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A Case Study on Atmospheric Flight Mechanics Conceptual Understanding 

Karen D. Martinez Soto  

ABSTRACT 

Atmospheric Flight Mechanics (AFM) is one of the cornerstones of aeronautical 

engineering and includes subjects like aerodynamic prediction, stability and control, dynamics, 

and vehicle design. These topics are critical to the success of aircraft development, so AFM is 

considered one of the most important foundational knowledge areas for aerospace engineering. 

Unfortunately, students graduating from aerospace engineering programs are often 

underprepared to perform in AFM jobs. This ongoing research focuses on developing a blueprint 

for assessing conceptual understanding of AFM concepts. Since existing literature suggests that 

novices and experts organize knowledge differently, comparing students’ and experts’ mental 

models can shine a light on the alternative conceptions that students retain post-instruction. As 

such, framing the study around synthetic mental models can be advantageous. To explore these 

mental models, three types of data have been collected and analyzed. Document analysis was 

done on course documents to identify what concept relationships were being presented to the 

students. Class observations were conducted to analyze how concepts are introduced to students 

and what relationships are highlighted by the instructor. Finally, a concept mapping activity was 

facilitated to study the mental models that the students built after instruction. The results show a 

lack of synthetization between the knowledge introduced in the classroom and students’ prior 

knowledge which translated into student mental models that do not meet some of the 

expectations of the course. Moreover, this study highlights the importance of the instructor’s 

awareness of their own expectations for learning and knowledge synthetization in the design of 

an AFM course.  
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GENERAL AUDIENCE ABSTRACT 

Conceptual understanding research has often focused on how students develop their 

understanding of scientific concepts that are difficult to grasp. Through this research, many 

assessment techniques have been developed and implemented in the design of STEM courses. 

However, many of these techniques and implementations have been limited to K-12 or 

introductory engineering courses. Atmospheric Flight Mechanics (AFM) is an important part of 

the aerospace curriculum that has yet to be studied under the conceptual understanding lens. The 

goal of this study was to investigate how students develop AFM conceptual understanding using 

a synthetic mental model framework. This study focused on answering three questions, how are 

students being introduced to AFM concepts?, how do students’ mental models develop 

throughout the semester?, and how do the students’ and instructor’s mental models compare?.  

Through the exploration of class documents, class observations, and concept mapping 

activities, this research found that students are having a hard time making sense of new 

knowledge based on their previous understanding of similar topics. By trying to integrate this 

new knowledge with their previous mental models, students are developing synthetic mental 

models that do not align with the scientific explanations of the topic. This study also found that 

instructors are often unaware of their own knowledge and expectations for learning which makes 

knowledge synthetization harder for the students. Therefore, addressing these issues during 

course design could make an AFM course easier to understand for students.  
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1 Introduction 

Atmospheric Flight Mechanics (AFM) is “one of the cornerstones of aeronautical 

engineering, along with aerodynamics, structures, and propulsion” (Schroeder & Field, 2001, p. 

2). AFM is generally understood as “the science of predicting and controlling aircraft motion” 

(Phillips, 2009, p. 1). AFM includes subjects like aerodynamic prediction, stability and control, 

dynamics, and vehicle design, which are critical to the success of aircraft development (Field, 

2006; Grauer, 2021; Schroeder & Field, 2001) and is considered one of the most important 

foundational knowledge for aerospace engineering. Unfortunately, since most AFM curricula 

focus on teaching stability and control for classical aircraft design and do not cover modern 

techniques, students graduating from aerospace engineering programs are often underprepared to 

perform in AFM jobs (Field, 2006; Reber et al., 2022). The lack of understanding of AFM 

concepts and their interaction with other aerospace specialties can lead to costly and dangerous 

issues that have affected many programs like the Space Shuttle and the YF-22 (Schroeder & 

Field, 2001). If students do not fully understand the concepts behind AFM, they will be 

unprepared to account for or predict how external influences will affect the stability of the 

aircraft. One of the most common influences is Aircraft-Pilot Coupling [APC] problems, where 

the aircraft displays unwanted behavior due to anomalous interactions with the pilot. In fact, 

almost every aircraft that has a partial or total Fly-by-Wire Flight Control System “has, at one 

time or another in the development process, experienced one or more APC events” (National 

Research Council, 1997, p. 25). AFM specialists from industry, government, and academia 

acknowledge that deficiencies in new hires could be traced back to students’ inexperience with 

real-life data and modern aircraft design (Field, 2006). These aspects are difficult to teach in 

classroom settings. 
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1.1 Motivation 

Conceptual understanding is a crucial part of the development of engineering education 

curricula. As defined by Streveler et al., an “individual’s conceptual understanding of a topic is 

the collection of his or her concepts, beliefs, and mental models” (2015, p. 83). For engineering 

students, conceptual understanding is critical in developing engineering expertise.  This expertise 

will be used by practitioners who must adapt their knowledge and apply it to different contexts 

and to ill-structured, real-world problems (Streveler et al., 2008). Being able to understand the 

relationship between different engineering ideas is a skill that students must develop to be 

successful practicing professionals. Research has shown that this skill is more easily developed 

in the classroom when students actively participate in learning activities and harder to achieve in 

passive activities such as attending lectures (Chi & Wylie, 2014; Freeman et al., 2014). This is 

partially because passive engineering instruction teaches abstract concepts as fixed, well-defined 

textbook examples that are oversimplified versions of real life phenomena (Streveler et al., 

2008). As such, students often do not know how to apply their engineering knowledge in practice 

(Melsa et al., 2009; Vosniadou, 2002). Several studies have shown that students keep 

misconceptions or alternate conceptions of class material even after successfully completing 

these courses (Brown et al., 2019). Designing curricula with the goal of building conceptual 

understanding helps identify misconceptions that can be promptly addressed throughout the 

duration of a course. Moreover, conceptual understanding is crucial for developing transferable 

learning (Rittle-Johnson, 2006), which is desired in engineering education. 

Many methods have been developed to analyze conceptual understanding within 

engineering education. Questionnaires focusing on multiple choice, true/false, or free response 

conceptual questions called ConcepTests have been implemented in STEM courses since the 90s 
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(Lomen, 2004; McConnell et al., 2006). Concept maps, a type of graphic organizer, have also 

been used to assess students’ mental models and knowledge structures (Besterfield-Sacre et al., 

2004; Walker & King, 2003). Finally, multiple choice questionnaires called concept inventories 

have been developed for different STEM subjects since their creation in 1992 (Gray et al., 2005; 

Hestenes et al., 1992; Krause et al., 2003). ConcepTests, concept maps, and concept inventories 

have been implemented as assessment tools in engineering courses in an attempt to shine light on 

student’s understanding of complex engineering concepts. Unfortunately, many of these 

techniques are only available for first-year or general engineering and science courses, and 

upper-division courses usually taught in the middle years are sparsely represented (Reed-Rhoads 

& Imbrie, 2008). 

Research shows that students' lack of conceptual understanding leads to poor 

performance in complex technical engineering courses (Kunz et al., 2011). This unpreparedness 

causes students to struggle in their first discipline-specific engineering courses leading to the 

‘sophomore slump’. The sophomore slump, a phenomenon in which students experience a hurdle 

in their second year of university, can be attributed to different reasons, including a decline in 

favorable perceptions of learning/teaching as well as an atmosphere change from the first year to 

the second year of university (Webb & Cotton, 2019). Both issues are related to the extensive 

research that has been done to improve first-year engineering programs, while little to no 

research has been conducted on the transition into the middle years. To prevent this, courses, 

especially those in the middle years, should be tailored to the development of conceptual 

understanding of the students. This requires curriculum developers and engineering education 

researchers to understand students' conceptual difficulties while studying these topics and how 

instructors and course materials help them overcome them. 
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1.2 Problem Statement  

Despite existing literature showing the benefits of teaching for conceptual understanding 

in engineering classrooms, the aerospace engineering discipline has been slow to adapt to these 

teaching practices (Kim et al., 2020). In addition, aerospace courses in the middle years are 

severely understudied compared to capstone and design-focused courses. The current research 

gaps in the middle years of aerospace engineering include understanding how aerospace 

instructors perceive their students' conceptual understanding, how the design of middle-year 

aerospace courses affect conceptual understanding, and how assessment of conceptual 

understanding can be implemented in existing courses. The first step to bridge this gap is to 

explore the state of current students’ conceptual understanding of aerospace concepts, especially 

those students in middle-year courses. This understanding can lead to more studies exploring 

pedagogical implementations and assessment techniques that can be applied in the classroom. 

The current field of aerospace is experiencing a change. On the positive end, space 

exploration is booming with SpaceX pushing for affordable space flight and advancing more 

sustainable space exploration practices (Reddy, 2018; Vozoff & Couluris, 2008). Similarly, 

NASA just launched the largest space telescope ever, James Webb, and it is currently 

successfully sitting at the unstable Langrange point L2 (Gardner et al., 2006; Rieke et al., 2005). 

From this perspective, aerospace engineering is a field experiencing plenty of innovation that is 

being greatly overlooked by education researchers. If new technologies are being developed and 

new scientific discoveries are being made, the aerospace engineering curriculum should 

constantly be evolving to bring the most up-to-date knowledge to future engineers. 

On the negative side, the aeronautics side of the field is experiencing one of the most 

significant controversies it has seen in decades. After 2017, the safest year in commercial airline 
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history, we have seen at least three major airplane crashes that resulted in hundreds of casualties 

(“Air Disasters Timeline,” 2022). The biggest issue with the latest wave of accidents is that most 

of them involve one specific type of aircraft, the Boeing 737 MAX (Bergstra & Burgess, 2019, 

2020). The crashes involving the Boeing 737 MAX have been caused by the MCAS algorithm, a 

software designed to aid with the stability of the aircraft. Besides the ethical considerations that 

have arisen since the discovery of the MCAS algorithm, it is important to highlight the lack of 

understanding that the engineers had on the stability profile of the aircraft, which is a topic 

covered in AFM. Since the Boeing 737 MAX is a modified version of the earlier Boeing 737 

models, the stability profiles of the two aircraft are similar but not identical. If engineers had 

understood the implications of the modifications made to the original aircraft better, it is possible 

that the lives of hundreds of people would have been saved. Aerospace engineering education 

must work towards improving the conceptual understanding that graduating students are taking 

to the workforce to prevent casualties like the ones experienced with the Boeing 737.  

1.3 AFM Education Context 

To understand the different instructional approaches that could be applied to AFM 

courses, the current approaches to teaching AFM are explored. This section compares two 

undergraduate AFM courses with which the author has personal experience and one AFM course 

described in the literature. The first course, AOE 3134: Air Vehicle Dynamics, offered at 

Virginia Tech, has the following learning objectives (Adapted from Woolsey (2022)):  

1. Determine static trim and stability requirements in pitch, yaw, and roll.  

2. Determine control requirements for various equilibrium and maneuvering flight 

conditions.  

3. Derive the equations of motion for a rigid aircraft.  
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4. Linearize the nonlinear equations of motion about a steady operating condition.    

5. Decompose the system equations, linearized about a level flight condition, into 

longitudinal and lateral-directional motions.  

6. Determine the dynamic characteristics of longitudinal and lateral-directional motions, 

such as period, time-to-half amplitude, and damping ratio, and relate them to standard 

flying qualities criteria.  

7. Design a single-channel feedback controller to stabilize or regulate elements of the 

aircraft's motion, including pitch, attitude, speed, and altitude.  

The assessment of this course follows the breakdown shown in Table 1.1. 

Table 1.1: Grade Breakdown for AOE 3134: Air Vehicle Dynamics 

Assignment Grade Percentage 

Homework  30% 

Exam #1 Longitudinal and Lateral Static Stability and Control  15% 

Exam #2 Rigid body motion, Linearization, and Stability Derivatives 15% 

Exam #3 Longitudinal and Lateral Dynamics 15% 

Final Exam 25% 
Note: Adapted from Woolsey (2022) 

The second course considered is AME 3333: Flight Mechanics offered at the University 

of Oklahoma. The goal for this course was to “establish an understanding of linear algebraic 

methods, aircraft coordinate systems, and aircraft aerodynamic forces required to properly 

determine static and dynamic stability characteristics of rigid body aircraft” (Hays, 2021). The 

grade breakdown for the class was as follows: 

Table 1.2: Grade Breakdown for AME 3333: Flight Mechanics 
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Assignment Grade Percentage 

Equally Weighted In-class assignments/ quizzes/ homework 15% 

Linear Algebra Fundamentals Pre-Test 5% 

Static Stability Exam 20% 

Dynamic Stability Exam 20% 

Group Project  20% 

Final Exam 20% 
Note: Adapted from Hays (2021) 

Table 1.1 and Table 1.2 show that most of the two courses, if not all, is graded using 

traditional methods like exams and homework. The homework in both courses was mostly 

comprised of standard problem sets like those found in textbooks. While these assessment 

methods are popular in engineering classes, if they are not designed correctly, they are not 

accurate at assessing the objectives that professors are trying to evaluate (Pellegrino et al., 2014). 

Moreover, these methods do not focus on minimizing the AFM conceptual difficulties discussed 

in the previous section, such as the duality between theory and practice often found in control 

systems courses (Kheir et al., 1996).  

Although not explicit, the AME 3333: Flight Mechanics course presented above already 

included some teaching approaches that foster conceptual understanding. Five percent of the 

class grade is earned by a linear algebra fundamentals pre-test. This pre-test is designed to 

identify gaps in the students’ linear algebra knowledge before they are required to apply it to 

flight mechanics concepts. Using pre-tests is a common tool to assess conceptual change in 

students (Hunt & Minstrell, 1994). In linear algebra, pre-tests have been used to evaluate 

students’ previous knowledge of the content and to create a baseline to assess instructional 

practices (Teixeira et al., 2015). Moreover, when using conceptual understanding assessment 
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tools as a pre-test, the same tool can be administered as a post-test to assess the conceptual 

change generated by a teaching strategy or pedagogical approach (Streveler et al., 2008). 

Unfortunately, no pre-test assessment has been designed specifically for AFM topics.  

Another current teaching approach for AFM conceptual understanding is the 

implementation of inductive learning and teaching frameworks (ILT) by Kim et al. (2020) at 

Iowa State University. In this project, the authors implemented inquiry-based and project-based 

learning activities in an Aircraft Flight Dynamics and Controls Class. The course objectives for 

this class were very similar to both courses previously discussed and are presented below. 

1. Develop aircraft rigid-body equations of motion 

2. Linearize developed aircraft rigid-body equations of motion 

3. Assess longitudinal and lateral-directional static and dynamic stability 

4. Perform flight handling characteristics analysis 

5. Identify and assess aircraft flight handling qualities (Kim et al., 2020, p. 5) 

In terms of assessment, Kim et al. (2020) used three surveys distributed as a pre-term, 

mid-term, and end term assessments that asked students about their familiarity with the class 

material, their confidence level in the course outcomes, and their perceived professional skills. 

They also compared the grade distribution of two different student cohorts, one that had ILT 

experience and one that did not. The results showed that the students that had experienced ILT 

performed considerably better than those who did not in the last midterm exam while having 

similar results in the first and second ones. They also found that students felt more comfortable 

with their abilities to perform AFM tasks after the ILT experiences and their professional skills.  

The three AFM courses reviewed have many similarities, especially in their learning 

objectives. Unfortunately, they also show similarities in inadequate assessment techniques. Even 
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the course that is being designed to foster conceptual understanding lacks assessments that focus 

on conceptual understanding. By comparing student learning by midterm grades, researchers are 

still placing value on memorization instead of conceptual change.  

1.4 Research Purpose  

The purpose of this research is to explore and analyze the conceptual understanding of 

students enrolled in an AFM course as well as to identify the elements of the course that 

influence said understanding. This research focused on developing a blueprint for assessing 

conceptual understanding of AFM concepts. Since existing literature suggests that novices and 

experts organize knowledge differently, comparing students’ and experts’ mental models can 

shine a light on the alternative conceptions that students retain post-instruction. As such, framing 

the study around synthetic mental models can be advantageous. The findings of this research 

contribute to the knowledge on assessment for conceptual understanding, conceptual 

understanding in the aerospace middle years, and curriculum development of AFM courses. 

1.5 Research Questions  

Given the identified research gaps relating to student conceptual understanding of core 

AFM concepts, this study attempted to answer the following research questions: 

Table 1.3: Study Goal and Research Questions 

Overarching Goal: To investigate the development of AFM conceptual understanding in 
a middle-year aerospace engineering course using the synthetic mental model 
framework. 
RQ1: What are the possible difficulties associated with introducing common core AFM 
concepts through formal instruction? 
RQ2: How do students’ mental models develop through a semester-long engagement with 
AFM concepts? 
RQ3: How do the AFM mental models of the instructor and students compare?  
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1.6 Significance of the Research 

Understanding conceptual understanding is a crucial part of developing engineering 

education curricula. Conceptual understanding is a key element in the development of expertise 

in any engineering discipline as practitioners are required to adapt their knowledge and apply it 

to ill-structured and real-world problems (Streveler et al., 2008). Being able to understand the 

relationship between different engineering ideas is a skill that students must develop to be 

successful practicing professionals. Unfortunately, since the current method of engineering 

instruction teaches abstract concepts as fixed, well-defined textbook examples, students often do 

not know how to apply their engineering knowledge in practice (Melsa et al., 2009). 

The first outcome of this research study are the contributions to the existing literature and body 

of knowledge in the field of conceptual understanding. Studies focusing on subjects that are 

commonly required by different engineering disciplines have shown the benefits of researching 

conceptual understanding of engineering courses. For example, a lot of work has already been 

done in the field of Statics. Steif and Dantzler (2005) developed the Statics Concept Inventory, 

known as CATS, to quantify students' conceptual understanding of statics concepts. Since its 

creation, CATS has been used to inform instruction in statics classes to improve learning 

outcomes (Steif & Hansen, 2006b), has informed differences in novice and expert thinking 

(Steif, 2003), and has served as a comparison between conceptual understanding and exam 

performance (Brown et al., 2019). All these studies have furthered the understanding of student 

conceptual understanding and improved instructional practices, which was one of the goals of 

this research. 

The second implication is the contribution to the research and development of curriculum for 

engineering middle-year courses, or courses aimed at sophomore and junior level students. 
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Engineering education research has shown that the middle years of undergraduate degrees are 

often underrepresented in research (Froyd et al., 2012). This focus on introductory courses is 

very apparent in the conceptual understanding space. As discussed before, the topic of statics has 

been thoroughly studied (Steif, 2003; Steif & Dantzler, 2005; Steif & Hansen, 2006a). This is 

also the case for most interdisciplinary foundational courses such as dynamics (Gray et al., 2005; 

Self & Redfield, 2001), thermodynamics and thermochemistry (Mitropoulos et al., 2024; Nelson 

et al., 2007; Olds et al., 2004; Wren & Barbera, 2013), physics topics such as force (Hestenes et 

al., 1992; Savinainen & Viiri, 2008; Yasuda et al., 2020), and even topics related to aerospace 

engineering such as control systems (Bristow et al., 2012; Kheir et al., 1996) and astronomy 

(Hufnagel, 2002; Hufnagel et al., 2000). Therefore, while studying conceptual understanding of 

foundational topics is important, it is something that has already been done. As such, this study 

contributes to closing the gap in engineering middle years research, especially in the aerospace 

engineering curriculum. 

Moreover, the study contributes to a better understanding of student learning and more 

authentic diagnostic and formative assessment, leading to better learning and teaching of 

important concepts in AFM. This work serves as a steppingstone to reform the middle years’ 

curriculum and lean towards teaching practices that positively impact student learning. Since 

improving students’ expert-like thinking during their formative years leads to more competent 

graduates, the benefits of this work impact not only academia and teaching institutions but also 

the industry section that hires these students. Finally, Figure 1.1 shows the logic model of this 

research. This figure includes the inputs, activities, outputs, and short- and long-term outcomes 

of the study. 
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Figure 1.1: Logic Model for Current Research 
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2 Literature Review 

The previous chapter focused on the need to study how current courses affect aerospace 

students’ conceptual understanding of AFM topics. This chapter presents a synthesis of the 

existing literature that demonstrates the gap in the research that this study aims to address. The 

specific topics and structure of this chapter are shown in Figure 2.1. As shown in the figure, the 

overarching topic of the review is difficult concepts in learning while focusing on the chosen 

framework, assessment technique, and context for this study.  

 

Figure 2.1: Literature Review Roadmap 
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2.1 Troublesome Knowledge 

Troublesome knowledge has been defined as “that which appears counter intuitive, alien 

(emanating from another culture or discourse), or incoherent” (Meyer & Land, 2006, p. 9). Since 

troublesome knowledge can be challenging for learners, research has focused on identifying and 

anticipating how it might appear in the classroom. Perkins (2010) suggest that troublesome 

knowledge can be categorized into the following groups: ritual, inert, foreign, tacit, skilled, and 

conceptually difficult. This sub-section focuses on exploring these categories of troublesome 

knowledge, with a focus on conceptually difficult knowledge.  

Ritual knowledge, as suggested by its name, focuses on knowledge that tends to be 

utilized or performed as a routine (Perkins, 2010). This type of knowledge is often tied to the 

application of steps without deeper understanding. Meyer & Land (2006) suggests that ritual 

knowledge is present when students have learned how to plot relationships but might not 

understand the mathematical relationships behind the representations. Similarly, students might 

be able to solve assessment problems “because they know which chapter the problems came 

from and so automatically use this information to decide which concepts and formulas are 

relevant” (Bransford et al., 2000, p. 43). While some ritual knowledge might be useful to early 

learners, higher education usually requires more in-depth knowledge to achieve expertise.  

Inert knowledge includes concepts and relationships that are understood but are rarely 

used (Meyer & Land, 2006). In fact, this type of knowledge is hard to recall without a direct cue. 

Moreover, inert knowledge proves to be troublesome when it needs to be activated in a context 

different from the one it was received. For example, even if students understand that Taylor 

series expansions are a mathematical approximation tool, they have a hard time activating that 

knowledge when presented with a motion approximation question in physics class (Kuo, 2013).  
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Foreign knowledge, also known as alien knowledge, is inherently troublesome because it 

“comes from a perspective that conflicts with our own” (Perkins, 1999, p. 9). In technical 

courses, foreign knowledge might challenge the understanding of the world that students have 

built based on observational data. For example, when students are told that all objects regardless 

of mass fall at the same rate, they might reject this knowledge based on their observations of 

falling objects. Therefore, foreign knowledge requires students to unlearn or replace old beliefs 

with new knowledge (Perkins, 2010).  

Tacit knowledge is deeply rooted in personal experience and therefore is highly 

troublesome for formal learning (Perkins, 2010). Unlike some of the previous types of 

troublesome knowledge, tacit knowledge often affects the instructors. One example of this is the 

use of knowledge that contains subtle distinctions (Meyer & Land, 2006). While an expert might 

understand the difference between weight and mass, if they are unaware of the importance of this 

distinction, they will struggle explaining the difference to a novice. Moreover, if an instructor’s 

expectations of student learning are tacit, students will struggle meeting these expectations 

(Perkins, 2010). 

Skilled knowledge focuses on expertise developed in specific domains mostly through 

practice (Perkins, 2010). Although more prevalent in areas such as music or athletics, there are 

plenty of skills to be developed in the areas of STEM.  For example, mathematical modelling or 

visualization can be improved via practice. Then, skilled knowledge proves troublesome when 

students focus on improving one skill in isolation and do not work towards integration with other 

knowledge (Perkins, 2010).  

Finally, conceptually difficult knowledge focuses on concepts that are challenging to 

learn due to their complexity (Perkins, 2010). While exploring complex concepts, Feltovich et al. 
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present the idea of reductive bias, or “the tendency for people to treat and interpret complex 

circumstances and topics as simpler than they really are, leading to misconception, as well as to 

error and to limitation in knowledge use due to inertness” (1997, p. 128). Based on this idea, 

Feltovich et al. developed a list of dimensions that make the synthetization of new concepts and 

conceptual systems more difficult for learners. This scorecard with relevant aerospace 

engineering examples is shown in Table 2.1. These dimensions can be utilized to identify where 

the complexity of certain concepts arises. In fact, by analyzing the ‘easy’ and ‘challenging’ parts 

of new knowledge, it is possible to predict where students might struggle during instruction 

(Perkins, 2010).  

Table 2.1: Difficult Knowledge Score Card 

Easy Challenging  Example  

Discrete Continuous Integers vs real numbers 

Static Dynamic Position of the moon vs orbit of the moon  

Sequential  Simultaneous One equation vs a system of equations 

Mechanism  Organism Control surfaces vs control systems 

Separability  Interactiveness Individual motion vs coupled motion 

Universality  Conditionality Newton’s laws in inertial reference frames vs in 
rotating frames 

Homogeneity Heterogeneity Uniform responses vs diverse responses  

Regularity  Irregularity Symmetry vs asymmetry  

Linearity  Nonlinearity Linear equations vs quadratic equations 

Surface  Deep Static stability vs dynamic stability  

Single Multiple Single solution vs multiple possible solutions 
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This sub-section introduced the idea of troublesome knowledge in learning and identified 

six types of troublesome knowledge present in literature. These categories of troublesome 

knowledge, particularly difficult knowledge informed the analysis of formal instruction in this 

research.  

2.2 Conceptual Change Theories  

This sub-section presents a summary of conceptual change theories utilized in 

engineering education. It has been established that conceptual understanding is a key element in 

developing students’ engineering expertise. Unfortunately, students' conceptual understanding is 

not guaranteed to be correct. Conceptual change, defined as “the process of altering one’s 

conceptual understanding” (Streveler et al., 2015, p. 83), is a crucial topic to consider when 

developing curriculum. There are several theories of conceptual change, and each has its own set 

of implications for instruction aimed at fostering conceptual understanding. One of the most 

accepted positions by cognitive theorists is that conceptual understanding consists of a hierarchy 

of categories and subcategories (Streveler et al., 2015). This position also focuses on the 

consistent knowledge patterns that students show (Chi, 2005). While there is an agreement by 

these theorists that categories exist and that patterns are present, there is still debate on how 

students achieve conceptual change and what role prior knowledge plays in this change. 

Chi and Roscoe treat misconceptions as mis-categorizations and suggest that the process 

of conceptual change is a replacement of the student’s mental model from flawed to correct (Chi 

& Roscoe, 2002). As such, conceptual change occurs “when a concept is reassigned from one 

category to another” (Chi et al., 1994, p. 27). It is important to highlight that Chi only considers 

conceptual change possible when preexisting knowledge is flawed and not when it is incomplete. 

When talking about incomplete knowledge, Chi states that “adding and gap-filling a mental 
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model would not constitute conceptual change” (Chi, 2013, p. 52). With this definition of 

conceptual change, researchers who support the misconception repair theory often consider 

preexisting knowledge a hindrance to conceptual change, since conceptual change is only 

required when previous knowledge is flawed (Mayer, 2002). 

Similarly to Chi’s position, Vosniadou posits that preexisting knowledge structures are 

built around relatively coherent explanatory systems (Vosniadou, 2013a). The starting point for 

conceptual change in this theory is the naive physics framework children develop to explain the 

world. This framework obeys the laws of mechanical casualty and is used by children to sort 

concepts into ontological categories (Vosniadou & Skopeliti, 2014). Once children receive 

formal instruction, they must synthesize their naive physics mental models with what is expected 

in the specific scientific domain. When the students’ naive frameworks are assimilated with 

classroom experiences, synthetic models are created (Vosniadou & Brewer, 1992). Here, 

conceptual change occurs when students synthesize new information received from instruction or 

‘school science’ with their preexisting mental models (Vosniadou & Skopeliti, 2014). Since 

preexisting knowledge is required for synthetization, this theory of conceptual change considers 

prior knowledge as both an obstacle and a vehicle for change, depending on how aligned it is 

with scientific mental models (Mayer, 2002). 

As a rebuttal to Chi’s and Vosniadou’s theories of coherent knowledge, diSessa proposes 

that student’s misconceptions are not a coherent whole but that they are a group of quasi-

independent elements in which some are productive ideas and others are not (diSessa, 

2014).  Knowledge in pieces theorists argue that to understand conceptual change, it is necessary 

to look deeper into the understanding of individual concepts instead of focusing on the presence, 

or lack thereof, of coherent mental models (diSessa, 2013). When discussing apparent coherent 



19 
 

mental models, diSessa argues that once student knowledge is broken down into its components, 

it does not show coherence but contextuality, because students' answers change depending on the 

nature of the question (diSessa et al., 2004). diSessa explains that “contextuality depends not 

only on whether we have covered the range of ideas students actually have, but also on whether 

our descriptions of student knowledge are precise enough that we know when that knowledge 

should actually be used” (diSessa, 2013, p. 34). As such, diSessa does not deny that students 

show repeatable and consistent mental models and instead suggests that these mental models are 

not coherent enough to be transferable from one representation to another. 

