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Abstract: With the world currently facing an escalating environmental crisis and major virus disease
outbreaks, the need to significantly grow the STEM workforce ranks has never been more urgent.
The authors propose a novel teaching methodology involving functional analysis diagrams (FADs) as
an educational aid. The paper presents a method to quantitatively assess the effects of the proposed
intervention in an educational setting alongside a pilot study conducted in a South Korean secondary
school with non-native English-speaking students (n = 39). The written assessment results indicate
that the FAD-assisted method can have a measurable effect and have the potential to assist students
with lower scores in English. This pilot study’s results suggest that FAD models of engineering
systems can enhance knowledge transfers in technology and engineering education. Experimental
validation using the proposed method was shown to be feasible and would require a moderate-sized
sample (1 > 168) for a future full-scale study.

Keywords: technology and engineering; systems thinking in technology education; instructional
design; functional analysis diagrams; systems thinking

1. Introduction
1.1. Scope

Programs such as “Educate to Innovate” in the US [1] and “STEM Strategy” in the
UK [2] aimed to address the challenges of the 21st century by introducing STEM subjects
into general education to improve science, technology, engineering, and mathematical
literacy [3]. Almost three decades after their introduction, research studies suggest that
the initiatives resulted in little change in educational methods [4-6]. While science and
mathematics were introduced to the curriculum of public schools, studies suggest that
there is no systematic instruction about technology and engineering. Moreover, there is
little interaction between subject leaders to demonstrate the practical applications of science
and mathematics [7,8].

Systems engineering and the concept of system functions were introduced in the
curriculum of a few institutions and countries to bridge the gap between science, technology,
engineering, and mathematics. Research studies investigating the student’s understanding
of such systems suggest that system functions are often misunderstood, especially when
examining the functions of “invisible” system parts such as cables transferring energy [9].
The authors found that most studies use traditional, “form-independent” models to teach
students. Such models require high levels of abstraction and disregard any physical
structure. This paper describes an intervention study designed to assess the effects of
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functional analysis diagrams, a form-dependent functional modelling method, as an aid in
engineering education.

1.2. Concept Maps, Functional Models and Their Role in Technical Education

Predating the written language by thousands of years, visual expressions of thought
and diagrams have been used to communicate ideas and knowledge since prehistoric
times [10]. Diagrammatic representations or maps can present an abstract view of a system
or a situation that illustrates in an organised manner the system parts (or facts) and the way
they are interconnected and affect each other. Influenced by Ausubel’s work, Novak [11]
defined concepts as “perceived regularities or patterns in events or objects, or records of
events, or objects designated by a label, usually a word.” Concept maps (Figure 1) were
developed in 1972, during the course of Novak’s research on human learning to foster
meaningful learning.

The effects of concept maps, knowledge maps, and, in general, diagrammatic methods
in education have been investigated in multiple studies across educational levels, subject
areas, and settings [12-14]. The consensus is that such methods can enhance knowledge
assimilation and elicit meaningful learning. Maps offer a relatively simple syntax compared
to the language presented in textbooks. They can better assist comprehension for learners
with lower verbal proficiency or studying in a non-native language [12,13,15].
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Figure 1. A concept map showing the key features of concept maps (adapted from Novak and
Canias, [16].

Similarly, research on engineering design suggests that understanding how the com-
ponents of a system (interacting parts seen as a whole) are organised, interact, and affect
one another (system functions), is central to design and problem-solving activities [17-21].
Functional models can be described as diagrammatic representations of systems linked
through their functional interactions. Functional models share many similarities with
concept maps as they represent systems of interconnected nodes (blocks). The arrow con-
nection links denote the direction of the function flow. They are often annotated with a
description of the relationship (or function) between the node where the arrow originates
to the node at which the arrow points (see Figures 2 and 3). Functional modelling processes
prompt the user(s) to abstract system functions at a higher level by defining “what” is
required by the systems and their components before proceeding to determine “how” the
system is to address these requirements [22]. The modelled functions do not describe what
the system actually does, but what it ought to do [23].
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Figure 2. A basic functional block diagram (FBD) of a system with three consecutive functions and a
feedback loop function. Reproduced from Cole [24].

