
Reflective Writing Supports Metacognition and Self-regulation in Graduate 
Computational Science and Engineering 

Jill Zarestky a,1,*, Michelle Bigler a,2, Mollie Brazile a,3, Tobin Lopes a,4, Wolfgang Bangerth b,5 

a School of Education, Colorado State University, 1588 Campus Delivery, Fort Collins, CO 80523, USA 
b Department of Mathematics, Department of Geosciences, Colorado State University, 1874 Campus Delivery, Fort Collins, CO 80523, USA   

A R T I C L E  I N F O   

Keywords: 
21st century skills 
Computational engineering and sciences 
Graduate education 
Flipped class 
Reflective writing 

A B S T R A C T   

Computational Science and Engineering (CS&E) is a relatively new discipline for which no consensus exists on 
how classes should best be taught. Many CS&E courses are compressed add-ons to existing programs and, 
consequently, must cover a breadth of topics encompassing modules from mathematics, statistics, computer 
science, and application disciplines. Additionally, these courses would benefit from embedded 21st century skills, 
including problem-solving, critical thinking, and lifelong learning behaviors, but such skills are often neglected 
in course design even though the education and workforce literature are clear about their importance for future 
careers. The breadth and complexity in course design necessary to incorporate all of these components create a 
challenge for instructors and students. In this interpretive study, we investigate student experiences and 
perceived outcomes in a technology-mediated graduate-level CS&E course designed to address the difficulties 
associated with this wide range of disciplinary topics and professional skills. Our course design is based on 
reflective practice and principles of metacognition, and applies elements such as a flipped classroom, student 
journals, and reflective writing exercises; these design goals directly support students’ metacognition and foster 
self-regulated learning behaviors that, in turn, develop critical thinking and problem-solving abilities. We 
evaluate this design using student reflective writing and surveys. Results indicate reflective writing activities in 
course design helped develop students’ metacognitive awareness, self-regulated learning behaviors, problem- 
solving, and critical thinking skills. This course design can serve as a template for others teaching technology- 
mediated courses in CS&E and related areas, and aiming to develop students’ 21st century professional skills.   

1. Introduction 

1.1. Background and Motivation 

Computational Science and Engineering (CS&E) is a relatively new 
discipline that is often described as the basis for the “third leg” of sci
entific inquiry – namely, computational simulation –, augmenting 
traditional experimentation and theory. It combines computational, 
mathematical, and statistical skills with concrete applications from both 
traditional science and engineering fields [64], but more recently also 

questions from the social sciences (e.g., for large-scale data mining) and 
the humanities (e.g., in “digital humanties” areas). Despite roots going 
back to the advent of computing in the 1940s, CS&E has only been 
recognized as a discipline in its own right since the late 1990s. This is 
reflected in the fact that there are only a handful of dedicated CS&E 
departments, and that CS&E is overwhelmingly taught as compressed 
add-on courses in existing undergraduate and graduate programs that 
have to cover a broad range of topics in relatively little time: courses 
must often contain modules on numerical methods, statistics, computer 
science, and application knowledge. Indeed, many departments teach 
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such courses in the form of “Computational X” where “X” may stand for 
physics, chemistry, materials sciences, or any number of other areas. At 
the same time, computational skills are widely recognized as very 
important for today’s work force in the sciences and engineering, and 
questions how to teach these skills are therefore quite relevant. 

There are a number of educational challenges that come with 
teaching CS&E and that we will consider as the backdrop for our work 
herein:  

• CS&E is still a new and evolving area, without a set curriculum based 
on a long history. Rather, the selection of topics is often left to a small 
group of instructors and frequently revised. As a consequence, there 
is little research into effective educational approaches instructors can 
draw on for their course designs.  

• The compressed schedule on which most CS&E courses or course 
sequences are taught implies that students cannot be given a 
comprehensive overview of the field. Rather, curricula have to focus 
on a few specific areas that are representative of what practitioners 
might require.  

• The fluidity of the field means that the focus of CS&E courses should 
be on concepts and ways of thinking, rather than on facts. This is not 
dissimilar to many other computer-related fields where computer 
languages and computing frameworks may come and go, whereas 
computational thinking, programming patterns, and abstractions 
remain relevant. 

These sorts of considerations lead us to believe that in CS&E edu
cation – like for many other new and emerging areas without a long- 
established curriculum and multi-semester course sequences –, a focus 
on concepts, reasoning, the ability to continue learning, critical 
thinking, problem solving, reflection on one’s learning progress and 
process, and adaptability is important, and maybe more important than 
fact-based knowledge. How to teach these skills – often summarized as 
“21st century skills” – is, however, largely unexplored in CS&E educa
tion despite prominent calls for such work in reports by the National 
Academies [57] and in the premier professional journals (see, for 
example, [64,69]). Indeed, the most comprehensive recent report on 
CS&E education [64], citing reports by the National Academies, the 
Department of Energy, Interagency Working Groups, worldwide coor
dinating bodies, and others, focuses almost exclusively on the many 
topics students need to learn, but has little to say on how we can achieve 
this. In contrast, the National Academies’ report [57, chapter 6] force
fully calls for putting skills rather than facts at the forefront of curricula, 
and for developing technology-enhanced course designs backed by 
educational evidence; yet, it too has little to say about concrete course 
design ideas. 

Taken together, the aforementioned issues create a teaching chal
lenge that is, as yet, unresolved. Given the difficulty of balancing the 
CS&E content-based skills with the professional and learning skills, we 
have applied a research-based approach to innovation in technology- 
mediated instructional practice. 

1.2. Context for Teaching 21st Century Skills in CS&E 

As in most STEM fields, CS&E jobs are largely in research and 
development, and instructional strategies and practices need to 
adequately prepare students for this work environment [32,33]. [34] 
conducted a systematic literature review to investigate the question 
“What makes a software engineer stand out in his or her profession?” 
Their results identified communication, teamwork, self-reflection, con
flict resolution, and mentoring as the five most important skills to 
incorporate into the curriculum. Interestingly, all of these are 
non-technical skills, rather than specific technical abilities or knowl
edge, and embedding these into computing domains is seen as facili
tating the development of a holistic set of skills that cultivate the lifelong 
learning processes required to keep pace in an evolving industry [61]. 

As outlined above, the challenge for education in Computational 
Science and Engineering is the need to focus on skills in addition to facts 
– including the skills necessary for becoming a life-long learner –, but 
that existing research provides little guidance as to how this can be 
achieved in CS&E instructional practice [40]. Knowing that critical 
thinking and problem solving skills are essential for the students’ future 
careers within the industries our students tend to work in, we aimed to 
maximize opportunities for students to practice and develop these skills 
during the CS&E course we will describe below. A key piece of our work 
is a focus on reflection, in line with [56] who stated that “good 
problem-solvers are reflective: they reflect all and only when needed. 
And their reflectiveness is one of the skills that underwrites their un
derstanding” (p. 80). Indeed, reflection can be used to extend problem 
solving [1,3] and enable metacognitive processes. 

1.3. Overview 

In this contribution, we heed the calls from the National Academies 
[57] and others (e.g., [64,69]) and report on a graduate course design 
and its practical evaluation for a CS&E course that we taught at both 
Texas A&M University and Colorado State University over the past 
decade. The centerpiece of this course is based on the use of digital 
educational technology, and includes a flipped classroom, semester-long 
individualized projects, and students tracking and reflecting on their 
learning in a digital journal. The purpose of this manuscript is to present 
an investigation of a graduate-level computational science course 
designed to foster students’ reflective practices to improve critical thinking 
and problem-solving. 