Finally, Säljö distances himself from the constructivist perspective that guides Chi, 

Vosniadou, and diSessa, choosing instead to focus on the sociocultural theory of learning (Säljö, 

1991). Following this idea of learning as a social activity, Säljö characterizes concepts as “tools 

that enable us to perform concrete actions in social settings” (Säljö, 1999, p. 81). This means that 

learning is not only related to the concept at hand, but also “to what the students are trying to 

achieve in relation to a particular learning task in a particular teaching-learning environment” 

(Halldén et al., 2008, p. 72). From this point of view, a concept is a tool because it is agreed upon 

by society and understanding a concept means being able to use it as a tool in said society (Säljö, 

1999). The two main types of tools are intellectual and physical tools, where intellectual tools 

are concepts while physical tools are representations of concepts or artifacts. As such, for 

sociocultural theorists, conceptual change is the appropriation of intellectual and physical tools 

by students, i.e., how learners use tools in various contexts (Mayer, 2002). 

Considering the three major groups and four views that are present in conceptual change 

research, the theoretical perspective that will guide the study being proposed is Vosniadou’s 
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framework theory. The following section focuses on the affordances and limitations of using 

Vosniadou’s theory, specifically synthetic models, to assess conceptual understanding.  

2.2.1 Vosniadou’s Framework Theory  

Based on cognitive and developmental research, Vosniadou’s framework theory provides 

“a broad theoretical basis for understanding how conceptual change is achieved in the process of 

learning science” (Vosniadou, 2013a, p. 13). The basis of the framework theory is that students, 

particularly young children, develop a naïve physics based on everyday experiences that do not 

necessarily follow scientific models (Vosniadou & Skopeliti, 2014). This naïve physics is a 

relatively coherent explanatory framework that builds the student’s prior knowledge when 

starting formal education. Once formal education starts, students must assimilate scientific 

information and synthesize it with their previous mental models. These incomplete mental 

models that join, sometimes erroneously, students’ naïve physics and scientific information are 

referred to as ‘synthetic models’ (Vosniadou, 2013a).  

An important thing to note about synthetic models is that they are not necessarily correct; 

instead, they show a relationship between the students' naïve physics models through lived 

experiences and the models they have seen in instructional settings. This is important because it 

has been shown that students tend to distort scientific information to fit their preconceived 

knowledge (Vosniadou & Skopeliti, 2014). The value of synthetic models is that they show the 

evolution of the students’ understanding of scientific concepts. Vosniadou and Brewer (1992) 

showed how children’s mental model of the earth evolves through their time in school, starting 

with a flat earth, followed by a round pancake-like earth, and finally, a flattened sphere. In this 

study, the authors saw that children change their mental models through steps and that older 

children have gone through a larger number of mental model changes than the younger 
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participants. As such, understanding students’ synthetic models can inform instructional 

practices that can push students toward the next ‘more correct’ step.  

If knowledge is built through synthesizing mental models, then formal instruction 

introduces students to domain-specific expectations with which their synthetic models must 

align. These domain-specific expectations allow students, for example, to understand scientific 

problems based on a nonspecific car because they assume that physical processes affect all car 

makes and models similarly (Streveler et al., 2015). As such, appropriate instruction is crucial for 

conceptual change because it allows students to apply their synthetic models to appropriate 

scenarios. Vosniadou explains that “instruction based on the presentation of counterintuitive 

facts [...] cannot by definition lead to conceptual change because it does not provide students 

with all the information they need to have in order to revise their naive theories” (Vosniadou, 

1994, p. 67). Therefore, effective instruction based on the synthetic meaning theory should not 

focus on confronting synthetic mental models but instead aim towards rectifying the naïve 

framework theories that create these mental models (Vosniadou, 1994).  

Another important implication for instruction is the creation of metaconceptual 

awareness. Vosniadou suggests that to promote conceptual change, students should be made 

aware that “their naïve theories are hypotheses that can be subjected to experimentation and 

falsification” (1994, p. 67). Activities that foster discussion between students and comparison of 

mental models encourage students to question their naïve theories and therefore evolve their 

synthetic mental models. For this to be successful, students’ mental models must be explored by 

the instructor and be taken seriously (Vosniadou, 1994). This allows students to feel comfortable 

questioning and manipulating their mental models with the aid of the instructors.  
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Assuming that students’ conceptual understanding forms cohesive synthetic models is 

both an affordance and a limitation. For example, since AFM is a topic that most people do not 

experience in their daily life, it can be assumed that most students might have formed similar 

synthetic models. As such, synthetic models can be evaluated at the beginning of the semester, 

and the most common naïve conceptions can be addressed appropriately. On the other hand, 

diSessa (2013) suggests, students might be so unfamiliar with AFM topics that their decisions 

are not coherent across contexts. This is unlikely since students arrive to AFM courses after 

being introduced to similar topics like control systems (Aerospace Engineering Checklist, 2021). 

Once again, since AFM is such a specialized topic, the different contexts in which it can be 

experienced are considerably narrow. 

2.2.2 The Role of Prior Knowledge in Conceptual Change  

The following sub-section introduces research done around the topic of prior knowledge 

and its influences on learning. As students move along their academic journey, they are required 

to take certain courses before moving on to the next. As such, students do not arrive to a course 

“as blank slates, but rather with knowledge gained in other courses and through daily life” 

(Ambrose et al., 2010, p. 13). As described in Section 2.2.1, in Vosniadou’s Framework Theory, 

this prior knowledge can serve as both a both an obstacle and a vehicle for conceptual change 

(Mayer, 2002). In fact, research shows that “prior knowledge is one of the most important 

prerequisites for learning” (Gurlitt & Renkl, 2010, p. 418). For prior knowledge to facilitate 

integration with new knowledge it must be accurate, appropriate, sufficient, and activated 

(Ambrose et al., 2010). Accurate prior knowledge allows students to correctly synthesize new 

knowledge. Similarly, appropriate prior knowledge fits the new context in which students are 

supposed to learn. Sufficient prior knowledge ensures that students have enough experience to 
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synthesize with the new knowledge. Finally, knowledge must be recalled or activated for 

synthetization to happen.  

The accuracy of prior knowledge is crucial for conceptual understanding. Inaccurate or 

flawed prior knowledge can distort how students synthesized new knowledge. As shown by 

Vosniadou and Brewer (1992), when students perception of a flat Earth is contradicted with the 

idea that Earth is round, students will reconcile these two views by imagining a circular but flat 

planet. For students to accurately synthesize new knowledge given by formal instruction, they 

must have an accurate knowledge base. However, it is often the case that students will arrive at a 

course with inaccurate prior knowledge. Therefore, teaching for conceptual understanding 

includes a process of knowledge correction and revision instead of being limited to the delivery 

of new information (Ambrose et al., 2010).  

The second requirement for useful prior knowledge is appropriateness. As described by 

Ambrose et al., “inappropriate prior knowledge can impede new learning […] if students 

analogize from one situation to another without recognizing the limitations of the analogy” 

(2010, p. 20). The use of metaphors and analogies is common in STEM courses, especially those 

dealing with abstract concepts that students might not have firsthand experience with. 

Unfortunately, not all metaphors are conducive to knowledge synthetization, especially when 

students don’t understand the context in which said metaphors are applicable (Forišek & 

Steinová, 2012; Pitterson et al., 2018). Therefore, teaching for conceptual understanding includes 

a process of contextualization where students learn to evaluate the appropriateness of their prior 

knowledge (Ambrose et al., 2010) 

The issue of sufficiency signals that prior knowledge might be accurate and appropriate 

but might not be the type of knowledge that allows students to learn. Two common types of 
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knowledge discussed in the literature are declarative knowledge and procedural knowledge 

(Ambrose et al., 2010; Fayol, 1994; ten Berge & van Hezewijk, 1999). Declarative knowledge 

allows students to state facts while procedural knowledge involves the application of procedures 

and methods. If students have one type of knowledge but not the other, their understanding might 

be insufficient for new knowledge synthetization. For example, if students have declarative 

knowledge but lack procedural knowledge, they would be able to state a scientific fact but won’t 

be able to apply the knowledge to solve a problem. On the other hand, if students have 

procedural knowledge but lack declarative knowledge, they might be able to apply a 

mathematical formula but won’t be able to explain why the formula was appropriate or the 

meaning of the solution. Therefore, teaching for conceptual understanding includes a process of 

assessing if students understand both what and why of their prior knowledge and supplementing 

any type of knowledge that might be missing (Ambrose et al., 2010).  

Finally, even knowledge that is accurate, appropriate, and sufficient will not support 

learning if it is not activated. As discussed in Section Error! Reference source not found., one o

f the troublesome knowledge types is inert knowledge, which is useful prior knowledge that is 

not properly activated during learning (Perkins, 2010). Therefore, inert knowledge would be 

considered a type of prior knowledge that is not conducive to knowledge synthetization. Given 

that students are required to take and pass pre-requisite courses, it can be assumed that they have 

enough prior knowledge to move on to subsequent courses. Unfortunately, students have a hard 

time activating knowledge from pre-requisite courses when necessary. This is a problem 

particularly with knowledge that might have been taught in courses slightly removed from the 

context of the new course. For example, research has shown that students often fail to access 

prior knowledge during learning activities but that they can readily access this information “once 



25 
 

they have seen a representation where it is more intrinsically perceptually salient” (Johnson-

Glauch et al., 2020, p. 458). Therefore, teaching for conceptual understanding includes a process 

of drawing on relevant prior knowledge to forge links to new knowledge (Ambrose et al., 2010).  

2.2.3 Domain-Specific Knowledge Organization 

Conceptual knowledge includes two components: knowledge about facts and the 

organization of said facts (Watson et al., 2016). The first component refers to domain-specific 

knowledge, which focuses on “the description and explanation of the changes that take place in 

the content and structure of knowledge in specific domains or subject matter areas” (Vosniadou, 

2014, p. 646). Domain-specific knowledge is often considered to be a prerequisite for conceptual 

change since students “must be aware not only of the need for change, but they must notice in a 

particular context what they need to change” (Limón Luque, 2002, p. 140).  

The second component refers to the organization of domain-specific knowledge. 

Organization, one of the aspects of domain-specific knowledge, has been studied thoroughly by 

education researchers is the differences in organization structures between experts and novices 

(Chi et al., 2013). The difference between experts and novices is not explained simply by a 

difference in general abilities like memorization. Research shows that “experts have acquired 

extensive knowledge that affects what they notice and how they organize, represent, and 

interpret information in their environment” (Bransford, 1999, p. 31). The knowledge experts 

acquire is called “conditionalized” if it includes a specific context in which it is useful 

(Bransford, 1999). Conditionalized knowledge is key to developing expertise since it is easier to 

retrieve and apply to different representations or tasks. It is also important during assessment 

since students might be able to answer questions correctly without the knowledge of the 

conditions that make an answer correct. For example, students might know when to apply a 
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formula to a problem, not because of the context of the problem but because of the chapter the 

problem was taken from. The experts’ organization of knowledge is similar to the synthetic and 

scientific mental model theory proposed by Vosniadou (2013a). Moreover, the conditionalization 

idea of knowledge has also been explored as contextualization by conceptual change researchers 

such as diSessa (2013) and Chi (2013), further tying the implications of conceptual change 

research to the ideals of education.  

Johnson and Satchwell suggest that “a key to expert performance lies in the organization 

of the expert’s domain knowledge” (1993, p. 74). This means that the difference in expertise is 

rooted in the amount of domain-specific knowledge an individual possesses and how this 

knowledge is organized and structured. Research has found that experts’ knowledge is 

“coherently organized around key domain concepts and principles” (Alexander & Murphy, 1999, 

p. 566). By identifying these key domain concepts, experts can organize their domain-specific 

knowledge in a hierarchical, integrated manner. On the other hand, novice knowledge is usually 

amorphous and based on surface features of the domain (Edmondson, 2005). Some research 

suggests that this difference is in part due to novices lacking a “process for extracting the 

relevant information” (Johnson-Glauch et al., 2020, p. 460). This means that the development of 

expertise involves the ability to discriminate between relevant and irrelevant information. From 

the framework theory point of view:  

[T]he novice’s knowledge is tied to ontological and epistemological 

presuppositions that provide a radically different explanatory framework to 

fundamentally similar experiential beliefs than the principles and laws of physics. An 

additional important difference between novices and experts is that novices, unlike 
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scientists, are not aware of the hypothetical status of the presuppositions and beliefs 

which constrain the way they interpret new information (Vosniadou, 1994, p. 64). 

 

Knowing the relationship between expertise and the organization of domain-specific 

knowledge, one can determine expertise acquisition through the exploration of student synthetic 

mental models. Moreover, studies have found that as students gain conceptual knowledge, they 

also gain more expert-like knowledge structures (Bransford, 1999; Novak & Gowin, 1984). By 

definition, students’ synthetic models are not only organized differently from the instructor’s 

mental models but also lack key domain concepts and relationships (Vosniadou, 2013a). 

Research exploring these differences has shown that, following the same prompt, faculty 

members generate “dense networks of higher-order principles and their applications while 

students generated fewer connections among concepts pertaining largely to domain content” 

(Walker & King, 2003, p. 176). Therefore, from the perspective of conceptual change, exploring 

students’ synthetic models can give an idea of the students’ domain-specific knowledge and level 

of expertise.   

Another significant aspect of knowledge organization is what goal the knowledge serves 

for the user. In fact, research shows that “different experts organize their content knowledge 

differently, and this knowledge organization is goal directed” (Hmelo-Silver et al., 2007, p. 326). 

An example of this is that respiratory therapists’ knowledge tends to be more practical and 

pulmonary physicians’ knowledge tends to be broader and more holistic. If knowledge structures 

differ even amongst experts due to their goal, it is expected that there will be differences between 

the knowledge structure of the instructor and the students. Moreover, if students have different 
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goals amongst themselves, these could be reflected in how they organize their knowledge during 

a course.  

Finally, the difference between levels of domain expertise is not only seen when 

comparing experts and novices. While the gap between instructor and student knowledge is 

easily identifiable, differences between students at different career stages are also significant. 

Moss et al. conducted two studies focusing on knowledge representation differences between 

first-year and senior engineering students (2004, 2006). Both studies showed that senior students 

construct coherent representations of engineering devices while first-year students have more 

difficulty representing how engineering components connect. The main indicator of a difference 

in conceptual understanding between the two groups is that senior students had an easier time 

understanding the relationships and interactions between components than the first-year students. 

In this case, “[s]enior engineering students may have a more detailed network of design 

knowledge which integrates content which the freshmen hold in separate representations if at all” 

(Moss et al., 2004, p. 113).   

2.3 Concept Maps  

This section introduces a conceptual understanding assessment tool known as the concept 

map. The following sub-sections describe the uses of concept maps in engineering education, 

different formats for concept mapping activities, and concept map assessment approaches 

respectively.  

Developed by Novak in the 70s, a concept map is a type of graphic organizer commonly 

used in education research (Novak & Gowin, 1984). A concept map “is distinguished by the use 

of labeled nodes denoting concepts and links denoting relationships among concepts” (Nesbit & 

Adesope, 2006, p. 415). Figure 2.2 shows the general structure and characteristics of a concept 
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map. In engineering, concept maps can be used to assess the students' understanding of 

relationships and hierarchies between concepts.  

 

Figure 2.2: General Structure and Characteristics of Concept Maps (Novak & Cañas, 2008, fig. 

1) 

Since concept maps require students to break down the assumptions of a concept, they 

have been proven to be effective at distinguishing novice thinking from expert-like thinking 

(Walker & King, 2003) as well as serving as a tool for prior knowledge assessment (Ambrose et 

al., 2010). Using concept maps as an assessment method in class can be a low-stakes way for 

students to connect the theoretical concepts to more physical representations. Since they are 

required to draw relationships between concepts, students might have an easier time identifying 

real-life relationships when working with concept maps compared to other assessment methods. 

As a metacognitive tool, concept maps allow knowledge “to be portrayed as dynamic and subject 
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to change while preserving a network of interconnected ideas, illustrating the integrated nature of 

meaning and understanding” (Edmondson, 2005, p. 22).  

2.3.1 Uses of Concept Maps in Education  

This sub-section introduces three ways in which concept maps have historically been 

utilized in engineering education research and practice. In educational settings, concept maps 

have been used “as a learning strategy, an instructional method, a curriculum planning guide, and 

an assessment tool” (Watson et al., 2016, p. 120). Discussing concept maps as a learning 

strategy, Nesbit and Adesope (2006) present a meta-analysis including 55 studies on concept 

mapping across subject areas and education settings. The study found that concept maps, as a 

learning strategy, are more effective for knowledge retention and transfer than activities such as 

attending lectures and participating in class discussions. Studies have also shown that students 

have overall positive experiences with concept mapping as a learning activity, reporting that the 

activity helped them make connections between concepts (Fang, 2018). Moreover, collaborative 

concept mapping activities have been used to facilitate group discussions and foster collaborative 

learning (Fischer et al., 2002; Gracia-Moreno et al., 2017; Sadita et al., 2020; Wong, 2021). 

Finally, concept maps have also been used as prior knowledge activation tools. Gurlitt & Renkl 

(2008, 2010) found that concept mapping activities can be easily adapted to serve as prior 

knowledge activation tasks for different groups of learners. Their findings also suggest that the 

format of the ideal concept mapping activity could be informed by the level of coherence of the 

prior knowledge to be activated (Gurlitt & Renkl, 2008).  

As an instructional method, teacher-constructed concept maps have been used in the 

classroom to deliver clear and coherent explanations to students (Novak & Cañas, 2008). One of 

the benefits of using concept maps as an instructional method is that they “offer an effective 
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structure for clarifying connections between concepts and ideas into which new concepts and 

ideas can be integrated” (Jin, 2022, p. 17). Research has shown that utilizing concept maps as an 

advance organizer during instruction can significantly improve STEM concept understanding in 

children (Malone & Dekkers, 1984; Willerman & Mac Harg, 1991). A meta-analysis conducted 

by Horton et al. (1993) on the effectiveness of concept mapping activities as an instructional tool 

in STEM courses showed that these types of activities improve student achievement, as well as 

both student and instructor attitudes. In a similar context to AFM, Johnson and Satchwell (1993) 

introduced expert concept maps to an Aircraft Systems course and saw considerable 

improvement in 10 out of 11 technical topics during a knowledge re-construction task.  

Finally, concept maps have also been used as an assessment tool since their conception 

(Novak, 1995). Conceptual understanding is based on knowledge organization, and concept 

maps are graphic depictions of how students organize their knowledge. As such, utilizing 

concept maps as assessment tools lets, instructors identify incomplete knowledge structures 

suggested by omissions of important concepts as well as naïve conceptions, “usually indicated by 

an incorrect linking phrase between to concepts” (Jin, 2022, p. 18). Concept Maps have been 

used to assess domain-specific knowledge (Llinás et al., 2020; Wallace & Mintzes, 1990), and to 

assess learning activities (Rigby et al., 2008). 

This sub-section introduced three common uses of concept maps in engineering 

education. Firstly, concept maps are commonly used as a learning strategy to encourage students 

to draw connections between important course concepts during class. Concept maps have also 

been used as an instructional tool to visually introduce students to important connections 

between concepts. Finally, concept maps are often used as conceptual understanding assessment 

tools.  
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2.3.2 Formats of Concept Mapping Activities 

This sub-section introduces different concept map formats that have been used in 

engineering education research. It also presents a discussion of the benefits and drawbacks of 

possible concept mapping formats.  

Literature shows various formats for conducting concept mapping activities. Ruiz-Primo 

et al., (2001) developed a systematic description of concept mapping formats based on four key 

elements of a concept map: concepts, lines, linking explanations, and map structure. Concept 

mapping activities can be characterized along a continuum from high degree of directedness to 

low degree of directedness, as shown in Figure 2.3. As seen in the figure, low levels of 

directedness are associated with elements being provided by the student, while high levels of 

directedness are associated with elements being provided by the assessor.  

 

Figure 2.3: Degree of directedness in concept-map activities (Ruiz-Primo et al., 2001, fig. 1) 

Similarly, Cañas and Novak (2012) group formats of concept mapping activities by 

degrees of freedom of structure and content, as shown in Figure 2.4. There is an inverse 

relationship between freedom of structure and content and levels of directedness. For example, a 

concept map with no conditions (maximum freedom of structure and content) would have the 

lowest level of directedness, where all concepts, lines, linking explanations, and map structure 

would be provided by the student.  



33 
 

 

Figure 2.4: Freedom of Structure and Content Conditions for Concept Mapping (Cañas & 

Novak, 2012, fig. 1) 

There are benefits and drawbacks associated with every format of concept mapping 

activities. Activities with high levels of directedness, like fill-in concept maps, are beneficial 

when students are not familiar with the process of concept mapping (Cañas & Novak, 2012). In 

this type of activity, students are provided with an expert-made concept map with empty spaces 

replacing concepts labels or linking phrases. As such, all four elements in the concept map have 

a high level of directedness. An example of a fill-in-the-concept map is shown in Figure 2.5. 

This example shows a variation of fill-in concept maps where a list of concepts is provided, 

further directing the students. This format of concept mapping activities is not recommended for 

assessment purposes as high-directed tasks have shown to condition students and limit their 

freedom to express knowledge structures (Cañas & Novak, 2012; Ruiz-Primo et al., 2001).  
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Figure 2.5: Fill-in-the-concept map (Wong et al., 2021, fig. 2). 

A less restrictive format that still has some level of directedness is providing a list of 

concepts. Concept mapping activities following this format provide the students with a high level 

of directedness in the concept element of the concept map, but low levels of directedness in lines, 

linking explanation, and map structure. Figure 2.6 shows one of the most restrictive versions of 

this type of concept mapping activities. Here, the students have a restricted list of concepts as 

well as a focus question that conditions the structure of the map. A more freeform format of this 

type of activity could have an unrestricted list of concepts so that students can add other concepts 

they deem important or disregard concepts that do not fit their knowledge structure (Cañas & 

Novak, 2012). One of the benefits of using a list of concepts and focus questions is that it gives 

students a starting point without limiting their freedom to present their knowledge structure. 
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Moreover, it allows instructors to predict to a certain extent the connections that students might 

present, making it easier to develop a scoring rubric.   

 

Figure 2.6: List of Concepts with Focus Question Concept Map (Adesope & Wong, 2021). 

While more freeform formats of concept mapping activities exist, they have not been 

proven to be beneficial to the assessment of conceptual understanding. For example, in a no 

conditions format, participants “are often intimidated and have difficulty constructing a concept 

map” (Cañas & Novak, 2012, p. 250). This is also the case when only a focus question or a root 

concept is presented. Moreover, without conditioning the structure of the concept map, it is 

nearly impossible for instructors to create a rubric that accurately assesses the quality of the 

concept maps. As such, the idea of using a format of such low levels of directedness as an 

assessment tool is historically hard to grade. Different grading methods have been developed in 
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order to facilitate grading concept maps but they to facilitate grading concept maps but still 

require a large time commitment from the instructional team (Besterfield-Sacre et al., 2004).  

This sub-section introduced different formats of concept mapping activities that varied in 

freedom of structure and freedom of content. A case was made for the importance of finding a 

balance between the degree of directedness of a concept mapping activity and the ability to 

explore participant’s conceptual understanding.  

2.3.3 Assessment Approaches  

This sub-section introduces three popular scoring methods for concept maps. One of the 

biggest challenges of using concept maps for assessment is identifying and applying a robust 

scoring method (Besterfield-Sacre et al., 2004; Borrego et al., 2009; Watson et al., 2016). Three 

commonly used scoring methods have emerged in the literature: the traditional method originally 

proposed by Novak and Gowin (1984), the holistic method proposed by Besterfield-Sacre et al. 

(2004), and the categorical method originally developed for sustainability concept maps by 

Segalàs et al. (2008).  

Traditional scoring focuses on judging the number of concepts, highest level of hierarchy, 

number of crosslinks, and examples to provide sub-scores for breadth, depth, and connectedness 

of knowledge (Watson et al., 2016). Some of the benefits of traditional scoring are that the 

process can be done by one researcher alone and that the scoring process is simple. On the other 

hand, it is not advisable to use this scoring method if the research aims to take into consideration 

the content of the concept maps (Watson et al., 2016). An example of the traditional concept map 

scoring rubric is presented in Table 2.2.  

Table 2.2: Traditional Concept Map Scoring Rubric 
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Component Description Score 

Propositions Is the relation between concepts indicated 
by the linking line and word(s)? Is it valid? 

1 point for each meaningful, 
valid proposition 

Hierarchy Does the map show hierarchy? Is each 
subordinate concept more specific than the 

concept drawn above? 

5 points for each valid level of 
hierarchy 

Crosslinks Does the map show meaningful connections 
between segments of the concept hierarchy? 

10 points for valid and 
significant crosslink 

2 points for valid but not 
significant crosslink 

Examples Specific events or objects that are valid 
instances of those designated by the concept 

level 

1 point per example 

Note: Adapted from Novak and Gowin (1984).  

The holistic approach to concept map scoring focuses on judging a concept map’s 

comprehensiveness, organization, and correctness (Besterfield-Sacre et al., 2004). An important 

consideration of the holistic approach is that it focuses on knowledge integration for a specific 

discipline and is designed to be conducted by more than one judge. As such, this approach 

“proved valid where the scorers shared expertise, departmental affiliation, and disciplinary 

expectations. In contrast, […] in interdisciplinary contexts these shared experiences are notably 

absent, and in fact pose a significant barrier to the [scoring] process” (Borrego et al., 2009, p. 7). 

Similarly to the traditional scoring method, the holistic approach does not take into consideration 

the content of the concept maps (Watson et al., 2016). An example of the holistic concept map 

scoring rubric is presented in Table 2.3.  

Table 2.3: Holistic Concept Map Scoring Rubric  

 1 2 3 
Comprehensiveness – 
Covering 
completely/broadly 

The map lacks subject 
definition; the 
knowledge is very 
simple and/or limited. 
Limited breadth of 

The map has 
adequate subject 
definition, but 
knowledge is limited 
in some areas. Map 

The map completely 
defines the subject 
area. The content 
lacks no more than 
one extension area.  
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concepts. The map 
barely covers some of 
the qualities of the 
subject area.  

suggests a somewhat 
narrow understanding 
of the subject matter. 

Organization – to 
arrange by systematic 
planning and united 
effort 

The map is arranged 
with concepts only 
linearly connected. 
There are few or no 
connections 
within/between the 
branches. Concepts 
are not well 
integrated. 

The map has 
adequate organization 
with some 
within/between 
branch connections. 
Some, but not 
complete, integration 
of branches is 
apparent. A few 
feedback loops may 
exist. 

The map is well 
organized with 
concept integration 
and the use of 
feedback loops. 
Sophisticated branch 
structure and 
connectivity.  

Correctness – 
conforming to or 
agreeing with fact, 
logic, or known truth 

The map is naïve and 
contains 
misconceptions about 
the subject area; 
inappropriate words 
or terms are used. The 
map documents an 
inaccurate 
understanding of 
certain subject matter. 

The map has few 
subject matter 
inaccuracies; most 
links are correct. 
There may be a few 
spelling and 
grammatical errors. 

The map integrates 
concepts properly 
and reflects and 
accurate 
understanding of 
subject matter 
meaning little or no 
misconceptions, 
spelling/grammatical 
errors.  

Note: Adapted from Besterfield-Sacre et al. (2004) 

 The categorical method to concept map scoring was developed to “evaluate the width 

understanding of the concept” at hand (Segalàs et al., 2008, p. 300). To achieve this, the 

categorical method focuses on clustering concepts into categories and judging the complexity of 

relationships shown between categories. The benefit of this approach is that researchers can use 

this method to “analyze the extent to which a student associates a specific category with the 

central topic, while they can calculate the student-specific categorical complexity index to 

characterize the overall coverage of and connectedness between the categories” (Watson et al., 

2016, p. 124). Each one of the scoring methods presented has its affordances and limitations. 

Table 2.4 below presents a summary comparison of the three scoring methods.  

Table 2.4: Choosing a Concept Map Scoring Method 
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 Traditional 
Method 

Holistic Method Categorical Method 

What is 
assessed? 

