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ABSTRACT

Introductory Physics (IP) forms part of the foundational knowledge necessary to suc-

cess in an undergraduate engineering degree. Here, the impact of IP is studied to address

three research questions: 1) What is the correlation of performance in IP with institution-

ally relevant metrics? 2) How well is IP course content aligned with subsequent engi-

neering coursework? and 3) Does a new online supplemental resource improve student

learning in the IP sequence?

Impact of a student’s IP Mechanics grade on the metrics of subsequent academic per-

formance, retention, and matriculation rate is analyzed using two decades of academic

records of engineering students at Texas A&M University (TAMU). Correlations are quan-

tified using the Spearman Correlation Coefficient, with separate analyses performed for

three versions, called flavors, of IP Mechanics available to TAMU students.

Alignment of content between courses is examined using a set of q-matrices developed

for three flavors of IP Mechanics and two subsequent engineering courses. The strength

of alignment between each flavor of IP Mechanics with each course is examined for the

courses as a whole, along with specific physical concepts and mathematical skills. The

procedure employed here may be an effective evaluative tool for service based courses to

ensure adequate coverage of material for client departments.

Supported by a grant from TAMU Provost’s Office and Instructional Technology Ser-

vices, a new online supplemental resource was created for the IP sequence titled Freshman

Physics Classroom (FPC). Development and results from the first deployment of this re-

source will be discussed, including quantitative analysis of exam scores and conceptual

assessments along with qualitative analysis from student surveys. Initial results show pos-

itive results from use of the resource and high student approval.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Physics Education Research

Research conducted under the umbrella of Physics Education Research (PER) seeks

to develop and implement those theories and techniques which characterize, influence,

and measure the learning of physics by students. This can include, according to the

PER group at the University of Washington’s website, identifying student difficulties, de-

veloping methods to address difficulties and measure learning gains, develop surveys to

measure student performance, investigate student attitudes, and more [8]. This definition

may be broadened, borrowing from the PER group at the University of Colorado-Boulder,

to include the uses of technologies in physics education, theoretical models of students’

learning of physics, examination of successful education reforms, and aspects of problem-

solving [9]. In short, PER can study all components of and influences on the process of

learning physics.

There is evidence that many physicists were concerned with the state and quality of

physics education in the United States in the early and mid 20th century, including Enrico

Fermi, Richard Feynman and others. Beichner, in 2009, stated that PER as a field began

later, around the 1970’s with the hiring of Lillian McDermott at the University of Washing-

ton by Arnold Arons [10]. Since then, the PER group at the University of Washington has

grown into a significant research endeavor, currently with approximately a dozen mem-

bers and a lengthy list of former members [8]. Since that time, many other PER groups

have become established in the field, including Kansas State (started by Dean Zollman),

the University of Nebraska (started by Bob Fuller), Arizona State (with David Hestenes),

Rutgers University (anchored by Eugenia Etkina), and the University of Colorado- Boul-

der. Other PER groups exist in the US and around the world, but these mark some of the
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largest groups that have made significant contributions to the field.

Topics of study within PER cover a broad range of subject matter related to educa-

tion. Docktor and Mestre identify six categories of current PER research as: 1) conceptual

understanding, 2) problem solving, 3) curriculum and instruction, 4) assessment, 5) cog-

nitive psychology, and 6) attitudes and beliefs about teaching and learning [11]. Others

such as Beichner identify some additional categories of research including instructional

materials, evaluation of specific instructional interventions, technology, and epistemology

as focuses of ongoing research [10]. Early research in each of these areas relied primar-

ily on empirical evidence as opposed to theoretical frame work, a bibliographic summary

of which may be found in McDermott and Redish 1999, with theoretical frameworks be-

ginning to emerge in recent years [12]. Particular focus for new theoretical frameworks

includes understanding student misconceptions, how they form, and how they are encoded

into memory [13].

Areas of research mentioned in the previous paragraph, which tie directly or indirectly

to this body of work, will be expanded on for a deeper understanding of their current state.