The importance of understanding technological systems and their functions in tech-
nology and science education has been long argued by researchers, and countries such as
the US, Sweden, and Australia already include technical systems in the national curricu-
lum [7]. Research studies involving students creating functional block models [25,26] or
listing system functions and their connections [9,27] were conducted to investigate how
the students perceive technical systems. While the studies report some positive learning
outcomes, many students failed to demonstrate a holistic view of systems and knowledge
of non-visible system parts such as flows of information, energy or matter. In detail, most
students were able to identify the functions of the “visible” system components [9], such
as buttons, especially when they have previously interacted with the system (e.g., mobile
phone), but could not identify the functions of invisible parts such as the cables connecting
the buttons to a controller, or the controller itself.

1.3. The Functional Analysis Diagram (FAD)

Functional models aim to represent functionally decomposed physical or virtual sys-
tems connected through active verb-measurable noun links (e.g., lamp > emits > light)
describing functions, as defined by Miles [28]. Most commonly used functional models
are form-independent [20]; the nodes represent system functions and the links between
them, the flow of information, material or energy (Figure 2). These models were devel-
oped mainly for control systems design to assist engineers in developing software (no
physical structure) and were later adopted by most engineering disciplines. While the form-
independent modelling approach can lead to more innovative solutions due to its disregard
for existing artefacts’ structures, a steep learning curve is associated with the method for the
same reasons.

In contrast, form-dependent methods were developed to analyse existing system
functions and are easier to understand. The model nodes depict structure (an entire artefact
or components such as buttons), and the links depict the functional interactions between
the nodes. The FAD method (see Figure 3) was initially published by the TRIZ vendor
invention machine corporation [29]. FAD can be described as a visual representation of
decomposed systems, providing the space and a specified set of simple rules to perform
functional analysis of all system functions [30].

Studies conducted in the manufacturing industry suggest that FAD can provide
an intuitive platform for modelling and communicating different functions of physical
systems to members of technical and non-technical disciplines, e.g., [20,30-34]. A recent
study involving the use of functional analysis diagrams (FADs) as an educational tool in
a manufacturing setting also indicated that FAD models could enhance students’ ability
for abstract thinking while assisting in overcoming cognitive, educational, and cultural
constraints to training [22].
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Figure 3. A Hierarchical FAD model of a hairdryer [30].

While there are some examples of using FAD to transfer knowledge in professional
settings, no study is known to the authors investigating the effects of using such models to
transfer technical knowledge in an educational setting.

1.4. Research Objectives

Based on the findings of previous studies, the authors suggested that FAD models of
technical systems could assist students in understanding new technical material, especially
those with lower performance scores in science subjects and the taught language (English
in this case).
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To investigate these claims, an intervention study was developed to assess whether
FAD-assisted engineering teaching will enhance knowledge transfer among students with:

1. No known relevant background
2. Varied levels of competence in the teaching language (English)
3. Varied levels of competence in science subjects

2. Method
2.1. Proposed Intervention

The authors developed a quantitative experimental method to investigate the stated
research objectives, involving a sample from a population of students. The selected sample
was randomly split up into two groups of equal size. Both groups were instructed in
an advanced technical topic, such as the operation of hydrogen-diesel engines: FAD
models were utilised to illustrate the functions of the introduced system for the first group,
while conventional system images were used to instruct the second group. The groups’
performance was evaluated through a written assessment after the presentations. The
measured differences in the two groups’ performance and level of understanding were
compared using appropriate statistical tests to establish whether the two methods of
instruction resulted in differences in measured learning outcomes.

2.2. Methodological Considerations

In order to implement the proposed method, a range of prerequisites was considered
first [35]. The intervention study approach presented in this paper shares many features
with randomised trials commonly used in clinical and pharmacological research—in par-
ticular, treatment superiority trials. In contrast to such trials, however, this method is not
constrained by, e.g., safety concerns in estimating dosage or the necessity of a control group.