Therefore, in the following, let us first review the conceptual and 
research contexts in which our work is situated, where we focused our 
course design on developing metacognition and self-regulated learning 
behaviors as the key enablers of developing the skills necessary towards 
becoming a CS&E professional through the use of a flipped classroom 
and reflective writing in STEM education. 

Having so set the stage, the remainder of the paper is structured as 
follows: We begin in Section 2 with a systematic review of the theoret
ical underpinning of our work, followed by posing the purpose and the 
specific research questions of this study in Section 3. In Section 4 we will 
then provide a description of the study methods and an overview of the 
design and disciplinary content of the course – the practical imple
mentation that guided the research. We then present results in Section 5, 
and provide discussion of these results as well as conclusions in Section 
6. 

2. Conceptual Framework and Literature Review 

This study is grounded in the social cognitive perspective of Bandura 
[9], which provides a comprehensive framework to explain human 
behavior by examining the interplay between personal, environmental, 
and behavioral factors. Our study utilized the social cognitive perspec
tive to examine the reciprocity of students’ self-regulation of critical 
thinking and problem-solving skills (personal factors), a flipped class
room model (environment), and metacognition captured in reflective 
journals (behavior). In the following sections, we address each of these 
factors. We will in later sections explain how these concepts then inform 
both our course design as well as our research design. 

2.1. Reflective Practice 

Schön [66,67] described professionals as “reflective practitioners” 
who, over time, improve their abilities to navigate situations they 
encounter in their discipline. Schön’s work and related literature on 
reflective practice (e.g. Harvey et al. [35], Johns [38]) emphasize that 
expertise development is grounded in a combined awareness and scrutiny of 
one’s learning processes and accumulation of relevant experiences. From 
this awareness and scrutiny, a person can learn lessons that build 
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professional skills and intuition. In turn, the deep expertise we wish to 
instill in our CS&E students develops from experience grounded in 
reflection-in-action and reflection-on-action [66,67]. 

Reflection-in-action “reshapes what we’re doing while we’re doing 
it” [67, p. 26] and is a process that occurs concurrently with action. It is 
often equated with thinking on one’s feet, key for decision-making in 
real time, particularly in interaction with others, such as a project team. 
Reflection-on-action occurs when a person has an experience, like 
finding a bug in code, and later reflects to identify important takeaways; 
in the context of CS&E, these takeaways could be strategic design de
cisions for programming, specific uses of debugging tools, or under
standing the importance of defensive programming practices. On the 
whole, reflective practice enables current and emerging experts to build 
their professional skill sets based on concrete experiences. The compi
lation of in-the-moment reflections increases over time; subsequent 
conscious reflection on those moments grows and develops a person’s 
understanding of how such moments occur, how they may go well or 
badly, and how such moments might be handled moving forward. 

Reflective practice is a concept likely to be familiar to most practi
tioners. Indeed, most CS&E professionals will likely agree that they have 
become better at programming by observing their own programming 
and debugging practices, and consciously teasing apart what worked 
and what did not. 

2.2. Metacognition and Self-regulation 

Metacognition, defined as someone’s “awareness and understanding 
of their own thinking and learning processes, as well as their regulation 
of those processes to enhance their learning and memory” [58, p. 363], 
combines and extends the two types of reflection described in the pre
vious section. Metacognitive functions include learners’ assessment and 
beliefs of their own abilities, monitoring their state of knowledge, un
derstanding their cognition and thought process, and controlling 
learning activities; it also involves regulating aspects of cognitive en
terprise [2,29,49]. In our context, for CS&E professionals, metacogni
tion synthesizes the multiple content- and process-based tasks as well as 
the interpersonal and self-regulating components of work. People learn 
from direct experiences (reflection-in-action), subsequent analysis of 
those experiences (reflection-on-action), and endeavor to achieve 
learning goals and seek growth opportunities (metacognition). Over 
time, practical experiences and related reflection build and combine into 
increased skill and expertise. In sum, reflective practice grows from 
combined technical or content knowledge, accumulated real-life expe
riences, deliberate learning from prior experiences, and purposeful 
professional development and is tied directly to learners’ understanding 
and regulation of their learning processes [63]. Further, metacognition 
is an underlying function of critical thinking that enables learners to 
develop judgement and decision-making [29]. 

Self-regulation is situated in social-cognitive theory [9,68,77] and 
focuses on the metacognition associated with moving toward goal 
completion [48]. Self-regulated learning can be summarized as 
thoughts, behaviors, and actions that have been intentionally adapted 
by an individual to accomplish a specific goal; this implies that an in
dividual engages in metacognitive awareness that elicits behavioral 
adjustments to attain and implement knowledge more effectively [18]. 
Self-regulation combines motivational beliefs, cognitive strategy, and 
metacognitive control and is a critical skill set for life-long learning and 
professional skills development [11,18,76,77]. Cognitive strategies 
involved in self-regulated learning take the form of simple 
problem-solving and critical thinking [68], and may include activities 
such as planning, process monitoring, comprehension monitoring, 
reflection on cognition, and self-explanation [48]. 

Metacognition and self-regulated learning are inextricably linked to 
critical thinking, problem-solving, and other human-dimension skills (e. 
g., comprehension, memory, oral communication, and language acqui
sition), see Flavell [31], Loksa and Ko [48], Lumpkin [49]. Walker and 

Finney [75] described life-long learning as extending beyond the 
simplicity of accumulating further knowledge, but as a way of being that 
engages critical cognitive faculties to continue holistic development. 
Such practices support the life-long learning skills necessary for sus
tained professional success [2,29], considering continuous technological 
change. Indeed, this seems particularly pertinent to CS&E, where, for 
example, the computers typically used by practitioners have grown from 
single-processor ones to clusters with more than a million cores, 
requiring entirely different programming models. 

2.3. Writing to Learn 

Having described important skills in the past two sub-sections, the 
question is how students can be prompted to engage in reflection and 
metacognition. Clearly, as part of the meaning-making process associ
ated with experience, learners need to reflect, consciously or uncon
sciously, on their experiences and incorporate new learning into their 
working knowledge base. [42] described a cycle of experiential learning 
and formalized reflection as part of the learning process, as experiences 
are interpreted through a process of reflection. Reflective writing is one 
means of developing skills to support students’ metacognition and 
self-regulation of learning. We discuss below how we incorporate 
reflective writing into our course design by using an electronic journal. 

In a broader sense, writing to learn is a recognized instructional 
strategy for deepening students’ content learning. In university settings, 
such as the present study, [78] founded the writing-to-learn movement, 
and advocated for writing across all disciplines to deepen student 
engagement with and understanding of content; many universities now 
require that all undergraduate degree programs have writing-intensive 
courses. He described reflective writing as an active process through 
which students may organize and clarify their thinking. Similarly, [12] 
viewed written reflection as an opportunity for students to share their 
feelings and thought processes which can result in deeper learning and 
better connection to content. Such writing may include restating con
cepts in their own words, describing strategies or approaches to 
problem-solving, or developing personalized mechanisms to facilitate 
internalization. More concretely, in science and mathematics education, 
writing to learn has become a widely accepted means to deepen content 
learning and improve scientific inquiry skills [5,19,27,30,36,39,74]. 

Reflective writing has been widely studied regarding its impact on 
learning in the mathematical sciences (e.g., [19,62]). For example, [71] 
advocate for opportunities for reflection on mathematical processes and 
group work. In effect, reflective writing enables students to uncover 
what is known, make connections, ask questions, and recognize areas for 
growth [12], all important metacognitive tasks for developing the 
self-regulation skills essential for industry careers within CS&E. Reflec
tive journaling, in particular, is a powerful means for fostering meta
cognition and developing self-regulated learning [2,47], which 
subsequently supports the development of life-long skills such as critical 
thinking. 