Breadth, depth, and 
connectedness of 

knowledge 

Breadth, depth, and 
correctness of 

knowledge; structural 
complexity and 
connectedness 

Categories that students 
associate with the topic; 

overall complexity of 
knowledge 

Level of 
measurement 

Ratio: counting 
components 

Ordinal: qualities 
evaluated through a 

rubric 

Nominal: concept 
categorization 

Ratio: counting inter-links 
Is content 
captured? 

No description of 
actual content 

No description of actual 
content 

Concept distributions 
provided a detailed 
analysis of content 

Considers 
correctness? 

Not explicitly but 
could consider 

correctness 
depending on the 

method 

Explicitly considered 
through correctness sub-

score 

Not explicitly but could 
consider correctness 

depending on the method 

Captures overall 
quality? 

Total scores capture 
over-simplified 

quality 

Provides analysis of 
quality and easy 
benchmarking 

Provides analysis of 
quality considering 

distribution of concepts 
from different categories 

and connectedness 
How many 

judges needed? 
Could be completed 
with one judge due 
to higher interrater 

reliability 

Should be completed by 
more than one judge to 
account for subjectivity 
in rubric interpretation 

Could be completed with 
one judge; categorization 
verification by a second 

judge is encouraged 
Note. Modified from Watson et al. (2016) 

2.4 Conceptual Difficulties of Atmospheric Flight Mechanics  

One of the understudied spaces in conceptual understanding is the middle-year courses of 

aerospace engineering curricula, including AFM courses. Although AFM has not been studied 

from the conceptual understanding perspective, similar fields like control systems have already 

been researched (Bristow et al., 2012; Kheir et al., 1996). The four main concepts covered by 

control systems are dynamic systems, stability (both static and dynamic), feedback, and dynamic 

compensation (Kheir et al., 1996). From these topics, flight mechanics relies heavily on dynamic 

systems and both forms of stability (Schroeder & Field, 2001). Considering that the mechanics of 

flight are the same concepts as control systems being applied to air vehicles, the conclusions on 
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the difficulty of control systems concepts could be extrapolated to flight mechanics concepts as 

well. Moreover, since students are familiar with some control systems before engaging with 

flight mechanics (Aerospace Engineering Checklist, 2021), it is safe to assume that their naïve 

conceptions of topics related to AFM will also be related to naïve conceptions of control systems 

in general.  

Another field that has been studied previously and can help explain the conceptual 

difficulties of AFM is linear algebra (Day & Kalman, 1999; Teixeira et al., 2015). Although 

linear algebra is part of mathematics instead of engineering, it is important to acknowledge its 

impact on AFM curricula. Most systems, regardless of context, are described using state space 

representations, which are based on linear algebra concepts. Formulation for flight simulation 

requires a six degrees-of-freedom (6 DOF) representation. As such, flight mechanics relies on 

the linear algebra concepts of matrix transformations of 3 by 3 matrices and Euler Angle 

Formulations to keep track of an aircraft's position and orientation (Phillips, 2009). 

Understanding linear algebra operations is crucial for success in any control system application, 

including the AFM. Therefore, naïve conceptions of applying linear algebra concepts can lead to 

naïve conceptions of basic flight mechanics processes. Since AFM knowledge resembles control 

systems and linear algebra, ideas will be borrowed from these fields as a starting point for 

understanding where the conceptual difficulties of AFM arise.  

One of the main difficulties research has found in learning control systems is that it 

requires combining two distinct streams of thought. Kheir et al. explain that the first stream is 

“physical and discipline-based because one must always be controlling something. The other 

stream is mathematics-based, because the basic concepts of stability and feedback are 

fundamentally abstract concepts best expressed mathematically” (1996, p. 150). This creates a 
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duality between theory and practice that has historically been difficult for students to bridge. 

Translating this difficulty into AFM, we see that the duality is even more prominent. In this case, 

students have to translate abstract mathematical concepts to physical objects they might not be 

familiar with. While control systems can use examples of simple everyday objects, AFM focuses 

on air vehicles, which students are less likely to be familiar with. In response to this duality, 

Kheir et al. (1996) acknowledge that the gap is part of the nature of control systems, and 

therefore, educators must recognize that the gap exists from the start. This is also the case for 

AFM, where the duality between real-life air vehicle mechanics and their mathematical models 

cannot be ignored. To attempt to bridge this gap, both theory and practice must be covered and 

understood, which raises even more difficulties.  

Trying to implement hands-on experiences in AFM classes raises a second difficulty. 

Similar to understanding control systems, understanding AFM requires real-world open-ended 

practice for the students. Since control design is rooted in real-world problems and is to be 

implemented in real-world systems, students need real-world practice to truly understand control 

concepts (Kheir et al., 1996). Finding real-world problems for students is an issue that affects the 

whole aerospace engineering curriculum (Howe & Goldberg, 2019). Due to the nature of the 

field, AFM environments are hard to replicate in the context of a higher education class. Most air 

vehicles are too big, too dangerous, or too expensive to be implemented in a classroom setting. 

Moreover, due to the government's direct and indirect funding of the aerospace industry, 

collaborations between students and AFM industry professionals are limited and sometimes 

considered “a luxury that can be cut” (Field, 2006, p. 10). The lack of real-world open-ended 

practice problems for students in AFM courses limits their ability to make the necessary 

conceptual connections for their conceptual understanding development.  
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A third difficulty in teaching flight mechanics arises from its relationship with linear 

algebra. Historically, students have a difficult time understanding abstract mathematical 

concepts, especially those involving spatial visualization, such as linear algebra (Day & Kalman, 

1999). The issue arises from the fact that many engineering disciplines require students to learn 

linear algebra, so departments of mathematics tend to teach the course in a contextually neutral 

way. By studying linear algebra outside of a physical or ‘real world’ context, students fail to 

make connections between the real-life systems they are trying to represent and the mathematical 

model they are building.  

Finally, teaching flight mechanics is difficult because it assumes mastery of lower-level 

control system concepts as well as mastery of linear algebra operations. The previous difficulties 

were extrapolated from the control systems and linear algebra fields, and since flight mechanics 

is a linear algebra application of control systems, students might have encountered the same 

difficulties in lower-level classes. To successfully master AFM, students must master the basics 

of control systems and linear algebra. Several studies have shown that students keep 

misconceptions or alternate conceptions of class material even after successfully completing 

these courses (Brown et al., 2019). If instructors recklessly assume that students have mastered 

the basics, they might be ignoring misconceptions or even reinforcing them.  

Although these difficulties are present, some might be more addressable than others. 

While it is true that the gap between practice and theory is present in AFM courses, the reality is 

that the duality is part of the nature of the topic. It is unavoidable that students have to master 

both the physical and mathematical sides of the mechanics of flight. On the other hand, the lack 

of real-world open-ended problems is an issue that the aerospace field and many other 

engineering fields have been working towards addressing. By identifying ways in which students 
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are exposed to AFM contexts, the difficulty of translating abstract mathematical concepts into 

physical actions could be reduced. Finally, since flight mechanics is an application of control 

systems and linear algebra concepts, it makes sense that experiencing difficulty in these 

prerequisite classes will translate to experiencing difficulty in learning the mechanics of flight. 

Addressing the gap in knowledge before introducing new concepts or applications will also 

reduce the difficulty students will experience in an AFM course.  

This chapter has introduced the relevant literature to this study. Section Error! R

eference source not found. began by introducing the idea of troublesome knowledge in learning 

and highlighting why complex concepts are difficult. Section 2.2 and its subsection introduced 

different theories of conceptual change, explored Vosniadou’s framework theory in depth, and 

highlighted the importance of prior knowledge and knowledge organization to conceptual 

understanding. Section 2.3 and its subsections introduced concept maps as assessment tools for 

conceptual understanding and included a discussion on formats and assessment techniques for 

concept maps. Finally Section 2.4 introduced some of the conceptual difficulties that can be 

expected from AFM, which is the context of this study.  
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3 Methodology 

This chapter presents the researcher’s positionality and research paradigm that guided the 

study in Section 3.1. Section 3.2 introduces the theoretical underpinnings of Vosniadou’s 

framework theory of conceptual change. Section 3.3 and its respective subsections introduce the 

overall research design of the study. A single case study was conducted to answer the research 

questions developed in Chapter 0 and presented in Table 3.1. The case study focused on a single 

unit of analysis – the AFM course at an R1 public institution and utilized the students’ 

conceptual understanding of core AFM concepts as a unit of observation. This work – guided by 

Vosniadou’s framework theory of conceptual change – explored the evolution of students’ 

knowledge structures as they receive formal education. As such, this study focused on if and how 

students synthesized the formal instruction received in class with their initial mental models 

developed from their prior knowledge.  

Table 3.1: Study Goal and Research Questions 

3.1 Personal Research Paradigm 

To acknowledge the bias that I, as a researcher, might bring to this project, I present my 

position in relation to this work and the decisions made for this study. I approach my research 

with a social constructivist perspective where I believe that knowledge is built by each individual 

through interactions with their environment, including other learners. As such, I do not strive to 

understand one Truth, but to explore the different ways in which a phenomenon can be 

Overarching Goal: To investigate the development of AFM conceptual understanding in 
a middle-year aerospace engineering course using the synthetic mental model 
framework. 
RQ1: What are the possible difficulties associated with introducing common core AFM 
concepts through formal instruction? 
RQ2: How do students’ mental models develop through a semester-long engagement with 
AFM concepts? 
RQ3: How do the AFM mental models of the instructor and students compare?  
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experienced by different participants. Therefore, I respect that the students that participated in 

this study are not a monolith and that their experiences will vary from student to student. This 

acknowledgement led me to seek a theoretical framework that focuses on different levels of 

conceptual understanding, so that I could capture as many experiences as possible.  

My interest in the aerospace curriculum first arose during my own undergraduate 

experience as an aerospace engineering student. After our graduation ceremony, my friends and I 

discussed that none of us could explain how airplanes fly. Although we joked about it then, this 

conversation has stuck with me throughout my graduate career. I realized that there was a 

difference between remembering knowledge and understanding knowledge. I am especially 

passionate about the AFM space because my aerospace undergraduate and graduate research 

have focused on this topic. To add to my personal experience, I hope to gain an understanding of 

the experiences other students have within aerospace programs to assess the curriculum better in 

the future. 

3.2 Theoretical Underpinnings 

This section presents the theoretical underpinnings from Vosniadou’s framework theory 

that guided this study. As introduced in Sections 2.2 and 2.2.1 of the Literature Review, this is 

one of the fundamental theories of conceptual change, being one of two that consider knowledge 

to be built around relatively coherent structures (Vosniadou, 2013b). Vosniadou’s framework 

theory assumes that “a mental model is a dynamic structure which is created on the spot to 

answer questions, solve problems, or dealing with other situations” (Vosniadou & Brewer, 1992, 

p. 543). Moreover, the framework theory posits that mental model creation is constrained by 

students’ underlying conceptual structures, such as ontological and epistemological 

presuppositions, observational and cultural information, and beliefs (Vosniadou, 2002). In this 



46 
 

model, framework theories encompass the ontology and causality of the field at hand. On the 

other hand, specific theories are embedded and constrained within the framework theories and 

encompass the beliefs, information, and models that inform a specific phenomenon (Vosniadou, 

2002). An example of this relationship in the context of Earth models can be seen in Figure 3.1. 

This figure also shows that the various combinations of observational information, cultural 

information, and beliefs result in the development of different mental models. Thus, exploring 

these mental models provides information about the students’ knowledge content and structure, 

as well as information about their assumptions and beliefs about the topic.  

 

Figure 3.1: Hypothetical Conceptual Structure Underlying Children’s Initial Mental Models of 

the Earth (Vosniadou, 2002, fig. 1) 

The framework theory also explains the evolution of students’ knowledge structures as 

they receive formal education. At the beginning stage, students possess an initial mental model 
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based on their observations of the world or naïve physics. Once students receive formal 

education, they synthesize the scientific knowledge with their initial mental models, thus forming 

synthetic mental models. These synthetic models keep evolving until they ultimately resemble 

the scientific model developed by experts. Vosniadou and Brewer (1992) studied the 

construction of mental models of the earth by elementary school children. Figure 3.2 shows the 

three stages of mental model development as described in the framework theory.  
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Figure 3.2: Mental Models of the Earth by Elementary School Children (Vosniadou, 2002, fig. 2) 

Unfortunately, the transition between levels of mental models is not an easy one. In fact, 

it is easier to deform scientific information that contradicts existing mental models than to 

change naïve conceptions (Brown et al., 2018). Vosniadou and Skopeliti explain that oftentimes 

learners “incorporate the scientific information to their incompatible prior knowledge, distorting 

it and creating an alternative conception or model which, however, has some internal 
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consistency” (2014, p. 1430). This makes synthetic models inefficient in pursuing conceptual 

understanding, as they incorrectly incorporate presuppositions of naïve frameworks and 

scientific models. 

In this research, the framework theory was used as a lens by which data was collected 

and analyzed with the goal of answering the research questions, RQ how does the design of an 

AFM course shape students’ understanding of core AFM concepts? RQ1 what are the possible 

difficulties associated with introducing common core AFM concepts through formal instruction?  

RQ2 how do students’ mental models develop through a semester-long engagement with AFM 

concepts? RQ3 how do the AFM mental models of the instructor and students compare? As 

such, one of the goals of the research was to create a hypothetical conceptual structure 

underlying students’ mental models of AFM topics, like the one shown in Figure 3.2. Therefore, 

specific elements of the conceptual structure were targeted during data collection and analysis, 

which will be explained in the following sections. A summary of the research questions, data 

collection and analysis methods, and expected outcomes is presented in Table 3.2.  

Table 3.2: Summary of Study Goal, Research Questions, Framework, Data Collection, Data 

Analysis, and Expected Outcomes 

Overarching Goal: To investigate the development of AFM conceptual understanding in a 
middle-year aerospace engineering course using the synthetic mental model framework. 
Sub-Research 
Question 

Framework 
Theory Element  

Data Collection 
Method 

Analysis 
Method 

Outcome  

RQ1: What are 
the possible 
difficulties 
associated with 
introducing 
common core 
AFM concepts 
through formal 
instruction? 

Observational 
and Cultural 
information  

 

1. Course 
documents: 
syllabus, lecture 
notes, homework 
prompts 
2. Classroom 
observations  

1. Document 
analysis 
(Keywords-in-
Context)  
2. A priori and 
in vivo coding  
3. Summative 
content analysis  

Identification of 
concepts and 
contexts that 
might result in 
alignment or 
misalignment in 
student 
conceptual 
understanding  
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RQ2: How do 
students’ mental 
models develop 
through a 
semester-long 
engagement with 
AFM concepts.  

Beliefs  
 

Mental Models  

1. Concept 
mapping activity 
with students 
2. Semi-
structured 
interviews with 
students 

1. Concept 
mapping scoring 
and clustering 
2. A priori and 
in vivo coding  
3. Summative 
content analysis  

Identification of 
patterns of 
problematic 
AFM concepts 
and contexts  

 

RQ3: How do 
the AFM mental 
models of the 
instructor and 
students 
compare? 

Mental Models 1. Concept 
mapping activity 
with students 
and instructor 
2. Semi-
structured 
interviews with 
students and 
instructor 

1. Concept 
mapping scoring 
and clustering 
2. A priori and 
in vivo coding  
3. Summative 
content analysis  

Identification of 
alignment or 
misalignment of 
concepts and 
contexts between 
instructor and 
student mental 
models 

 

3.3 Research Design - Case Study  

This section describes the research design for the study. To answer the research 

questions, a case study was conducted following the approach of Yin (2017). A case study is “an 

in-depth study or examination of a distinct, single instance of a class of phenomena such as an 

event, an individual, a group, an activity or a community” (Case & Light, 2011, p. 191). Case 

study research focuses on the examination of the context and complex conditions in real-world 

settings of the phenomenon under study to have a complete and detailed understanding of it (Yin, 

2012). The proposed study focuses on understanding how students develop conceptual 

understanding of AFM topics. Hence, a case study approach is appropriate. Yin (2012) also 

describes three motives for using the case study method: exploration, description and 

explanation, and evaluation. The first motive, exploration, concerns itself with collecting data to 

determine if further investigation of a topic is necessary. A case study motivated by description 

and explanation can either describe unusual situations that might be of interest to other 

researchers or explain how a study took place. Finally, an evaluation case study serves as an 
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assessment of a phenomena of interest. In this instance, this study aims to understand and explain 

a case of interest that is severely understudied, i.e., the students’ development of conceptual 

understanding in AFM courses. 

3.3.1 Definition of the Case 

For this methodology, the ‘case’ or unit of analysis must be clearly defined. A case “is 

generally a bounded entity […] but the distinction between the case and its contextual conditions 

– in both spatial and temporal dimensions- may be blurred” (Yin, 2012, p. 145). The proposed 

case for this research was the AFM course at an R1 public institution. The relationship between 

the case and its context is illustrated in Figure 3.3. The proposed study focused on an ordinary 

instance of the chosen course, the Fall 2023 semester. Since there is no expectation of replicating 

the results in following course offerings, a single-case study is appropriate (Yin, 2017). 

 

Figure 3.3: Definition and Boundary of the Proposed Case Study 
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In case study research, a unit of analysis refers to the entity that the research is trying to 

focus on. A unit of observation is the item (or items) that you observe, measure, or collect while 

trying to learn something about your unit of analysis (Yurdusev, 1993). The unit of observation 

will be the students’ conceptual understanding of AFM topics, as shown in Figure 3.3. 

3.3.2 Context  

This sub-section focuses on explaining the context in which the study was conducted. 

This includes, but it is not limited to, the type of course that was studied and the core topics that 

were chosen as part of this study. The course chosen for this project was an upper-division 

aerospace engineering course in an R1 institution which is typically taken in the third year (sixth 

semester) of the aerospace engineering curriculum. The class met three times a week for 50-

minute sessions and, although a virtual section is available, this work focused only on the in-

person section. Enrollment in this course varies every year but it is expected to see between 50 

and 75 students per class between both sections.  

To enroll in this course, students must have the following prerequisites completed: 

System Dynamics and Control (fifth semester), Dynamics (fourth semester), and Introduction to 

Differential Equations (fourth semester). From these courses, students should have prior 

experience with free and forced response of linear time-invariant systems in frequency and time 

domains as well as the implementation of control loops using PID feedback.  

From the learning objectives of the course, the instructor identified the following topics 

as the most crucial for students to understand: Static Stability and Control, Linearization and the 

Small Perturbation Equation, and Longitudinal and Lateral-Directional Dynamics. These three 

topics form the foundational understanding that students need to succeed in the course. An 

understanding of stability and control is one of the cornerstones of aerospace engineering and is 



53 
 

even included as one of the core topics required for ABET accreditation (ABET, 2022). Mastery 

of this topic is a requirement in the design of aircraft that can safely navigate the complexities of 

flight. Another essential skill is linearization, a process that allows complex mathematical 

models to be simplified, making them more accessible for analysis (Etkin, 2012). Although this 

topic is not unique to AFM courses, student understanding within the context of aerospace 

engineering is paramount. Lastly, the topic of dynamics involves the understanding of how 

aircraft models respond under varying conditions. As such, mastery of this topic allows 

engineers to design aircraft that can perform safely in fluctuating environments.  

While the importance of the individual topics is clear, their true value comes from how 

they build on each other. The course topic structure, including prior knowledge requirements, is 

shown in Figure 3.4. Studying the dynamics of a nonlinear model is a task beyond what would 

be expected for a junior level student, so this course focuses on the dynamics of linearized 

models. As such, students must be well versed in linearization techniques before dynamics 

analysis can be introduced in class. Moreover, linearization methods require an equilibrium point 

to linearize around. Traditionally, this point would happen when the aircraft is in a stable state. 

Students need to understand stability to find points to linearize around, and they need to linearize 

to analyze the dynamics of the model. Figure 3.4 also shows the interactions between the course 

topics and pre-requisite courses. As seen in the figure, early topics such as Static Stability and 

Control assume that students have prior knowledge from three different pre-requisite courses. In 

contrast, a later topic such as Longitudinal and Lateral-Directional Dynamics requires students to 

have prior knowledge from topics that have already been covered in class.  
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Figure 3.4: Air Vehicle Dynamics Course Topic Structure 

This section has attempted to provide a brief description of the context in which the study 

was conducted. Although the students are novices in terms of AFM concepts, they have several 

semesters of experience and prior knowledge from pre-requisite courses. The three topics chosen 

for this study – Static Stability and Control, Linearization and the Small Perturbation Equation, 

and Longitudinal and Linear-Directional Dynamics– are core AFM topics and built upon each 

other within the structure of the course.  

3.3.3 Participants 

This research was performed during the Fall 2023 semester and focused on the AFM 

course offered at an R1 university. Two groups of participants were recruited for this study, 

namely all the students and the instructor. Most of the students taking this course are full-time 

undergraduate students in the aerospace department. Students enrolled might have family or 

work responsibilities besides schoolwork so diverse experiences are expected. Although this 
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course is not required, students must pick between Atmospheric Flight Mechanics and Space 

Flight Mechanics to satisfy graduation requirements. Therefore, students enrolled in this course 

might be more drawn towards topics within the atmospheric flight mechanics sector of aerospace 

instead of the space sciences sector.  

The current instructor for this course is an expert in the fields of nonlinear dynamics and 

control of ocean and atmospheric vehicles and has been teaching this AFM course for over a 

decade. He has also taught the prerequisite courses for this class and the courses that follow this 

class in the curriculum, so he is familiar with the experience that students bring to the course and 

the experience required for students to succeed afterwards.  

 Since this study aims to understand different levels of student conceptual understanding 

in the course, all consenting students’ work was considered for the study's quantitative section. 

In total, 28 students consented to have their coursework analyzed for the study with varying 

degrees of participation amongst the three topics as shown in Table 3.3 below. The figure also 

shows that the sole instructor participated in all three topics. Recruitment and consent forms 

were distributed to the participants during class.  

Table 3.3: Total Number of Participants  

The instructor and all 49 students enrolled in the course received recruitment emails 

asking for their participation on the follow-up portion of the study. The study employed a 

 Static Stability and 
Control 

Linearization and the 
Small Perturbation 
Equation 

Longitudinal and 
Lateral-Directional 
Dynamics 

Number of students  24 20 26 

Number of instructors 1 1 1 
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convenience sampling method to find a subset of students for the interview portion of the study. 

Convenience sampling is a non-probability sampling technique that involves selecting 

participants who are readily available and accessible for data collection (Etikan, 2016; Stratton, 

2021). This method was chosen due to its practicality and efficiency in gathering data. The 

students approached were easily accessible since they were part of the course being studied. 

Based on this sampling method, all participants who showed interest in being part of the follow-

up portion of the study were invited to an interview. Following the process of convenience 

sampling, the instructor and five students were invited to participate in an interview. Information 

on these participants and the data collected from them during the concept mapping activity is 

shown in Table 3.4. The participants chose their own pseudonyms for the study.  

Table 3.4: Interview Participants Data per Topic 

Participant Static Stability and 
Control 

Linearization and 
the Small 

Perturbation 
Equation 

Longitudinal and 
Lateral-Directional 

Dynamics 

Patrick x x x 

Karl x x x 

Nick x x x 

Garrett x x  

Rafael  x  

Instructor x x x 
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Based on the number of students and instructors who participated in the concept mapping 

activity and those who participated in the interview, representation percentages for each topic 

were calculated. These results are shown in Table 3.5.  

Table 3.5: Participation Percentage per Topic 

This section introduced the participants of this research. In total, 28 individual students 

and one instructor participated in the study. Five of the 28 student participants and one instructor 

were part of the interview process of data collection. All the students were part of the Air 

Vehicle Dynamics course and therefore were identified as people with potential insights for the 

study.  

3.3.4 Data Collection 

Since the study aimed to understand how students develop conceptual understanding of 

AFM topics and how instructors' practices and the course settings influence students’ conceptual 

understanding, and in alignment with case study approaches, multiple data collection methods 

were used. Institutional Review Board (IRB) approval for this research was obtained, and 

participation in the study was voluntary. The researcher reached out to the instructor during the 

Fall 2022 semester to pitch the project and verbal consent to proceed with the research was 

granted. 

 Static Stability and 
Control 

Linearization and the 
Small Perturbation 
Equation 

Longitudinal and 
Lateral-Directional 
Dynamics 

Student 
representation 17% 25% 12% 

Instructor 
representation 100% 100% 100% 
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The first type of data collected was unobtrusive data, such as course documents 

required for the document analysis related to RQ1. Data is considered unobtrusive when it is 

“unaffected by the research process” (Bowen, 2009, p. 31). One benefit of collecting unobtrusive 

data is that it provides “insight into the social phenomenon under investigation without 

interfering with the enactment of that social phenomenon” (Hatch, 2002, p. 116). Course 

materials such as syllabi, lecture notes, and homework prompts were collected for the Fall 2022 

and Fall 2023 offerings of the course. Research shows that class instruction could lead to 

alternative conceptions early in the course (Chi et al., 2012), so the documents used to introduce 

students to important AFM topics were studied. The chosen course is divided into 14 topics 

divided into 3 to 9 sub lectures per topic, each of which has a handout. Therefore, these handouts 

were collected to determine where new concepts are introduced and what language is used to 

describe each concept. Understanding the materials informed specific AFM topics of interest 

where naïve conceptions might arise. 

Video observations of recorded lectures were conducted as part of this study. Only the 

recorded lectures pertaining to the three chosen topics were gathered for the study. These 

lectures were pre-recorded by the instructor and made available to the students through the 

university’s learning management system. Although the class was offered through an in-person 

modality, the recorded lectures followed the same structure as the in-person lectures and often 

were used to accommodate for student and instructor absences. One benefit of doing video 

recorded observations is that the research can focus more intently on the language being used 

since videos can be paused and rewound (Caldwell & Atwal, 2005). The results from these 

observations will also inform the answer to RQ1. The main focus for this part of data collection 

was to identify the use of metaphors or context-based explanations in the lectures. Context-based 
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explanations contain language that might not be understood by students unfamiliar with AFM 

discourse and therefore should be limited whenever possible (Meyer & Land, 2006). 

Concept maps were collected for the Fall 2023 offering of the course to measure 

instructor and student conceptual understanding of AFM topics. The instructor and students 

participated in four concept mapping activities throughout the duration of the course. The first 

concept map was created as a pilot study to familiarize the participants with the process of 

concept mapping and the results are not considered for the results of this work. The other three 

concept mapping activities focused on the topics of Stability, Linearization, and Dynamics 

respectively. The concept mapping activity was coordinated and led by the researcher. The 

instructor and researcher agreed on three dates that coincided with the end of the topics of 

interest to perform the activity. On said days, the instructor would finish the class material 20 

minutes before the start of class to give time for the activity. Then, the researcher would 

distribute handouts containing the instructions, an example of a concept map, and a list of 

keywords pertaining to the topic at hand (Appendix A.). The researcher then would give the 

participants (instructor and students) 15 minutes to draw their concept maps following the 

keywords. The participants were allowed to use the lecture notes, textbook, and any other 

reference material without interacting with each other. At the 15-minute mark, the researcher 

collected the concept maps and dismissed the students from class.  

The instructor’s concept map, referred to as the expert concept map, informed the desired 

level of conceptual understanding of students taking the course and served as a scoring baseline. 

The results from the expert concept map will inform the answer to RQ3. The students’ concept 

maps informed the current level of conceptual understanding that the students in the course have. 

The results comprise most of the research behind RQ2. Since the primary goal of the concept 
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mapping activity was to assess the participants’ knowledge structure and mental models, the 

activity followed an unrestricted concept list format. As described in Section 2.3.2, this allows 

students to freely express their knowledge structure while conditioning the general content of the 

concept map (Cañas & Novak, 2012). The concept list provided to the participants was informed 

by performing document analysis on the lecture notes.  

Finally, semi-structured interviews following the verbal probing approach were 

conducted with the instructor as well as with five students with each interview ranging from 15 

to 45 min. All interviews were tape-recorded and transcribed. These interviews aimed to further 

explore their understanding of AFM concepts.  Coupled with the results from the concept 

mapping activity, these data informed the answers to RQ2 and RQ3. The interview protocol 

(Appendix B.) was developed using several sources of information and following a Verbal 

Probing structure. First, the conceptual framework provided key constructs to structure several 

questions (Castillo-Montoya, 2016); then, the findings from the course material analysis helped 

inform some of the main questions and the follow-up (Clegg & Stevenson, 2013). This data also 

helped shape the logistics and structure of the conversation. The main objective of the semi-

structured interviews was to confirm that the other types of assessment being used reflect the 

participants’ intentions and understanding. As such, participants were asked to describe their 

thinking behind the concept map creation process and their understanding of the concepts 

provided.  