However, consideration is still due to establishing an appropriate sample size and es-
tablishing and following a rigorous protocol throughout the process. The authors’ foremost
concern was selecting an expected effect size necessary for an a priori power calculation.
As the effect size for this type of intervention is unknown, the worst-case assumption can
considerably inflate the required sample size, significantly raising the bar for carrying out a
robust study [36]. The authors, therefore, concluded that a prior study, if feasible, might
provide an effect size estimate better than the worst case, thus lowering the cost barrier for
a later, full-scale study.

2.3. Study Background

The authors were given the opportunity by the Korea-Wales International Christian
School to conduct a pilot study involving high-school students born between 2001 and 2004.
The boarding school, located in Gwangju, Gyeonggi province of South Korea, facilitates
non-native English students with sufficient language skills to receive a technical lecture in
English. Moreover, the students of the School major in a wide variety of subjects, which
gives the authors an additional parameter to consider in their study for the effectiveness of
the FAD teaching approach.

This pilot study’s established aims were to:

Evaluate, develop, and improve the methodology;
Provide an estimate for the effect size, so that prior sample size calculations can be
carried out;

e  Assess the feasibility of a formal, full-scale experimental study.

2.4. Study Participants

The participants’ recruitment process involved a research proposal document describ-
ing: (a) the research study and the proposed intervention, (b) a statement assuring the
students that their privacy would be protected, and all collected information would neither
be considered for their school performance grades nor shared with any third party. The
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school reviewed the proposal before sharing it with the students. All the students enrolled
in this study voluntarily agreed to participate.

Due to the limited number of volunteers, all 39 available students of the school’s 10th,
11th, and 12th class (with the 12th class being the final high-school year class) were selected
to participate in the study. Splitting this sample into two groups results in a per-group
sample size of just under 20, which is adequate even in a clinical context [37].

The participants were allocated randomly into two groups, corresponding to the two
teaching methodologies to be used. All the students participating in both groups are non-
native English speakers with different levels of fluency and without any prior knowledge
of the subject to be taught. Therefore, the study participants are considered an appropri-
ate sample for the proposed intervention, as they reflect all three aspects of the study’s
research objectives.

A presentation on a technical topic that had not been previously taught to the students
was delivered to each group. The presentation material and lecture were in English; how-
ever, after discussions with the students’ teacher, some keywords that might be unknown to
the students (i.e., carbon dioxide, fossil fuel, and compression ignition) were also translated
to Korean in the presentation slides for both groups.

Finally, a subset of the study’s participants was interviewed and their comments were
considered in order to:

e Identify any benefits or limitations of the proposed teaching approach which might
not have been picked up directly by the assessment;
Identify any issues with and opportunities to improve the procedure and method;
Gain additional insights into students” attitudes towards current established methods
of instruction and novel, diagrammatic instruction methods.

2.5. Teaching Material

The presentation material was developed to include a highly-specialised technical
subject unknown to the students. The use of alternative renewable fuels such as am-
monia [38] and hydrogen [39] in compression ignition engines have recently received
significant interest since they can promote renewable energy for power generation applica-
tions. Hydrogen-diesel dual-fuel engines are a promising technology for power generation
applications that can contribute to high power output with significant CO,, hydrocarbon,
and soot emissions reductions [40].

With one of the authors being an expert on renewable energy and internal combustion
systems, the presentation included the following topics: The first part gave an overview
of the energy situation in South Korea, the challenge of the rise in global CO, emissions,
and the importance of renewable energy in limiting global warming. This part (14 out
of 24 slides) was common for both groups and was delivered using the same teaching
method. The second technical part of the lecture focused on the operation of internal
combustion engines (ICE), particularly a compression ignition engine used for power
generation. This part covered the basic principles of operation and implementation of
alternative fuel (hydrogen) for hydrogen-diesel dual-fuel operation. Although the topic of
the technical section (part 2) was the same for both groups, the teaching methodology used
differed. Further details about the presentation material and teaching approaches can be
found in the following sections.