2.4. Reflection in Graduate CS&E Education 

Drawing from reflection’s history as an educational practice that 
supports metacognition and meaning-making from experiences [26] but 
specific to the computing domain, [34] stated, “the better the student’s 
ability to reflect, the better the ability to absorb other skills... [reflec
tion] can be seen as the main enabling skill that increases the likelihood 
of learning anything else” (p. 5). [33] indicated that the practice of 
reflecting differs between disciplines as the process is dependent on the 
experiences and skills accessed; within applied sciences such as CS&E, 
these practices includes planning, procedures, processes, and problem 
solving [17,32,33]. 

While the use of reflective writing has been investigated in under
graduate settings [6,46,59,70], few studies have focused on these stra
tegies for developing skills at the graduate level in CS&E [32]. [4] 
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redesigned a graduate level programming lab to focus on developing 
“soft skills” in addition to technical knowledge by incorporating active 
learning and learning-by-teaching practices. However, minimal reflec
tion was incorporated in this study as teams were only asked to complete 
a one-page after-action report. Therefore, the level of reflection studied 
was inconsequential in comparison to the analysis of active learning and 
learning-by-teaching strategies. As a result, a gap in the literature exists 
regarding design and implementation of graduate courses within the 
computing domain that utilize reflective writing to develop 21st-century 
skills in conjunction with technical skills. 

The importance of evolving the design of graduate-level STEM 
courses to include non-technical skills (such as problem solving and 
reflection) originates within the gap between industry needs and grad
uate skills. This gap has been noted in many reports, including the one 
by the National Academies mentioned above [57]. Specific to PhD 
programs, [60] stated that “the complex nature of 21st-century chal
lenges requires PhD holders to not only be specialized and independent, 
but also open-minded and critically reflective” (p. 71). While we are not 
alone as we attempt to design STEM course structures that incorporate 
the development of a broader range of skills for graduate students, many 
curriculum reforms are mainly focused on increased content knowledge 
as opposed to developing the students as lifelong learners. Among the 
outliers, the teaching methodology used by [16] for postgraduate stu
dents incorporated an interdisciplinary approach in order to provide 
“average science graduates” with both the mathematical and computa
tional tools to solve a variety of parallel programming and performance 
engineering problems. Throughout their courses, the “leading role” is 
balanced between the teacher and students. Initially, the teacher leads 
the content and process during lecture and lab sessions. Then, students 
generate concept maps that illustrate the hierarchy of the concepts 
taught using defined strategies and information structures, use case 
studies to analyze well-known practical problems, and develop experi
mental portfolios that provide descriptions of work tasks that help stu
dents auto-evaluate their content knowledge. 

Similarly, [32] incorporated real problem scenarios, reflective jour
nals, and iterative instructor feedback within their graduate level en
gineering course to help students develop “five non-technical, career 
sustaining and career development competencies” (p. 309) needed to 
meet 21st-century challenges: self-reflection and articulation of knowl
edge, speculating and identifying gaps, asking questions to investigate 
gaps, making decisions with incomplete information, and identifying 
new ways to move forward. [4] chose to focus on increasing student 
motivation and keeping the content updated when redesigning their 
graduate level computer science course to develop soft skills as well as 
technical knowledge. [24] utilized peer reviews of reflective writing to 
help their undergraduate computer science students to further develop 
their writing skills. [15,22], and [44] utilized a project-based learning 
model for their undergraduate courses to help students develop re
sponsibility, independence, and discipline as well as creativity and 
problem solving while engaging in open ended, real world problems. 

Each of these course revisions was intended to broaden students’ skill 
set, increase their knowledge base, and better prepare students for future 
career opportunities. While this is clearly important, our focus in 
designing a CS&E course was to use technology-mediated reflective 
processes as a tool for students to develop their metacognitive practice and 
self-regulation skills, addressing the gap in the literature identified above. 

2.5. Flipped Classrooms 

The course design we will describe below is based on the flipped 
classroom model. Flipped format classes are by now a well-established 
course design that requires students to engage with course materials 
before attending class. The goal of a flipped format is to free time in class 
for more active student engagement and increased interaction. A num
ber of other articles serve as excellent introductions to the flipped format 
[10,50,52], but, to summarize, the overarching assumption is that class 

time is best spent on activities such as faculty interaction with students. 
Content delivery can be accomplished through technical means, such as 
videos or reading assignments. In addition to better support for students 
with diverse learning needs [43], education research has also shown 
objectively that increased classroom interactivity improves student 
learning outcomes [25]. 

The flipped course structure has gained popularity in both K-12 and 
higher education based on the growing ease of making videos, the 
availability of quality content-based videos on sites such as the [20,28, 
41,54,73], and resources provided by publishers. Individual instructors 
have also developed extensive collections of high-quality video lectures 
[46]. Within the computational sciences, let us mention just two ex
amples: Tim Davis’s 42 lectures on direct methods for sparse linear 
systems [21], and Maggie Myers and Robert van de Geijn’s edX course 
on foundations of linear algebra [55]; the videos for our course also fall 
into this category. Finally, an extensive collection of teaching materials 
is available from [72]. Given the high-quality material readily available 
for free on essentially every topic imaginable, teaching a flipped-format 
class is no longer prohibitive in terms of the up-front instructor effort of 
recording lectures. However, further research is needed to determine 
how student approaches to learning shift in a flipped classroom model 
[23]. 

3. Study Purpose and Research Questions 

The centerpiece of this course is the use of digital educational tech
nology, and includes a flipped classroom, semester-long individualized 
projects, and students tracking and reflecting on their learning in a 
digital journal. The purpose of this study was to investigate a graduate- 
level computational science course designed to foster students’ meta
cognitive and self-regulation to improve critical thinking and problem-solving, 
as guided by two research questions:  

(RQ1) What did students’ reflections reveal about their critical-thinking 
and problem-solving skills and processes during the class?  

(RQ2) What were students’ perceptions of the experience after the class 
had concluded? 

4. Methods 

As we sought to uncover how students’ reflective writing illuminated 
their thinking and learning processes and their perceptions of the course, 
an interpretive approach was most appropriate [53]. Interpretative 
research values research participants’ perspectives and seeks to uncover 
the way they view their circumstances and make meaning from their 
experiences [53]. Therefore, we applied a qualitative research design, 
with students’ writing comprising the majority of the data to examine 
their experiences in the class (RQ1). Capturing students’ perceptions of 
the class after its conclusion (RQ2) allowed for a longer-term perspective 
on students’ experiences. Next, we present details on the course and its 
design elements, the students who participated in this study, and our 
data collection and analysis processes. 

4.1. Course and Disciplinary Context 

The specific context in which our work is located is a CS&E course on 
“Finite Element Methods in Scientific Computing”. The finite element 
method is the most widely used method for the simulation of both fluid 
dynamics and solid mechanics applications, and most student projects 
come from these areas. Such a course must touch on many of the topics 
listed in the recent review of CS&E curricula by [64], including the 
following subset excerpted from that review:  

1. Foundations in mathematics, ordinary and partial differential 
equations; 
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2. Simulation and modeling, use of simulation tools, and assessment of 
computational models.  

3. Computational methods and numerical analysis, including errors, 
solutions of systems of linear and nonlinear equations, and numerical 
methods for PDEs. 