Verbal probing is a type of cognitive interviewing technique that focuses on follow-up 

questions (Willis, 2004). Most commonly it is used to verify if and how participants understand 

questions for questionnaires. Its main purpose is to identify the understanding of the prompt to 

refine how questions are asked to get the data needed. In this case, verbal probing was used to 
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delve deeper into the understanding that the participants have of certain concepts. One important 

thing about verbal probing is that it requires the participant to be given a prompt. Usually, this 

prompt is the question that contains certain keywords. Then, the follow-up questions or probes 

are used to dig into the underlying understanding that the participants have of said keywords. For 

this research, the prompt given to the participants were the concept maps that they themselves 

had created as part of the class. In this case, the focus of the probes was for the participants to 

vocalize the relationships between the concepts in the concept map. They were asked to explore 

the meaning behind the relationships and the assumptions that they made when linking concepts 

together. Having participants vocalize their understanding is a common technique used in 

conceptual understanding research (Vosniadou & Brewer, 1992). This is because not every 

assumption that participants have as part of their mental models is written down in the concept 

map, so this serves as a way of exploring the unwritten ontological presuppositions. Another 

benefit of verbal probing is that it is a semi-structured type of interview so the interview protocol 

could be adapted to the flow of the interview. The interview could have individualized structures 

that follow the flow of the concept map of each participant but also the interviewer (researcher) 

could focus on anything interesting they mentioned. For example, there were pre-written stem 

questions that focused on specific concepts that were important to the topic but also there were 

questions that arose from comments that the participants made.  

This section has described the different data collection methods that were part of this 

study. Course documents and recorded lectures were collected to identify trends in formal 

instruction. Student and instructor concept maps were created as part of class activities to 

identify the mental models present. Finally, interviews were conducted to further explore the 

mental models found by the concept maps.  
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3.3.5  Data Analysis 

The goal of the data analysis strategies was to answer RQ1, RQ2, and RQ3 while 

utilizing the framework theory to dissect the data collected. The different stages of data analysis 

are presented chronologically in this section. 

The first type of data analysis to be conducted was document analysis, which will 

inform RQ1. Bowen explains that “documents can suggest some questions that need to be asked 

and situations that need to be observed as part of the research (2009, p. 30).  There are three steps 

involved with document analysis according to Bowen (2009): skimming, reading, and 

interpretation. In this case, the interpretation part of the document analysis was performed 

following the Keywords-in-Context (KWIC) approach as described by Leech and 

Onwuegbuzie (2008). The focus of KWIC is to “reveal how words are used in context with other 

words” (Leech & Onwuegbuzie, 2008, p. 594). The course documents collected were analyzed 

using the KWIC function available in MAXQDA which requires a list of keywords. The 

keywords for each topic were identified using two different searches also available in MAXQDA 

dictio. The first search used Word Frequencies analysis to identify the most frequently used 

words within the lecture notes pertaining to the topic at hand. The search was set to 

automatically ignore ‘no-go words’ which are words commonly used in the English language 

such as ‘and’, ‘to’, and ‘it’ as well as to ignore numbers and equations. Words were set to have a 

minimum number of 2 characters to exclude Greek letters within equations. The top 20 words 

per topic were skimmed and the most relevant terms were highlighted for future reference. The 

second search followed the same process but used the Word Combinations analysis to identify 

clusters of two to four words instead of individual terms. This was done because many of the 

main concepts used in the course consist of two or more words such as ‘angle of attack’ or 
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‘aerodynamic center’. The settings for this search were the same as the settings for the Word 

Frequency analysis while removing the word ‘of’ from the no-go word list. If the word ‘of’ was 

present in the no-go list, the search would exclude key terms such as ‘angle of attack’ and ‘center 

of gravity’. The top 20 combinations per topic were skimmed and the most relevant terms were 

highlighted for future reference.  

For each topic, the lists of words and combinations were analyzed, and the most relevant 

concepts were determined. These concepts became the keywords that the rest of the study was 

based on. After the keywords were identified, KWIC was performed for each topic’s lecture 

notes and homework. This analysis aimed to highlight the relationships between concepts and 

their context when the topic was taught and when students’ knowledge was assessed. 

Understanding the context in which concepts are used informs the observational & cultural 

information that students are receiving with formal instruction. The concepts identified were 

used as a starting point for the concept list that were provided to the participants during the 

concept mapping activity. 

Recorded lecture observations were performed to inform RQ1. Like the document 

analysis, the transcripts of the observations were coded and analyzed using KWIC. KWIC is an 

appropriate method of analysis for observations because it allows the researcher to highlight the 

context in which different keywords are used (Leech & Onwuegbuzie, 2008). The transcripts 

were coded a-priori focusing on the concepts highlighted by the document analysis, as well as in 

vivo, to capture any concepts that emerged during the class (Appendix C.). 

The results from the document analysis informed the concept mapping activity. The 

analysis of this activity informed RQ2 and RQ3. The expert concept map was analyzed through 

the framework theory lens and was used to build a draft of the scientific model. The students’ 
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maps were also analyzed through the framework theory lens and used to build drafts of different 

stages of the synthetic models. The concept maps were scored following the holistic method 

described in Besterfield-Sacre et al. (2004). This method of concept map scoring was chosen 

because of its focus on comprehensiveness, organization, and correctness (Besterfield-Sacre et 

al., 2004). Once the concept maps were graded, cluster analysis was performed in MAXQDA to 

identify repeating or popular knowledge structures in the students’ conceptual knowledge. The 

variables and formula utilized by MAXQDA to perform the cluster analysis is shown in Table 

3.6. As seen in the table, the matching for the clustering focuses in both the existence and non-

existence of common codes. This matching was important for the study because it takes into 

consideration not only what participants know, but also what they should know and do not.  The 

emerging clusters were analyzed and compared with the expert concept map developed with the 

instructor, thus informing RQ3. The cluster analysis process produced a Typology Table and a 

Document Map. The Typology Table listed the selected codes in the first column, and the 

number of documents where the code occurs by cluster in the subsequent columns. The data 

from the Typology tables were used to analyze how different clusters formed expected and 

emerging relationships based on the given keywords. The Document Map served as a visual 

guide to identify the participants that belonged to each cluster as well as the outlier participants. 

It is worth noting that these maps use the classic multi-dimensional scaling method and therefore 

are not an accurate representation of the comparison of the documents in a higher dimension. 

Each document was compared in a dimension that matches the number of codes used for the 

analysis, but the visualization is limited to a two-dimensional scale. As such, the Document Map 

data was not included in the analysis of the clusters and was utilized solely as a visualization 

tool.  
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Table 3.6: MAXQDA Clustering Strategy 

Simple Match = 𝑨+𝑫

𝑨+𝑩+𝑪+𝑫
 

Both existence and non-existence are counted 
as a match. The result is a percentage match. 
 

Document A  
Code value exists Code value does not 

exist 

Document B Code value exists A (# of code values 
identical in both 
documents) 

B (# of code values 
that exist only in 
document B) 

Code value does not exist C (# of code values 
that exist only in 
document A) 

D (# of code values 
that do not exist in 
both documents) 

 

The interviews with the participants were analyzed using summative content analysis as 

described by Hsieh and Shannon (2005). The main goal of summative content analysis is 

“identifying and quantifying certain words or content in text to understand the contextual use of 

the words or content” (Hsieh & Shannon, 2005, p. 1283). As such, summative content analysis 

requires keywords to be identified prior to the data analysis process. In this case, the transcribed 

data from the interview with the participants was coded a priori based on the concepts found in 

the document analysis done. Then, the summative content analysis informed the context in which 

the concepts were expected to be used in the scientific and synthetic models. The development of 

scientific and synthetic models informed RQ3. After the summative content analysis was 

finished, the results were also compared to the outcomes from the KWIC analysis done with the 

document and observation data. This comparison aimed to find relationships between student 

mental models and the context in which concepts were presented in class. The results from this 

comparison informed RQ1. 

This sub-section presented the data analysis strategy for the study. Document analysis 

was performed on the lecture notes and transcripts of the recorded lectures to identify important 

concepts. The relationships between concepts were identified by performing KWIC analysis on 



66 
 

the formal instruction data. Cluster analysis was used to find mental model trends on the concept 

map data. These clusters were described using the common presence and absence of expected 

codes. Finally, summative content analysis was used on the interview data and compared to the 

results from previous KWIC analysis to further expand the understanding of the mental models 

derived from the concept maps.  

3.3.6 Research Quality 

To ensure a deeper understanding of the case at hand, the results presented in the 

outcome space went through a process of integrated crystallization as described by Ellingson 

(2009). As a framework for qualitative research, crystallization “combines multiple forms of 

analysis and multiple genres of representation into a coherent text […] building a rich and openly 

partial account of a phenomenon” (Ellingson, 2009, p. 4). During this process, all data streams 

were woven together to create thick descriptions of the constructs and themes that arose during 

the data analysis. The goal of the crystallization process is to ensure the validity and 

trustworthiness of the results while staying true to the constructivist paradigm belief that a 

phenomenon can and will be experienced differently by each individual. 

To ensure that the recorded lectures were an accurate representation of what was 

happening in the classroom, classroom observations were conducted during the three topics of 

interest using the Teaching Dimensions Observation Protocol (TDOP) (Hora et al., 2013). The 

TDOP is a protocol developed specifically to perform classroom observations. It focuses on six 

dimensions of practice: teaching methods, pedagogical strategies, cognitive demand, student-

teacher interactions, student engagement, and instructional technology. The main benefit of 

observations is that they allow the researcher to record information as it occurs as well as being 

useful in exploring topics that might be uncomfortable for participants to discuss (Creswell, 
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2014). The results from these observations confirmed that the delivery of the course material in 

the recorded lectures accurately represented the classroom environment.  

To further ensure trustworthiness, the results underwent a process of respondent 

validation at each stage of the data analysis process, as described by Maxwell (2008). 

Respondent validation was one of the main goals of the instructor and student interviews since 

they clarified the results from the concept map analysis. This avoided misinterpretation of the 

instructor’s and students’ experiences while highlighting instances of researcher bias if present. 

As part of the effort to mitigate researcher bias, all research decisions, personal reflections, and 

perceptions that arose through the research process were recorded through personal journaling 

(Tracy, 2010). Keeping an audit trail and research journal highlighted any instances of researcher 

bias or other ways in which researcher positionality affected the study.   

3.3.7 Limitations 

The issue of generalizability is a known limitation of case studies (Case & Light, 2011). 

Since this study focused on the students’ experience in a specific classroom at a specific 

university, the transferability of the results could be questioned. However, this study aimed to 

understand the phenomena happening in this specific context and therefore did not aim to be 

generalizable. Although this study did not aim to generalize to other flight mechanics courses, 

the lessons learned, and findings might still illuminate issues in the larger context of flight 

mechanics courses. 

A second limitation of this study might come from participation bias. As student 

participation in this research was voluntary, the consenting students’ data may paint a limited or 

incomplete picture of the phenomenon. This might have happened especially if students with 

certain academic or motivational characteristics were more drawn to the study than others. 
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Although this is a reasonable concern, due to the number of participants that agreed to be part of 

the study this concern is mitigated. While only half of the students enrolled in the course 

participated in the study, most of the students who consistently attended the class were part of 

the consenting participants.  

Finally, a limitation that can be present in any study focused on the development of 

knowledge and understanding is the issue of expertise. This study assumes that the instructor and 

the researcher are experts in the topic of AFM and therefore the mental models that they develop 

are representative of the scientific mental model. This is a common assumption in conceptual 

understanding and expertise research that is seldom acknowledged. To minimize the impact of 

this limitation, the assumptions made during the expert mental models were verified using two 

AFM textbooks: “Mechanics of Flight” (Phillips, 2009) and “Dynamics of Atmospheric Flight” 

(Etkin, 2012). Moreover, it was verified that the instructor and researcher have successfully 

earned degrees specializing in AFM, done extensive research in the AFM field, and taught AFM 

courses.  

3.3.8  Ethical Considerations 

This research followed guidelines and protocols established by the Virginia Tech 

Institutional Review Board (IRB). To ensure a transparent process, participants were provided 

with a well-explained consent forms, sufficient information on participation procedures, and the 

study's purpose and data collection (Guillemin & Gillam, 2004). Moreover, participant welfare 

was prioritized, including but not limited to the appropriate management of sensitive information 

and data (AERA, 2006).  
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4 Results  

This chapter presents the significant results from the analysis of the course documents, 

observations, concept maps, and interviews. The results are presented based on the research 

questions. The first subsection presents the results pertaining to the difficulties associated with 

introducing new concepts through formal instruction. Section 4.2 and its respective subsections 

break down the findings of the student mental models. Section 4.3 and its respective subsections 

present the findings of the instructor mental model and how it compares to the results found in 

Section 4.2. The results presented in this chapter along with the discussion from Chapter 5 will 

answer the following research questions:  

Table 4.1: Study Goal and Research Questions 

4.1 What are the possible difficulties associated with introducing common core 

AFM concepts through formal instruction? 

This research utilized formal instruction to describe the systematic learning of a specific 

domain. This definition follows the language of previous domain-specific knowledge studies, 

such as Alexander & Murphy (1999). This study focused on the formal instruction that AFM 

students received in three specific domains. These domains, or topics, are Static Stability and 

Control, Linearization and the Small Perturbation Equation, and Longitudinal and Lateral-

Directional Dynamics. Based on the structure of the course, the formal instruction included 

instructor-prepared lecture notes and in-person lectures. Students had access to the lecture notes 

Overarching Goal: To investigate the development of AFM conceptual understanding in 
a middle-year aerospace engineering course using the synthetic mental model 
framework. 
RQ1: What are the possible difficulties associated with introducing common core AFM 
concepts through formal instruction? 
RQ2: How do students’ mental models develop through a semester-long engagement with 
AFM concepts? 
RQ3: How do the AFM mental models of the instructor and students compare?  
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via the university’s learning management system and, when needed, they also had access to 

recorded lectures. Although in-person observations were conducted, the results presented in this 

study are part of analysis conducted on recordings of the lectures. This section summarizes how 

formal instruction introduced students to AFM core concepts and relationships. Sections 4.1.1, 

4.1.2, and 4.1.3 present the results of the document analysis and observations for the topics of 

Static Stability and Control, Linearization, and Dynamics respectively. Section 4.1.4 present the 

analysis of the results from the three topics. 

4.1.1 Formal Instruction of Static Stability and Control  

The first topic, Static Stability and Control, was presented in two different modules 

during the class. The first one covered Longitudinal motion and Module 3 which covered 

Lateral-Directional motion. Each one of the modules had a corresponding set of lecture notes and 

lectures. Since the instructor had prior commitments during Module 1, some recorded lectures 

were also available as part of the formal instruction. For this topic, 10 concepts were chosen as 

potential keywords based on number of occurrences in the lecture notes and recorded lectures as 

well as their relevance to the topic. Figure 4.1 shows the 10 concepts along with how many times 

each concept appeared in the recorded lectures and lecture notes. From these data, the concept 

‘Moment’ appears between two and ten times more often than most of the other concepts. One 

outlier in the data was the concept ‘Lift’. Since this round of summative analysis only considered 

word frequency, all the instances in which the ‘coefficient of lift’ was mentioned, especially 

being used in equations, were counted towards the frequency of ‘Lift’. Therefore, the ‘Lift’ 

results presented are inflated and do not represent the use of the intended concept. Table 4.2 

below provides the results obtained from the KWIC analysis of the concepts on the topic of 

Static Stability and Control. The Occurrences column shows how many times a concept was 
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mentioned both in the lecture notes and in the recorded lectures. The final column provides 

context on the introduction of the concepts. What stands out in the table is that some of the 

concepts were introduced in more depth by others. It is important to remember that some of the 

concepts for this topic (i.e., Angle of Attack, Center of Gravity, Lift, and all terms pertaining to 

the geometry of the aircraft) are covered in introductory aerospace engineering courses. 

Therefore, it is expected that students will be familiar with and comfortable using these terms 

with little context. On the other hand, terms like Stability and Neutral Point are more specific to 

this course and their definitions and characteristics are covered in depth.  

 

 

Figure 4.1: Static Stability and Control Concept Frequencies 

Table 4.2: Static Stability and Control Concept Occurrences and Definitions 

Concept Occurrences How [concept] is presented 
Aerodynamic 

Center 
Notes: 10 a point about which the aerodynamic moment 

acting on the combined wing and body does not 
vary with angle of attack.  

Lecture: 40 a point about which the  
aerodynamic moment about the entire airplane 
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does not vary with angle of attack  
Angle of Attack Notes: 28 N/A 

Lecture: 145 Is the angle that the fuselage reference line makes 
with the velocity vector.  

Center of Gravity Notes: 9 N/A 
Lecture: 133 N/A 

Horizontal Tail Notes: 18 N/A 
Lecture: 77 N/A 

Lift Notes: 50 the lift force acting on the aircraft is the  
sum of the lift generated by the wing and body 

and that generated by the tail  
Lecture: 279 N/A 

Moment Notes: 88 N/A 
Lecture: 383 N/A 

Neutral Point Notes: 10 
 

The neutral point is the CG location ℎ = ℎ𝑛 at 
which 𝐶𝑚𝛼

= 0  Essentially, the neutral point is 
the “aerodynamic center” for the complete 

airplane.  
Lecture: 25 A point about which the aerodynamic moment 

about the entire airplane does not vary with angle 
of attack. 

The neutral point for the aircraft is literally the 
aerodynamic center of the aircraft  

Stability Notes: 37 Thus, the notion of static stability is well-defined 
for these motions: the initial tendency of the 
aircraft, when perturbed from wings level, 

equilibrium flight about the pitch or yaw axis, is 
to return to the equilibrium condition  

Lecture: 92 So the, the tendency of the aircraft to initially at 
least recover from a perturbation about the 

directional axis  
Vertical Tail Notes: 23 

 
A conventional vertical stabilizer is a vertical 

lifting surface which produces a lateral force in 
response to  

its “angle of attack,” which is a function of the 
sideslip angle.  

Lecture: 56 N/A 
Wing Body Notes: < 6 

 
the combined effects of the body and wing are 

incorporated into a single “wing-body” 
contribution to the pitch moment.  

Lecture: 103 N/A 
 

After identifying concepts, the research focused on exploring their interconnections. 

Since mental models are built upon concepts and relationships amongst concepts, it is important 
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to identify what relationships students are being introduced to during formal instruction. In the 

subsequent analysis, the goal was to explore how these concepts relate to one another, 

uncovering the hidden patterns and insights that contribute to a comprehensive understanding of 

the topic of Static Stability and Control.  

The first group of relationships involves the interaction between the Center of Gravity, 

the Aerodynamic Center, and the Neutral Point. Both the lecture notes and recorded lectures 

define the Neutral Point as “the “aerodynamic center” for the complete airplane”. More 

importantly, these two terms are used almost interchangeably in the recorded lectures. It is also 

mentioned in the lecture notes that “the neutral point is the aft limit on the [Center of Gravity] 

location. We will not allow the center of gravity to be placed any farther aft than the neutral 

point”. This is an important relationship because the correct relative position of the Center of 

Gravity to the Neutral Point (or Aerodynamic Center) is a requirement for static stability (Etkin, 

2012).  

Another significant relationship surrounding the Center of Gravity is its relationship to 

Moments. It is highlighted in the recorded lectures that moments are ‘measured’ around the 

center of gravity. This relationship was emphasized so often that the phrase ‘moment about the 

center of gravity’ was found 59 times in the recorded lectures for this topic. This relationship 

applied to all moments, including but not limited to longitudinal (pitch), lateral directional (yaw), 

and aerodynamic moments.  

Finally, a more nuanced relationship connected the aircraft’s geometry (wing body, 

horizontal tail, vertical tail) to the moments described above. First, it was stated that all parts of 

the aircraft a) are lifting surfaces, and b) have their own angle of attack. Since lift is a force, it 

generates a moment about the center of gravity, and this moment is proportional to its own angle 
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of attack. In the lecture notes it is described as follows: “The horizontal tail provides a restoring 

moment in pitch that is proportional to the change in the angle of attack α. The vertical tail 

provides a restoring moment in yaw that is proportional to the sideslip angle β”. This 

relationship is particularly important because it connects the geometry of the aircraft to the 

mathematical behaviors presented in class.  

Based on the concepts and expected relationships, a concept map representing the formal 

instruction for Static Stability and Control was built. This concept map is shown in Figure 4.2. 

 

Figure 4.2: Static Stability and Control Formal Instruction Concept Map 
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Finally, based on the definitions and relationships derived from the formal instruction, the 

concepts were compared to Feltovich et al.’s (1997) checklist of difficult knowledge. This 

process highlights why some of these concepts might be challenging for the students. The results 

are shown in Table 4.3.  

Table 4.3: Static Stability and Control Conceptual Difficulty Checklist 
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Aerodynamic 
Center 

  x  x  x x   x 

Angle of Attack     x  x x   x 
Center of Gravity   x  x       
Horizontal Tail     x       
Lift   x  x x     x 
Moment   x  x x     x 
Neutral Point   x  x       
Stability  x x x x x x x  x  
Vertical Tail     x       
Wing Body     x       

4.1.2 Formal instruction of Linearization and the Small Perturbation 

Equation 

The second topic, Linearization and the Small Perturbation Equation, was presented in a 

module half-way through the semester. Each one of the modules had a corresponding set of 

lecture notes and recorded lectures. For this topic, seven concepts were chosen as potential 

keywords based on number of occurrences and their relevance to the topic. Figure 4.3 shows the 

seven concepts along with how many times each concept appeared in both the recorded lectures 
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and lecture notes. For this topic, the most common concept was ‘Equilibrium’ having appeared 

150 times in the lecture notes and recorded lectures combined. Even though ‘Taylor Series’ is 

one of the two linearization techniques introduced in this course, it is only mentioned twice in 

the lecture notes and 12 times in the recorded lectures. This contrasts with the ‘Nominal + 

Perturbation’ approach for which each concept was mentioned at least 20 times in the lecture 

notes and 85 times in the recorded lectures.  

 

Figure 4.3: Linearization and the Small Perturbation Equation Concept Frequencies 

Table 4.4 below provides the results obtained from the KWIC analysis of the concepts on the 

topic of Linearization and the Small Perturbation Equation. The Occurrences column shows how 

many times a concept was mentioned both in the lecture notes and in the recorded lectures. The 

final column provides context on the introduction of the concepts. Similar to the previous topic, 

some of the concepts were introduced in more depth by others. In this case, some concepts like 

Taylor Series and Nonlinear Systems are covered in calculus classes that are a prerequisite for 

this course. The instructor brings awareness to this during the lectures by saying “And so what 

we're going to talk about in this, in this lecture is a tool, a technique for taking a non-linear 
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system of differential equations and approximating those equations with a system of linear 

differential equations, which you know an awful lot about from previous classes”. Therefore, it is 

expected that students will be familiar with and comfortable using these terms with little context. 

While this topic does not have concepts that are specific to the course, some concepts are 

reframed to be discussed within the context of AFM.  

Table 4.4: Linearization and the Small Perturbation Equation Concept Occurrences and 

Definitions  

Concept Occurrences How [concept] is presented 
Equilibrium Notes: 17 

 
An equilibrium is a solution (𝑥̃(𝑡), 𝑢̃(𝑡)) = (𝑥𝑒𝑞 , 𝑢𝑒𝑞) 

for which 𝑥𝑒𝑞 and 𝑢𝑒𝑞 are constant, that is 
 𝑥̇𝑒𝑞 = 0 = 𝑓(𝑥𝑒𝑞 , 𝑢𝑒𝑞) 

Lecture: 133 And equilibrium is a solution for which the equilibrium 
value, the solution value, which will denote x equilibrium 
and the equilibrium value of the input u equilibrium, these 

are constant. Meaning that the identity that we have above is 
that 0 equals F evaluated at the equilibrium value of the 

state and the equilibrium value of the input.  
Linearize Notes: 19 

 
Linearizing a time-invariant nonlinear system about an 
equilibrium (𝑥𝑒𝑞, 𝑢𝑒𝑞), however, always yields a linear, 

time-invariant (LTI) system of ODE’s, the small 
perturbation equations   

Lecture: 41 The idea is to take a system of nonlinear equations, in this 
case nonlinear ordinary differential equations and 
approximate them with linear equations instead  

Nominal Notes: 22 
 

a nominal value of the state (e.g., an equilibrium value)  

Lecture: 89 Maybe we have an equilibrium solution or some sort of 
special nominal solution that we found. And we would like 
to at least understand the nature of more general solutions 

that evolve in a neighborhood of this nominal solution.  
Nonlinear 

System 
Notes: 8 N/A 

Lecture: 8 N/A 
Perturbation Notes: 22 

 
The “linearization” takes place when we assume that the 

perturbation is small. 
Subtracting this equation from the one above leaves the 

“small disturbance” or “perturbation” equation  
Lecture: 101 I'm going to make a definition. I'm going to call this 

difference here, the perturbation of x from its nominal value 
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After identifying concepts, the research focused on exploring their interconnections. 

Since mental models are built upon concepts and relationships amongst concepts, it is important 

to identify what relationships students are being introduced to during formal instruction. In the 

subsequent analysis, the goal was to explore how these concepts relate to one another, 

uncovering the hidden patterns and insights that contribute to a comprehensive understanding of 

the topic of Linearization and the Small Perturbation Equation.  

The first set of relationships surrounds the process of Linearization. To introduce 

linearization in the first recorded lecture the instructor says: “Linearization may be one of the 

most important tools in the engineer's toolbox. The idea is to take a system of nonlinear 

equations, in this case nonlinear ordinary differential equations and approximate them with 

linear equations instead”. To do this, the process of linearization needs a known Equilibrium 

point which meets the following conditions: a) the solution at the equilibrium value is 0, and b) 

the input at the equilibrium value is 0. In the context of AFM, this equilibrium point is usually 

found during wings-level equilibrium flight (Etkin, 2012).  

The second driving point from this topic is that there are two different processes by 

which one can linearize nonlinear systems. These processes are linearization via Taylor Series 

and linearization via Nominal + Perturbation equations. Both methods generate statistically 

𝑥̃. And I'm going to call this the perturbation of you from its 
nominal value 𝑢̃.  

State Notes: 29 N/A 
Lecture: 93 So our state vector is some n-dimensional vector of 

dependent variables of the independent variable time.  
Taylor Series Notes: 2 N/A 

Lecture: 12 We're going to talk about two different views of the same 
task. And the first few will be familiar to you from your, 
your courses and calculus. So linearization, view number 

one, the approach will essentially be to expand the dynamic 
equations into a Multivariable Taylor series and ignore the 

higher order terms in that series.  
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identical results and the choice of method during problem solving is left to the students. While at 

first glance the two methods are computationally very different, they share one key assumption; 

the Higher Order Terms (H.O.T.) of the perturbation can be ignored. This point is highlighted in 

the lectures when the instructor says that “linearization happens when we take all of these 

higher-order terms and we assume that they're small enough that we can neglect them”. These 

H.O.T.s are any terms in the equation that are of order two or higher. Ignoring the H.O.T.s 

ensures that the only remaining components of the nonlinear equation are of order one or lower, 

which is the definition of a linear equation. But the assumption that the H.O.T.s can be ignored 

can only be made in special cases (Etkin, 2012).  

For the linearization assumptions to hold, the difference between the equilibrium state 

(also known as nominal), and the actual state (also known as perturbed) must remain small. To 

clarify this point, the notes add that “the state and input components need not remain small; only 

the difference between their actual and nominal values must remain small”. This relationship is 

so important that it is clearly stated in the title of the topic, it is mentioned in the lecture notes 25 

times, and it is mentioned in the recorded lectures 31 times. While this relationship is easier to 

see in the Nominal + Perturbation method of linearization, it is of equal importance in the Taylor 

Series method.  

Based on the concepts and expected relationships, a concept map representing the formal 

instruction for Linearization and the Small Perturbation Equation was built. This concept map is 

shown in Figure 4.4. 

Finally, based on the definitions and relationships derived from the formal instruction, the 

concepts were compared to Feltovich et al.’s (1997) checklist of difficult knowledge. This 
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process highlights why some of these concepts might be challenging for the students. The results 

are shown in Table 4.5.  

