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ABSTRACT

The development of problem-solving skills is an important subject in engineering
curricula. Helping novice students develop such skills can be challenging because
problem solving is a complex skill in the sense that it is accompanied with an internal
thinking process that many experts are even unaware of doing. From a combination of
literature and a thinking-aloud exercise with the entire teaching team, a scheme with
building blocks and strategies that are commonly used by engineers was constructed. In
addition to commonly named steps such as Identify/Define, Plan/Choose, Carry Out/Do
and Look back/Inspect the scheme refines the first step into multiple interdependent
building blocks, emphasizes the need for critical reflection at each point as well as the
possible need to return to previous steps at any time. Moreover, multiple correct solution
paths can be followed in solving a problem. To address this and to empower the students
in their divergent thinking processes when solving a problem, an innovative intra-exercise
adaptive e-learning tool was created. The anywhere-anytime availability enables for
virtual and remote learning in the post-COVID world. In the learning tool students can
choose between different solution paths, after firstly identifying the correct context,
parameters etc. This paper describes the process of defining the building blocks, resulting
strategy scheme and implementation of the building blocks in the adaptive e-learning tool.
Initial findings indicate that the strategy scheme consisting of building blocks and the
adaptive e-learning tool help students in developing their problem-solving skills.

1 INTRODUCTION

As stated by Docktor et al., solving complex problems is an essential skill for all to possess
(Docktor et al. 2016). This is especially true for engineers since problem solving plays an
important role in their profession. Many higher education institutions therefore see it as
an important task to help engineering students develop their problem-solving skills (Neri
et al. 2010; Pavlasek 2014). However, Harshkamp and Suhre noticed that students are
often taught to solve problems by using solution methods for a specific topic, e.g. in
engineering mathematics or physics courses, and less time is devoted to teaching general
problem-solving skills (Harskamp and Suhre 2007). The risk of this is that students see
problem solving as performing a predefined number of steps dependent on the actual
topic. Yet students are expected to solve ill-structured problems in a variety of domains
once graduated (McNeill et al. 2016). Our contribution is that we have deconstructed
problem-solving skills in more detail than previous work, and conveyed it to first year
engineering students in a specific course on problem-solving skills. As problem solving is
not a linear process and as multiple paths can lead to a solution, we have also
implemented a number of online learning modules with intra-exercise adaptivity and multi-
branched solution trees that support the divergent thinking of different types of students.
This contrasts with existing tools that guide the student in a fixed, predefined path.



We begin this paper with a Rationale, based on a Literature Overview. “A problem” is
defined and an overview is given of methods for teaching and measuring problem-solving
skills, including digital and adaptive learning tools. Next, Developing the problem-solving
building blocks, describes the process of deconstruction and the resulting problem-
solving scheme consisting of building blocks and strategies commonly used by problem
solvers. In Applying the building blocks in teaching, we show our implementation in- and
outside class. Reported Effects discusses the findings of a questionnaire answered by
101 out of 194 students. Points of attention and continued research are the subject of
Threats to validity and Future Work. Conclusion summarizes the main findings.

2 RATIONALE

To be able to teach problem-solving skills, we need a definition of “a problem” and
“problem-solving skills”. We start with the general definition of a problem (Maloney, 2011):

“Whenever there is a gap between where you are now and where you want to be,
and you don’t know how to find a way to cross that gap, you have a problem.”

This broad definition aligns well with our own idea of a problem since it makes an implicit,
but important distinction between performing a task and solving a complex problem. For
us, anything that can be solved by following a straightforward procedure is to be
considered a task, not a problem, i.e., it is only a problem if ‘you don’t know how to find a
way’. A problem solver is somebody who finds such a way. In the quote we intentionally
underlined not only find a way, but also you: a task for an expert can be a very big problem
for a novice: because of unfamiliarity with the subject, but also because of inexperience
with problem solving. Experts are not only an expert in the domain (the what), but are
also experts in organizing their knowledge (the how) in order to see the core relevant
principles applicable to the problem at hand, whereas the decision-making process of
novices is more narrowly context related (Docktor et al. 2016; Neri et al. 2010).