4. Computing skills, including compiled high-level languages, algo
rithms (numerical and nonnumerical), elementary data structures, 
analysis of algorithms and their implementation, parallel program
ming, scientific visualization, awareness of computational 
complexity and cost, and use of good software engineering practices 
including version control. 

In addition, course objectives focus on students’ need to understand 
the scientific or engineering background of the application on which 
they choose to work. The origin of the course design was how one can 
structure a course that has to cover such a breadth of topics in just one 
semester. More specifically, we asked ourselves the following: 

What kind of course design is most appropriate to teach a broad collection 
of mathematical, computational, and learning skills? And can we find 
evidence that a given design indeed works? 

4.2. Course Design and Overarching Approach 

In our efforts to address the aims previously described, we designed 
the course to incorporate three approaches not typical of graduate 
mathematics and engineering education: a flipped-classroom format, 
research journals, and reflective writing. These choices are based on the 
considerations outlined in Section 2, namely that we wanted to design 
the course to strengthen students’ reflective practices (see Section 2.1) 
and metacognitive abilities (see Section 2.2), by using writing-to-learn 
strategies (see Section 2.3). We discuss each of the three components 
mentioned above in the following subsections, along with a short 
overview of a typical class period. An early version of this design was 
previously described in [7]. 

While the course has a concrete list of topics students are supposed to 
learn over the course of the semester, we see these not as isolated 
components, but instead as building blocks for each student’s semester- 
long, individualized project. In this course, the projects are typically a 
finite element solver for a problem of the student’s choice, and based on 
the widely used deal.II software library [8]. Project-based designs are 
common and effective in courses where the students’ ability to apply 
their learning is paramount, as is the case for the graduate students in 
this course [13]. Additionally, the direct relevance of course projects to 
students’ research or interests is an important factor in fostering 
intrinsic motivation [65] and helps in building critical thinking skills, 
reflective thought, and metacognition – in line with our course goals, see 
also Section 2. 

At the beginning of the semester, students propose a semester project 
in a 5-10 minute presentation. Their proposals typically draw from their 
graduate research or general interests. Over the next weeks, the project 
is refined in collaboration with the instructor, who also ensures all 
projects are of roughly the same difficulty level. At the undergraduate 
level, one might provide students with a list of possible project topics or 
directions. 

To some degree, the topics listed in Section 4.1 can all be seen as 
prerequisites for completing these projects. The first half of the semester 
is spent working through foundational material common to all projects. 
In the current course, such material begins with the basics of finite 
element methods and programming essentials. The course then gradu
ally transitions towards necessary background material that students 
can learn in parallel to working on their projects – e.g., visualization 
techniques, parallel computing strategies, or the use of version control. 
The second half of the semester may require students to study project- 
specific topics using material provided by the instructor, available in 

textbooks or the research literature, or online. For the purposes of this 
course, such content might include knowledge of specific spatial or 
temporal discretization techniques, or particular linear and nonlinear 
solvers and preconditioners. 

At approximately midterm, students give ten-minute presentations 
about their project progress. This presentation provides students with a 
timeline for switching from learning background material to self- 
directed work. The semester concludes with twenty-minute pre
sentations from all students on their project results. The course is graded 
based on these presentations and other materials students need to hand 
in, such as the commented source codes for their project. 

4.2.1. Flipped Classroom 
Given the project-focused nature of the course, we felt student- 

instructor interaction needed to be the central design component. In 
previous incarnations of the course, we recognized that even spending 
half of a class period lecturing resulted in too little time for necessary 
one-on-one interactions with students to talk about their projects. 

For this course, we therefore recorded 67, professionally produced 
lectures at the public television studio at one of our universities. The 
videos alternate between a view of the instructor for longer phases of 
verbal explanation, and the instructor’s screen for pre-written slides and 
interactive demonstrations of tasks such as visualizing data, program
ming, debugging, or using the command line. The videos are hosted on 
YouTube. A major benefit is that students can stop the video, perform 
the same steps on their own data sets, and then continue watching at 
their own pace, repeatedly if necessary [46]. An additional advantage of 
this format is that one can provide material for students who lack some 
background knowledge or simply want to work at their own pace, 
without slowing down the more experienced students. Subtitles and 
rewinding also supports students who have difficulty with English lan
guage issues. 

The videos are available through the Youtube user interface, but are 
also linked to at a central page hosted at https://www.math.colostate. 
edu/~bangerth/videos. They have found widespread use also outside 
the course described herein, receiving a combined total of approxi
mately 200,000 views since 2013. Given that YouTube is not available in 
China, the central page above now also links to copies of the videos 
hosted on the Chinese bilibili service. 

4.2.2. Learning Journals 
It is a challenge to watch a 30- or 45-minute video lecture without 

getting distracted. Students are tempted to let them run in the back
ground without really paying attention - or simply not watch them at all, 
and then ask for help during the in-class portion of the course. As a 
consequence, video lectures by themselves are well understood to not be 
very effective teaching tools. On the other hand, with careful teaching 
structures built around and supporting these videos, they can create a 
much more efficient environment for learning. Many of these techniques 
are discussed in the references we have provided in Section 2.5. 

Specifically, we required students to keep a journal. Our original goal 
was for students to use these journals to document and digest what 
videos they had watched, and to share these notes with the instructor. 
Consequently, we required journals to contain (i) a table of contents; (ii) 
a record of the lectures they watched, along with a summary of each 
lecture with their three most important insights or observations, and two 
or three questions they still had; (iii) a log that showed when students 
worked on which parts of their projects, progress (or lack thereof, both 
often illustrated by copy-pasting formulas, error messages, or visuali
zations of results), and notes for what they want to try next. In some 
sense, this structure reflects lab books used by experimental scientists. 
We discuss below how our experience with student journals changed 
over time regarding what we hoped they write. 

We used Google Documents as the platform for these journals as 
almost everyone is already familiar with this interface. The platform 
allows simultaneous editing, enabling student and instructor to have 
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conversations. It accommodates text, images, formulas, code snippets, 
and most other pieces of information students may want to share or 
instructors may want to reply with. As an instructor, one can see the 
documents shared by students in a single place, and the view can be 
configured to highlight documents that have changed since the 
instructor last reviewed journals. 

The initial goal with the journals was to judge who was watching the 
videos as assigned and address students’ common questions or points of 
confusion. They were also intended to synthesize and resolve common 
misconceptions about the material in the video lectures – an important 
point given that video lectures were recorded without an audience and 
consequently without immediate feedback. 

4.2.3. Metareflection 
In addition to the reflective writing in the regular journal entries, we 

incorporated targeted metareflection by requiring students to write two 
essays. The prompts for these essays are as follows: 

You will need to submit an essay, about 1-2 pages, that summarizes an 
important insight you have had regarding this class and how you arrived 
at that insight. Examples might include understanding a new technique to 
debug programs; discovering another reason why version control systems 
are useful; etc. To inform these essays, read back over your journal and 
look for patterns, a-ha moments, or anything that stands out to you as 
particularly important. I encourage you to reference specific journal en
tries as part of your essay. 

Education research has found substantial benefits from prompting 
students to reflect about what they have learned and how they have learned, 
rather than just requiring them to demonstrate learning [14,59]. In 
other words, students gain deeper insights into their learning by 
reflecting on what they did right or wrong, and why, with a periodic and 
intentional focus on the big picture of their learning. 

4.2.4. Class Meetings 
The flipped class format created opportunities for one-on-one or 

small group interactions, as intended. Once processes had become clear 
to students, we generally spent the first 10–15 minutes in discussion, 
oftentimes to address open questions found by reviewing student jour
nals and isolating common misconceptions. On other occasions, we also 
discussed particularly good solutions to problems or specific insights 
isolated from student journals. By asking students in their journals 
whether they were willing to bring these issues up themselves, many of 
these discussions were student-led. 