 

 

Figure 4.4: Linearization and the Small Perturbation Equation Formal Instruction Concept Map 

Table 4.5: Linearization and the Small Perturbation Equation Conceptual Difficulty Checklist 
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Equilibrium      x   x  x 
Linearize      x     x 
Nominal     x x   x  x 
Nonlinear 
System 

x x x      x   

Perturbation     x x   x  x 
State  x x  x x   x  x 
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Taylor Series     x x   x   
 

4.1.3 Formal Instruction of Longitudinal and Lateral-Directional Dynamics 

The third topic, Dynamics, was presented in two different modules during the class. 

Namely, Module 9 which covered Longitudinal motion and Module 10 which covered Lateral-

Directional motion. Each one of the modules had a corresponding set of lecture notes and 

recorded lectures. For this topic, 12 concepts were chosen as potential keywords based on 

number of occurrences and their relevance to the topic. Figure 4.5 shows the 12 concepts along 

with how many times each concept appeared in both the recorded lectures and lecture notes. For 

these data, it is important to highlight that the five characteristic modes (Short Period, Phugoid, 

Spiral, Roll, and Dutch Roll) were mentioned with similar frequencies, which is not immediately 

apparent in the figure. First, while the note frequency of Phugoid is similar to the other 

characteristic modes, the translating software used to process the recorded lectures did not 

recognize the word and therefore the recorded lecture frequency is missing. The other outlier was 

the Roll characteristic mode. Since this round of summative analysis only considered word 

frequency, all the instances in which ‘Dutch Roll’ was mentioned were also counted towards the 

‘Roll’ frequency. Similarly, mentions of the Roll motion instead of the Roll characteristic mode 

were also added. Therefore, the ‘Roll’ results presented are inflated and do not represent the use 

of the intended concept.  
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Figure 4.5: Longitudinal and Lateral-Directional Dynamics Concept Frequencies 

Table 4.6 below provides the results obtained from the KWIC analysis of the concepts on 

the topic of Dynamics. The Occurrences column shows how many times a concept was 

mentioned both in the lecture notes and in the recorded lectures. The final column provides 

context on the introduction of the concepts. Compared to the previous topics, most of the 

concepts for Dynamics were described in depth. The concepts that were not described thoroughly 

were either part of previous classes such as Damping Ratio and Natural Frequency or covered in 

earlier modules of this course like Longitudinal and Lateral Directional.  

Table 4.6: Longitudinal and Lateral-Directional Dynamics Occurrences and Definitions 

Concept Occurrences How [concept] is presented 
Damping Ratio Notes: 16 ζ ∈ (−1, 1)  

Lecture: 62 N/A 
Dutch Roll Notes: 6 

 
The third and fourth eigenvalues correspond to a stable, 

second order mode with natural frequency 1.781 radians per 
second and damping ratio 0.162. Analysis of the associated 

eigenvectors, and the dynamic 
response to modal excitation, indicates this mode involves a 

coupled oscillation in yaw and sideslip. The 
motion has been described as reminiscent of a Dutch ice 
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skater and was therefore dubbed the Dutch roll mode. We 
let ωndr and ζdr be the natural frequency and damping ratio 
corresponding to the complex conjugate eigenvalues λ3 and 

λ4.   
Lecture: 22 What you find is that the motion is sort of a complicated 

oscillation involving yaw inside velocity and end. Looking 
at the actual physical motion of the aircraft, someone wants 
recognized a correspondence between or similarity to the 
motion of a Dutch ice skater skating along one of these 

frozen canals and someone decided, oh, we should call this 
the Dutch roll mode and the name stuck. And so this, this 

mode is known as the Dutch roll mode for that reason. And 
as I said, it couples side, side velocity, side slip, and yawing 

motion.  
Eigenvalues Notes: 18 

 
ˆ If every eigenvalue has negative real part, then the lateral-

directional dynamics are stable. 
ˆ If any eigenvalue has positive real part, then the lateral-

directional dynamics are unstable  
Lecture: 118 the characteristic response of this system to non-zero initial 

conditions is going to be governed by the characteristic 
values and the characteristic vectors, the eigenvalues and 

eigenvectors for this four by four matrix.  
Flying 

Qualities 
Notes: 15 

 
The term “flying qualities” is a seemingly vague reference 

to the overall “feel” of an airplane. 
Lecture: 47 And flying qualities is it sounds like sort of a 

nebulous concept. A concept of how does it, how does an 
airplane feel when a pilot flies it?  

 
And so what is listed here is the qualitative suitability in 

terms like satisfactory, acceptable, controllable. And then 
associated with these qualitative levels of suitability or 

specific levels, level 1 is, is satisfactory, level 2 is 
acceptable. Level 3 is controllable  

Lateral-
Directional 

Notes: 13 N/A 
Lecture: 20 we're considering the full set of six lateral directional 

variables. These six variables include a couple of kinematic 
variables like the lateral position perturbation and the yaw 
perturbation, as well as the additional dependent variables, 
the side velocity to roll rate, yaw rate, and the roll angle.  

Longitudinal Notes: 14 N/A 
Lecture: 31 So these are the longitudinal state variables. They include 

sort of a long track position, delta x. We can think of if the 
airplane is initially flying North, we can think of this as the 
perturbation in northward position from where the aircraft 
should be, where it to follow its exact nominal equilibrium 

motion. We get another variable, delta z, which is the 
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change in altitude from the nominal altitude. And then we 
have these other four variables. The change in surge speed, 

plunge be pitch rate and pitch angle.  
 

And we found that in the longitudinal modes of motion, 
there are two. Generally, there are two under damped 

oscillatory modes. A fast, better damped mode called the 
short period mode, and a slower, very underdamped mode 

called the phugoid mode.  
Natural 

Frequency 
Notes: 13 ωn is assumed to be positive  

Lecture: 56 N/A 
Phugoid 

(Long Period) 
Notes: 13 

 
The real part of the eigenvalues λ3 and λ4 is relatively small 
in magnitude, indicating that the contribution of these terms 
decays slowly. Also, the ratio of the imaginary part to the 
real part is large, meaning these terms contribute lightly 

damped oscillations. The eigenvalues λ3 and λ4 correspond 
to the “long-period” or “phugoid” mode. This mode is 
characterized by a (relatively slow) trade-off between 
kinetic energy (speed) and potential energy (altitude).  

Lecture: 
unknown* 

So this mode is a stable mode, but it's a very, it's a very 
slowly evolving mode. And so we might call it the long 

period mode.  
Response Notes: 29 

 
the general initial condition response can be divided into 

characteristic modes. For the lateral-directional dynamics, 
each mode may correspond to a single real eigenvalue or to 

a complex conjugate pair of eigenvalue  
Lecture: 132 N/A 

Roll Notes: 25 
 

The second eigenvalue corresponds to a stable mode with a 
very small time constant. Analysis of the 

associated eigenvector indicates that this mode corresponds 
to roll rate. Thus, a perturbation in the roll 

rate will be quickly damped. This mode of response is 
called the roll mode or the rolling convergence mode 

(emphasizing its stability).  
Lecture: 102 We find that the primary component shows up in the roll 

rate term. So that term and the eigenvector is, is much larger 
than all the other terms in the eigenvector. And so this 

suggests that this mode of response has an awful lot to do 
with roll rate. And again, if we took that eigenvector, it's a 

real eigenvector. We took it as the 
initial state for this system and ran a simulation or just 

solved it. It's a, it's a linear system. We can solve it. We 
would find that we just get a very large rapid convergence 
of the roll rate to 0. And in fact, this is call the roll mode or 

the rolling convergence mode because it is, it stable and 
very stable.  
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Short Period Notes: 13 
 

This indicates that the oscillations corresponding to this 
mode will be well-damped (i.e., |ζ| close to 1). The 

eigenvalues λ1 and λ2 correspond to the “short-period” 
mode. This mode is governed largely by the size and 

location of the horizontal tail. It is the more critical mode in 
terms of longitudinal stability.  

Lecture: 35 And this response is faster than the other response because 
the natural frequency is larger. And so, so the period of the 

response is gonna, it goes inversely with the natural 
frequency. It's higher frequency, lower period. And so we'll 
call this mode of motion the short period mode, relative to 

the other, the 
other mode.  

Spiral Notes: 10 
 

The first eigenvalue corresponds to a stable mode with a 
very large time constant. Analysis of the associated 

eigenvector indicates that this mode corresponds, roughly, 
to a coordinated turn, that is, a banked turn with nearly zero 
sideslip angle. This mode is referred to as the spiral mode, 

and we denote λs = λ1  
Lecture: 19 The aircraft does eventually come back to wings level 

equilibrium flight because the sign of this eigenvalue is 
negative. But the motion in response to a perturbation in 
this, in this one, eigenvector direction tends to look like a 

spiral motion. So we'll call this the spiral mode.  
* The transcript did not recognize the word Phugoid.  

After identifying concepts, the research focused on exploring their interconnections. Since 

mental models are built upon concepts and relationships amongst concepts, it is important to 

identify what relationships students are being introduced to during formal instruction. In the 

subsequent analysis, the goal was to explore how these concepts relate to one another, 

uncovering the hidden patterns and insights that contribute to a comprehensive understanding of 

the topic of Dynamics.  

The first connection from this topic covers the concepts of Response, Eigenvalues, 

Damping Ratio, and Natural Frequency. This is an expected relationship since the damping ratio 

and natural frequency are characteristics of a system’s response that are derived from the 

system’s eigenvalues (Ogata, 2010).  As such the terms Damping Ratio and Natural Frequency 
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are usually paired. Out of the 65 occurrences of ‘natural frequency’ in the lecture notes and 

recorded lectures, the words ‘damping ratio’ were found within 5 words on 25 occasions. 

Moreover, the different responses presented in this topic all have their own unique requirements 

of eigenvalue, damping ratio, and natural frequency characteristics.  

The second relationship is between the Longitudinal and Lateral-Directional Dynamics 

and their respective response characteristic modes. First, as it is stated throughout the whole 

course, ‘longitudinal’ and ‘lateral-directional’ are categories based on the axis of movement that 

help break down the aircraft’s motions and response. As such, the structure of the longitudinal 

response and lateral-directional response mirror each other. In fact, in the structure of the course, 

the longitudinal motions and dynamics are always presented first and build the foundation of 

knowledge. The lateral-directional motions and dynamics do not cover the foundations as in-

depth but often reference that they follow the same process as the longitudinal motions. For 

example, the lecture notes introduce the Lateral-Directional Response of an STOL Airplane by 

saying: “As in the longitudinal case, we will find that the general initial condition response can 

be divided into characteristic mode”. Because of this even though the lateral-directional 

dynamics have one extra characteristic mode, the corresponding lecture notes are two pages 

shorter than those for the longitudinal dynamics.  

Finally, there was an interesting relationship that brought together the five characteristic 

modes (Short Period, Phugoid, Spiral, Roll, and Dutch Roll), the system’s Eigenvalues, the 

Damping Ratio and Natural Frequency pair, and the concept of Flying Qualities. Although this 

relationship is often highlighted by aviation agencies, students tend to struggle connecting the 

mathematical aspect of the characteristic modes to the physical implications of flying qualities. 

In this course, for every one of the characteristic modes described in this topic, the instructor 
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provides a description of its respective eigenvalue type and the damping ratio and natural 

frequency values for a working example. The introduction of Dutch roll mode illustrates this 

point by saying: 

“The third and fourth eigenvalues correspond to a stable, second order mode with natural 

frequency of 1.781 radians per second and damping ratio of 0.162. Analysis of the 

associated eigenvectors, and the dynamic response to modal excitation, indicates this mode 

involves a coupled oscillation in yaw and sideslip. The motion has been described as 

reminiscent of a Dutch ice skater and was therefore dubbed the Dutch roll mode”. 

While the values presented for damping ratio and natural frequency are mathematical 

characteristics to the aircraft being used for the working example, limits or expectations for each 

are given in the form of flying qualities specifications. This creates a bridge between the 

mathematical and physical ways of thinking for the students. Each one of the five characteristic 

modes has requirements that ensure the pilot’s comfort when flying the aircraft. Table 4.7 below 

shows the bounds on the short period damping ratio for the three different flying quality levels. 

This relationship was interesting because it connected in-class AFM concepts to outside 

stakeholders like aircraft pilots. 

Table 4.7: Bounds on Short Period Damping Ratio (adapted from lecture notes) 

Based on the concepts and expected relationships, a concept map representing the formal 

instruction for Longitudinal and Lateral-Directional Dynamics was built. This concept map is 

shown in Figure 4.6.  

 Take-off & Landing Cruising Flight 
Level Min Max Min Max 
1 0.35 1.30 0.30 2.00 
2 0.25 2.00 0.20 2.00 
3 0.15 - 0.15 - 
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Figure 4.6: Longitudinal and Lateral-Directional Dynamics Formal Instruction Concept Map 

Finally, based on the definitions and relationships derived from the formal instruction, the 

concepts were compared to Feltovich et al.’s (1997) checklist of difficult knowledge. This 

process highlights why some of these concepts might be challenging for the students. The results 

are shown in Table 4.11.  
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Table 4.8: Longitudinal and Lateral-Directional Dynamics Conceptual Difficulty Checklist 
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Damping 
Ratio 

  x  x x      

Dutch Roll x x x  x x      
Eigenvalues  x x  x x     x 
Flying 
Qualities 

 x   x x x    x 

Lateral-
Directional 

 x x  x x   x   

Longitudinal  x x  x x   x   
Natural 
Frequency 

  x  x x      

Phugoid x x x  x x      
Response x x x  x x     x 
Roll x x x  x x      
Short Period x x x  x x      
Spiral x x x  x x      

 

4.1.4 Formal Instruction Analysis 

The results of this part of the study show that most of the concepts were consistently 

introduced throughout the two formal instruction methods. This interesting result is likely to be 

related to the course’s structure and instructor. First, the instructor designed all the lecture notes, 

so they are very familiar with their content. Second, the course is structured as an exploration of 

the lecture notes, so the introduction of terms during the lectures mirrors how they are introduced 

in the notes. The live classroom observations done as a research quality measure confirmed that 

the lecture notes are used during class to introduce topics. In fact, the instructor started most 
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classes by referencing which set of lecture notes the class would be covering that day. The only 

terms that were not introduced in either the lecture notes or recorded lectures were those that 

were expected to be part of the students’ technical discourse already, like the terms pertaining to 

the geometry of airplanes. 

However, one important difference between the two methods of formal instruction was 

the level of repetition. As seen in the concept frequency Figure 4.1, Figure 4.3, and Figure 4.5, 

important concepts were repeated up to 14 times more during the lectures compared to the notes. 

Since the lectures were structured as an exploration of the notes, this is not an unexpected result, 

but it still has important repercussions in the study that will be explored in Chapter 5.  

With respect to the three topics chosen for this study, there were some differences in how 

each topic was introduced. When comparing the three tables of occurrences and definitions it 

was apparent that the earlier topics relied more on prior knowledge. As mentioned previously, 

some of the concepts that were common in prerequisite courses were not explicitly defined in 

this course. These missing definitions were more common on the topics of Static Stability and 

Control and Linearization and the Small Perturbation Equation. For the topic of Static Stability 

and Control, the formal instruction builds heavily on the pre-requisite course Systems Dynamics 

and Control. In the Linearization and the Small Perturbation Equation topic students are 

constantly using mathematical analysis methods learned in Calculus courses. Since the three 

topics chosen for this study worked in sequence, it was interesting to see that the last topic, 

Longitudinal and Lateral-Directional Dynamics, introduced concepts with higher levels of detail. 

In summary, Section 4.1 focused on exploring how students were introduced to core 

AFM concepts via formal instruction. The results found that, while core concepts were 

introduced consistently throughout the lectures and lecture notes for the course, the level of 
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repetition differs greatly between the two instruction modes. Moreover, the results show that 

concepts are more thoroughly introduced in later topics, such as Longitudinal and Lateral-

Direction Dynamics, than in topics that rely heavily on prior knowledge from pre-requisite 

classes.  

4.2 How do students’ mental models develop through a semester-long engagement 

with AFM concepts?  

The following section explores the students’ and instructor’s mental models via a concept 

mapping activity. The participants were tasked with creating one concept map per topic. As 

discussed in previous sections, the three topics are Static Stability and Control, Linearization and 

the Small Perturbation Equation, and Longitudinal and Lateral-Direction Dynamics. Although 

not every participant took part in every topic, similar levels of participation were achieved. It is 

important to highlight that not every concept identified in the previous sections was included in 

the concept mapping activities. The decision to exclude some concepts served two purposes. 

First, it created the opportunity for participants to identify important concepts, therefore showing 

a higher level of mastery of the topic. Second, it prevented students from experiencing concept 

map shock as it provided them with a more curated list of concepts. Each concept map was 

scored following the holistic scoring method presented in Chapter 2 and summary statistics for 

said scores are presented in their respective subsections.  

For each one of the three topics, different mental models representing levels of understanding 

were generated. These mental models were built by combining data from the participants concept 

maps and data from the participant interviews. Since the interviews utilized the concept maps as 

a tool for verbal probing, participants were asked questions about their map structure in addition 

to questions about topic understanding. To differentiate between trends in mental models, the 
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coded concept maps went through a process of clustering. This process focused on grouping the 

documents by similarity considering both the codes that they had in common and that they 

missed in common. In every topic, there were one or two documents that were identified as 

outliers and did not show a strong similarity to other concept maps and were therefore excluded 

from the study. The remaining groups were used to identify trends in how the mental models of 

the participants were structured. These mental models were further explored with the responses 

from the participant interviews. Sub-sections 4.2.1, 4.2.3, and 4.2.1 present the mental models 

derived from the three topics of interest – Static Stability and Control, Linearization and the 

Small Perturbation Equation, and Longitudinal and Lateral-Direction Dynamics – respectively.  

4.2.1 Mental Model Analysis 

This study found six different categories that classified the clusters of student mental models. 

These categories were not topic-specific but instead they arranged the mental models across all 

three topics based on common characteristics. These characteristics included the 

comprehensiveness, organization, and correctness scores, as well other points of comparison like 

ratio of expected relationships to emergent relationships. The six categories were divided into 

three groups depending on the level of explanation they offered on the topic at hand. In this 

work, the initial mental models represent knowledge that students have developed through some 

level of mastery in pre-requisite courses. Although these mental models include some correct 

assumptions, they are yet to be correctly conditionalized around AFM and do not show signs of 

synthetization with formal instruction. The synthetic mental models found in this study show 

some levels of synthetization with formal instruction and conditionalization around AFM. Most 

of the students who participated in this study were classified into this group in at least one of the 

topics. Finally, the scientific mental model shows almost complete conditionalization around 
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AFM and a high level of synthetization with formal instruction. This model was developed based 

heavily on the models derived from the formal instruction in Section 4.1. Ideally, at the end of 

the course all students would be part of the scientific model group. Unfortunately, as stated 

before, most students do not achieve this level of synthetization in every topic by the end of the 

course. Figure 4.7 shows the six categories of mental models and how they fit within the 

synthetization structure.  

 

Figure 4.7: Mental Model Classification 

The Pragmatic group in this study was sorted under the scientific model category. 

Participants in this group showed the ability to integrate the given keywords into the expected 

relationships as well as to add new concepts to further explain the topic at hand. The mental 

model structure of these participants mirrors the structure of the formal instruction which is 

aligned with widely accepted scientific principles. In general, participants within this group 

showed the ability to identify the core or expected relationships within a topic and how they 

relate to peripheral concepts. Because of this, they also were critical of the keywords given and 

were willing to forgo the use of some keywords if they did not seem relevant to the core of the 
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topic. Although this would seem to contradict the scientific model, it was not the case. Results 

from the interviews showed that the participants in this group often went into so much detail 

within the core relationships of a topic that peripheral concepts would not physically fit in the 

space given. This means that these participants were quick to identify the hierarchy of the 

relationships within the topic, therefore showing that their mental models are underpinned by 

strong fundamental knowledge.  

The Myopic group is the first of three groups in this study that were sorted under the 

synthetic model category. Like the Pragmatic group, participants in the Myopic group showed 

the ability to integrate the given keywords into the expected relationships. Their mental models 

were also organized in complex structures that mirrored the knowledge hierarchies that were 

present in the formal instruction. While this group had high levels of utilization for expected 

relationships, more nuanced relationships that required the identification of supporting terms 

were often missing. This shows that the participants in this group might not have fully 

synthesized the formal instruction knowledge and therefore have a hard time identifying 

important relationships in unexpected contexts.   

The second group to be sorted under the synthetic model category was the Eclectic group. 

Participants in this group were eager to draw relationships between keywords and could identify 

expected relationships. While connections were drawn, these participants often did not provide 

enough context within their mental models to show proper understanding. This was shown either 

by a lack of connecting words altogether, or by vague connections in simple hierarchical 

structures. This shows that the participants in this group have not fully synthesized the formal 

instruction knowledge and therefore have a hard time explaining expected relationships.   



95 
 

The final group to be sorted under the synthetic model category was the Emergent group. 

While participants in this group did not identify expected relationships between the given 

keywords often, they would often identify secondary concepts and relationships that were 

tangential to the topic at hand. This group’s mental models were organized in complex structures 

but did not necessarily follow the structures presented in the formal instruction. Because of this, 

the Emergent group also had low levels of correctness compared to other groups. This shows that 

the participants in this group have not fully synthesized the formal instruction knowledge and 

therefore have a hard time discerning the important relationships within the given keywords. 

The Entropic group is the first of two groups in this study that were sorted under the initial 

model category. Like the Emergent group in the synthetic model category, the entropic group did 

not show an understanding of the expected relationships between the given keywords. The main 

difference that pushed this group into the initial model category was that they also did not show 

an understanding of the general context of the assignment. While other groups had issues 

identifying some of the connections within the topic, participants in this group had issues 

identifying the topic itself. This shows that students in this group have not started to synthesize 

formal instruction knowledge and therefore base their knowledge structures solely on prior 

knowledge.  

Finally, the Automatic group of students were the smallest group of students in this study 

(n=2). This group was interesting because it did not necessarily have low scores but instead 

failed at presenting their knowledge during the concept map activities. In a way, this group did 

not put in effort into the activity and therefore it was not possible to gauge how deep their 

understanding of the topic was. It is possible that the two students in the group have high levels 
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of synthetization of formal instruction, but the lack of engagement with the activity prevents 

their knowledge from being assessed in that way.  

4.2.2 Mental Models of Static Stability and Control  

This sub-section focuses on exploring the existing mental models of the topic of Static 

Stability and Control within the participants. This exploration is based on the concepts and 

expected relationships identified from the analysis of the formal instruction. From the 10 

concepts explored in section 4.1.1, eight were selected as guiding keywords for the concept map. 

The chosen keywords were Angle of Attack, Center of Gravity, Horizontal Tail, Wing Body, 

Moment, Stability, Aerodynamic Center, and Vertical Tail. The term Neutral Point was excluded 

as it is an expected connection to both the center of gravity and aerodynamic center. Similarly, 

Lift was excluded to explore if the participants identified it as an important connection between 

the geometry of the aircraft and the angle of attack.  

Figure 4.8 shows the usage percentage of each keyword. Four keywords (Moment, 

Stability, Horizontal Tail, and Vertical Tail) were present in all the concept maps. The keyword 

with the lowest usage percentage was Angle of Attack with a 91.7%.  
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Figure 4.8: Static Stability and Control Keyword Usage Percentage 

The expected relationships identified in Section 4.1.1 were also found in the concept 

maps. The first set of expected relationships found by the analysis of the formal instruction 

focused on the relationship between the Center of Gravity, Aerodynamic Center, and Neutral 

Point. In fact, during the interview with the course instructor he highlighted the importance of 

these relationships by saying “The critical thing that, you know, you would hope everybody takes 

away from this portion of the course is this requirement that the center of gravity be ahead of the 

neutral point” (Instructor). In contrast, the coding results from the concept maps showed that 

only 4.3% of the participants included the relationship between center of gravity and neutral 

point, 13% of the participants included the relationship between aerodynamic center and neutral 

point, and 47.8% of participants included a relationship between center of gravity and 

aerodynamic center. Although these relationships were heavily highlighted in the formal 

instruction, these results show that some students left the class unclear on their relationship to the 

topic of Static Stability. When asked if any of the keywords did not fit the theme of stability, 

Patrik said “if any terms would be left out, it'd be the [center of gravity] and aerodynamic center. 
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[…] I think if we're focusing on stability, all other ones relate a little bit more to that than those 

two” (Patrick).  

The second expected relationship also was present in about half of the concept maps with 

47.8% of the participants including a connection between the center of gravity and some type of 

moment. Students generally knew that “the center of gravity was where we would take like 

moments and stuff like that” (Garrett). From the emergent codes, center of gravity was also 

related to stability in 47.8% of the concept maps and it was related to the aircraft’s geometry 

21.7% of the time.  

Finally, the relationships in the third category saw considerably lower usage than the first 

two. The aircraft’s general geometry was connected to a moment in 56.5% of the documents, 

which is the highest percentage of codes present for this topic. This was not the case for the 

specific geometries; the connection between the horizontal tail and pitch moment was present in 

26.10% of the concept maps while the connection between the vertical tail and yaw moment was 

present in only 8.70% of the cases. While a relationship between Moment and Angle of Attack 

was present in 17.4% of the concept maps, the relationships between Lift and Moment and Lift 

and Angle of Attack was only present in the instructor’s concept map, which accounted for 

4.30% of the total. This was also seen in the interviews with a student explaining the connection 

between angle of attack and stability as follows: 

“So, if you want to describe how angle of attack is relevant to stability, you have to go 

through things like pitch moment, and I mean, I explain it through horizontal tail, and 

then through elevators, and to angle of attack. I guess it's relevant, but it's just not so 

directly relevant to the definition of stability.”  (Karl) 
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This shows that students are aware of the connection between the angle of attack and the moment 

generated but are unaware of their connection to lift.  

 

Figure 4.9: Static Stability and Control Concept Map Clusters 

Following the identification of the presence, or absence, of important keywords and 

relationships in the concept maps, participants were grouped by similarity via cluster analysis. 

This allows trends to be identified and common mental models to be drawn from these trends. 

The cluster analysis for the topic of Static Stability and Control resulted in three clusters and two 

outliers as shown in Figure 4.9. As described in the methods section, these clusters took into 

consideration the existence and non-existence of codes between documents as a match to identify 

similarity. For this topic, there were 21 codes used for the similarity comparison. Since the 

mapping of the document positions onto a two-dimensional figure required a reduction from the 

21-dimensional comparison, the diagram does not have axes. The positions of the points in the 

diagram show relationships between clusters rather than their precise numerical positions. Each 
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point in the figure represents one participant and it’s represented by the random code that the 

consenting participants received at the beginning of the study. Each concept map was scored 

utilizing the holistic method described by Besterfield-Sacre et al. (2004) which focuses on three 

categories, comprehensiveness, organization, and correctness. The holistic scores were not 

considered in the clustering. Instead, the average scores per cluster were calculated to inform the 

characteristics of each group. These scores are presented in Table 4.9.  

Table 4.9: Static Stability and Control Concept Map Clusters 

Group n Comprehensiveness Organization Correctness 

Myopic 16 1.79 (0.56) 1.71 (0.70) 2.14 (0.52) 

Pragmatic* 6 1.83 (0.69) 2.17 (0.69) 2.17 (0.37) 

Eclectic 3 2.00 (0.00) 2.33 (0.47) 2.00 (0.00) 

* The instructor was part of this group. 

The largest group showed a tendency to miss important connections and keywords while 

still maintaining average scores in comprehensiveness and correctness and therefore was named 

the Myopic group. This was supported by a low average number of coded relationships at 5.00 

(1.13), which falls 1.5 points below the Pragmatic group and 3.67 points below the Eclectic 

group. Figure 4.10 below is one example of the concept maps that belong to the Myopic cluster. 

As the figure shows, the map is organized in a complex structure that includes different 

hierarchies. This is one of the maps in which there was a term missing. Although Center of 

Gravity was provided as one of the guiding keywords, this participant did not choose to use the 

term. As discussed previously, Center of Gravity was a key term for the first and second set of 

expected relationships for this topic.  
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In terms of the expected relationships, this group did not show high levels of utilization 

on most of them. For the center relationships, the highest connection was between the center of 

gravity and aerodynamic center at 28.60%, and no participant in this group identified a 

relationship between the center of gravity and the neutral point. In contrast, 50% of this group 

identified a relationship between the center of gravity and moments and 57.10% identified a 

general relationship between the geometry of the aircraft and moments, which were not expected 

relationships. For the specific geometry relationships, 14.30% mentioned a connection between 

the horizontal tail and pitch moment but no participant in this group mentioned the relationship 

between the vertical tail and yaw moment. Unfortunately, 83% of the missed keywords were part 

of this group.  