Concerning curriculum and instruction, research and development of materials has been

conducted to provide new methods for teaching in all settings in the classroom: lecture,

recitation, and laboratory. Many of the early successes in this area are well summarized

in several texts, such as Redish’s Teaching Physics with the Physics Suite and Knight’s

Five Easy Lessons: Strategies for Successful Physics Teaching [14, 15]. Ongoing research

in this area tends to focus on the answering the questions “Did it work? If so, under

what conditions” for each new intervention. Many of the successful engagement strate-

gies fall under the umbrella of what is termed interactive engagement [16]. Instructional

changes in the classroom which have been seen to have a positive impact include use

of classroom polling technologies, interactive lecture demonstrations, collaborative learn-

ing in discussion sessions, employing a workshop environment to instruction, and others
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[17, 18, 19, 20, 20, 21, 22]. Much of the body of literature associated with this area of

research is strictly focused on the impact of changes to a single course. This has left room

for more global studies about the impact of changes to a single course on the flow of the

curriculum as a whole.

As technology advances and is developed into new and more readily available forms,

its impact on the classroom and the learning environment increases. Many research efforts

have sought to leverage technology to benefit in the classroom, instead of letting it remain

solely a distraction. The PER group at University of Colorado-Boulder is well known

for having developed a set of physics simulations of laboratory type experiments for use

by both students and instructors [23]. Other efforts have seen the development of web-

based systems for labs and problem solving, including WebAssign (recently acquired by

Cengage), and VPython (a visual programming tool) [24, 25]. Recent years have seen a

significant increase in the use of video to explain or demonstrate physics concepts. These

are discussed in depth later.

1.1.1 Assessment Tools

One of the first assessment tools developed in PER was the Force Concept Inventory

(FCI) published in 1992 by Hestenes, Swackhammer, and Wells [26]. This assessment

covers the topics of Newtonian mechanics, and its relation to motion, and was based on

the dissertation work of Ibrahim Halloun [27]. Originally, the FCI was comprised of 29

items, though this was revised to 30 items in 1995 [1]. Each item is a multiple choice

question targeted towards a particular topic of Newtonian mechanics. One of the most

significant studies performed with the FCI was conducted by Hake, examining more than

6000 students, which concluded that interactive engagement shows greater gain in con-

ceptual understanding versus traditional lecture style [16]. An example item from the FCI

is shown in Figure 1.1.
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Figure 1.1: An example item from the FCI, adapted PhysPort [1].

Another common assessment tool is the Brief Electricity & Magnetism Assessment

(BEMA) developed by Chabay and Sherwood in 1997 [1]. This assessment tool covers a

broad range of topics from a traditional E&M course including electrostatics, electric and

magnetic fields, through electromagnetic induction [28]. BEMA is comprised 30 multiple

choice items that are predominantly qualitative, though a few semi-quantitative items are

included [29]. Work by Ding et. al. 2006 and Pollock 2008 have shown the BEMA to be a

well discriminated assessment tool to measure student learning, well correlated with post-

test knowledge at the end of a course [29, 30]. An example item from BEMA is shown in

Figure 1.2.

These previous assessments are two of the most commonly employed tools by re-

searchers for measuring conceptual learning gains. Other assessments exist for these ar-

eas, and others. A more complete listing of more then 80 assessment tools is available on

PhysPort [1].

One alternative assessment for mechanics is the Force and Motion Conceptual Eval-

uation (FMCE). This 43 item multiple choice assessment covers a slightly broader range

of topics compared to the FCI. It relies heavily on qualitative questions based on a series

of diagrams within the assessment, with multiple questions being asked of each diagram

[31]. While the FMCE is not used as widely as the FCI, it has been tested for its validity
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Figure 1.2: An example item from BEMA, adapted from PhysPort [1].

and reliability as a measurement for student learning with positive results, according to

Ramlo 2008 [32].

An alternative assessment for electricity & magnetism is the Conceptual Survey of

Electricity & Magnetism (CSEM). This assessment is a 32 item multiple choice test cov-

ering topics in electricity and magnetism, like BEMA. Early evaluation of the assessment,

given to more than 5000 students at 30 institutions, showed pre-test scores around 25%-

31%, with post-test scores rising to the 44%-47% level depending on whether the student

was enrolled in an algebra-based or calculus-based E&M course [33]. According to a

study by Pollock, the BEMA and CSEM yield roughly equivalent results when measuring

student learning [30].

1.1.2 Growth in STEM

It is well known that the STEM job market has exploded in recent years, offering a

host of well-paying careers to qualified candidates. This has translated into a dramatic

rise in the enrollment of STEM degrees at colleges and universities across the country. In

fact, according to the National Center for Educational Statistics Integrated Postsecondary
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Education Data System, the number of STEM majors has more than tripled in the past

50 years. This may be seen in Figure 1.3, reproduced here from the Joint Task Force on

Undergraduate Physics Programs (JTUPP) Phys21 report from 2016 [2].