The strong link with context is prominently present in most approaches to teaching
problem solving skills, tying it to a concrete subject (Docktor et al. 2016; Neri et al. 2010;
Harskamp and Suhre 2007). However, others put the generic skills first (Kalyuga and
Sweller 2005) and stress the uncertainty in the path to the goal and the fact that making
mistakes and problem solving go hand in hand (Martinez 1998). We adhere to this vision
and have deconstructed problem-solving skills into a set of thought constructs that may
help in paving a path, independent of the actual problem domain. We also take care of
making students comfortable with the idea that reflecting often and even backtracking, is
not a failure, but a very typical instrument of the expert problem solver.

Proper support is needed for the students in this potentially uncomfortable endeavor, both
inside and outside class. E-learning has been used before for problem solving, e.g. in the
domain of physics (Neri et al. 2010), mathematics (Harskamp and Suhre 2007; Melis et
al., 2001), or STEM (Netwong 2018), and even the concept has been mentioned, e.g.
“‘intra-exercise adaptivity” (Goller et al. 2017). “intra-exercise branching” (Mei and Heitzer
2017) and “a branching system of programmed instruction” (Lockee, Moore, and Burton
2004), but we have not found examples of explicit support for multiple solutions paths in
generic problem solving with continued feedback along each path.



3 DECONSTRUCTING PROBLEM-SOLVING INTO BUILDING BLOCKS
3.1 Context

In 2018 a specific course on problem solving skills, Basic Engineering Skills (BES), was
introduced in our faculty of Engineering Technology at [university omitted for anonymity].
The course is part of the general engineering phase of three semesters, after which
students choose one of seven options such as Chemistry, Construction Engineering,
Electromechanics, Software Systems, ... and is also part of the bridging program for
students who already graduated in a related bachelor’s degree, e.g. in chemistry or
electronics, and seek to acquire a master in engineering technology.

Focusing on problem solving and not on the underlying subject, the problem domains of
the exercises were carefully selected to match the knowledge and skill set of the incoming
students, who could also use a reference sheet of basic, frequently used formulas. This
ought to create a common ground and align with the practice of many courses where
problem-solving exercises are used to assess students’ comprehension on a certain topic
(Docktor et al. 2016; Neri et al. 2010). As the difficulty of the context is reduced in our
approach, we hoped to be working only on the problem-solving skills. However,
depending on both the background and envisioned major of the students, the perception
of the exercises ranged from a (complex) task to a real problem. E.g. an exercise with a
context from chemistry, would be a task for a student with a strong chemical background,
at the same time posing a challenging problem for a student orientated at computer
science. To overcome this, we started an educational innovation project in 2022.

3.2 The process

Because we see problem solving as a complex skill accompanied with an internal thinking
process that many experts are even unaware of doing, we deemed it important to first
make the unconscious problem-solving schemes and strategies explicit. The first step
therefore consisted of a thinking-aloud exercise similar to a method to gauge the level of
problem-solving skills of students by having them verbally explain every step in solving
the problem as is described in literature (Docktor et al. 2016; Mueller et al. 2017). Each
member of the BES teaching team (seven experienced lecturers from five different
disciplines) was instructed to individually note every little step of their problem-solving
process while solving the same problem as the other participants. Next, pairs were formed
in which the approaches were discussed in depth. Finally, a group discussion took place
which revealed many different paths, but also similar strategies for approaching the
problem. This resulted in the identification of a set of core principles, which were refined
into a set of building blocks and the interactions between them.

3.3 The building blocks

In our vision problem-solving can be deconstructed into the following elementary building
blocks: Read, Analyze, Structure, Select context and formulas, Generate potential
solution paths, Solve and Evaluate, and Report final result. Critical Reflection is an
overarching block. Our blocks expand upon the four very basic blocks: (1) understand,
(2) choose/make a plan, (3) do/carry out the plan, and (4) inspect/look back (Maloney,
2011), (Polya 2004).
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Figure 1: Problem-solving building blocks and their internal control flow.

The central idea is that the blocks do not form a step-by-step plan, but rather a toolbox
that can be applied in any suitable order and that can result in a wide tree of approaches
to solve the problem at hand. Therefore, the order implied by the solid arrows in Figure 1
is merely a suggestion—unless performing a task. However, when a problem must be
solved, there is no direct path from reading the problem description to solving it and
reporting the solution. Instead, one needs to figure out possible paths and backtrack when
a previous decision turned out to be ineffective. This is denoted by the dash-dot lines.
Equally important are the dashed circles, implying critical reflection and repetition. Critical
reflection entails a continuous questioning of the work done: did | read properly, is my
sketch complete, is the (partial) solution meaningful, ... Also, each building block is
probably to be applied several times, e.g. in Read one can first scan the assignment to
understand the major context and then return to reading when the precise input values
are needed; for Structure a basis sketch could be made at first, and later on more details
can be added. Especially after backtracking, a building block should be reconsidered, e.g.
read the assignment again to verify assumptions, select a different context, generate
and/or select a different solution path, ...