 

 

Figure 4.10: Static Stability and Control Myopic Group 
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The second group had a higher level of usage of expected relationships than emergent 

relationships and was therefore named the Pragmatic group. This group had higher-than-average 

scores in every category and scored highest overall in Correctness. The instructor’s concept map 

belonged to this cluster. Figure 4.11 is one example of a concept map that belongs to this group. 

This example shows different hierarchies that mirror each other, especially between the branches 

separating the vertical and horizontal tail. Moreover, concept maps in this group had on average 

6.50 (2.43) coded relationships showing their ability to find connections between concepts.  

In the first group of expected relationships, 100% of the Pragmatic participants identified 

the relationship between Center of Gravity and Aerodynamic Center. As shown in Figure 4.11, 

some participants (16.70%) also identified the relationships between Neutral Point and Center of 

Gravity and Neutral Point and Aerodynamic Center. Like the first group, 50% of this group 

identified a relationship between the center of gravity and some moment but had higher 

identification levels between horizontal tail and pitch moment (50%) and vertical tail and yaw 

moment (33.30%). Finally, as mentioned previously, the only participant to mention that lift 

generates moment and that angle of attack is proportional to lift was the instructor, who was part 

of this group. While those expected relationships were not present in other members of this 

group, 100% of them identified that the geometry of the aircraft was connected to the angle of 

attack. This indicates that some of the underlying knowledge for the expected relationship is 

known.  
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Figure 4.11: Static Stability and Control Pragmatic Group 

 

The final group to be identified from the cluster analysis showed high levels of 

comprehensiveness with lower levels of correctness and therefore was named the Eclectic group. 

Figure 4.12 is one example of a concept map that belongs to this group. This example shows 

different hierarchies that are not related and don’t form a cohesive picture. Moreover, as seen in 

the example, the links between concepts are vague and do not fully explain the relationships the 

aim to represent. Concept maps in this group had on average 8.67 (0.47) coded relationships 

showing that participants were eager to draw connections even when the relationships between 

keywords were unclear.  
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In the first group of expected relationships, 33.30% of the Eclectic group identified a 

relationship between the center of gravity and the aerodynamic center and between the 

aerodynamic center and the neutral point. Similarly, 33.30% identified a relationship between the 

center of gravity and some moment and between horizontal tail and pitch moment. None of the 

members identified a relationship between vertical tail and yaw moment. Finally, in terms of the 

angle of attack, none of the participants in this group included any of the expected connections 

but 100% of them agreed that angle of attack was related to stability in general.  

 

Figure 4.12: Static Stability and Control Eclectic Group 

This sub-section explored the presence of important keywords and expected relationships 

in the participants’ concept maps. Based on these results, three clusters were formed. Each one of 
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these clusters described a mental model of the topic of Static Stability and Control. 

Characteristics of each mental model, including average holistic scores, were presented.  

4.2.3 Mental Models of Linearization and the Small Perturbation Equation  

This sub-section focuses on exploring the existing mental models of the topic of 

Linearization and the Small Perturbation Equation within the participants. This exploration is 

based on the keywords identified from the analysis of the formal instruction. From the seven 

concepts explored in section 4.1.2, six were selected as guiding keywords for the concept map. 

The chosen keywords were Equilibrium, Nominal, Nonlinear System, Perturbation, State, and 

Taylor Series. The concept linearize was excluded since it was the central topic of the concept 

map and was expected that students would make that connection without it being provided as a 

keyword.  

Figure 4.13 shows the usage percentage of each keyword. Three keywords (Equilibrium, 

Nominal, and Nonlinear System) were present in all concept maps. Interestingly, both Nominal 

and Taylor Series have high percentage usage with 100% and 95% respectively, even though in 

the data presented in Figure 4.3 they were the least frequently referenced keywords in formal 

instruction.   
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Figure 4.13: Linearization and the Small Perturbation Equation Keyword Usage Percentage 

The expected relationships identified in Section 4.1.2 were also found in the concept 

maps. During the interview with the instructor, he described this topic as “approximating the 

behavior of a nonlinear system about an equilibrium trajectory by linearizing, around that 

trajectory” (Instructor). This description reinforces the first expected relationship from the 

formal instruction which said that linearization happens around an equilibrium. Even though the 

concept linearization was not given to the participants, 44.40% of them identified that 

linearization was related to an equilibrium. One unexpected relationship that arose around the 

keyword Equilibrium was its similarity to the keyword Nominal. While 38.90% of the 

participants identified that there was a relationship between the two terms, there was no 

consensus on what the relationship was. During the interview, the instructor explained that 

“Nominal is equivalent to the solution you're linearizing around if it's an equilibrium, it is the 

equilibrium that you’re linearizing around it is the known solution that you're that you're 

perturbing from” (Instructor). This definition implies that equilibrium is the general state in 

which the aircraft can be found, while nominal is the state used to linearize, which usually is the 
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equilibrium point. Some students understood this relationship to some extent. Rafael alluded to 

this relationship while defining the keyword Nominal. He said: “nominal means ideal or the 

perfect conditions. So, in the sense of air vehicle dynamics, it would be no adverse condition. So 

I mean, not anything that will take the flight out of equilibrium” (Rafael) In contrast to this some 

of the students interviewed suggested that the relationship was unclear. For example, one student 

commented:  

“I think I'm still a little unclear on like, nominal versus equilibrium. So like those two 

states, I know we'd always try and get back to equilibrium. But like when the word 

nominal was thrown in, I'd be a little confused. Like, is this the same thing? Or is it 

something slightly different?” (Garrett) 

The second set of expected relationships was that there were two ways to perform 

linearization and that they both had the underlying assumption that the higher order terms of the 

nonlinear equations could be ignored. From the instructor’s perspective, the idea of introducing 

two linearization techniques was to allow students to choose which one was more comfortable 

for them to use. In his own concept map, he said he wanted to emphasize that there were two 

ways in which students could linearize airplane dynamics.  

“[There’s] the much more sort of algorithmic mathematical view of the multivariate 

Taylor series, where you can literally just plug and chug and obtain your solution. But 

maybe you lose a little bit of sort of physical insight into what you're actually doing in 

that approach. Or maybe not, I don't know, I prefer it on all counts. But alternatively, 

many students, I think, prefer to think about the second pathway there, which is to 

substitute in the nominal state plus the perturbation state and then do some analysis to 

get the perturbation model. So yeah, it was about trying to capture the fact that we talked 
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about two different views of how to do linearization. And we really used both views.” 

(Instructor) 

Students retained that idea of the two views of linearization with 44.40% of the 

participants including both in their concept maps. Individually, Taylor Series was used more 

often at 88.90% compared to the 55.60% usage of Nominal + Perturbation. In contrast to these 

numbers, during the interviews, students expressed more confusion with the process of 

linearization via Taylor Series than via the Nominal + Perturbation method. In fact, one of the 

students commented that he didn’t feel comfortable using the keyword Taylor Series because he 

didn’t understand what it was.  

“I took calculus in high school and we learned Taylor series, but we didn't really learn it. 

And then the past four years, I never really understood what a Taylor series was. So I 

know a Taylor series plays a large role in determining my dynamics for this section, but I 

didn't really learn what it was. So I didn't include that. But I know it's a key component. 

And so I wouldn't say that, that's like a lesser term to linearization. But I just didn't 

include it because I never really understood what a Taylor series was.” (Patrick) 

Like Patrick, other students associated the term Taylor Series with their previous math 

classes. When asked to define a Taylor Series Rafael said: “It throws me back to math. Taylor 

series is a repeating series. That's all I'm remembering right now. I just remember the series 

repeats over and over. And again, it's used for like linear approximations and things of the sort” 

(Rafael). On the other hand, students were comfortable with the Nominal + Perturbation method 

because it was “just what it sounds like, adding a perturbation to the original or equilibrium 

value and simplifying from there” (Nick). The second part of this relationship was that both 

views work by ignoring H.O.T.s. In the Taylor Series hierarchy, 27.80% of the participants 
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mentioned that H.O.T.s were ignored. On the Nominal + Perturbation hierarchy, the only 

mention of the H.O.T.s came from the instructor’s map, making it 5.60% of the participants. This 

was also reflected in the interviews, where the instructor was the only participant to refer to the 

H.O.T. requirement.  

Finally, one key part of the linearization process was the requirement for the 

perturbations to remain small. This relationship was highlighted by the instructor during his 

interview. He said: “I want them to, you know, just make sure that they that they walk away 

knowing that this model is only accurate when the perturbations are small” (Instructor). Besides 

being constantly highlighted in class, the concept of small perturbation was also part of the title 

of the module. As such, some students internalized this idea referring to the linearization method 

as ‘small perturbation’. “I think just the I think the term was like small perturbation, like as 

another method” (Garrett). This internalization was not present in all students with only 33.30% 

of the participants relating small to Perturbation in their concept maps.  
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Figure 4.14: Linearization and the Small Perturbation Equation Map Clusters 

Following the identification of the presence, or absence, of important concepts and 

relationships in the concept maps, participants were grouped by similarity via cluster analysis. 

This allows trends to be identified and common mental models to be drawn from these trends. 

The cluster analysis for the topic of Linearization and the Small Perturbation Equation resulted in 

four clusters and three outliers as shown in Figure 4.14. As described in the methods section, 

these clusters took into consideration the existence and non-existence of codes between 

documents as a match to identify similarity. For this topic, there were 19 codes used for the 

similarity comparison. Since the mapping of the document positions onto a two-dimensional 

figure required a reduction from the 19-dimensional comparison, the diagram does not have 
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axes. The positions of the points in the diagram show relationships between clusters rather than 

their precise numerical positions. Each point in the figure represents one participant and it’s 

represented by the random code that the consenting participants received at the beginning of the 

study. Each concept map was scored utilizing the holistic method described by Besterfield-Sacre 

et al. (2004) which focuses on three categories, comprehensiveness, organization, and 

correctness. The holistic scores were not considered in the clustering. Instead, the average scores 

per cluster were calculated to inform the characteristics of each group. These scores are 

presented in Table 4.10. 

Table 4.10: Linearization and the Small Perturbation Equation Concept Map Clusters 

Group n Comprehensiveness Organization Correctness 

Emergent 8 1.75 (0.43) 1.65 (0.48) 1.88 (0.33) 

Myopic 6 2.33 (0.47) 1.50 (0.50) 2.33 (0.47) 

Entropic 2 1.00 (0.00) 1.50 (0.50) 1.50 (0.50) 

Pragmatic* 2 3.00 (0.00) 2.00 (1.00) 3.00 (0.00) 

* The instructor was part of this group. 

The largest group to be identified by the cluster analysis showed low levels of expected 

codes but had a good representation of emergent codes and therefore was named the Emergent 

group. They also had slightly below average comprehensiveness and correctness scores while 

maintaining a slightly higher-than-average organization score. This group had the lowest average 

of coded segments for this topic at 4.38 (1.58). Figure 4.15 is an example of a concept map from 

this group. This group had difficulty identifying expected relationships. Only 12.50% of the 

participants in this group showed a connection between linearization and equilibrium and only 

25% identified that the type of equations being linearized were nonlinear equations.  
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One interesting result from this group is that all its members introduced one of the two 

views as ways of linearizing but did not include the other one. As shown in the figure below, the 

keyword Taylor Series was connected to nonlinear system with the label ‘linearized using’. In 

contrast, the keywords Perturbation and Nominal are utilized as states instead of a linearization 

method. Describing perturbation as a change from a nominal state was a common structure in 

this group, being present in 37.50% of the concept maps. A similar structure was seen in 50% of 

the maps between the keywords Perturbation and Equilibrium. Given that students in general 

used nominal and equilibrium interchangeably, it is likely that the intention between the two 

structures was the same. Finally, only 12.50% of the participants in this group characterized the 

perturbation as small. This might be related to their idea of perturbation as a change from 

nominal instead of part of a linearization method.  

 

Figure 4.15: Linearization and the Small Perturbation Equation Emergent Group 
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The second group showed a tendency to miss important connections and keywords while 

still maintaining good scores in comprehensiveness and correctness and therefore was named the 

Myopic group. This was supported by a low average number of coded relationships at 5.67 

(0.47), which falls 1.83 points below the Entropic and the Pragmatic groups with 7.50 (0.50) 

average coded relationships each. Figure 4.16  below is one example of the concept maps that 

belong to the Myopic cluster. This group had high levels of utilization for some of the expected 

relationships. For example, 100% of the participants in this group had a two-view structure in 

some way. This can be seen in the figure below where the connections ‘Taylor Series – 

simplifies – Nonlinear System’ and ‘Nonlinear System – can simplify with – Nominal – plus – 

Perturbation’ are both part of the same hierarchy. Another high-usage relationship was seen 

between linearization and equilibrium, appearing in 66.70% of the concept maps. On the other 

hand, more nuanced relationships saw lower levels of representation. Only 16.70% of the 

participants mentioned H.O.T.s being ignored and only 33.30% characterized the perturbations 

as small. Moreover, some emergent relationships were absent from all the concept maps from 

this cluster. For example, the concept that nonlinear systems have an equilibrium point was not 

acknowledged by any participant. Similarly, describing perturbations as a departure from an 

equilibrium point was missing. Although it is possible to describe the topic of linearization 

without these relationships, identifying them as supporting connections would have shown 

deeper levels of understanding.  
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Figure 4.16: Linearization and the Small Perturbation Equation Myopic Group 

The third group found by the cluster analysis showed lower-than-average scores in every 

category but averaged high numbers of coded relationships and was therefore named the 

Entropic group. The important part to highlight about these connections is that they were not 

always correct. In fact, both participants in this group made the same mistake. As shown in 

Figure 4.17, the participant considers the nominal state to be a change from equilibrium. This is 

incorrect as a change from equilibrium would become a perturbation state. Moreover, in this 

concept map, the connection ‘Nonlinear System – describes small – Perturbation’ also indicates 

that the participant assumes that that the nonlinear system is inherently perturbed from an 

equilibrium state. This type of assumption could potentially make the topic of linearization more 

confusing.  

In terms of the expected connections, both participants focused on the Taylor Series 

method as a form of linearization. Like the Emergent group, participants of the Entropic group 

did not identify the Nominal + Perturbation method as a way of linearization and instead focused 

on the definitions, although incorrect, of the nominal and perturbed state. Although there were 
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mentions of H.O.T.s being ignored and perturbation being small, most of these instances showed 

incorrect connections. Similarly, in terms of emergent connections, these participants did not 

identify many of them. In particular, they were unable to make many connections with the 

keyword ‘State’, even though this was one of the most used keywords by other groups. This was 

also the case for relationships with the keyword ‘Equilibrium’. For example, they did not 

acknowledge that nonlinear systems have an equilibrium point and that the Taylor series 

linearizes about that equilibrium point to derive a linear approximation.  

 

Figure 4.17: Linearization and the Small Perturbation Equation Entropic Group 

The final group had a high level of usage of expected relationships and showed some 

emergent relationships and was therefore named the Pragmatic group. This group had higher-

than-average scores in every category and scored highest overall in Correctness. The instructor’s 

concept map belonged to this cluster. Figure 4.18 is one example of a concept map that belongs 
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to this group. As seen in the example, the members of this group focused on explaining the 

process of linearization via both views. Both members of this group mentioned that linearization 

happens around an equilibrium, that the H.O.T.s are ignored, and that the perturbations remain 

small. Out of the 13 emergent codes shown in the codebook (Appendix C.), this group only used 

one, nominal terms are equilibrium terms.  

During an interview, the student who created Figure 4.18 described the map creation 

process as follows:  

Karl: I think it's just going through, especially method two, I think I was just kind of 

going through the process in my head. So it's really just an explanation of the method in 

verbal form.  

Interviewer: So would you say that there's a difference in how you developed the first 

concept map? And the second one?  

Karl: Yes, I think so. So well, the first one, I was just kind of trying to link the terms 

together. And I'm trying to remember what my thought process was, I know, for this one, 

I had a hard time really wrapping my mind around the second method. And so I used this 

concept map as a kind of step by step way to think my way through it and see if I could 

explain it to myself. So it wasn't so much about focusing on the actual key words that I 

was supposed to use rather than instead, it was more me trying to figure out the process 

for the second method of linearization. (Karl) 
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Figure 4.18: Linearization and the Small Perturbation Equation Pragmatic Group 

This sub-section explored the presence of important keywords and expected relationships 

in the participants’ concept maps. Based on these results, three clusters were formed. Each one of 

these clusters described a mental model of the topic of Linearization and the Small Perturbation 

equation. Characteristics of each mental model, including average holistic scores, were 

presented.  

4.2.4 Mental Models of Longitudinal and Lateral-Directional Dynamics  

This sub-section focuses on exploring the existing mental models of the topic of 

Longitudinal and Lateral-Direction Dynamics within the participants. This exploration is based 

on the concepts identified from the analysis of the formal instruction. From the 12 concepts 

explored in section 4.1.3, seven were selected as guiding keywords for the concept map. The 
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chosen keywords were Damping Ratio, Eigenvalues, Short Period, Spiral, Flying Qualities, 

Response, and Longitudinal. Three out of the five characteristic modes (Phugoid, Roll, and 

Dutch Roll) were excluded to explore if the participants could identify them as connections to 

the two characteristic modes that were given. Similarly, Lateral-Directional was excluded as it 

has an expected connection to Longitudinal. Finally, Natural Frequency was excluded because of 

its expected connection to both Damping Ratio and Eigenvalues.  

Figure 4.19 shows the usage percentage of each keyword. For this topic, only two words 

were present in all concept maps, Eigenvalues and Damping Ratio. This is the only topic to have 

keywords present in less than 90% of the concept maps with Response being used in 89% of the 

maps and Longitudinal being used in 85% of the maps. This contrasts the data from Figure 4.5 

where Response was the most frequently used keyword for this topic.  

 

Figure 4.19: Longitudinal and Lateral Dynamics Keyword Usage Percentage 

The expected relationships identified in Section 4.1.3 were also found in the concept 

maps. The first set of relationships from the formal instruction for this topic covers the keywords 

Response, Eigenvalues, Damping Ratio, and Natural Frequency. This relationship was 
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highlighted by some students during the interview as the most important part of their concept 

map. For example, when Nick was asked if there was a part of his concept map that he would 

consider important he said: “Eigenvalues, damping ratio, and natural frequency, I think those 

three are the main values that characterize the response of the aircraft. So that tells you how fast 

it's going to what the time to half period is going to be? What are the time to double amplitude, 

whatever that might be? And it tells you how the aircraft is going to respond to that 

perturbation” (Nick). From this group of relationships, it was expected for the terms Damping 

Ratio and Natural Frequency to be paired in the concept maps. This connection was only present 

in 28% of the documents, all of which were part of the same cluster in the subsequent analysis. 

Connecting the eigenvalues to damping ratio was more apparent than connecting the eigenvalues 

to natural frequency. Since both Eigenvalues and Damping Ratio were given as keywords, 56% 

of the participants identified that the two were connected. On the other hand, only 12% of the 

participants made a connection between Eigenvalues and the missing concept Natural Frequency. 

Finally, the relationship between Response and Eigenvalues was also limited, with presence in 

only 32% of the concept maps.  

The second relationship found was between the Longitudinal and Lateral-Directional 

Dynamics and their respective response characteristic modes. From the formal instruction it was 

expected for the structure of the longitudinal response and lateral-directional response to mirror 

each other. In fact, the instructor highlighted how important it is for students to “leave this junior 

level class and air vehicle dynamics, thinking that airplanes have five modes of motion, short 

period, phugoid, spiral, roll and Dutch roll. I mean, that's I'm perfectly happy if they retain that 

much at the end of the class” (Instructor). Interestingly, students encountered significant 

difficulties in incorporating both dynamics into their concept maps. As shown in Figure 4.20, the 
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overall usage of the longitudinal terms was higher than the usage of the lateral-directional terms. 

Interestingly, the most prevalent keyword used was Spiral, which is a lateral-directional mode. It 

was evident from the concept maps that the participants interpreted the task as a Longitudinal 

Dynamics concept map and yet tried to include as many of the concepts as possible. This was 

further confirmed by the interviews with the students where two participants identified 

Longitudinal as the central concept. As such, there was some confusion about the structure of the 

overall concept map with the given keywords. For example, Nick identified that Spiral was not a 

longitudinal mode and said: “I think spiral is a little odd, because for the most part, well, 

longitudinal is here and longitudinal and spiral don't go together. Spiral should be with lateral-

directional” (Nick). On the other hand, some students tried to make sense of the keywords given 

without considering that some connections might be missing. For example, another student 

blamed himself for being unable to connect Spiral to the longitudinal modes. He said: “I can't 

remember how spiral relates to longitudinal dynamics, but it might, I just don't remember off the 

top of my head” (Patrick). 
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Figure 4.20: Longitudinal and Lateral-Directional Dynamics Usage Percentages 

Finally, the last relationship from formal instruction brought together the five 

characteristic modes (Short Period, Phugoid, Spiral, Roll, and Dutch Roll), the system’s 

Eigenvalues, the Damping Ratio and Natural Frequency pair, and the concept of Flying 

Qualities. In the concept map activity, 48% of the participants identified a connection between 

Response and Flying Qualities, while 40% connected Flying Qualities to either Damping Ratio 

or Natural Frequency. Strikingly, one of the participants to not make either of these connections 

was the instructor. During his interview, the instructor was asked why he chose to not include 

Flying Qualities as one of the keywords in his concept map. He said:  

“[…] flying qualities could fit as well. I would have needed another sheet of paper, and I 

felt like that was maybe a little, you know, that opens up a collection of things to talk 

about that are beyond this basic story that I wanted to tell here about the relationship 

between the you know, the computable, mathematical parameters of a state matrix and 
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the physical behaviors of these modes of motion. […] I felt like flying qualities might 

belong on another on another concept map” (Instructor). 

While he was the only participant to not include the flying qualities in his concept map, plenty of 

students had difficulties connecting it to the other concepts. Karl, for example, used Flying 

Qualities as a steppingstone to get to Damping Ratio. He said: “I guess it is interesting how I got 

to damping ratio, because I see flying qualities was on there. Well, it's not so it's not such a 

stretch, but I had to include the minimum and maximum specifications before I could get to 

damping ratio. So it was kind of a… it didn't really fit in directly, but I could branch it off with 

something with a bit of additional explanation” (Karl). Similarly, Patrick mentioned that the 

flying qualities were a big part in the class notes but was unsure about how some connections.  

“And then there's external flying qualities, which I think was kind of, I don't know, I remember it 

being in the notes lot. And I didn't really think flying qualities had a place, but talked about like, 

type one, type two, type three qualities, I think was called type one. And I talked about the 

different constraints for the natural frequency and damping ratio for describing the aircraft” 

(Patrick). 
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Figure 4.21: Longitudinal and Lateral-Directional Dynamics Concept Map Clusters 

Following the identification of the presence, or absence, of important keywords and 

relationships in the concept maps, participants were grouped by similarity via cluster analysis. 

This allows trends to be identified and common mental models to be drawn from these trends. 

The cluster analysis for the topic of Static Stability and Control resulted in four clusters and two 

outliers as shown in Figure 4.21. As described in the methods section, these clusters took into 

consideration the existence and non-existence of codes between documents as a match to identify 

similarity. For this topic, there were 24 codes used for the similarity comparison. Since the 
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mapping of the document positions onto a two-dimensional figure required a reduction from the 

24-dimensional comparison, the diagram does not have axes. The positions of the points in the 

diagram show relationships between clusters rather than their precise numerical positions. Each 

point in the figure represents one participant and it’s represented by the random code that the 

consenting participants received at the beginning of the study. Each concept map was scored 

utilizing the holistic method described by Besterfield-Sacre et al. (2004) which focuses on three 

categories, comprehensiveness, organization, and correctness. The holistic scores were not 

considered in the clustering. Instead, the average scores per cluster were calculated to inform the 

characteristics of each group. These scores are presented in Table 4.11.  

Table 4.11: Longitudinal and Lateral-Directional Dynamics Concept Map Clusters 

Group n Comprehensiveness Organization Correctness 

Emergent 10 1.40 (0.49) 1.70 (0.46) 1.50 (0.50) 

Pragmatic* 8 1.88 (0.33) 1.63 (0.48) 2.00 (0.71) 

Entropic 5 1.00 (0.00) 1.60 (0.80) 1.60 (0.80) 

Automatic 2 1.50 (0.50) 2.50 (0.50) 2.00 (0.00) 

* The instructor was part of this group. 

The largest group to be identified by the cluster analysis showed low levels of expected 

codes like the relationship between the different characteristic modes but had a good 

representation of emergent codes and therefore was named the Emergent group. They also had 

slightly below-average scores in all categories. Figure 4.22 is an example of a concept map from 

this group. In terms of expected relationships, 100% of the participants in this group identified 

Spiral and Short Period, but only some identified the other characteristic modes. Phugoid was 

present in 40% of the maps while Dutch roll appeared in only 10%. Roll did not appear at all in 
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this group’s maps. The relationship between Damping Ratio and Natural Frequency was also 

missing from this group’s maps, but the connection between eigenvalues and the damping ratio 

appeared in 50% of them. Surprisingly, on average this group still had 7.00 (1.67) coded 

relationships. Compared to other groups, these relationships were mainly emergent. Since many 

of the participants included Longitudinal but did not include Lateral-Directional, similar 

keywords found themselves in different hierarchies. For example, 40% of the participants in this 

group found a connection between Eigenvalues and Spiral while only 10% made the same 

connection between Eigenvalues and Short Period.  

 

Figure 4.22: Longitudinal and Lateral-Directional Dynamics Emergent Group 
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The second group had a higher level of usage of expected relationships than emergent 

relationships and was therefore named the Pragmatic group. This group had the highest overall 

scores in the comprehensiveness and correctness categories. The instructor’s concept map 

belonged to this cluster. Figure 4.23 is one example of a concept map that belongs to this group. 

In terms of the expected relationships, 87.50% of the participants in this group identified the 

Damping Ratio and Natural Frequency relationship. What made this data point more interesting 

was that the participants in this group were the only ones that showed this relationship. Damping 

Ratio and Natural Frequency were also related to Eigenvalues by 50% and 37.50% of the 

participants respectively. For the second relationship, as shown in this figure, many maps in this 

group had two clear hierarchies depicting the Longitudinal and the Lateral-Directional 

Dynamics. Both hierarchies include a connection to the eigenvalues and at least one mentions the 

damping ratio. All five of the characteristic modes are present in their respective hierarchies, 

even though only two were provided in the keyword list. Compared to the data shown in Figure 

4.20, this group had higher usage percentages in most categories, with short period, phugoid, and 

spiral at 87.50% usage and Dutch roll and roll at 37.50%. Finally, for the third relationship, this 

group showed a limited usage of the keyword Flying Qualities and its expected connections. 

Only 25% of the participants in this group connected the flying qualities to either the natural 

frequency or the damping ratio. A higher number of participants, 50%, connected flying qualities 

to some aircraft response. Although these connections were sparer than the other expected 

relationships, they fit the instructor’s mental model as he also chose to forgo the Flying Qualities 

connections.  
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Figure 4.23: Longitudinal and Lateral-Directional Dynamics Pragmatic Group 

The final group to be identified from the cluster analysis showed average levels of 

comprehensiveness with low levels of correctness and therefore was named the Entropic group. 

Figure 4.24 is one example of a concept map that belongs to this group. This example shows 

different hierarchies that are not related and don’t form a cohesive picture. Moreover, as seen in 

the example, the links between concepts are vague and do not fully explain the relationships the 

aim to represent. Concept maps in this group had on average 6.40 (1.85) coded relationships 

showing that participants were eager to draw connections between the given keywords even 

though some of the connections were not understood. Like the Automatic group, these 

participants did not include any characteristic modes that were not already present in the 

keyword list. Similarly, 100% of the participants in this group identified the relationship between 

Damping Ratio and Eigenvalues but none of them included Natural Frequency as an important 
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concept. Moreover, none of them identified the relationship between the damping ratio and 

natural frequency to the flying qualities of the aircraft. Instead, this group relied heavily on 

specific connections using the keywords presented. For example, 60% of the participants in this 

group identified a relationship between Response and Spiral, and 40% also identified a 

relationship between Response and Short Period. While these relationships are not incorrect, they 

lack the depth of knowledge and structure that was expected from formal instruction.  