Figure 1.3: Number of total STEM and physics majors in the US 1965-2015, reprinted
here from the JTUPP Phys21 report [2].

Demand for well trained scientists and engineerings within the US is very high, leaving

it as one of the job sectors with the lowest unemployment rate in the country. According to

Congressional Research Service report in 2013, growth and job replacement is estimated

to require 2.3 million new science and engineering professionals to enter the workforce

between 2012-2022 [34]. At TAMU this has led to a push for increased enrollment within

the Dwight Look College of Engineering, as encapsulated in the 25 by 25 program. This

program seeks to have 25,000 active undergraduate engineers enrolled at TAMU by the

year 2025.
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1.2 Engineering Curriculum

Students entering TAMU are not automatically admitted to the engineering major of

their choice. Depending on the year, students were either admitted to a lower level version

of their engineering major (e.g MEEL as opposed to MEEN for Mechanical Engineering),

or were listed as general engineering majors, ENGE. Admission to the upper level major

requires a secondary admissions-like process. This process must be completed and passed

by a student before enrolling in sophomore level or higher courses specific to a particular

engineering major. Part of the admissions requirements are is a minimum GPA, which

varies by department. The minimum GPA requirements for the 2017-2018 cohort are

shown in Table 1.1.

Table 1.1: Minimum GPA requirements to be admitted to the upper level engineering
majors, listed by department. These values are for the 2017-2018 cohort at TAMU, and
were taken from the Dwight Look College of Engineering’s website [7].

Department Major Minimum GPA
Aerospace Engineering AERO 2.85
Biomedical Engineering BMEN 3.50
Chemical Engineering CHEN 2.75
Civil Engineering CVEN 3.00
Electrical Engineering ELEN 2.75
Industrial Distribution IDIS 2.50
Mechanical Engineering MEEN 2.85
Nuclear Engineering NUEN 2.50
Petroleum Engineering PETE 2.50

Freshman engineering majors are required to take a combination of courses designed

to lay the foundation of knowledge and skills necessary to their degrees. This coursework

includes, but is not necessarily limited to, basic engineering, mathematics, physics, and

chemistry. TAMU students in recent years have been required to take seven courses to
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form their common basic knowledge (CBK) prior to entering their majors. These courses

are detailed below in Table 1.2.

Table 1.2: List of required 1st year engineering courses according to TAMU’s engineering
degree programs.

Course Name Course ID
Foundations of Engineering I ENGR 111
Foundations of Engineering II ENGR 112
Engineering Math I MATH 151
Engineering Math II MATH 152
Mechanics PHYS 218
Electricity & Optics PHYS 208
Gen. Chemistry for Engineers CHEM 107

Due to the importance of the content found in the CBK courses, it is vital that the

courses themselves have an appropriately strong alignment of content and skills to facil-

itate student success. Lack of sufficient alignment may make the transition from intro-

ductory coursework to the more rigorous major coursework a struggle for students, and

may contribute to students migrating to other majors. It would be beneficial to understand

the expected (and actual) knowledge and skills gained by students during introductory

coursework. This effort focuses only on the physics aspect.

1.2.1 Retention

One of the difficulties within engineering departments and colleges is the high rate

at which students migrate from their engineering majors. The Dwight Look College of

Engineering at TAMU exhibits this migration. In fact, for the cohort starting in Fall 2010,

only 23.8% graduated after four years. At the five and six year marks, the graduation

rate improved to 53.1% and 57.7% respectively. Of this more than 40% that migrated out

of engineering, the majority did so prior to the start of the second year. Specifically, the
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Data and Research Services division at TAMU (http://dars.tamu.edu) shows that

roughly 75% of enrolled engineering majors were retained after the first year for the Fall

2010 cohort.

While the specific numbers on retention do vary year to year, as discussed in Chapter 2,

the relative fraction of students retained, and then graduating after the fourth, fifth, or sixth

year is fairly consistent [35]. From these numbers it is understood that there is a signifi-

cant retention problem in engineering beyond the first year [36, 37]. Attempts to address

this retention issue have included efforts such as restructuring the freshman curriculum to

integrate mathematics, engineering, and physics as well as introducing freshman design

projects [38, 39, 40].

Difficulties in retention of engineering majors is not a new concern. From the 2005

report, Rising Above the Gathering Storm, it is evident that the United States has a di-

minishing fraction of science and engineering graduates [41]. It was reported that only

32% of US graduates obtained a degree in science or engineering, which is comparable to

Germany (36%), but far behind China (59%) and Japan (66%). Although there have been

increases in undergraduate STEM enrollment, see Figure 1.3, the Congressional Research

Service estimates a need for more than 2.3 million science and engineering professionals

to enter the workforce between 2012-2022 [34].

