
present to undergraduate students about the field and occupation of industrial engineering. That
image is instilled through strong and continual emphasis on technical knowledge and skills —
which is essential to engineering practice — but there is remarkably little attention to other kinds
of professional knowledge and skills. Moreover these “other” sociotechnical dimensions of
engineering work are not frequently encountered after students take their first engineering
course. To those who view industrial engineering as the most human-centered engineering field,
it may be surprising to learn from our findings that there is infrequent discussion of or
opportunities for students to engage with stakeholders, consider the social contexts of
engineering, and explore one’s positionality and its impact on their work.

There are continued calls to the field of industrial engineering to recognize the importance of
sociotechnical skills and knowledge within IE, especially since findings similar to our
observations have appeared in other related studies [13], [14], [15]. However, one ongoing



challenge with changing the way IE is presented has been the lack of evidence around which
curricular emphases to shift.

While additional research on the undergraduate IE curriculum is clearly warranted, the findings
from this study provide the foundation on which to build a greater understanding of how
engineering curricula shape student learning about engineering as a field of professional practice.
This study presents one strand of data that we are collecting through a multi-method, multi-year
study. In future papers, we will combine this descriptive data on the curricular emphases in
required courses in industrial engineering in this setting with survey data from a census of the IE
majors who have taken these courses and interviews with a subset of those students. Consistent
with the figured worlds conceptual framework that guides the larger study, and our goal of
understanding the messages that undergraduates received about the “nature” of engineering
work, our findings will be combined into a case study of industrial engineering education in
research intensive institutions that will aid understanding of how engineering curricula shape not
only students’ understanding of their field, but their thinking about their place in that field given
their personal values and interests. Our ultimate goal is to gain a greater understanding of how
the content of engineering curricula contributes to students’ understanding both of what it means
to “do engineering” and the ways in which students’ own values and ways of doing engineering
align with these dominant beliefs. These personal assessments of fit, we contend, can shape
students’ desire to remain in the field after graduation.

Limitations

This study has limitations that may have shaped our findings. First, this study was constrained by
the examination of three class sessions per course. With a limited sample of classroom
observations, a comprehensive overview of emphasized skills and practices is difficult to
ascertain. It is possible that additional engineering practices were named in the course sessions
not observed by our team. Relatedly, only one 400-level course was included in the study. The
findings from this subfield could be strengthened by the inclusion of additional 400-level
courses. Additionally, this study only examined courses from a single IE program at a research
intensive institution. To expand on this work, future research should include multiple institutions
and include various institution types. Another limitation of this study was the exploration of only
required IE courses. We focused our analysis on required IE courses, as these courses represent
the content that all undergraduate IE students encounter. However, a more comprehensive
analysis of the messaging that engineering students receive in their IE courses would observe all
of the IE courses that students need to complete for their undergraduate engineering program.

Implications

As outlined by ABET, in addition to a strong foundation in technical knowledge, students should
be able to apply such knowledge in their future work and take into account social contexts. To
prepare students with such skills, engineering courses and programs should develop and cultivate
a deep commitment to ensuring students become sociotechnically competent engineers. One step
toward that goal is to integrate social and contextual framing within the engineering curriculum.
As indicated in many examples in this study, engineering course content is often introduced to
students from a technical standpoint. Incorporating social, environmental, economic, and ethical
considerations could engage students who enter engineering with a proclivity for social interests
and also provide a more comprehensive representation of the work of engineering. Faculty could



integrate sociotechnical elements into the predominantly technical engineering curriculum that
exists today. By doing so, students may be provided with opportunities to reflect on their
positionality, consider their power and privilege relative to others, and examine how that might
play into their future engineering work. These approaches could enrich the overall learning
experience and prepare students to address the complex challenges they will face in their
engineering careers. More importantly, students might be better prepared to think critically about
existing and future designs, focusing on dismantling social and systemic inequities.

Conclusion

The primary objective of this study was to discern the most emphasized engineering practices in
required industrial engineering courses. Guided by Holland et al.’s figured worlds framework,
our goal was to characterize how required IE courses might facilitate students’ development of
sociotechnical engineering skills. Gaining a more profound understanding of the curricular
decisions made by engineering faculty regarding the allocation of class time allows us to discern
the emphasized skills and knowledge in IE courses. Through classroom observations, we
concluded that foundational technical knowledge persists as the most discussed course content
across all levels of IE required courses. We also found that sociotechnical practices such as
considering the social or cultural context in which engineering work is embedded, or engaging
with stakeholders, are only somewhat discussed at the onset and end of students’ industrial
engineering program. Courses that students encounter in the middle of their program appear to
be purely technical. There is growing recognition of the sociotechnical dimensions of
engineering, especially within industrial engineering. If the field values these sociotechnical
aspects, then it could be highly beneficial to align undergraduate engineering education with
such sociotechnical elements to better equip students with the necessary skills and knowledge to
become socially engaged and innovative engineers.
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Appendix: Observation Protocol

Practice

Minutes 0-9

Minutes 10-19

Minutes 20-29

Minutes 30-39

Minutes 40-49

Minutes 50-59

|Analyze Data

Ix

Build Tangible Artifacts

g
general mention of tangible productsas
an emphasis)

|utilizing (or learning about) coding or

Follow proper

procedures (more research, testing,
|and/or evaluation purpose)

Develop plans and procedures for

|Ethics

weigh

responsibil

iesand dynamicsin
n making

Test

ional Technical

Understand or research fundamental
engineering principles or technical
knowledge (e.g., mathematics,

ics, statics)

Future Impacts

Consider or account for potential
future impacts of one's work

context

(Account for the immediate problem
context (the space or context in which a|
solution may be deployed) asit relates
to one's work

Research

| Conduct research or gather information
needed to address a problem (at any.
st

Come up with innovative ideas and

approaches for addressing a problem
E T

boundaries or incorporateideas and
approaches from other fields of study
- .

Awarene:

Demonstrate social awareness,
empathy, and self-awareness in
i others

Iteration

Iterate on and improve or
lesigns

toensure

teams work effectively toward common
goal

Logistics

|process/problem/system and organize
needed i i

Develop or work with virtual modelsor

Account for ways natural environment
may affect or be affected by one's work
orc ility

to make a solution as efficient or
effective as possible or identify the best
solution

D
[principlesand/or methods to predict
outcomes

Present on or Explain Work

Discuss, present on, or explain work, its
value, or otherwise communicate
about it verbally (not necessarily

[Analyze a problem and define the
o]

Project

c
multiple stages of a project and/or
acr

Tradeoffs

[Account for relationships or tradeoffs
between multiple elements or
|components of a project and/or the
larger system

Social Context

Account for social or cultural context in
which work is embedded

account

g problemsand potential

Collaborate with others by sharing
expertise, ideas, resources etc. to
achi |

d oral reports or

use of figures to represent work to an
audience

 Technical Details

Account for, develop, or refinethe
concrete details, design, or schematics
of solutions or potential solutions

Systematically identify or assessissues
or potential issuesin a product, design,
or process to ensus

Consider dynamics related to the
identities, posititions, backgrounds, or
relative power of self and/or other

Account for how a range of
humans/bodies may physically interact
ith a given design, product, or process

Lifecycle of a solution

Consider a design, product, or process
over the course of its ifecycle,
including of longevity

Financial

|Account for financial or economic
considerations (applied or theoretical)

|Another practice not mentioned above