 

 

Figure 4.24: Longitudinal and Lateral-Directional Dynamics Entropic Group 

The smallest group found by the cluster analysis showed higher-than-average scores in all 

categories but lower comprehensiveness score than the pragmatic group. These participants had 

the highest levels of coded relationships for this topic at 8.50 (0.50). While this group had a lot 

of connections, they did not add any new concepts that would further explain the topic and 
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therefore were called the Automatic group. While this group had high levels of expected 

relationships with the given keywords, they missed important relationships by not adding new 

concepts to their maps. For example, 100% of the participants in this group identified Spiral and 

Short Period, but none of them identified any of the three missing characteristic modes. While 

100% of the participants identified the connection between Flying Qualities and Damping Ratio, 

neither added a connection to the eigenvalues or the natural frequency.  

 

Figure 4.25: Longitudinal and Lateral-Directional Dynamics Automatic Group 

This sub-section explored the presence of important keywords and expected relationships 

in the participants’ concept maps. Based on these results, three clusters were formed. Each one of 
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these clusters described a mental model of the topic of Longitudinal and Lateral-Directional 

Dynamics. Characteristics of each mental model, including average holistic scores, were 

presented. 

4.2.5 Mental Model Progression  

Since the topics studied as part of this work build on each other throughout the course, the 

participants’ mental model progression was explored. The Sankey diagram shown in Figure 4.26 

shows the flow of participants between the mental model clusters for the three topics explored. 

Although the type of clusters present in the three topics differed slightly, the analysis led to 

interesting results. First, the cluster distribution and composition were similar between the Static 

Stability and Control topic and Longitudinal and Lateral-Directional Dynamics topic while they 

differed the most with the Linearization and the Small Perturbation Equation topic. This is not an 

unexpected result since stability and dynamics are technical aerospace topics while linearization 

is a branch of mathematics and was not taught solely in the context of air vehicle dynamics.  

In terms of the progressions, the diagram shows that performance in one topic cannot exactly 

predict performance in subsequent topics. Even so, some trends became apparent. A good 

portion of students retained traits of their mental models across topics, with 50% of the Myopic – 

LSPE group having come from the Myopic – SSC group and 30% of the Emergent – LLDD 

group having been part of the Emergent – LSPE group. Similarly, most Outliers in the research 

had similar traits with 100% of LSPE Outliers and 50% of LLDD Outliers having been part of 

the Myopic – SSC group. Finally, students who skipped one of the first two activities tended to 

progress into low-scoring clusters like the Outlier or Eclectic groups.  
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Figure 4.26: Cluster Progression 

From the progression study it is clear that performance and understanding in one topic cannot 

exactly predict performance in subsequent topics. This is an important finding because it shows 

that students’ learning and development of conceptual understanding is not limited by prior 

knowledge. In other words, students’ development of conceptual understanding in a course is not 

linear. While some students build on their understanding of prior topics to synthesize new 

knowledge, others might get lost along the way. This was very prevalent during the study as the 

level of students in the pragmatic group went from five in Static Stability and Control, down to 

one in Linearization, and back up to seven in Longitudinal and Lateral-Directional Dynamics. 

While students typically understood how to apply linearization techniques, they did not 

demonstrate an understanding at a conceptual level how or why these techniques worked. 
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Although linearization is a crucial part of calculating the longitudinal and lateral-directional 

dynamics of an aircraft, students showed that they only needed to know how to apply 

linearization to understand aircraft dynamics.  

Another important finding from this part of the study was the evolution of the mental 

models displayed by the students as the course progressed. The only group that appeared on all 

three topics was the Pragmatic group. This shows that at every point during the course, at least 

some students have properly synthesized the knowledge taught during formal instruction. During 

the earlier part of the semester, the Eclectic and Myopic groups were the most prevalent. As 

shown in [Figure 4.7], these are both part of the synthetic mental model category. On the other 

hand, the Entropic, Emergent, and Automatic groups were more prevalent towards the later 

topics, with Automatic only being present for the last topic of the study. From these results we 

can infer how students develop conceptual knowledge as the course progresses when topics 

depend on each other. Firstly, at the beginning of the semester students already have a solid 

initial mental model from previous classes, so it is easier for them to synthesize the new 

knowledge. This is further supported by the document analysis results where it was clear that the 

instructor did not have to introduce students to most of the key concepts, as they were commonly 

used in prerequisite classes. Since students are familiar with the key concepts, the synthetization 

required is limited to the conditionalization of the concepts within the context of AFM. 

Secondly, the level of conditionalization of prior knowledge required greatly affects the levels of 

synthetization of new knowledge. The first two topics are both big parts of prerequisite courses, 

so why did students show higher levels of mastery in Static Stability and Control than they did in 

Linearization? The answer may lie in the context in which students had developed their prior 

knowledge. The concepts necessary to build stability knowledge are typically introduced in 
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aerospace contexts. For example, although any object moving through a fluid has an ‘angle of 

attack’, students know that in the context of aerospace classes, the angle of attack usually refers 

to that of the aircraft. On the other hand, the concepts necessary to build linearization knowledge 

are traditionally covered in de-contextualized math courses. In this case, students not only need a 

solid understanding of the concepts, but the synthetization requires them to conditionalize these 

concepts in the context of aerospace engineering. 

Perhaps the most unexpected finding from this portion of the analysis was that the largest 

cluster of students shifted from the Myopic group to the Emergent group as the course 

progressed. While both groups are part of the synthetic mental model category, they have one 

very important distinction. The Myopic group focuses on finding relationships between the given 

keywords that fit the expected relationships and rarely adds supporting knowledge. On the other 

hand, the Emergent group might miss some of the expected relationships but will usually add 

several supporting concepts and show ‘unexpected’ relationships in their mental models. This 

progression could suggest that, as the students become more familiar with AFM topics, they 

become more comfortable with their own knowledge and aren’t afraid to stray away from the 

knowledge structure presented in the course. This is an important finding as it shows that the 

development of conceptual understanding is not limited to the structure of foundational 

knowledge but also has implications for students’ willingness to explore topics past the confines 

of the formal instruction.  

4.3 How do the AFM mental models of the instructor and students compare?  

As was mentioned in the literature review, synthetic mental models happen as students 

synthesize their initial mental models with formal instruction. The goal is for the students’ 

synthetic mental models to converge towards the scientific mental model as they receive formal 
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instruction in class. Since many topics have not been studied under the lens of conceptual 

understanding, validated scientific mental models are not readily available. Instead, studies focus 

on studying ‘expert mental models’ which are mental models that have been built by topic 

experts. For this study, the mental models of the instructor were analyzed as expert mental 

models. The instructor for the course participated in the three concept mapping activities 

alongside the students. Following the structure of previous sections, this section presents the 

results of each topic, Static Stability and Control, Linearization and the Small Perturbation 

Equation, and Longitudinal and Lateral-Directional Dynamics, in three subsections.  

4.3.1 Instructor Mental Model of Static Stability and Control  

This sub-section compares the instructor’s concept map holistic scores and characteristics 

to the average student. Table 4.12 presents the summary statistics for the holistic scoring of the 

Static Stability and Control concept map. These results show that the instructor has considerably 

higher levels of comprehensiveness and correctness than the average student, while maintaining 

similar levels of organization. 

Table 4.12: Static Stability and Control Concept Map Holistic Scoring Summary Statistics 

Group n Comprehensiveness Organization Correctness 

Instructor 1 3(0) 2(0) 3(0) 

Students 24 1.79(0.59) 1.92(0.72) 2.13(0.45) 

For the topic of Static Stability and Control, the instructor produced the concept map 

shown in Figure 4.27. In terms of the expected relationships, they are all clearly present in this 

map. While the relationships between the center of gravity to the aerodynamic center and neutral 

point is clear, the relationship between the aerodynamic center and neutral point is not explained. 
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Although this relationship was clearly introduced in the lectures, the two terms were used 

interchangeably throughout the course.  

The relationship between Center of Gravity and Moment is clearly present and 

intentional. As seen in the map, the instructor specifies {pitch/yaw} moment in the concept box. 

This aspect of the concept map is noteworthy because in aerospace classes it is customary to 

discuss three aerodynamic motions: pitch, roll, and yaw. In this case, the instructor intentionally 

left out roll motion. When asked about it during the interview, he explained his decision as 

follows:  

“[We] learned that that there really is no such thing as roll static stability in the same 

sense as pitch and yaw stability. There's no roll stiffness, there's no torque roll torque that 

results that is directly proportional to roll angle. And so the element of roll stability and aircraft 

flight is so subtle, that would require a separate diagram in my opinion” (Instructor) 

Finally, as discussed in Section 4.2.1, the instructor was the only participant in the study 

to include the connection between the angle of attack and the lift force. In the formal instruction 

it was also highlighted that the relationship between the two was proportional, yet this was not 

mentioned by the instructor in the concept map. Moreover, when describing his own concept 

map, the instructor was confident that students “get the idea that the tails are lifting surfaces that 

create lifting forces that act through moment arms to create moments” (Instructor) even though 

the study showed that this is not the case.  
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Figure 4.27: Static Stability and Control Instructor Concept Map 

4.3.2 Instructor Mental Model of Linearization and the Small Perturbation 

Equation  

This sub-section compares the instructor’s concept map holistic scores and characteristics 

to the average student. Table 4.13 presents the summary statistics for the holistic scoring of the 

Linearization and the Small Perturbation Equation concept map. Compared to the previous 

topic’s results, the student’s organization score decreased while the instructor’s increased. While 

the student’s correctness score remained in the 2.10 points range, the comprehensiveness score 

increased by 0.14 points. This map earned a score of 3 in all categories, making it the only 

instructor map to earn the highest possible score for organization. 
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Table 4.13: Linearization and the Small Perturbation Equation Concept Map Holistic Scoring 

Summary Statistics 

Group n Comprehensiveness Organization Correctness 

Instructor 1 3(0) 3(0) 3(0) 

Students 20 1.95(0.69) 1.60(0.60) 2.10(0.55) 

 

The instructor’s concept map for the topic of Linearization and the Small Perturbation 

Equation is shown in Figure 4.28 below. As seen in the previous topic, this concept map also 

covered all the expected relationships from the formal instruction analysis. The first relationship, 

that linearization happens around an equilibrium, is shown with greater level of detail than the 

formal instruction showed. In this case, the instructor makes a distinction between ‘equilibrium’ 

and ‘solution’, stating that ‘equilibrium – is a special – solution’. This is a very nuanced 

understanding of the topic of linearization because it highlights that linearization can happen 

around any type of solution, but it is most commonly done around the equilibrium. While it was 

mentioned in the formal instruction that equilibrium is a solution, the discussion around other 

types of solutions was limited. The instructor is aware that some of the discussion was not as 

prominent in class as he said, “I skipped some of the subtleties in the block diagram and in the 

class…” (Instructor) 

Following the expected relationships, this map was structured around two hierarchies, 

each representing one of the two linearization views discussed in class. In contrast to most of the 

student maps, these hierarchies focused on describing how the two views work instead of 

walking through the process of linearization. As such, this was the only map that connected both 

views to ‘ignoring – higher order perturbations’ and to the assumption of a small perturbation. In 
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fact, the instructor felt that the biggest takeaway from this concept map was that the perturbation 

is small. “I want them to, you know, just make sure that [the students] walk away knowing that 

this model is only accurate when the perturbations are small. And so, I feel like that's something 

that requires emphasis” (Instructor). 

 

Figure 4.28: Linearization and the Small Perturbation Equation Instructor Concept Map 

4.3.3 Instructor Mental Model of Longitudinal and Lateral-Directional 

Dynamics 

This sub-section compares the instructor’s concept map holistic scores and characteristics 

to the average student. Table 4.14 presents the summary statistics for the holistic scoring of the 

Longitudinal and Lateral-Directional Dynamics concept map. Like the Static Stability results, the 
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organization scores were the closest between the instructor and the students. Moreover, student 

comprehensiveness and correctness scores were the lowest for all concept maps.  

Table 4.14: Longitudinal and Lateral-Directional Dynamics Concept Map Holistic Scoring 

Summary Statistics 

Group n Comprehensiveness Organization Correctness 

Instructor 1 2(0) 2(0) 3(0) 

Students 26 1.42(0.50) 1.73(0.60) 1.65(0.63) 

 

For the topic of Longitudinal and Lateral-Directional Dynamics, the instructor produced 

the concept map shown in Figure 4.29. In terms of the expected relationships, two out of the 

three are present in this map. Although the instructor did not use the term Response, he did show 

the expected relationship between Eigenvalues, Damping Ratio, and Natural Frequency. As seen 

in the figure, the connection was even more complex than the one expected since he presented 

how specific characteristics of the eigenvalues relate to the two concepts. Moreover, during the 

interview, the instructor acknowledged the importance of the term Response, even if he didn’t 

use it. He said: “I probably should have used response because well these modes are really 

responses to nonzero initial states meaning perturbations” (Instructor). When asked how he 

could incorporate Response in his concept map he said:  

“I would put it down toward the bottom in the flow, we sort of split off and go out to the 

sides to these longitudinal and lateral directional modes. Yeah, so I’d try to put it down 

there somewhere where it's clear that those modes only manifest if there is a nonzero 

perturbation. And so those modes are the response to a perturbation” (Instructor) 
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The positioning that he described is the same as the position drawn in the formal 

instruction concept map shown in Figure 4.6. This position also feeds into the second expected 

relationship which is the Longitudinal and Lateral-Directional hierarchy. Both the formal 

instruction and the instructor’s concept map split into two branches, one for each mode type. 

Although only two characteristic modes were provided, the instructor included all five in their 

respective branches. Finally, as mentioned in Section 4.2.1, the instructor did not include the 

term Flying Qualities as he believed that it did not fit in within the topic as well and that it would 

be better explained in a separate concept map.  

 

Figure 4.29: Longitudinal and Lateral-Directional Dynamics Instructor Concept Map 
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4.3.4 Instructor Mental Model Analysis  

As seen in the three previous sub-sections, each group of mental models had different 

characteristics that can be compared to that of the instructor’s. The instructor’s mental model 

was the one closest to the scientific mental model, therefore students in the pragmatic group had 

similar mental models and organized their knowledge in similar hierarchies. In contrast, most the 

students’ mental models were categorized in one of the three synthetic model categories. 

Compared to the models in these categories, the instructor’s mental model showed a more 

intentional use of the given keywords and a deeper understanding of their level of relevance. It 

was apparent that many of the students in the synthetic model groups gave every concept the 

same weight and tried to include them all directly to the given topic. On the other hand, the 

instructor showed a clear understanding of the different levels of relationships that surround each 

topic.  

As a result of this understanding, the instructor approached the concept map activities 

differently than most students. Since the instructor was so quick at identifying the more relevant 

relationships, he had time to sketch out a preliminary concept map and focused most of his time 

on finding supporting secondary relationships. At the end of the activity, he re-drew the map on 

the actual worksheet that he’d been given. In contrast, students would pick a ‘center word’ and 

spend most of their time reading through their lecture notes trying to find how the other concepts 

related to the word they had chosen.  

Finally, it is worth noting that most of the concept maps derived strictly from formal 

instruction do not have high organization scores. As discussed in Section 2.3.3, high organization 

scores require the structure of the map to have connections between different branches as well as 

loops connecting higher- and lower-level concepts. Similarly, the results show that the 
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instructor’s mental model organization score was lower than the scores for comprehensiveness 

and correctness. Since the formal instruction did not directly present complex organization 

structures, any high-scoring connections present in the student’s mental models indicate a high 

level of knowledge synthetization.  

4.4 Chapter Summary  

The results in this chapter indicate that the design of an AFM course has great impacts on 

the levels of conceptual understanding that students develop. First, formal instruction gives 

students different levels of repetition on concepts and, especially earlier in the semester, requires 

students to have some level of mastery over prior knowledge from pre-requisite courses. Second, 

students conceptual understanding of course topics is not linear and levels of understanding on a 

prior topic do not predict understanding on a subsequent topic. Thirdly, the instructor’s 

understanding of the course reflects the formal instruction and therefore acts as a limit to 

students’ understanding. The next chapter, therefore, moves on to discuss the implications of 

these findings through the lens of Vosniadou’s theory framework of conceptual change.  
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5 Discussion and Conclusion 

The purpose of this chapter is to relate the findings of the study, presented in Chapter 4, 

to the broader literature, theoretical framework and research questions. As such, Section 5.1 and 

its subsections focus on answering the research questions that guided this study through the 

discussions of the results presented in Chapter 4. Subsection 5.3 presents the major contributions 

of this study to both the Engineering Education research community and the Aerospace 

Engineering education practitioners. Finally, Sections 5.4 presents future work.  

5.1 Answering the Research Questions 

The purpose of this research was to explore and analyze the conceptual understanding of 

AFM students as well as to identify the elements of formal instruction that affect said 

understanding. Since existing literature suggests that novices and experts organize knowledge 

differently, comparing students’ and experts’ mental models can shine a light on the alternative 

conceptions that students retain post-instruction. For example the work of Brown et al. (2018) 

suggests that the identification of synthetic models can help instructors adapt their teaching 

strategies to engage in conceptual change, hence this study was designed to address the lack of 

synthetic model identification in aerospace engineering. Furthermore, since Vosniadou’s 

framework theory posits that prior knowledge can be leveraged as a tool for conceptual 

understanding, this study explored the difficulties that students in AFM might encounter with 

prior knowledge. Finally, this study was framed around Vosniadou’s theory to further highlight 

how students understanding of core AFM topics progresses through the hierarchy of mental 

models as they engage with AFM formal instruction. This includes the development of initial, 

synthetic, and scientific mental models for core AFM topics. The overarching goal and sub-

questions that guided this research are shown in the table below.  
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Table 5.1: Study Goal and Research Questions 

Overarching Goal: To investigate the development of AFM conceptual understanding in 
a middle-year aerospace engineering course using the synthetic mental model 
framework. 
RQ1: What are the possible difficulties associated with introducing common core AFM 
concepts through formal instruction? 
RQ2: How do students’ mental models develop through a semester-long engagement with 
AFM concepts? 
RQ3: How do the AFM mental models of the instructor and students compare?  

5.1.1 What are the possible difficulties associated with introducing common 

core AFM concepts through formal instruction?  

The expected keywords and relationships based on formal instruction found by this 

research match the threshold concept characteristics found in the literature review. This sub-

section explores these characteristics, particularly troublesomeness, and identifies how formal 

instruction can reinforce students’ transition into understanding.  

As explained in Section 2.4 of the literature review, AFM has not been studied under the 

conceptual understanding lens, so important difficult concepts and their learning difficulties have 

not been studied. In the results section, important keywords and relationships amongst concepts 

were identified. Moreover, the research found that students had an easier time synthesizing some 

of these relationships than others.  

Following Feltovich et al.’s scorecard for difficult knowledge (1997), it can be seen that 

the knowledge required of students in this course is considered difficult at various levels. Firstly, 

even though the class emphasizes the linearized versions of the equations, the original set of 

equations is nonlinear and can only be linearized under certain conditions. The five modes of 

motion in Longitudinal and Lateral-Directional Dynamics are continuous, dynamic, and 

simultaneous. In fact, almost any of the concepts or relationships found by this study meet at 
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least one of the difficult knowledge criteria. A compilation of the three conceptual difficulty 

checklists is shown in Table 5.2. 

Table 5.2: Compilation of Conceptual Difficulty Checklists 
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Aerodynamic Center   x  x  x x   x 
Angle of Attack     x  x x   x 
Center of Gravity   x  x       
Horizontal Tail     x       
Lift   x  x x     x 
Moment   x  x x     x 
Neutral Point   x  x       
Stability  x x x x x x x  x  
Vertical Tail     x       
Wing Body     x       
Equilibrium      x   x  x 
Linearize      x     x 
Nominal     x x   x  x 
Nonlinear System x x x      x   
Perturbation     x x   x  x 
State  x x  x x   x  x 
Taylor Series     x x   x   
Damping Ratio   x  x x      
Dutch Roll x x x  x x      
Eigenvalues  x x  x x     x 
Flying Qualities  x   x x x    x 
Lateral-Directional  x x  x x   x   
Longitudinal  x x  x x   x   
Natural Frequency   x  x x      
Phugoid x x x  x x      
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Response x x x  x x     x 
Roll x x x  x x      
Short Period x x x  x x      
Spiral x x x  x x      

The results from the conceptual difficulty analysis show that most of the core concepts of 

AFM are simultaneous, interactive, and conditional. This means that students are expected to 

understand not only the definitions of the core concepts, but the interactions between concepts. 

This highlights the issue that formal instruction should not introduce these topics as islands of 

knowledge and instead should focus on highlighting the interconnectedness of the concepts. 

Moreover, given that most of the concepts are conditional, it is imperative that the conditions for 

the applicability of the knowledge are explicitly stated during formal instruction. These results 

support previous research in the field of conceptual change which suggests that it is not enough 

to assess for conceptual understanding but that conceptual understanding must be at the core of 

every learning activity (Streveler et al., 2015; Vosniadou, 1994, 2014).  

Besides the conceptual difficulty of core AFM concepts, another source of 

troublesomeness identified by Perkins (1999) is the introduction of seemingly inconsistent 

knowledge where terms containing subtle distinctions are used in similar contexts. Although the 

results presented in Section 4.1 suggest that concepts were consistently introduced throughout 

the two types of formal instruction, the differences between similar concepts were not strongly 

highlighted. For example, during the Static Stability and Control topic, students had a hard time 

differentiating between the Aerodynamic Center and the Neutral Point. As defined in the notes, 

all geometric parts of the aircraft have an aerodynamic center, while the neutral point is the 

aerodynamic center of the entire aircraft. The subtle distinction between any aerodynamic center 

and the neutral point is crucial to the understanding of AFM as it determines stable designed 

parameters for an aircraft.  
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Similarly, the subtle distinctions between steady flight, equilibrium flight, and nominal 

state became troublesome across all three topics. Like the neutral point was a specific 

aerodynamic center, equilibrium flight is a specific type of steady flight. These two concepts 

were introduced during the Static Stability and Control topic but carried on into further topics. 

For example, when the term Nominal was introduced as part of the linearization process, it was 

utilized almost interchangeably with the term Equilibrium. As described by the instructor: 

“Nominal is equivalent to the solution you're linearizing around if it's an equilibrium, it is the 

equilibrium that you’re linearizing around”. The key distinction here is that you do not have to 

linearize around an equilibrium, and in that chase, nominal and equilibrium would not be 

interchangeable. The results presented in Section 4.3.2 show that the instructor was aware that 

the discussion around nominal solutions and equilibrium points glossed over some of the 

subtleties in the definition and use of the two terms. In the case of AFM, especially at an 

undergraduate level, it is uncommon and not recommended to linearize around a non-equilibrium 

point. Therefore, it is easy to understand the decision of the instructor to introduce the two terms 

at a surface level to avoid confusion in the students. Unfortunately, as seen by the results in 

Section 4.2.2 this lack of distinction created confusion among the students, instead of avoiding it. 

These findings raise intriguing questions regarding the level of depth that formal instruction 

should cover to ensure conceptual understanding. Moreover, it supports Meyer and Land’s 

(2006) claim that tacit knowledge has a negative impact on conceptual understanding as it leaves 

students with unclear connections between concepts. Therefore, these results highlight the 

importance of explicitly stating differences between concepts and explicitly introducing the 

context in which each concept is appropriate.  
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Another source of troublesomeness in the expected relationships found by this study is 

the type of knowledge that the students are required to use. As shown by the analysis and results 

in Section 4.1.4, a great part of the knowledge that students need to synthesize in the early topics 

of the course is highly dependent on prior knowledge from prerequisite courses. Unfortunately, 

some of this knowledge is stored in students’ brains as inert knowledge. Knowledge can become 

‘inert’ when it is not conditionalized. In this case, students will fail to activate inert knowledge in 

class as they fail to see its relevance to the topic at hand (Bransford, 1999). A particularly 

relevant example of inert knowledge is when “[s]tudents learn techniques in mathematics but fail 

to relate them to everyday applications or to their science studies” (Perkins, 2010, p. 37). This 

type of troublesomeness was prevalent during the topic of Linearization and the Small 

Perturbation Equation. To take this course, students must have taken a calculus class where they 

would have learned about Taylor Series expansions. Even so, students struggled to understand 

how Taylor Series could be used to linearize the equations of motion of an aircraft. While most 

participants (88.90%) knew that Taylor Series was a method of linearization, only 27.80% were 

able to identify that it worked by discarding the higher-order terms in a nonlinear equation to 

reduce it to a linear equation. In this case, the students had inert knowledge from their calculus 

class, but were unable to translate it to the context of AFM. Based on the findings of the study, 

making this connection is particularly important for prior knowledge from uncontextualized 

courses such as the calculus sequence. Similar to the results found by Kuo (2013), students 

struggled making connections between knowledge learned in a neutral mathematics context and 

technical contexts such as AFM. Hence it is important in the design of middle-year courses that 

conditions are present to help students connect course content to the prior knowledge they have 

obtained in pre-requisite courses. 
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For students to convert their inert knowledge into conditionalized knowledge, they must 

understand in what contexts and under what conditions their new knowledge is applicable. One 

way in which the instructor can introduce new concepts while leveraging the students’ inert 

knowledge is through constant repetition. While repetition does not directly lead to conceptual 

understanding development, if a topic is presented repeatedly in different contexts it leads to 

higher levels of conditionalization (Bransford, 1999). During this course, the instructor provided 

new contexts for important concepts during lecture as he presented new examples besides the 

ones given in the lecture notes. Since conditionalization is an effective way of reducing a 

concept’s level of troublesomeness, it is crucial for students to engage with these concepts as 

much as possible during class time. In fact, research shows that skills are more easily developed 

in the classroom when students actively participate in different learning activities (Chi & Wylie, 

2014; Freeman et al., 2014). Unfortunately, student attendance at the lectures was low. In fact, 

during the live classroom observations, the highest level of attendance was 60% of the enrolled 

students while the lowest was just 36%. This means that a considerable number of students were 

not taking the high levels of term repetition and conditionalization present in the lecture and, 

therefore, not activating the inert knowledge that they had from pre-requisite courses. The results 

shown in Section 4.2.5 support this fact since it was shown that students who were not present 

during at least one of the two first activities were more likely to get clustered in low-scoring 

groups or outliers. This is not to say that participating in the concept mapping activities directly 

increased student knowledge activation. The activities for this study were scheduled for the last 

day of the topic’s lecture and students were not told beforehand that the activity was going to 

take place. Therefore, if a student was not present for the activity, they were also absent from at 

least one lecture pertaining to the topic being studied. 
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Finally, the findings from this study suggest that, early on, formal instruction expects 

students to have some level of expertise, or initial mental models, to synthesize the information 

presented in class. While most mental model research has described initial mental models as the 

mental models that children develop by observing the world around them (Vosniadou & Brewer, 

1992), this research suggests that in the context of higher education the initial mental models can 

be based on the unconditionalized knowledge that students have from prior formal instruction. 

For example, the students would’ve been familiar with the idea of eigenvalues from linear 

algebra classes as characteristics of a matrix (initial mental model) but in this course they are 

conditionalizing the idea of eigenvalues as the characteristic values of an aerospace system’s 

response to non-zero initial conditions (synthetic mental model). For the topic of Static Stability 

and Control, the formal instruction builds heavily on the pre-requisite course Systems Dynamics 

and Control. In the Linearization and the Small Perturbation Equation topic students are 

constantly using mathematical analysis methods learned in Calculus courses. As such, we see 

that the first two topics focus on conditionalizing two branches of prior knowledge around AFM, 

while the last topic focuses on bringing the two conditionalized branches together. Therefore, 

while this study contradicts the idea that initial mental models are based solely on observational 

and cultural information (Vosniadou, 2002), it supports the importance of prior knowledge for 

proper knowledge synthetization (Ambrose et al., 2010). As such, it also highlights the 

importance of conditionalizing said prior knowledge by activating it in the context of the course 

at hand (Ambrose et al., 2010; Bransford, 1999).  
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5.1.2 How do students’ mental models develop through a semester-long 

engagement with AFM concepts?  