1.2.2 Alignment

Many courses which appear in undergraduate curriculum require that another course

be taken prior to enrollment in the later course, a prerequisite. Within engineering ma-

jors, the courses contributing to the CBK (Table 1.2) act as prerequisites for many of the

sophomore, junior, and even senior level courses. As these courses provide a foundation

of knowledge for subsequent engineering courses, it is important that their content provide

the necessary basis for students to succeed in more advanced courses. This is the concept
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of alignment between courses.

Previous studies of alignment tend to focus on the extend of agreement or matching

between areas that work together to achieve a purpose. In their 2001 study, La Marca

defines alignment as “the degree of match between test content and the subject area con-

tent identified through state academic standards” [42]. An alternative definition, used by

Bhola et. al. 2003, says “alignment can be defined as the degree of agreement between a

state’s content standards for a specific subject area and the assessment(s) used to measure

student achievement of these standards” [43]. A third definition comes from Roach et.

al. 2008, in which alignment is defined as the extent to which curricular expectations and

assessments work together as guidance for educators’ efforts to facilitate student learning

[44]. A majority of the studies referenced above, and others not included in this work,

specifically examine alignment in terms of K-12 education. For K-12 education, there is

heavy expectation for teachers to conform to state standards and expectations in classroom

content, leading to student performance on standardized exams.

In this study, vertical alignment is defined as the quality of similarity for topics to be

covered between two distinct courses, one being the prerequisite for the second, appear-

ing within the curriculum. This is similar to a measurement of the degree of agreement

between instruction and a standardized test. Here, the content of the engineering courses

will be the standard to which the previous course, Introductory Physics (IP) Mechanics,

is compared. This is akin to curricular alignment as employed by Martone and Sireci

2009, which is defined as the “degree to which the curriculum across the grades builds and

supports what is learned in earlier grades” [45].

To examine the degree to which the curriculum is supported by earlier coursework,

an approrpriate tool must be chosen. For this body of work, that tool is the q-matrix.

A q-matrix is a two-dimensional array of entries, often binary, developed in the 1980’s

by Tatsuoka [46]. It provides a method of recording the presence of skills which are
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encountered by students in items throughout a course.

Examples of skills, relevant to this study, may include a mathematical step such as

vector addition or differentiation, or may be a concept such as one-dimensional motion

or angular momentum. For analysis of courses outside of physics, relevant skills would

have to be identified from within the course material. Items are standalone problems that

students encounter on assignments throughout a course, such as on homeworks, quizzes,

and exams.

The use of the q-matrix yields a new, detailed, quantitative inventory of course content

not seen in current literature. Further information about the history, application, and results

from this tool are presented in Chapter 3.

1.2.3 Barriers to Completion

As discussed in Section 1.2.1, many students tend to migrate out of engineering. Stu-

dents who do migrate to another major will tend to do so for a mix of both academic and

non-academic reasons.

Academically, students will tend to migrate away from engineering due to low per-

formance and intellectual struggles with the material. Freshman engineering majors are

required to take a combination of demanding courses across departments including engi-

neering, mathematics, chemistry, and physics. Depending on a student’s background and

high school instruction, they may arrive well prepared for demanding coursework with

high loads of homework, labs and tutorials; or they may arrive with serious gaps of knowl-

edge in both basic math and science. Students that arrive poorly prepared are forced then

to seek remediation for some material, while simultaneously being responsible for new

material. This imposes a very demanding work load on students that many are not pre-

pared to handle. This can then lead to lower performance or dropping courses, both of

which effect their ability to be admitted to upper level engineering majors and courses.

11



Beyond the individual student performance, the grade distribution of courses can also

be a barrier to completion for students. Often, one or more early courses at an institution

has a high rate of failure or drops among students. This is referred to at TAMU as the

DFQ rate. That is, the percentage of students achieving a grade of D, a grade of F , or

dropping the course, Q. Using data available from Data and Research Services (http:

//dars.tamu.edu) for the Fall 2012 and Spring 2013 semesters, the DFQ rates of

the CBK courses listed in Table 1.2 are shown below in Table 1.3. As evident from the

table, there are multiple courses with high DFQ rates which can impact students academic

progression. Among these courses, physics has the highest DFQ rate, followed closely by

the math courses.