Also notice that after solving a path, the problem solver should evaluate the outcome.
When it contains the solution, report it in a proper format. If it is a step in the right direction,
select the next step by generating a new path. Otherwise, track back.

3.4 The reported solution does not represent the problem-solving process.

An eye opener to us was the sudden understanding that handing out model solutions for
the various exercises did not help students in becoming better problem solvers. The first
obvious reason is the absence of different solutions paths, unless many model solutions
would be prepared, but more important is the fact that in a model solution the different
steps are presented linearly, whereas problem solving is always a back-and-forth process
trying out different solutions paths. This simply cannot be made visible in a model solution.
We still stress the importance of writing down the final solution in a structured manner,
but explicitly position it as a distinct and final phase.



4 APPLYING THE BUILDING BLOCKS IN TEACHING

Although we hinted earlier that uniformly paced on-campus lectures are not perfect, they
still are important for introducing the concept and for elucidating it by giving a few
examples of different paths that are derived from the same set of building blocks and that
lead to the same solution. Next, students solve some problems in class with guidance by
the lecturer who always refers to the building blocks as they are applied. We consider the
explicit reflection on the concrete stage in the problem-solving process by referring to the
building blocks an innovative approach on teaching problem solving skills.

To support the students outside of the classroom, online learning modules were
developed for a variety of exercises and contexts. The idea is that students first try to
solve the problem without the online module. When the student provides the correct
answer, a model solution is presented as an example of how to properly structure a
solution. In the case of a wrong answer, feedback is shown and options are given. Just
as in the on-campus lectures, we explicitly mention the building block they are currently
handling to make the thought process explicit. We thus target a consistent learning
experience in respect to the building blocks regardless of the learning lieu (online or on-
campus), while at the same time taking care that on-campus and online complement each
other. As the covid-era learnt that online teaching simply cannot serve as a full substitute
for the social experience of co-learning with fellow students, with our approach we
combine the social benefits of on-campus teaching with the benefits of independence and
self-pacedness of online learning.

Figure 2 shows a simplified example of a solution tree with different paths. After selecting
a path, the learning module continues with options only related to the chosen branch,
even if the branch finally would not lead to a final solution, e.g. because of missing data.
At the end of the (partial) solution path, the students must evaluate their solution by
entering it into the online module. The process of confirming and continuing versus
refining or backtracking continues until the student finds a correct solution. Regardless of
their position in the module, students can always enter a new attempt for the final solution,
to prevent them from having to wade through the rest of the module as soon as they
experience the “aha”-moment.

We consider our concept a fine example of intra-exercise adaptivity as depending on the
answers and progress of the student, other solution paths are presented that might
explore completely different parts of the solution space or that progress at a smaller or
faster pace through a similar part with the solution tree.



Possible solution path A:

By using the mass percent of Possible solution path B: Possible solution path C:
component X in the By using the mass flow rate By using the density of the
ingoing solution of the ingoing solution outgoing solution
(Further calculations) (Further calculations) (Further calculations)

Dead end: Need for
BACKTRACKING

Figure 2: Simplified example of an adaptive solution tree

5 REPORTED EFFECTS

To determine the effectiveness of the online learning modules, we asked all students of
the first bachelor year (n = 194) to voluntarily fill in a questionnaire. Most questions used
a likert scale, four questions were multiple-choice and two open-ended. Because usage
of the modules was also voluntary, some questions were different depending on the
number of modules used. 101 students responded, resulting in an overall error margin of
8,90% with a confidence level of 99%. We categorized three groups: no modules used
(zeroMod group, 41 respondents), one module used (oneMod group, 13 students) and
two or more modules (moreMod group, 47 students). Because the oneMod group
consisted of only 13 students, we decided not to withhold this group. In a lot of the
domains the students in zeroMod and moreMod answered similarly, except for the
questions in Figure 3. The chances of failing the exam, and being dissatisfied with the
results are almost double In the zeroMod group compared to the moreMod group. This
can probably not be solely attributed to using the online modules as students in zeroMod
probably also practice less when off-line. However two facts at least give an indication of
the perceived value of the modules: 1) that 17% of the zeroMod group regrets not having
used more learning modules and 2) that 34% of the moreMod group is convinced that
they got a better grade thanks to the modules.