During the remainder of the class, students worked on assignments or 
projects, with the instructor engaged in interactions answering ques
tions and helping with project work. Such personal interaction required 
awareness of how much time is spent with each student. We also rotated 
the order in which we talked to students between class periods. 
Augmented by interactions in journals, and the fact that neighboring 
students often participated in discussions, we felt most students received 
sufficient individual attention to make progress on their projects. In 
practice, few students come to additional office hours for additional help 
– offsetting some of the instructor time spent on reading through 
journals. 

4.3. Participants 

We used the course format described above for classes in 2013, 2015, 
and 2018. While the course was the same in all three iterations, it was 
conducted at two different universities due to the instructor changing 
institutions. Both universities are large U.S. public land-grant in
stitutions, one in the Southern region and one in the Mountain West 
region, and both are classified as “very high research activity” by the 
Carnegie classification system [37]. All students enrolled at any time 
were eligible to participate in this study, for a total of 41 students across 

the three classes; 39 (95%) consented to participate. Students’ informed 
consent was obtained through protocols approved by both universities’ 
Institutional Review Boards. Names of participating students were 
withheld from the instructor, this study’s last author, until after final 
course grades were submitted. All participants were graduate students at 
the time of the study, enrolled in doctoral programs in Mathematics 
(43.59%), Petroleum Engineering (12.82%), Mechanical Engineering 
(10.26%), Nuclear Engineering (7.69%), Electrical Engineering, Geol
ogy, Geophysics, Atmospheric Sciences, Physics, Aerospace Engineer
ing, and Civil Engineering (2.56% each). 

Participants predominantly identified as men (87.18%). Students 
came from a variety of countries, including the U.S. (23.08%); China 
(48.72%); India, Korea, and Taiwan (5.13% each); South East Asia, 
Norway, Saudi Arabia, Mexico, and Iran (2.56% each). When referring 
to students below, we use pseudonyms that aim to reflect students’ 
gender and national origin. 

4.4. Data Collection and Analysis 

The student journals comprise the majority of the qualitative data for 
this study. Over the three instances of the course, we have accumulated 
1,441 pages of student journals; we downloaded these journals from 
Google Docs after each semester ended, for each student who consented 
to participate. Journals on average were 40 pages per student by the end 
of the semester, reaching a maximum of 126 pages for one particularly 
diligent and verbose student. 

The journals were then uploaded into nVivo qualitative data analysis 
software, which facilitated a thematic analysis process [53]. One of the 
authors unitized the journal documents, i.e., divided the text into units, 
each of which possesses independent meaning. We used a multicoder 
approach to support the confirmability and dependability of the analysis 
[45]. Independently, one researcher used open coding, which allowed 
themes to emerge through a constant comparative method of assigning 
an existing theme or a new theme to new data as appropriate [53], as 
opposed to a priori themes. Given this study’s exploratory purpose to 
uncover student problem-solving and critical thinking processes, open 
coding enabled reliance on the data rather than preconceptions of what 
students would or ought to write about. Coding was independent of 
course-specific content or instructor comments or feedback. Then, using 
the lens of the research questions, a researcher applied axial coding to 
group initial codes into shared themes or categories. Independently, a 
second researcher reviewed the coded data; researchers then met to 
reconcile their analyses. Initially, the team matched on approximately 
85% of initial codes and, through dialog, reached consensus. 

For the longer-term reflective component of this study, we asked all 
participants to complete a survey designed to investigate perceptions of 
the course after one or more years had passed. Of the 39 participants we 
contacted, 14 (36%) completed the survey. The survey provided stu
dents an opportunity to share how they had (or had not) benefited from 
course content, format, and processes in the longer term. Survey ques
tions asked participants to compare the course to traditional format 
courses, reflect on the journal-writing experience, and provide recom
mendations to the instructor and future students. Examples of the Likert- 
scale questions include the following:  

• I preferred the format of [this] class over lecture-based formats  
• I took advantage of the opportunity to ask [the instructor] questions 

via the journal.  
• Journal entries helped me to get feedback to guide my learning 

process.  
• I learned more in lecture-based courses than [this] class.  
• I had enough opportunity to ask [the instructor] questions in class.  
• The video lectures distracted from my learning.  
• I had more interaction with [the instructor] than other instructors.  
• Journal feedback from [the instructor] helped me to improve my 

project code. 
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To analyze survey data, we calculated frequency distributions for all 
fixed-response (Likert) questions. For the open-ended questions, we 
grouped responses thematically in a process mirroring that of the journal 
data analyses. In the following, we present details of the findings from 
both analyses. 

5. Results 

As discussed in the previous section, the journals were rather un
structured and encompassed a wide variety of content primarily deter
mined by the students. Students mainly utilized the journals for 
documenting procedures (31 students), taking notes (39 students), 
describing their strategy/process for coding (35 students), or sharing 
visuals from their coding strategy or results (28 students). Similarly, 30 
students described the debugging process for their projects. Interest
ingly, among the largest categories are journal entries in which students 
posed questions to the professor about content from the video lectures, 
checks for their understanding, and guidance for next steps in their in
dividual projects. Many of these cases precipitated student-instructor 
conversations via the journal – in other words, the journals allowed 
for precisely what makes a teacher more valuable to a student than a 
book or a video lecture. These interactions also allowed the instructor to 
focus on answering specific questions from the journals during class 
meetings as needed. In general, students acknowledged the value of self- 
determined learning strategies that helped develop professional skills 
for content learning, software development processes, and professional 
and personal development, presented in the following sections. 

5.1. Content Learning and Software Development Processes 

As part of the research journals, students recorded and reflected on 
their content learning, which comprised the largest volume of text. 
Students identified what they were learning and sometimes how they 
were learning, including material related to course topics and tools and 
processes they found exciting or valuable. These entries also served as 
formative self-assessment and checks for the instructor to determine if 
students were mastering the course objectives. 

In their journals, students demonstrated that they developed a new 
or deepened awareness of software development practices. For example, 
they wrote about the benefits of developing a design plan, adding 
comments in code, breaking their programs into smaller tasks, and re- 
using previously written code. The journals supported 28 students in 
identifying areas of growth and posing ideas on how they would foster 
continued learning, such as recognizing the need for further depth with 
programming (C++, Linux, deal.II), developing good habits for pro
cesses (version control, including good documentation using tools such 
as Doxyen, checking units and kinds of boundary conditions when 
implementing formulations), or developing more background skills in 
writing and mathematics. Thirty-one students stated they would further 
pursue content knowledge through websites, asking friends, completing 
future classes, reading books, and continued practice. 

A substantial part of the course is students developing software for 
individualized projects but, as Matthew acknowledged, “serious code 
development is a team effort.” Most students (77%) perceived benefits 
from working collaboratively with classmates, office mates, advisors, 
friends, supervisors, and professors. Connor noted that tapping into the 
experience of those who have good programming habits, “enlarged my 
view of what can be done and of how to do it simply”. Not only were 
collaborators sharing valuable programming experience, they inspired 
each other to look at projects from different angles, and provided 
encouragement for each other when they found themselves stuck. At 
times, students received the benefit of others’ expertise in the form of a 
hint or recommendation for a resource. In other situations, students 
provided support to each other as seen in Abbud’s description: “Over the 
next few weeks, [other student] and I touched base on OOP design issues 
with the code. I could see in [other student’s] code that he is thinking 

‘procedurally’. He extracts all the information from all sources into the 
current procedure to produce the result they need. I then explain the 
idea behind OOP and the importance of ‘encapsulation’. I can see his 
eyes light up when the concept sinks in and see first-hand how it sim
plifies their program tremendously.” These insights into software 
development processes support students’ preparation for team-based 
professional environments. 