Table 1.3: The DFQ rates for freshman engineering courses for the Fall 2012/Spring 2013
terms.

Course Term Number DFQ
Foundations of Engineering I (ENGR-111) Fall 2012 1495 4.82%
Foundations of Engineering II (ENGR-112) Spring 2012 1190 5.46%
Engineering Math I (MATH-151) Fall 2012 1703 21.67%
Engineering Math II (MATH-152) Spring 2013 1352 24.63%
Mechanics (PHYS-218) Fall 2012 1626 26.08%
Electricity & Optics (PHYS-208) Spring 2013 795 30.57%
Gen. Chemistry for Engineers (CHEM-107) Fall 2012 872 26.26%

Non-academically, students migrate away from engineering majors for a variety of

qualitative reasons, as discussed in Seymore et al.. These reasons can include time man-

agement skills, motivation, study skills, mental distractions to performance in the class-

room and loss of academic self-confidence within a competitive environment [47]. As

TAMU automatically accepts the top 10% of students from any school in Texas, there is

a consistent comment from students that they did not have to work very hard or study
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during high school. This directly impacts their preparation in terms of time management

and study skills. Simply put, many students have never had to develop them. Motivation

is related to a student’s reason for attempting an engineering major. While many students

have a passion for systems and making things work, many other students are merely fol-

lowing the potential for a high paying job after their undergraduate career. Such students

are then more likely to lose their motivation while enduring a demanding and difficult

course load without the underlying passion to drive them on. As noted by Seymore et al.,

loss of academic self-confidence is a significant factor in student migration, and therefore

a major obstacle to completion of the engineering degree. Students who begin to exhibit

low performance in courses can easily lose their confidence in the face of a large number

of high achieving peers. This is particularly true at TAMU where students must achieve

a minimum GPA (set by each engineering department, see Table 1.1) to be accepted into

their chosen major.

1.3 Educational Data Mining

Educational Data Mining (EDM) is an area of research, defined by Romero & Ventura

2013, as being concerned with the development, research, and application of computerized

methods to detect patterns in large collections of educational data that would otherwise be

hard or impossible to analyze due to the enormous volume of data in which those pat-

terns exist [3]. EDM as a distinct field is a mixture of education, computer science, and

statistics, see Figure 1.4. As a field of research, EDM has recently emerged as a distinct

subfield with the specific aim to analyze the unique kinds of data found in educational set-

tings to resolve educational research issues [48]. Application of EDM techniques typically

consists of two phases: 1) measurement, data collection, and preprocessing of data, and 2)

reporting of data and interpretation of results [49].

Data collection and preparation is an essential and time consuming process in EDM.
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Figure 1.4: The main areas which relate to educational data mining, reprinted here from
Romero & Ventura 2013 [3].

Data relevant to EDM is not limited to course grades and interaction times, but includes

any other information related to education such as administrative data, demographic data

of the school and students, student affectivity (i.e. beliefs and attitudes), etc [50]. These

data types can have multiple characteristics, such as being hierarchical, context, fine

grained, and longitudinal (data recorded over many sessions or semesters) [3]. Once col-

lected, preprocessing of the data can involve considerable effort. This includes organi-

zation, grouping, and exclusion of certain data or data points to build the proper dataset.

Within EDM, preprocessing of data is extremely important and complicated, sometimes

taking up more than half of the total time spent solving the data mining problem [51].

Typical data mining studies employ a number of popular methods such as prediction,

clustering, outlier detection, relationship mining, process mining, and text mining [52, 50,

53, 48]. The majority of these data mining techniques, including classification, clustering,
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and association analysis, have been successfully applied to previous EDM studies [53].

In the context of this study, described in Chapter 2, relationship mining and analysis is

predominantly used to explore the link between student performance in one course with

other educational metrics. Relationship mining is employed because it specifically seeks to

identify relationships in learner’s behavior patterns and diagnoses performance difficulties

or successes that frequently occur together [54].

The goal of applying EDM techniques to a problem is to be able to inform decision

making about how to improve the educational environment of a system [55]. Trends and

meaningful relationships that are discovered through data mining have the ability to inform

on what aspects of the educational environment are being effective (positive results) and

what aspects may need improvement or reform (negative results).