Percentage of responses per group

FAILED THE TEST
DISSATISFIED

PASSED UNEXPECTEDLY
REGRET

CONVINCED OF BETTER GRADE

0,0 5,0 10,0 15,0 20,0 25,0 30,0 35,0 40,0

zeroMod ® moreMod

Figure 3: Different answers between zeroMod and moreMod group

We also asked questions similar to Goller et al. (Goller et al. 2017), where 80% of their
users found the tool with multiple solution paths helpful in understanding the mathematical
concepts, and 40% stated that without the tool they would not have passed the exam.
Table 1 shows distinctly lower figures for moreMod: 46,3% resp. 4,8%. Looking at the
students who barely passed the test and thus need to learn more, this rises to 60% resp.
20%.

moreMod moreMod barely passing | Gdller et al.

Found the tool helpful 46% 60% 80%

Not passing test without tool 5% 20% 40%
Table 1: Reported effect on learning

Further qualitative support could be found in the open-ended questions. The students
praised the format in comments as ‘Step-by-step guidance’ and ‘You can get help and
informative feedback when stuck’. One student put it this way:
“l find the online modules very useful because | can clearly see the steps here and
| also learn a lot from them.”

The immediate feedback and the proposed proactive approach with hints ensure a good
pace in practicing and solves challenges commonly associated with remote learning,
where students might drop out of frustration when struggling and void of help or feedback.

Regarding the concept they wrote: ‘You are encouraged to search for solutions
yourselves’ and ‘It encourages logical thinking’. This fits well in a blended context where
you can subsequently challenge the students in-class. The free flow is also appreciated:
‘You can skip the feedback steps and just enter the final solution’. Despite our observation
earlier that only handing out model solutions does not help students in becoming better
problem solvers, students still value them: ‘The structured example reports at the end.’



6 THREATS TO VALIDITY AND FUTURE WORK

A first threat is the socially desired behavior with students unconsciously giving the
answers that please their tutors. More important is that we asked about their opinion
without really measuring the effect, e.g. whether they think their problem-solving skills
improved. To tackle this we will look at the rubrics presented by Docktor et al. (Docktor et
al. 2016) and the quantitative measurement of Voskoglou and Perdikaris (Voskoglou and
Perdikaris 1993). Another threat is that we tried to let all students participate whereas the
central idea of the modules and adaptivity in general, is that only the students who really
need it, would use the modules. It is however more likely that the results will only improve
when only the correct target groups use the modules. Complaints such as “It takes too
long”, “I don’t need the modules” would then disappear.

We also plan further improvements, notably adding more intra-exercise paths, particularly
in applying backward thinking, i.e. recoiling from the desired end point to the start; in
tracking progress throughout the solution tree and in giving timed hints. The idea is to
make estimations of the time needed to progress to a certain state, and to pop up a hint
box (with spoiler alert) “Do you want a hint on topic X”. This somehow resembles the
approach by Harskamp and Suhre where students can ask for hints (Harskamp and
Suhre 2007), but our approach is proactive instead of waiting on the initiative of the
student.

7 CONCLUSION

This paper presented a deconstruction of problem-solving into a non-linear schema
consisting of a toolbox of eight building blocks that expands upon previous work with
typically four of five basic blocks. The scheme was introduced in a complementary
approach for on-campus exercise classes and online learning modules with a focus on
consistent reflection on the usage of the building blocks and targeted at blended learning.
The intra-exercise adaptivity and multi-path solution trees support divergent thinking and
provide the right level of feedback to ensure that students are able to reach a solution.

A survey with 101 respondents out of 194 invites shows that the chances of failing for the
tests decreased strongly for students who used at least two modules compared to
students who didn’'t use any modules. The open questions gave further qualitative
evidence on the effectiveness of the approach, supporting the claims of the authors to
expand the approach. Follow-up research focuses on optimizing the existing modules,
developing more developing more modules. Assessing more formally the long-term
effects, i.e. the actual increase in problem-solving skills, is also still needed.
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