5.2. Professional and Personal Development 

While the majority of the journal entries focused on documentation 
of newly learned content and processes for software development, there 
were also 950 journal references that were examples of metacognitive 
processes and/or analysis. These entries are indicative of not only 
learning how to do something, but indeed of developing a deeper un
derstanding of why and when. Students shared learning about general 
professional skills, including developing a healthy work/life balance, 
reducing anxiety levels around coding and debugging and how this has 
led to increased confidence and courage, the importance of jumping in 
and experimenting, and learning from and with others. Self-regulated 
learning behaviors, such as self-discipline, study habits, organization, 
time-management, and asking questions more frequently and sooner 
were also skills that students identified as needing to improve on. 
Metacognition provides the first step for students in the process of 
further developing these skills, as metacognition is an essential and 
foundational component of self-regulating. Additionally, 10 students 
used the journal to identify goals for their project, course or future work 
and 27 students contemplated the application of their new journaling/ 
reflective writing skills to future endeavors. Whether it was continued 
work on the project from class, increased confidence in programming 
abilities or application to future work, students articulated their future 
uses for the course content and skills they learned in this class. 

Similarly, reflective writing enabled students to identify the range of 
emotions they experienced during the learning process, spanning from 
excitement to panic, confidence to confusion, irritation to enthusiasm. 
Expressing strong emotions may have helped students to reframe their 
work or empowered students to take risks in class. Some reported feel
ings of being overwhelmed early in the semesters and ended with some 
level of increased personal and professional confidence. One student 
expressed a shift in perspective through reflective processing: “I’ve al
ways been blaming all these [problems] to my lack of knowledge, not 
enough effort, bad time management and hard project, until just now... 
The reason that I got frustrated is not the project, the code or the limited 
time but what is inside. As one of my friend commented ‘the set of ob
stacles is dense in life’, and yes, there will be endless problems to solve, 
but I can and should change the way I look at it” (Nuan). 

While emotions are not typically a consideration in graduate-level 
computational science course-work, emotions do affect student 
learning. By giving students an outlet for those feelings in their journals, 
they are better positioned to deal with those feelings in a constructive 
manner. 

5.3. Students’ Perceptions of the Course 

Student perceptions of the course and its structure were drawn from 
both the student journals and the survey. They were mostly centered on 
the course structure in general, individual projects, and the use of 
journals and class time. 

General course structure. 62% of the students (24 of 39) commented at 
least once in their journals about the course structure. Students 
described that they utilized the video lectures to explore new content at 
a comfortable pace; they would pause, replay and re-watch video lec
tures many times in order to add depth to their understanding. The 
recorded lectures provided flexibility and enabled students to choose 
when and where to engage with the content. As Jinhai summarized, “We 
learn the theory from the lecture video and learn the programming skill 
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from running examples and doing our individual projects.” 
Overall, students valued the flipped classroom structure. For 

example, Connor wrote, “I really enjoyed this semester and found myself 
wishing more classes were structured in a similar pattern. I liked having 
the lectures available online and then having class where we could 
practice and get our hands into the material. It fit my learning patterns 
perfectly. I could see many more classes successfully patterned in this 
manner.” Commenting on the fact that the out-of-class videos came from 
a trusted source, Xiang wrote, “The importance of this class also lies in 
the difference between finding something and being told something.” 

Individualized projects. Many students identified the project and 
presentations as some of the most valuable learning experiences during 
this course. Ishan enthusiastically wrote about the practical applicability 
of his project stating that “by taking this course and completing the 
project, I feels like I have already completed one-year worth of my 
research in just one semester.” Presenting their project to their peers also 
provided learning opportunities that students recognized as relevant to 
life after graduate studies. 

Keeping a journal. Reflective writing is a challenging task for many 
students in STEM disciplines, especially if they have not had previous 
opportunities to explore their learning processes through introspection. 
This new experience was met with mixed reactions, as 20 students 
commented in their journals and reflection essays. An example of this 
tension was described by Connor, “I find that most of the time after I 
have watched a video or worked on some aspect of coding pertaining to 
the project, the last thing I want to do is come over here to the journal 
and write. Yet I feel at other times a great desire to come and write down 
some epiphany or victory that I have had. I know it benefits me a lot to 
write things down and I have had many of my questions answered 
merely by the act of trying to explain something in writing even without 
answers from [the instructor] but it is still hard to be consistent.” 

Most students quickly realized that the more they write in their 
journals, the more feedback and help they get with their questions and 
projects. As a consequence, our use of these journals radically deviated 
from the more rigid structure outlined above to a much more free-form 
record of what students were working on, what issues they faced with 
their projects, exchanges of ideas and suggestions to look at problems 
they face in a different way, as well as a record of much critical thinking 
about themselves and their learning progress. 

Some students acknowledged that they understand that reflection on 
learning experiences is a good practice, yet also indicated the difficulty 
in developing that habit. The benefits that students experienced stem 
mainly from documenting the justifications for the processes they uti
lized; when rereading this at a later date, students were able to see 
patterns in the types of mistakes they had made. When reviewing journal 
entries, students found it helpful to be able to use keyword searches to 
quickly find the information they were searching for – a benefit of using 
digital journals. 

Journal writing was also viewed as a way to step away from the 
coding process to write about issues they were experiencing. Students 
commented that the temporary step away made resuming work on the 
project a little easier. A notable finding is that shy students or students 
whose language and cultural differences made asking questions in class 
difficult, found the journals to be a comfortable and efficient way for 
posing questions to the professor and were grateful for the opportunity 
to communicate directly with the professor. Nuan’s journal entry illus
trates the anxiety involved in asking questions for some students: “Being 
a Chinese student, it sometimes is really hard to step in professors office 
and ask a question. It seems there are a lot to be afraid of, what if the 
question is too stupid, what if I can’t follow the professor’s explanation, 
what if he founds out that I’m so behind other students. So in many 
cases, I’d rather spend tons of time finding answers by myself than ask a 
5 minute question. But so far, all professors answers all my stupid 
questions with greatest patience that I can ever expect. It seems none of 
the scary things I thought did not actually happen. When struggling with 
Linux at first, the installation command was really hard to me and I 

googled it for several hours without a satisfactory results. But it only 
take a few minutes to ask and get an answer as well as a smile. Now I’m 
pretty sure that It’s absolutely worth doing so. [...] English is another 
obstacle, but conversely, my English would never be improved if I don’t 
speak it.” The journals also met their goals of clarifying video content 
and points of confusion and misconception well; the instructor was able 
to recognize who needs to be reminded to watch assigned videos, and we 
did find common misunderstandings that we addressed by offering 
additional information and errata for each video. 

Ultimately, many of the students shifted their previous thought 
processes about learning through the use of the journal. While it took a 
long time for some students to embrace the concept of reflective writing 
to enhance learning, student’s writing indicated they understood the 
importance of the process on their learning. Hanjae disclosed that “even 
though entering journals took a long time for me, I have learned that this 
tool can help me learn more effectively. I would prefer this kind of 
journal entries for my future courses.” 