The visual understanding environment open-source software package was used to
develop the FAD models included in the teaching material. Subject-action—object tables [41]
were utilised to assist with the FAD model development. However, the study involved the
evaluation of existing FAD models for knowledge transfer, and therefore, the tables were
not included in the material.

2.6. Group Allocation

The setting involves two experimental groups assessed on their understanding of the
knowledge acquired from the intervention. The results were compared against known
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data, such as performance in English, science, overall grades over the previous academic
year, the students’ class, etc. The 39 participating students who volunteered to participate
were assigned individual numbers to anonymise results and ensure compliance with data
protection regulations. The authors had no affiliation with the School and no access to the
students’ identities; all collected data were only linked to their numbers.

The group division was performed by random allocation without considering parame-
ters such as student age, gender, and overall or subject-specific grade. The function (rand())
of Microsoft’s “Excel” software was used to generate a random number for each student.
The students with the highest 20 numbers were assigned to Group A, and the remaining
19 were assigned to Group B. Following allocation, the groups are presented as shown in
Figure 4.

0.7 A Group
mm A (n=20)

0.6 ™= B (n=19)
]
.Q 05 N
©
£
]
o 03
©
—
S
Z 0.2 1

0.1 1

0.0 -

Age Class English Overall Science
Feature

Figure 4. Group allocation chart.

The data presented in Figure 4 confirm that the random allocation method used
resulted in comparable groups with no evident biases.

2.7. Intervention Design

The material presented to the two groups was divided into two main sections. The
first section, which was covered in 14 out of 24 slides, included the following topics:

Definition and historical progress of annual CO, emissions by world regions;
South Korea’s primary energy status;

Renewable energy and energy storage solutions;

Hydrogen as a renewable fuel.

As the presentation material and teaching method for the first section (from now on
referred to as “Part 1”) was common for both groups, it was expected for the two groups to
perform equally in the written assessment questions related to it.

On the other hand, the second section of the presentation (hereafter referred to as
“Part 2”) focused on the technical part of the internal combustion engine (ICE) and the
application of hydrogen as a renewable fuel for compression ignition engines. In this section,
only two slides were common for the groups, one introducing the internal combustion
engine and its operation and the other providing a summary of the overall trend in power
output and emissions of ICE operating with hydrogen. For the rest of the slides, the authors
tried to keep the presentation material delivered to the students the same. However, the



Educ. Sci. 2023,13, 289

8 of 18

teaching method differed due to implementing FAD for Group B. The performance of

students from both groups is expected to be lower in Part 2 compared to Part 1 since they

are being assessed in unknown material and considered too technical for the participants.
In more detail, the Part 2 of the presentation involved the following topics:

The internal combustion engine and the environment;

Operation and emissions of a compression ignition engine;

Compression ignition engine emissions and emissions controlling techniques;
Hydrogen as an alternative fuel for compression ignition engines.

Figure 5 shows the presentation method used to introduce the ICE and its interaction
with the environment for Group A. The method used for the non-FAD group was to list the
key messages in bullet points, supported by images, with the presenter giving a detailed
explanation of the material covered in each slide. Figure 6 shows the same material covered
for Group B using the FAD method.

Internal Combustion Engine and the Environment

+ Combustion (fire) occurs when three necessary
ingredients exist

+ Fossil Fuel is obtained from the environment (i.e. oil)

+ The fuel reacts with air (oxygen) inside the cylinders
of the internal combustion engine

+ The heat required for combustion is provided by
compressing the air which increases its temperature

+ The combustion of air and fuel leads to the formation

of pollutants which are emitted to the environment
(pollution)

Used in many applications such as:
- J 0 {‘ ‘

- -
Q

S,
( 5
Figure 5. Covered material on internal combustion engine and the environment presented to Group A.

Slides for both groups covered the same material, while the lecture’s time and focus
on the points covered were comparable. The FAD approach for Group B aimed to provide
more fundamental detail on the elements involved and how they interact. In contrast, the
approach used in Group A can encourage the student to use mostly their memorisation
abilities rather than reasoning and understanding.