Based on the theoretical framework guiding this study, it was expected for students to 

move between mental model tiers as they synthesize formal instruction. Vosniadou’s framework 

theory introduced three types of mental models: initial, synthetic, and scientific (Vosniadou & 

Brewer, 1992). These mental models show a progression from a naïve understanding (initial 

mental model) to expert understanding (scientific mental model). This sub-section explores the 

mental model structure that was found as part of the research, how students progress through this 

structure, and possible reasons behind this progression. Figure 5.1 shows the mental model 

classification and structure developed in Section 4.2.5 of the results chapter. This structure of 

mental models follows the work previously done by Vosniadou on her exploration of the 

construction of mental models (2002). In this theory, initial mental models are based solely on 

students observational and cultural information, scientific mental models are based on the agreed 

upon theories by a group of experts, and the synthetic mental models represent the liminal stage 

in which students try to make sense of their beliefs with the information given to them by formal 

instruction (Vosniadou & Brewer, 1992). Although these definitions of the different mental 

models work accurately for students in the K-12 space, it fails to recognize how prior knowledge 

from pre-requisite courses acts as a starting point for formal instruction in higher education. 

Therefore, in this study, the initial mental models also represent knowledge that students have 

developed through some level of mastery in pre-requisite courses. Although these mental models 

include some correct assumptions, they are yet to be correctly conditionalized around AFM and 

do not show signs of synthetization with formal instruction. The synthetic mental models found 

in this study show some levels of synthetization with formal instruction and conditionalization 
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around AFM. Finally, the scientific mental model shows almost complete conditionalization 

around AFM and a high level of synthetization with formal instruction. Ideally, since the 

scientific mental model showcases expertise, at the end of the course all students would be part 

of the scientific model group. Unfortunately, as seen in the results section, most students do not 

achieve this level of synthetization in every topic by the end of the course. This result confirm 

that students keep alternative conceptions of class material even after successfully completing a 

course as proposed by Brown at al. (2019).  

 

Figure 5.1: Mental Model Classification 

Although it would be ideal for students to always move forward into higher levels of 

synthetization, this study proves otherwise. Even from the perspective of difficult concepts, 

understanding “can be protracted, over periods of time, and involve oscillation between states, 

often with temporary regression to earlier status” (Meyer & Land, 2006, p. 24). As shown in 

Section 4.2.5, the level of understanding in one topic could not directly predict understanding in 

subsequent topics. In fact, levels of understanding dropped considerably between the first topic 

(Static Stability and Control) and the second topic (Linearization and the Small Perturbation 
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Equation) only to increase again before the third topic (Longitudinal and Lateral-Directional 

Dynamics). This difference can be explained in part by the inertness of the knowledge. As 

described in Section 2.2.2 one of the difficulties of mathematical concepts is that students tend to 

store them in their brains as inert knowledge. This is particularly prevalent in engineering classes 

when students “believe mathematics to be unrelated or irrelevant” to their engineering major 

(Faulkner et al., 2020, p. 404). In a sense, students understand how their control system class 

relates to aerospace engineering more than their calculus sequence, even though both are pre-

requisites for this course. Therefore, synthetization of control systems topics like perturbation 

responses is easier for students than synthetization of mathematical concepts like Taylor series 

expansions.  

This result highlights the fact that students not only need a solid understanding of 

concepts, but that synthetization requires them to conditionalize these concepts in the context of 

aerospace engineering. Throughout this study it was proven that formal instruction was 

consistent in introducing concepts and therefore students were usually clear on their definitions. 

But even when definitions were clear, their importance in the context of AFM was unclear. Once 

again, this was particularly prevalent in the topic of Linearization and the Small Perturbation 

Equation. Students understood that Taylor series could be used as a linearization tool but did not 

understand how it transformed the nonlinear equations of motion into an approximate linear 

system. This finding is consistent with that of Kuo (2013) where research found that students 

have one mental model of Taylor series as an approximation tool in a mathematics context and a 

different mental model of approximation in a physics context that does not necessarily include 

the use of Taylor series. As such, it seems possible that students in this class were correctly 

applying Taylor series expansions in the class because they were instructed to do so, but that 
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they would be unable to replicate these results in a setting outside of formal instruction. This has 

important implications to how we understand the progress of mental model development as it 

highlights that understanding of individual concepts is insufficient to demonstrate conceptual 

understanding of the topic as a whole.  

Another significant aspect of the mental model progression shown by this study is the 

change of the ‘most common mental model’ across topics. During the first topic, Static Stability 

and Control, the largest cluster was the Myopic group. During the second topic, the Myopic and 

Emergent groups had similar sizes with Myopic being slightly larger. Finally, for the third topic, 

Longitudinal and Lateral-Directional Dynamics, the Emergent group was the most common one 

with the Pragmatic group following closely behind. By this last topic, the Myopic group had 

disappeared completely. As discussed in the Section 4.2.1, one of the characteristics of the 

Myopic group is that they were able to identify expected relationships but had limited emergent 

relationships to support their knowledge structures. On the other hand, the Emergent group 

showed the opposite behavior; they could identify tangential emergent relationships but had 

difficulties identifying expected relationships. In a way, the main difference between the two 

mental model categories was the ability for the students to discriminate the level of importance 

of the concept relationships within the topic. Research shows that differences in focus or ‘goal’ 

within a mental model is an important characteristic of understanding difference even within 

experts (Hmelo-Silver et al., 2007). In this case, it could be said that the goal of the Myopic 

group was to demonstrate the most important relationships within an AFM topic while the goal 

of the Emergent group was to show some relationships within an AFM topic. Although both 

groups are in the synthetic mental model category, having the largest group of participants move 

from the Myopic to the Emergent group could be considered a step back in terms of mental 
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model development. This surprising result may be a reflection of the differences in prior 

knowledge that were required for each topic. It has been established that prior knowledge plays a 

crucial role in the synthetization of new knowledge (Ambrose et al., 2010; Mayer, 2002; Meyer 

& Land, 2006; Perkins, 2010), but that it must be accurate, appropriate, sufficient, and activated 

in order to support conceptual change (Ambrose et al., 2010). As discussed previously, the topic 

of Static Stability and Control drew upon prior knowledge of several pre-requisite courses: 

introduction to aerospace engineering, physics, and dynamics. While the other two topics also 

utilized prior knowledge from other courses, a larger portion of the important concepts were 

novel to the students. If students were familiar with half of the concepts concerning a topic, they 

could infer that the more important relationships for this specific course would be the ones being 

introduced in formal instruction. In contrast, if most of the concepts are new, it would be harder 

for students to discern between the main and the supporting relationships. As such, it is possible 

that during earlier topics students were having an easier time identifying expected relationships 

because there were less new relationships for them to focus on. Hence, it is important to design 

middle-year aerospace courses in such a way that important relationships, especially those being 

introduced for the first time, are easily identified by the students.  

5.1.3 How do the AFM mental models of the instructor and students 

compare?  

As discussed in the literature review, research shows that “different experts organize their 

content knowledge differently, and this knowledge organization is goal directed” (Hmelo-Silver 

et al., 2007, p. 326). An example of this is that respiratory therapists’ knowledge tends to be 

more practical and pulmonary physicians’ knowledge tends to be broader and more holistic. If 

knowledge structures differ even amongst experts due to their goal, it is expected that there will 
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be differences between the knowledge structure of the instructor and the students. Therefore, this 

sub-section presents a discussion on the differences in knowledge goals and structure amongst 

the participant groups of this study.  

Considering the role that each participant group has in the class, it is clear from the 

beginning that their knowledge goals are different. On one hand, the instructor’s goal for their 

knowledge is to pass it on and transmit it to the students. On the other hand, the student’s goal is 

to assimilate and prove enough knowledge to earn a passing grade. Although this is a 

generalization, it is not farfetched to say that most students enrolled in the course aim for a 

passing grade at the least. Considering this difference in goals, it was expected to see that there 

were differences in the instructor and student mental models. Similarly, a big portion of research 

has already demonstrated that experts organize their knowledge differently than novices as they 

tend to make more complex connections between concepts that take into consideration the 

contextual constraints of said connections (Alexander & Murphy, 1999; Bransford, 1999; Chi et 

al., 2013; Edmondson, 2005; Hmelo-Silver et al., 2007). In fact, as discussed in Section 4.3, the 

instructor even approached the concept mapping activity differently than the students. While 

most students picked a central word to branch from and placed it at the center of their concept 

maps, the instructor first identified a set of relevant relationships amongst the keywords and 

drew a preliminary concept map. He utilized this draft to find supplementing concepts and 

relationships and to further organize the knowledge structure. Once they were satisfied with the 

changes, they proceeded to draw their final concept map in the activity sheet. While at first 

glance this might just seem like a different approach towards the same goal of displaying 

knowledge, it could show that different goals prompt different approaches. Since the instructor’s 

knowledge in the context of this class is built around teaching and transmitting knowledge, 



157 
 

showing a comprehensive and clearly organized knowledge structure is a priority. In contrast, 

most of the students approached the concept mapping activity purely as assessment. As such, 

they focused on connecting as many of the given keywords as possible in a way that made sense 

to themselves. By comparing the two types of approaches, it can be concluded that the instructor 

designed their concept map in a way that could be followed or interpreted by any other member 

of the class, while the majority of the students focused on making sense of their own map. This 

shows that students, even subconsciously, utilized the assessment as a way of synthesizing their 

own knowledge. Therefore, these results raise the implication that assessment can and should be 

used as means for knowledge synthetization towards conceptual understanding. In accordance 

with this implication, previous studies have demonstrated that teaching for conceptual 

understanding is insufficient without assessment for conceptual understanding (Pellegrino et al., 

2014; Streveler et al., 2008).  

Besides the difference in approach, the study also found differences in difficult 

knowledge. Students are not the only members of the classroom who have troublesome 

knowledge. In fact, instructors often experience the troublesomeness of tacit knowledge. As 

described in Chapter 2, tacit knowledge includes beliefs or expectations that might go unnoticed 

by the learner or instructor. This tacit knowledge is often seen in class expectations (Perkins, 

2010). Even if the instructor has clear goals for learning in mind, if these goals are tacit 

knowledge students will have a hard time identifying and working towards them. This learning 

barrier was present in the class across all topics, and it was clearly seen in the topic of 

Longitudinal and Lateral Directional Dynamics. During this topic, the instructor expressed that if 

students left their AFM course “thinking that airplanes have five modes of motion, short period, 

phugoid, spiral, roll and Dutch roll” he would be content with their AFM knowledge. 
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Unfortunately, the results from this study showed that, although the longitudinal modes (short 

period and phugoid) and the lateral-directional modes (spiral, roll, and Dutch roll) were 

introduced in similar ways, the formal instruction did not highlight that all five formed one group 

of modes of motion. Even though this was an important part of knowledge from the perspective 

of the instructor, the importance of this knowledge was not made obvious to the students. As 

such, it is not surprising that most students could not identify all five modes of motion or that 

they considered the two types of modes as completely detached from one another instead of 

being two sides of the same coin.  

5.2 Implications for the Design of AFM Courses 

Based on the answers to the research questions, this sub-section will present 

considerations of aspects of the design of a course that shape students’ understanding of core 

AFM concepts.  

The first aspect of course design that has a direct impact on the students’ understanding of 

AFM concepts is how the course utilizes students’ initial mental models that were built in prior 

courses. This research has shown that the synthetization of formal instruction requires two 

things: for students to be introduced to concepts, and for the concepts to be conditionalized 

within the context of AFM. Since this course lives within a pre-established curriculum of 

aerospace engineering, students are already familiar with most of the concepts utilized during the 

earlier topics of the course. Some of these concepts have even been conditionalized within 

aerospace contexts that are similar to AFM and therefore students have a strong initial mental 

model that supports the synthetization of new knowledge. On the other hand, students struggled 

to synthesize formal instruction when their prior knowledge was removed from the AFM or even 

aerospace engineering context. 
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The second aspect of course design that has a direct impact on the students’ understanding of 

AFM concepts is the instructor’s mental model. As discussed in Sections 4.3.4, the instructor’s 

mental model was almost identical to the mental models built from the formal instruction. 

Although it is not possible to determine which mental model was developed first, it is safe to 

assume that they influence each other as the course progresses. As such, this result shows that the 

instructor’s own mental model affects how the class is taught and how students receive formal 

instruction. If we work under the assumption that the formal instruction exists within the limits 

of the instructor’s mental model because he designed the curriculum, then we can infer that the 

students’ mental models will also exist within the limits of the instructor’s mental model. 

Similarly, if instead the instructor’s mental model exists within the limits of the scientific model, 

as he delivers formal instruction the students will most likely receive the knowledge that the 

instructor has mastered. As such, the students’ mental model would once again exist within the 

limits of the instructor’s mental model. This result places a great responsibility on the instructor 

as their own conceptual understanding seems to be a limit to the students’ development of 

conceptual understanding instead of a benchmark.  

The importance of identifying difficult concepts and the reasons for their difficulty was 

highlighted in Section 5.1.1. While identifying these concepts is crucial, it might be even more 

important to recognize how these difficulties could be overcome through classroom design. 

Literature identifies two sources of trouble that instructors could face due to difficult concepts 

(Perkins, 2010). First, if these concepts are introduced too early in the class students might not be 

able to fully synthesize them into their existing mental models. Second, even if the concept is 

introduced at an appropriate time, if students are not able to re-interpret their mental models in 

consideration of the new knowledge, they will not successfully reach synthetization. These 
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difficulties have great impacts on the expectations of course design for conceptual 

understanding. If the timing of concept introduction is essential, instructors must constantly 

monitor the students current understanding to identify the appropriate instance of introduction. 

Moreover, as suggested by Vosniadou (2013a), course activities should focus on knowledge 

synthetization to support students understanding of threshold concepts. While there has not been 

any intervention on the course design based on this study, the results presented already show that 

students could benefit from implementing conceptual understanding considerations. For 

example, making a stronger distinction between similar concepts like ‘equilibrium’ and 

‘nominal’ could simplify the synthetization process by helping students utilize each concept in 

the correct context. This could be further supported by avoiding the use of similar terms 

interchangeably when their meanings are not the same. Similarly, following the suggestions of 

Johnson-Glauch et al. (2020), instructors should try to reduce the number of conflations in 

notation. Although some of the notation is predetermined and there is a shortage of available 

characters, making obvious distinctions between meanings can increase the students’ ability to 

accurately synthesize knowledge.  

Another consideration that could impact the students’ ability to activate prior knowledge 

and synthesize new knowledge is the implementation of deliberate practice and constant 

feedback. Since the development of expertise requires the reorganization and conditionalization 

of knowledge, novices must deliberately engage with the knowledge to gain expertise. For 

deliberate practice to be effective, the instructor should take into consideration “the preexisting 

knowledge of the learners so that the task can be correctly understood after a brief period of 

instruction. The subjects should receive immediate informative feedback and knowledge of 

results of their performance” (Ericsson et al., 1993, p. 367). Therefore, it is not enough to 
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activate the students’ prior knowledge, but it is required that students are given enough feedback 

to self-assess their progress. In fact, repeatedly performing activities without feedback does not 

improve performance, instead it often leads to a decrease in effort (Ericsson, 2018). From the 

synthetic mental model framework perspective, constant performance feedback allows students 

to analyze their own mental models, which leads to the development of metaconceptual 

awareness (Vosniadou, 1994). If students are constantly reconsidering their mental structures, 

they will have an easier time adapting their mental models through new knowledge 

synthetization. Moreover, by placing a focus on constant feedback, the instructor can easily 

identify trends in the gaps of student knowledge.  

5.3 Contributions  

The research and results presented in this dissertation contribute to the communities of 

engineering education research community and aerospace engineering education practitioners.  

5.3.1 Contributions to the Engineering Education Research Community  

Before this study, conceptual understanding work exploring the development of mental 

models had been limited to the K-12 space. This study has been one of the first attempts to 

characterize the development of mental models in the higher-education space particularly in 

engineering education. The results show that the development of mental models in higher 

education follows a similar structure to the one seen in the K-12 space but requires adjustments 

to be made on the assumptions of initial mental models. In particular, the K-12 space assumes 

that the prior knowledge that students have is only based on their observations of the real world 

while the higher education space requires initial mental models to consider the uncontextualized 

knowledge that students might gain in prior classes and formal instruction.  
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Although there has been some work done in capturing conceptual understanding in 

engineering, most of the work has been done in introductory courses. As shown in Nelson et al. 

(2007) developing assessment tools for conceptual understanding is time consuming and requires 

a lot of resources so it is not usually done in specialized technical courses. This work shows a 

possible approach of capturing conceptual understanding in middle-years engineering courses. 

Finally, the findings from this research provide a blueprint for course assessment that 

focuses on the student’s development of conceptual understanding as the course progresses. This 

type of assessment will help the engineering education community further understand how 

assessment can take into consideration topics that build on each other.  

5.3.2 Contributions to the Aerospace Engineering Education Practitioners  

The findings from this work can have implications for educators who seek to develop 

conceptual understanding in technical engineering courses. This study highlights the importance 

of clear introductions to new topics for the development of conceptual understanding. The results 

showed that the use of metaphors or ‘interchangeable’ concepts confuse students and hinder their 

understanding of important topics. Moreover, as shown in this work, conceptual understanding 

assessment can be tailored to technical courses regardless of the topic. 

Particularly for aerospace engineering practitioners, this research provides a breakdown 

of important relationships for AFM courses. This work could serve as a guide of concepts and 

relationships that AFM instructors could utilize to build their lectures around. The formal 

instruction mental models can also be used as lecture materials to introduce important 

relationships to students. Similarly, the concept map worksheets can be used as in-class 

assignments or formative assessment.  
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Finally, this research highlights the importance of reviewing students’ understanding of 

prior knowledge before teaching topics that build upon more basic concepts. This is particularly 

relevant to instructors who teach in the middle years of engineering as their curriculum typically 

depends on knowledge from prerequisite courses. The findings from this work show that this 

review does not have to be time intensive and can be achieved by providing a clear definition or 

context for the term that will be used. 

5.4 Future Work  

The results from this study are currently limited to one cohort of one AFM course. 

Therefore, some avenues for future work have been identified. First, it would be interesting to 

conduct the study again in other AFM courses, possibly at different institutions with different 

student demographics, to analyze if the results from this work are course dependent or 

generalizable for some topics. Conducting the study at different institutions would also increase 

the understanding of how different approaches of formal instruction affect the development of 

AFM conceptual understanding. Moreover, given the effects that prior knowledge and individual 

goals have on conceptual understanding, having a diverse student demographic could lead to the 

discovery of new mental models.  

The results from this work showed that traditional teaching methods are only partially 

successful at developing conceptual understanding in AFM courses. Therefore, a second avenue 

for future research could be to conduct the study again after implementing teaching practices that 

focus on the development of conceptual understanding. As mentioned in Section 5.3.2, one of the 

contributions of this work is a breakdown of important relationships in AFM. This result could 

be used to develop new teaching practices to be implemented.  
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Finally, the analysis from this work could be used to develop new instruments to assess 

conceptual understanding of AFM topics. While concept maps can be adapted to any topic, it 

would be valuable for the aerospace engineering education community to develop assessment 

instruments tailored to AFM. If these assessments are developed, this study could be repeated 

using the new assessment. This could uncover new and deeper findings on the development of 

synthetic mental models of AFM topics.  

5.5 Chapter Summary  

This chapter presented the discussion of the results shown in Chapter 4 as well as the 

implications that arose from said results. Firstly, this research found that some of the learning 

difficulties associated with AFM arise from the complexity of the concepts being introduced in 

formal instruction. Therefore, course design should focus on activating and conditionalizing 

prior knowledge from pre-requisite courses to ease new knowledge synthetization. Moreover, the 

course should focus on both teaching and assessing for conceptual understanding as knowledge 

synthetization continues through the semester and is not a linear process. Finally, instructors 

should be aware of the importance of highlighting important relationships in the course, 

particularly those that have slight distinctions, as this can help mitigate confusion later in the 

course.  
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Appendix A.: Concept Map Activities 

Name ________________________________________________________________________ 

Instructions:  

In the next page you will be asked to develop a concept map for Topic 0 of this class. You will be 

given some key words to help you start your concept map. You don’t have to use all the keywords 

if you don’t want to. You will most likely have to add keywords of your own that you feel are 

important to understand the topic. Remember these four things you need to make a concept map:  

1. Keywords (either the ones given or your own) 

2. Links (preferably with direction) 

3. Linking words (keep them short)  

4. Propositions (Concept → Link → Concept reads like a phrase) 

An example of a concept map about concept maps is presented for your reference: 
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Keywords 

Angle 

of 

Attack 

Center 

of 

Gravity 

Horizontal 

Tail 

Wing 

Body 
Moment Stability 

Aerodynamic 

center 

Vertical 

Tail  
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Name ________________________________________________________________________ 

Instructions:  

In the next page you will be asked to develop a concept map for Topic 5 of this class. You will be 

given some key words to help you start your concept map. You don’t have to use all the keywords 

if you don’t want to. You will most likely have to add keywords of your own that you feel are 

important to understand the topic. Remember these four things you need to make a concept map:  

1. Keywords (either the ones given or your own) 

2. Links (preferably with direction) 

3. Linking words (keep them short)  

4. Propositions (Concept → Link → Concept reads like a phrase) 

An example of a concept map about concept maps is presented for your reference: 
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Keywords 

Equilibrium Nominal 
Nonlinear 

System 
Perturbation State Taylor Series 
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Name ________________________________________________________________________ 

Instructions:  

In the next page you will be asked to develop a concept map for Topics 9 and 10 of this class. You 

will be given some key words to help you start your concept map. You don’t have to use all the 

keywords if you don’t want to. You will most likely have to add keywords of your own that you 

feel are important to understand the topic. Remember these four things you need to make a concept 

map:  

1. Keywords (either the ones given or your own) 

2. Links (preferably with direction) 

3. Linking words (keep them short)  

4. Propositions (Concept → Link → Concept reads like a phrase) 

An example of a concept map about concept maps is presented for your reference: 
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Keywords 

Damping 

Ratio 
Eigenvalues 

Short 

Period 
Spiral 

Flying 

Qualities 
Response Longitudinal 
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Appendix B.: Interview Protocol 

Interview Protocol  

You have been selected for this interview today because you have been identified as someone 

who has a great deal to share about how students learn and understand air vehicle dynamics’ 

concepts. The purpose of the study is to explore and analyze the conceptual understanding of 

Atmospheric Flight Mechanics students as well as to identify the elements of the course that 

affect said understanding. This study does not aim to evaluate your knowledge, rather, we are 

trying to learn more about your experience learning and understanding the topics of the air 

vehicle dynamics course. 

Before we begin the interview, do you have any questions? If any questions arise at any point in 

this study, feel free to ask them at any time. 

[Each interviewee participated in at least one of the concept mapping activities. For this 

interview, they will be shown their own concept map and go through this protocol based on 

verbal probing. After the questions are done, the protocol will be repeated with the next concept 

map.] 

Question 1: What would you say is the main theme of this concept map? [Answer referred to as 

THEME1] 

Probes: Could you describe THEME1 in your own words? 

Question 2: What would you say is the central term or concept in this map? [Answer referred to 

as KEYWORD1] 

Probes: Why do you think KEYWORD1 is the central term or concept? 

Could you describe KEYWORD1 in your own words? 
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[If there are concepts in the concept map that are written twice in two different hierarchies. 

Referring to the repeated concept as KEYWORD2] 

Question 3: I want to focus on KEYWORD2. How would you define KEYWORD2? 

Probes: Is there a difference between KEYWORD2 in this branch of the map and 

KEYWORD2 in this other branch of the map? 

[If there are concepts that were provided in the keywords but were not used in the concept map.  

Referring to the missing concept as KEYWORD3] 

Question 4: I want to focus on KEYWORD3. What do you think is the relationship between 

KEYWORD3 and THEME1? 

Probes: Could you describe KEYWORD3 in your own words?  

Where in this map do you think KEYWORD3 fits 
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Appendix C.: Codebooks 

Static Stability and Control  

   Code Sub-Code Relationship 

Expected Aircraft - Moments 
 

Expected   Vertical Tail Yaw 

Moment 

vertical tail produces a restoring yaw moment 

Expected   Horizontal Tail 

Pitch Moment 

horizontal tail produces a restoring pitch moment 

Expected Moment - CG  moments happen around the center of gravity  

Expected Lift generates Moment lift generates a moment 

Expected aa proportional to Lift the angle of attack is proportional to lift  

Expected Center Relationship 
 

Expected   AC - NP the aerodynamic center of the entire aircraft is known as the 

neutral point 

Expected   CG - NP the center of gravity must be located ahead of the neutral 

point for stability  

Expected   CG - AC the center of gravity must be located ahead of the 

aerodynamic center for stability  

Emergent cg-aa 
 

the center of gravity is related to the angle of attack 

Emergent ac-aa 
 

the aerodynamic center is related to the angle of attack  

Emergent tail/body-cg the tail/body configuration determines the location of the 

center of gravity  

Emergent aa-stability the angle of attack is related to static stability  
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Emergent ac-stability the location of the aerodynamic center is related to static 

stability  

Emergent tail/body-stability the tail/body configuration affects static stability  

Emergent tail/body-aa the tail/body configuration affects the angle of attack  

Emergent tail/body-moment the tail/body generate aerodynamic moments 

Emergent moment-stability the aerodynamic moments affect static stability  

Emergent ac-moment the moments around the aerodynamic center equal 0  

Emergent tail/body-ac the tail/body configuration determines the location of the 

aerodynamic center  

Emergent cg-stability the location of the center of gravity affects static stability  

Emergent moment-aoa the angle of attack affects the aerodynamic moments  
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Linearization and the Small Approximation Equation 

Column1 Code Sub-Code Relationship 

Expected Taylor-nominal+perturbation two views of linearization structure  

Expected Taylor Series 
 

Expected   Ignores HOT linearization works by ignoring higher order terms 

Expected Nominal + Perturbation 
 

Expected   Perturbation is 

small 

the perturbation must be small 

Expected   ignores HOT linearization works by ignoring higher order terms 

Expected linearize - equilibrium linearization happens about an equilibrium point 

Expected NLS - linearize nonlinear equations can be linearized  

Emergent state-nonlinear the aircraft state is nonlinear 

Emergent state-perturbation there is a perturbed state 

Emergent equilibrium-taylor taylor series expansions require an equilibrium point 

Emergent equilibrium-linear system the linear system has an equilibrium point  

Emergent equilibrium-input the aircraft inputs affect the equilibrium point  

Emergent nominal-nonlinear there is a nominal state in a nonlinear system  

Emergent state-nominal there is a nominal state  

Emergent state-taylor the states determine the taylor series expansion  

Emergent equilibrium-state equilibrium is a state 

Emergent nominal-equilibrium nominal state is at equilibrium  

Emergent equilibrium-perturbations perturbations distrupts/move away from the equilibrium 

Emergent nominal-perturbation perturbations are a change away from the nominal state  
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Emergent equilibrium-nonlinear system equilibrium is a solution to a nonlinear system  
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Longitudinal and Lateral-Directional Dynamics 
 

Code Sub-Code Relationship 

Expected Longitudinal modes response can be longitudinal 

Expected   phugoid the phugoid mode is a longitudinal response 

Expected   short period the short period mode is a longitudinal response 

Expected Lateral - directional modes response can be lateral-directional 

Expected   dutch roll the dutch roll mode is a lateral-directional response 

Expected   roll the roll mode is a lateral-directional response 

Expected   spiral the spiral mode is a lateral-directional response  

Expected eig - damping ratio the damping ratio is determined by the system's eignevalues 

Expected eig - natural frequency  the natural frequency is determined by the system's 

eigenvalues  

Expected Nat. Frequency - Damp. Ratio the damping ratio and natural frequency are connected  

Expected   Flying qualities the flying qualities are determined by the damping ratio and 

natural frequency  

Emergent long-lat-dir stability stability can be separated into longitudinal and lateral-

directional stability  

Emergent eig-short 
 

eigenvalues determine the short period mode  

Emergent eig-spiral 
 

eigenvalues determine the spiral mode  

Emergent quality-short flying qualities are related to the short period mode  

Emergent response-spiral the spiral mode is a response  

Emergent damping-spiral the damping ratio determines the spiral response  

Emergent response-short the short period mode is a response  
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Emergent eig-qualities eigenvalues determine the flying qualities  

Emergent damping-short the damping ratio determines the short period response  

Emergent response-eig the eigenvalues determine the aircraft's response  

Emergent mode approximations the response modes are approximations  

Emergent quality-dynamics flying qualities are related to the longitudinal and lateral-

directional dynamics  

Emergent response-quality the aircraft's responses determine the flying qualities  

 