5.4. Survey results 

When asked to recall their experience between one and six years 
later, 14 students voluntarily completed an online survey. Fig. 1 presents 
key results. All students who responded to the survey preferred or 
strongly preferred the flipped-class format over traditional lecture-based 
formats. The majority of respondents indicated that they took advantage 
of the opportunity to ask questions via the journal, used the journal to 
get feedback that guided the learning process, and felt feedback received 
in the journal helped improve their project. Most respondents also 
indicated they had enough opportunity to ask questions in class and had 
more interaction with this instructor than with other instructors. 
Conversely, most respondents strongly disagreed or disagreed that video 
lectures distracted from learning, and had a largely neutral opinion 
about learning more or less compared to traditional, lecture-based 
course. 

When asked what the respondents saw as the purpose of the journal 
they were required to keep for class, Zach indicated that “one of the most 
important things is I saw it as a way to keep myself accountable. I just 
started a personal journal on April 4 [2019] with this idea of account
ability in mind and it has helped very much. Our class journal was also a 
nice way to communicate to [the professor] about things that I decided 
weren’t urgent enough to pester him via email for.” Like this respondent, 
71% of the former students indicated they have continued to use a 
journal for research (29%), personal (21%) or both research and per
sonal (21%). Other respondents also shared similar perceptions about 
accountability, and the journal as an interface for communication with 
the instructor. 57% of respondents indicated they preferred asking the 
instructor questions in person in class, 21% preferred asking questions in 
person during office hours, and 21% of the respondents indicated they 
preferred asking questions via the journal. 

As part of the survey, former students were asked what they saw as 
the benefits of the course format. Ling indicated, “Having time to review 
video lectures at my own pace was helpful in allowing for more targeted 
learning. I found the journal to be a valuable way to help myself think 
about problems by trying to explain them to someone else. Project time 
in class works quite well as it allows for far more feedback than I could 
get otherwise, which is particularly important in this type of class.” 
Other respondents also indicated the benefits of watching the videos on 
their own time, controlling the speed based on level of understanding of 
the content, and being able to rewind or re-watch videos was seen as 
helpful for the learning process. Sigrid suggested future students in these 
courses should “raise as many questions as possible in the journal, which 
will help in critical thinking and future journal publications”. These 
comments indicate the persistent value of the experience beyond the 
course itself. 
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5.5. Instructor Perceptions of the Course 

This section shifts to the instructor’s perspective, this paper’s last 
author. My academic training was in the traditional lecture style and I 
taught this way myself for several years. However, over time, I came to 
realize that what I enjoy most, and am presumably best at, is direct 
contact with students, i.e., a departure from lecture format; in many of 
my classes, a substantial fraction of class time is spent on discussions. At 
the same time, I am uncomfortable with wholesale change of my 
teaching style – as I assume many are – and required backing from 
experienced education researchers in adopting the design described 
herein. 

Overall, I was pleased with the success of this approach. It allowed 
me to shift focus away from whiteboard lectures and towards the per
sonal interaction with students, which I enjoy much more and I think 
makes a teacher truly valuable. It is fun to look at a piece of code on the 
screen together with a student, write out a software design for a 
particular project, or demonstrate how to debug a problem. All of these 
take time, and I would not have had the time to demonstrate them if I 
had spent more time lecturing. I also think – and know from student 
feedback – that observing a professional do something often provides 
students with far deeper insight than just hearing in theory how to do it. 
A flipped classroom also blurs the geographic separation between lecturer 
at the front and students in the back, and makes it easier for shyer stu
dents to ask whatever questions they undoubtedly have. 

Of course, increased interaction, personal growth, and student 
enjoyment are not the only metrics that determine whether a course, and 
its design, is successful. Students learning content material is still impor
tant. For this to happen in a flipped classroom, students first have to 
watch online videos or use other provided resources. I was worried that 
students might be watching videos but paying little attention. Indeed, 
Dingxiang described this: “First, because it’s too flexible to watch the 
lecture, sometimes this will be myself excuse to watch it later. By later I 
mean two or three days. Then, I will be a bit behind the schedule. 
Another issue is, since I watch these videos outside of the classroom, I’m 
less concentrated than in normal classes. For example, I watched the 

video lectures during my lunch hour, at first I think this would be a 
better use of my lunch time, because I just need my hands and mouth to 
eat and my eyes are free. But my experience told me usually I cannot 
remember the contents in the video and have to watch the second or 
even the third time. Also, in the help sessions [the student worked as a 
TA], if I paused the video and go to answer someone’s question for 15 
minutes, then when I resumed to the lecture, sometimes I actually forget 
the material before the pause and I have to start all over again.” But 
many students realized within the first couple of weeks that they did not 
learn what they were supposed to, and that there is no place to hide this 
in a course like this; the problem quickly resolves itself after that. 

One significant finding was that the use of student journals diverged 
significantly from our expectations. First, checking these journals turns 
out to be surprisingly addictive once one realizes that they can be used 
as two-way streets for communication. We reviewed entries several times a 
week, providing advice and answers to student questions in differently 
colored text or as comments in the margins. Part of the appeal to the 
instructor is that one can frequently observe learning happen in the 
journals, as students formulate a question, backspace through sentences 
and entire paragraphs after realizing their own mistakes, formulate a 
new question, and sometimes answer it themselves – all in real time on 
the instructor’s screen. Replying to such questions immediately, or at 
other times throughout the week provided students far more feedback 
than is possible in a regular class [59]. The additional benefit of feed
back in written form was that students could refer back to it as needed. 
On a personal note, we found reviewing journals to be a pleasant activity 
at the end of the day, or during a fifteen minute break between meetings 
that would otherwise have been too short for more difficult thinking. 

When viewed in the context of the literature on reflective writing and 
writing-to-learn, learning journals not only enable the instructor to keep 
track of what students are doing, but also serve as legitimate educational 
activities in their own right, see Section 2.3. Indeed, in view of the 
programming required for this course, it is worthwhile pointing out that 
most good programming practices guidelines (see, e.g., [51]) were 
developed by retrospectively analyzing how and why bugs ended up in 
large-scale software systems - a reflective process about programming. 

Fig. 1. Summary of survey responses.  
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We make the point frequently in our classes that the best programmers 
are often also the best at analyzing their own patterns of mistakes. 

Interestingly, a substantial fraction of students express their desire to 
continue keeping a journal of their research progress after the end of the 
class, as indicated in the survey results in Section 5.4. I believe that the 
root for this lies in the metacognitive understanding that, as many 
seasoned practitioners know, writing down what does not work often
times clarifies what is wrong, and makes one think about the approach 
chosen and whether it is right. Students have informally conveyed that 
in many conversations: They found the solution to a problem just by 
writing out their question in the journal, and that they recognized the 
usefulness of this approach – i.e., they exhibit the metacognitive growth 
we wanted to instill in them. 

As for how well students learned subject matter, we rely on our 
student data, qualitative analyses, and instructor perception. In the end, 
my conclusion is that students learned subject matter as well or better 
than I would have expected in a more traditional, lecture-based course 
built around projects. In particular, I believe that the ability to watch 
videos again, and to pause them to experiment with what is being 
demonstrated, really helps translate abstract knowing into concrete 
doing. Similarly, my ability to focus on one-on-one interactions allows 
me to model workflows and thought processes interactively; watching 
me do it allows for students reflection on how I do it, and why, and to 
have conversations about my choices and strategies. 

Finally, an important metric from the perspective of the instructor is 
how much time it takes to teach a course. In this case, not noticeably 
more than any other course: I do not need to prepare for the details of the 
lecture the next day, nor grade homework; instead, I read through stu
dent journals. The time invested in these tasks is roughly equal. 