Figures 7 and 8 show the presentation slides used to introduce how the nitrogen oxide
(NOx) emissions of a compression ignition engine can be suppressed by the implementation
of hydrogen and high levels of exhaust gas recirculation (EGR: a widely applied emission
control technology for reducing NOx emissions). Compared to the conventional approach
(Figure 7), the FAD model shown in 8 provides detail on the functional interactions between
the key elements (hydrogen fuel, oxygen rate, and combustion temperature) contribut-
ing to the increase in NOx emissions and how controlling these elements can suppress
NOx formation.
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Figure 6. Covered material on internal combustion engine and the environment presented to Group
B using the FAD method.

Compression-ignition Engine — Control of NOx emissions
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24

Figure 7. Compression ignition engine—Control of NOx emissions slide presented to Group A.

After the presentations were delivered to both groups, the students were asked to
complete a written assessment of the lecture material covered. The questionnaire was
composed of 15 multiple-choice questions, aiming to objectively assess the students” under-
standing of the teaching material, their ability to think critically, and to apply principles.
The seven criteria proposed by the Centre for Research on Evaluation, Standards, and
Student Testing (CRESST)—namely cognitive complexity, content quality, meaningfulness,
language appropriateness, transfer and generalizability, fairness, and reliability were taken
into account during the questionnaire’s development [42].
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Figure 8. Compression ignition engine—Control of NOx emissions slide presented to Group B using
the FAD method.

A total of 5 out of the 15 questions (Q1 to Q5) aimed to assess the students’ compre-
hension of the material covered in Part 1 (which was common for both groups) and the
remaining ten (Q6 to Q15) likewise for Part 2. The majority of the questions for Part 1
assessed the students’ ability to understand or memorise the taught material. The ques-
tions for Part 2 were significantly more complex and required the students to exercise a
range of intellectual capabilities, ranging from recalling information to critical thinking,
reasoning and knowledge application. The authors were particularly concerned about
the content addressed by the second set of questions (Q6—Q15) and made every effort to
address it equally in both groups’ presentations. Question 15, for example, aimed to assess
the students” understanding of the exhaust gas recirculation (EGR) system presented in
Figures 7 and 8 as follows:

How does the exhaust gas recirculation (EGR) system reduce NOx emissions on a
Hydrogen-diesel compression engine? Select the correct answer:

A. Reduces CO, content

B. Increases combustion efficiency and increases the combustion temperature
C. Reduces O, (oxygen) content and the combustion temperature

D. Reduces O; (oxygen) content and increases the combustion temperature

The answers to this question are given in text form for Group A (Figure 7) and a FAD
diagram for Group B (Figure 8). While a similar approach was used on most questions, ques-
tions 8, 10, 12, and 14 assessed the students’ ability to apply the newly acquired knowledge,
as the correct answer was not directly given in the slides or the lecturer’s presentation.

2.8. Research Quality

The research quality criteria utilised in the design and evaluation of this intervention
study were based on the works of Tracy [43], Lincoln and Guba [44] and Mays and Pope [45].

This paper’s research scope section (Section 1.1) provides an overview of the STEM
education initiative, the significance of engineering and technology teaching in general
education settings and the issues reported, suggesting that the topic is worthy of research [43].
Credibility is supported through triangulation [44] of a literature review on similar studies,
quantitative assessment data and student interviews. The transferability or relevance [45]
criterion was addressed by the intervention’s detailed or thick descriptions [42] and the ab-
stract nature of the FAD method. Finally, this study addresses the significant contribution [43]
criterion by extending knowledge on the subject.
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3. Procedure
3.1. Presentation

The same instructor (Author PD) delivered the presentations to both groups on
17 October 2019. The presentation sessions took place during the only available free
time, right after the dinner break of a long and tiring day. The lectures were delivered
one right after the other, ensuring no time for the two groups’ students to interact. The
presentation classroom was prepared using the same presentation equipment for both
groups, and a camera was set up at the rear of the room to record both lectures. The
recorded material was later used to verify that the teaching emphasis given to the material
evaluated by the assessment questions was balanced across the two groups. A school
projector was used to display the slides; however, the quality of the images could have
been more adequately clear—particularly for the FAD slides shown to Group B, which
included text in a smaller size. Author IM took notes during both presentation sessions,
paying attention to the students’ expressed interest levels and their focus on the lecture.
The school staff who participated in this study also attended both sessions to supervise
and ensure that everything was going according to the plan and in accordance with the
School’s policies and standards.

The two sessions lasted approximately 45 min each and were followed by Q&A
sessions where students had the opportunity to ask questions related to the material
presented. Students from Group A engaged with the Q&A session after the lecture (over
25% of the group asked questions). However, only one student from group B asked a
question. The authors were at the time concerned that this signified reduced interest or
comprehension of the teaching material.

3.2. Assessment

After the end of the Q&A session following each presentation, the students were
moved to a classroom prepared in advance for the written assessment. Printed versions
of the 15 multiple-choice questions were handed out to the students, who had to fill
in only their participant numbers without revealing their names. The time they were
allowed to answer the questionnaire was 30 min, and the whole process was invigilated by
school staff.

3.3. Interviews

After the end of the two presentations and the following day, the authors had the
opportunity to communicate with some students and ask them for their opinion on the
whole process. Authors IM, PD, and the participating school staff had several informal
interviews with randomly selected members from both groups. The Results and Discussion
section includes some of the students’ comments.

4. Results and Discussion

The test results for each of the two parts of the assessment presented in this section
are referred to as “Score 1” (questions Q1-Q5) and “Score 2” (questions Q6—Q15). The
participants’ performance on “Score 2” was compared between the two groups and against
the parameters provided by the School (overall grade, English [IELTS] grade, science grade,
age, and class). The data analysis and plots presented in this section were conducted using
the “pandas”, “Seaborn”, “scikit-learn”, and “SciPy” software packages for the Python
programming language.

The participants’ performance on Score 1 (Table 1), together with the demographic and
school performance data (Figure 4), confirmed the authors’ expectations and supported the
assumption that the random allocation described in Section 2.3 created two comparable
groups from the same population, with no apparent capability or performance biases for
either. In this section, we examine each research objective listed in Section 1.4 and consider
the effects of FAD-assisted teaching on students from different classes.
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Table 1. Test results and group performance comparison table.

Overall Score Score 1 Score 2
Total Average (%) 54.53 78.46 42.56
Group A average (%) 52.33 79.00 39.00
Group B average (%) 56.84 77.89 46.32
Performance difference of Group B against Group A (%) 8.62 —1.40 18.76

4.1. Effect Size and Impact on Future Studies

The measurements collected for the variable “Score 2” were compared to standard
statistical distributions; this is a prerequisite to estimating the effect size, as the calculation
of the latter requires the distribution as an input. The comparison to several distributions
using the Kolgomorov-Smirnov test points at the variable being normally distributed
(Figure 9). Therefore a parametric comparison of means (e.g., a t-test) can be used to
evaluate the intervention’s impact [46].

Distribution fitting results

0.301 —— Normal (y? = 3.8804, p = 0.3089)

—— Triangular (x? = 5.5055, p = 0.3086)
0.25 1 —— Log normal (x? = 6.7269, p = 0.4949)

Frequency
° °
- N
wn o

e
-
=]

0.05 1

0.00 +

Score 2

Figure 9. Theoretical distribution fitness comparison.

Based on these results, an estimate of the intervention’s effect size was calculated for
“Score 2” from the pilot study’s results to assist with the sample size calculation for future
studies. Cohen’s d was used as the most common measure [47]. For the observed difference
between Group A (M = 3.9, s = 1.5526, n = 20) and Group B (M = 4.6316, s = 1.8016, n = 19),
d was estimated at 0.435, which places the effect size in the small-to-medium range [48]. A
future experimental study must consider this when calculating the sample size necessary
to obtain reliable results.

4.2. Additional Analysis

Further to estimating the effect size, the authors conducted additional analysis of the
collected data, aiming to support the pilot study’s objective of evaluating and improving
the method. The results are presented and discussed below.