5.6. Limitations 

Many quotes are from journals written contemporaneously and, 
because students knew that the instructor would read these comments, 
are therefore more likely to be positive. The influence of the instructor is 
a limitation of this study. At the same time, from our interactions with 
students, we believe that students genuinely liked the format, and that 
the quotes presented accurately reflect student views. We have cross- 
checked this assertion by comparing the survey results with the class 
evaluations filled in by the students after the end of the semester in 
which they took the course. These class evaluations were anonymous, 
and the evidence therein closely matched what we have found in the 
journals and the survey responses. 

While this study is focused on one specific course, we want to 
emphasize that the strategies discussed in this paper are not specific to 
our course or any single “Computational X” discipline, or indeed, any 
specific graduate-level science or engineering course. Indeed, the stu
dents in this course typically come from a broad spectrum of graduate 
programs in engineering and the natural sciences. The commonality 
among all of these students was that they wanted to learn the compu
tational sciences content and needed substantial support to develop the 
complementary 21st century professional skills. Consequently, we 
believe that the course design discussed previously and our conclusions 
regarding its effectiveness will also broadly apply to other CS&E courses, 
if taught using similar principles. 

6. Discussion and Conclusions 

As described in the introduction, CS&E is a relatively new field, and 
no consensus has formed so far on how best to teach courses in this field. 
Rather, current instructional practices are likely best understood as an 
extension of the traditions of the academic backgrounds of instructors. 
These are most often mathematics, statistics, and computer science; and, 
in the case of “Computational X” courses, the traditions of the host “X” 
discipline. 

At the same time, since most CS&E courses are not taught in stand- 

alone programs but, rather, as an add-on to existing programs, these 
courses are often exceptionally broad: As outlined in the introduction, it 
is not uncommon that a single course has to cover modules that relate to 
computer use, programming and programming models, mathematical 
background, and applications. As others have suggested, it is not 
immediately clear how one would best teach such a course [40]. In the 
following, we discuss our findings and their implications for the future 
use of technology in CS&E education. 

6.1. Response to Research Questions 

In this work, we have considered one CS&E course and transformed 
it via a project-based, flipped-classroom design, supported by 
technology-mediated journals and reflective writing. Although well 
backed up by education research (see Section 2), many of the compo
nents of our design are a deviation from the “traditional” teaching style 
used in many STEM disciplines; it requires a leap of faith to incorporate 
them into a class. At the same time, the evidence we have collected by 
evaluating hundreds of pages of student journals as well as a survey sent 
to all past students, suggests that, in response to the two research 
questions, students enjoyed the course design and learned lessons that 
extend beyond disciplinary content and into the realm of becoming a 
professional scientist. Indeed, this was the goal: As discussed in the 
introduction, the fluidity of the field, along with the demands of CS&E 
jobs, implies that we should focus much more on skills than on facts [40], 
and our evaluation of the course suggests that the design we chose 
supports this focus on reflective writing and metacognition. The prin
ciples we apply are also aligned with the broad goals described in [57]. 

Our most radical departure from traditional STEM course design, but 
also the one most useful in developing these 21st century skills, as in 
[59], was the inclusion of a learning journal and reflective writing es
says. Most STEM students have essentially no experience with writing 
about themselves or their personal perspectives [24]; that is particularly 
true for international students from cultures in which students do not 
express sentiments to instructors. Many students try rather hard to avoid 
writing about themselves and, when prompted to be introspective about 
their experience, resort to statements such as “I feel that algorithm A is 
better than algorithm B”. As aligned with [70], we found students 
initially focused on scientific content in their journals. The level of 
introspection was substantially raised after providing an example 
reflective writing sample by the instructor writing about their own work. 
On the other hand, a subset of students really understood the purpose of 
these assignments and wrote in depth about, for example, how they have 
learned to analyze patterns of mistakes and what measures they are 
taking to prevent these from happening again. 

These findings allow us to answer the research questions we have 
laid out in Section 3. First, students generally have difficulty expressing 
their own thought processes and being introspective about their skills in 
their journals at the beginning of the semester; but, they ultimately 
demonstrated attention to their metacognitive and self-regulation pro
cesses that enabled them to make explicit their critical-thinking and 
problem-solving skills, and were able to see the utilization of those skills 
for themselves (RQ1). Second, the results from the survey indicate that 
the metacognitive practices and self-regulated learning behaviors 
developed throughout the class formed the basis for the ongoing use of a 
journal and students’ positive assessment of the course after it had 
concluded (RQ2). 

6.2. Future Considerations for Technology and Faculty Development 

Preparing professional scientists and engineers is arguably the most 
fundamental goal of STEM graduate programs. Courses that teach stu
dents content and develop them as skillful and independent pro
fessionals should be the focus of that preparation. We continue to 
believe, and are supported by our data, that the essays we have made 
part of our course design are useful tools in teaching students the skills to 
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be independent scholars, researchers, and professionals. This is also 
supported by experiences we have from other areas; for example, [6] 
found that reflective writing helped students connect their mathematics 
content learning to future professional practice. While the students in 
the present study did not clearly present themselves as future pro
fessionals, our data show that they did display increased self-regulated 
behaviors throughout the course, followed succinctly by an increased 
display of the targeted professional skills of problem solving and critical 
thinking. As a result, we hope readers will take from this article a sense 
that such course designs are not only desirable from a theoretical 
perspective, but are indeed practically achievable and that they work. 
Implementing a course design like the one we present requires a bit of an 
adventurous spirit as it deviates from how most professionals in the 
CS&E are teaching and were taught themselves – particularly regarding 
the educational technology –, but the preponderance of evidence sug
gests it is worthwhile, manageable, and surprisingly fun. 

Given the tremendous growth in distance education since the 
beginning of the pandemic in 2020, the technological supports available 
today for making videos and interacting with students online continue to 
ease the burden of a course design like we present here. As a conse
quence, this work does not actually advocate for new or different 
technology: Everything necessary to design and implement a course like 
this exists, and is readily available at most universities through their 
learning management system. But, as in many STEM fields, most 
teaching in CS&E does not use much technology beyond whiteboards 
and PowerPoint slides, and our results indicate that thoughtful use of 
widely available technology shows substantial benefits to students 
learning 21st century skills. 

Much of our discussion emphasizes student learning and develop
ment, yet this course design also facilitated faculty professional develop
ment and expansion of one’s teaching repertoire. If we argue that 21st 
century skills are important, then that also needs to include teacher 
experience with modern teaching styles [40]: In addition to new skills 
one may acquire by managing the technology associated with videos, 
journals, and interactive class time, there is a lot to learn from the dense 
communication with students. Many faculty feel it is difficult to get 
meaningful student feedback about their teaching. Although this was 
not the original goal, we found journals facilitated student feedback and 
a greater awareness of general teaching practices. This includes small 
improvements in practices (e.g., font sizes and colors that students noted 
in the journals were difficult to see in video lectures, and that we 
changed in subsequently recorded video lectures; or making slides 
available alongside the videos that use them). Similarly, one journal 
included a request for homework – not extra credit – indicative of a 
realization that smaller assignments (independent of the semester-long 
project) early in the course would have helped guide the student dur
ing their exploration of deal.II as part of their project work. Most of the 
earlier tutorials of this library now have suggested mini-projects as a 
consequence. Finally, journals also included comments about student 
learning – such as some of the quotes presented above – and this has 
enabled us to both refine our course design and become better teachers. 

In summary, we believe that the course design discussed herein has 
worked well for the course we teach and could serve as a model for many 
other CS&E and “Computational X” courses. Importantly, we believe 
that the course design facilitated student growth in “soft skills” that 
include a better awareness of how they learn, how to effectively 
communicate, and critical thinking and problem-solving skills. It is these 
skills that we believe will be important to our students in becoming and 
being productive professionals. 
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