4.2.1. Effects on Students with No Relevant Background

The averaged test results shown in Table 1 indicate that Group B outperformed Group
A by 19% on Score 2, while Group A outperformed Group B by 1% on Score 1, suggesting
a marked improvement with the FAD-assisted method utilised in Group B. These results
aligned with relevant literature (Sections 1.2 and 1.3) and our expectations for considerable
performance improvement for Group B over Group A on Score 2.

The chart in Figure 10 shows the average score by the group for every question. The
data indicate a consistent performance difference between the two groups and suggests that
some of the questions in Part 2 were too challenging for all participants. It is noteworthy
that except for Question 7, Group B outperformed Group A on all questions comprising
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Score 2 (Q6—Q15), while the average performance was very similar for both groups on Score
1. The between-group similarity for Score 1 and the differences seen for Score 2 indicates
that the two questionnaire sections measure different underlying variables.

Score 1 Score 2
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Figure 10. Test results chart. The bar chart indicates that group B performed better on all questions of
the second part of the test (Q6-Q15), except Q7.

The correlation matrix group comparison shown in Figure 11 also suggests differences
between the two groups on the correlation values of Score 2, with overall grade and class.
Class and Score 2 show some correlation for Group A (r = 0.250) but not for Group B
(r =0.028). Similarly, overall grade and Score 2 appear correlated for Group A (r = 0.330) but
less for Group B (r = 0.022). These differences suggest that low-performing and junior-level
students are more likely to benefit from the FAD-assisted method than high-performing and
senior students, respectively. This feature in the data is in line with Mayer’s assimilation
theory [49] and the work of Lambiotte and Dansereau [50], both of which suggested that
maps are of the most benefit to less knowledgeable students, while for more knowledgeable
students maps can conflict with established knowledge structures.
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Figure 11. Correlation matrix heatmap, all participants. Top-Right: Group A, Bottom Left: Group B.

4.2.2. Effects on Students with Various Levels in the Taught (English) Language

The correlation matrix shown in Figure 11 indicates a correlation between prior English
performance and Score 1 for Group A (r = 0.680) and Group B (r = 0.600) students. For
Score 2, the corresponding correlation values drop to r = 0.480 (Group A) and r = 0.280
(Group B). The difference in correlation values between groups on Score 2 can be better
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examined through the scatterplot shown in Figure 12. The regression line angles illustrate
the weaker correlation between Score 2 and the English score for Group B compared
to Group A. The plotted areas indicate the confidence interval for each regression line,
highlighting the limitations of the pilot study to support any robust conclusions in this
sense due to its sample size.

Group
® A(n=20)
B (n=19)

Score 2
S

3 4 5 6 7
English

Figure 12. Scatterplot showing the correlation of performance on Score 2 (Correct answers out of 10)
against performance in English (Grade out of 10) for both groups.

These observations suggest that the method can be used to test the authors’ core
hypothesis: that FAD models of engineering systems can be more intuitive than system
images augmented by bulleted statements and a scripted lecture, especially when the
lecture is given in a language different from the students’ native language.

The post-assessment interviews provided additional insights into how well parts of
the method worked: As expected, students from both groups stated that Part 2 of the
lecture was challenging to understand and very different from anything they had been
taught. Students from Group B also commented on the poor quality of the projected FAD
models, and some stated that they struggled to read the function or element descriptions.
When asked about their opinion on the FAD-assisted method utilised in this lecture, most
students from Group B commented positively. In particular, a student from Group B stated
that the FAD models helped him to quickly understand how the depicted system operates.
Another student from the same group stated that she didn’t have to put much effort into
understanding the lecturer, as she could study the diagrams.

These results support the study’s core hypothesis: that FAD models of engineering
systems can be more intuitive than system images augmented by bulleted statements and
a scripted lecture, especially when the lecture is given in a language different from the
students’ native language. The findings align with prior studies in educational settings
e.g., [13,15,51], suggesting that maps, in general, are easier to comprehend for students
studying in their non-native language. They also agree with past studies e.g., [22,33,52]
suggesting that FAD models can be of significant assistance when communicating en-
gineering system functions to individuals from different disciplines. FAD models use
simple function statements between system elements (nodes) that can be examined by
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the students, provided that they understand these statements and the descriptions of the
system elements.

The post-assessment interviews provided additional insights into the results: As
expected, students from both groups stated that Part 2 of the lecture was challenging to
understand and very different from anything they had been taught. Students from Group B
also commented on the poor quality of the projected FAD models, and some stated that they
struggled to read the function or element descriptions. When asked about their opinion on
the FAD-assisted method utilised in this lecture, most students from Group B commented
positively. In particular, a student from Group B stated that the FAD models helped him
to quickly understand how the depicted system operates. In contrast, a second student
from the same group stated that she didn’t have to put much effort into understanding the
lecturer, as she could study the diagrams.

4.2.3. Effects on Students with Different Levels of Science Subjects

In contrast to early expectations, the correlation matrix (Figure 11) shows Score 2
and science grades for Group B to be correlated (r = 0.640), while the correlation between
Score 1 and Science in the same group is much weaker (r = 0.350). The relationship between
Score 2 and science for both groups is examined in more detail in Figure 13. The regression
line angles indicate a stronger correlation between Science grades and Score 2 for Group B
compared to Group A.

8 -
71 @
6 [ ®
~ 54
(]
5 Group
@ ® A(n=20)
47 - ¢ o B (n=19)
>
3 ®
249 ©
19 @ o
65 70 75 80 85 90 95 100

Science

Figure 13. Scatterplot showing the correlation of performance on Score 2 (Correct answers out of 10)
against performance in science (score, percentage) for both groups.

Our initial expectation of a weak correlation between science grades and Group B’s
performance in Score 2 was therefore incorrect, based as it was on Mayer’s assimilation
theory [49] and the reported effectiveness of functional models on transferring technical
knowledge. However, the material taught under Part 2 was unfamiliar to all students, and
their performance in science subjects should not be regarded as prior knowledge. Instead,
the science subject score is likely associated with the student’s interest in science. Learners’
interest in the taught subject is essential for knowledge transfer under any teaching method.
FAD models and maps require learners to focus and study the system elements and their
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functional interactions carefully; that task requires more effort than memorising a few
words from the slides or lecture. This explanation is also supported by the informal
interviews conducted with some students: about half of the students stated that they were
not interested in the second part of the lecture when prompted. The ones who found it
interesting were often students with both interest and good grades in science.

5. Conclusions

This paper presents a method developed by the authors to test the claim that FAD
models of engineering systems can be more intuitive than system images, augmented by
bulleted statements and a scripted lecture, especially when the lecture is different from the
students’ native language. The paper also reports a pilot study conducted to provide initial
experimental data to support future studies. While there are some studies on the use of
diagrammatic tools in education (e.g., concept maps), this study contributes to the body of
knowledge by discussing the effects of functional models, a method predominantly used
by engineers, as a knowledge transfer method for engineering education. It also proposes a
method to implement and evaluate educational interventions utilising such tools alongside
a pilot study facilitating the design of future experiments.

The results from the written assessments and informal interviews attest to the feasibil-
ity of such a study, indicating that FAD-assisted teaching helped the students to understand
the teaching material. Students scoring low in English (taught language) and high in science
subjects seemed to benefit the most. The “Score 2” variable, on which the authors expect
to observe the effect of the intervention, was found to be normally distributed, making
parametric tests (such as a t-test) appropriate. The effect size was in the small-to-middle
range (Cohen’s d = 0.435). Therefore, a future study aiming for an a priori power of 0.8 and
using a 95% significance level would require at least 84 participants per group.

The pilot study also highlighted areas of risk which can be avoided in future studies,
e.g., time of lecture and assessment and projected image clarity. Neither the sample size
nor school selection are truly representative in the statistical sense. However, the findings
of this study suggest that the experimental study using the proposed method can be of use
in the search for a promising alternative for engineering education.
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