Recent studies employing EDM techniques within PER have tended to focus on ques-

tions related to engagement with online courses and student retention. In 2012, Lawton

et. al. reported on a study comparing two versions of an online course. Using a learn-

ing management system for analysis, Lawton et. al. concluded that integration of an

evidence-based formative assessment promoted higher student learning compared to an

online course that did not include this extra assessment [56]. In a 2014 analysis of a Mas-

sive Open Online Course (MOOC) hosted by MITx (now edX), Seaton et. al used tracking

logs and time spent on resources to classify students engaging in the course and how that

time spent related to outcomes [57]. Using social network analysis and logistic regres-

sion, Brewe et. al. examined the persistence (retention) of physics majors, concluded that

access to learning communities promoted higher retention of students [58].

Within the scope of this study, EDM will be applied to data related to engineering

majors at TAMU to explore the impact of IP on the institutionally relevant metrics of

subsequent academic performance, retention, and matriculation rates. At TAMU, IP may

be taken one of three ways, depending on if the course is taken on campus (using one of
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two different textbooks and educational styles) or taken off campus at another institution.

Results from EDM will exhibit the relative success of each of these instructional methods

compared to the others, and could form the basis of a discussion for any future, potential,

education reforms that are made to the IP sequence.

1.4 Multimedia in Education

The use of multimedia resources in education has been on the rise in recent decades.

This is aided by the increase in readily available and increasingly affordable electronics

which aid in the creation of videos, including cameras, microphones and editing software.

As a broad definition, the use of multimedia in education can include any intervention us-

ing media such as computers, laptops, podcasts, videos, interactive software, etc. Specifi-

cally, this body of work focuses on the video aspect of multimedia and its use in education.

Use of multimedia resources as an educational aid or intervention provides many ben-

efits to instructors. In particular, multimedia technology is a useful tool for capturing the

attention of modern students, who grew up in a multimedia environment with frequent (if

not constant) visual and auditory stimulus [59, 60]. These resources also provide a mea-

sure of control to the student, permitting them to decide when, where, and how to access

and review the material, increasing the effectiveness of instruction [61, 62]. Additional

research supports student learning from technology enhanced multimedia resources when

they are structured to unify concepts and are delivered in an on-demand format online

[63, 64, 65].

The use of video and multimedia resources as been found to be an effective tool in

physics education [66]. In an early study, Thornton and Sokoloff found that students using

real-time graphics with a microcomputer based lab were able to significantly improve their

qualitative understanding of kinematics and motion [67]. In 2008, Weiman et. al. reported

on a program called Workshop Physics, in which computer technology was incorporated
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into real experiences, and was demonstrated to dramatically improve conceptual under-

standing for students on the topics of kinematics, dynamics, latent heat, and electricity

[68]. Clinical studies conducted by the PER group at the University of Illinois Urbana

Champaign indicated that students using multimedia learning modules (MLMs) outper-

formed their peers who were assigned reading assignments from the textbook [69, 70].

1.4.1 Cognitive Load

Structuring effective multimedia resources must be done in accordance with the cur-

rent understanding of cognitive science and learning. One of the most important aspects

of cognitive science to consider is the Cognitive Load Theory (CLT). CLT is based on a

set of empirically verified assumptions which can be summed up in four statements: 1)

Humans have a limited working memory, approximately seven bits of information at a

time, 2) These limitations are mitigated by interaction with a practically infinite long-term

memory, 3) Schemas stored in long-term memory are structured into chunks of informa-

tion, which can increase the amount of information in working memory, and 4) Repeated

processes become automated over time, reducing the load in working memory [71]. Ac-

cording to CLT, a reduction in the amount of information being presented can lead to in-

creased learning in students [72]. It also implies that instructional messages which contain

redundant or repeated information inhibit learning, called the redundancy effect [73].

Development of an effective resource must also be kept brief, less than 10 minutes

per video, to maintain the attention of students. Content should focus on one or two new

topics to limit the amount of new information that students need to focus on. And the time

should be spent efficiently, focusing on the main points, reasonings, and justifications for

applying certain steps.
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1.4.2 Best Practices

In a recent paper, Lincoln 2017, a series of best practices were identified and defined

in the making of good physics videos [74]. In this paper Lincoln reminds his readers

that any successful videos must be planned with their audience in mind. In particular,

he recommends the following practices: 1) Use of a live personality- including a host,

animal, cartoon or other figure. This personality is recommended to be well dressed, have

a pleasant voice, present a positive attitude, and be devoid of distracting features such as

jewelry. 2) Demonstrations- using video to show something ordinary doing something

extraordinary, or use of close ups for a common demonstration. The goal is to show

students something beyond what could be seen in a lecture hall. 3) Words or symbols-

having key phrases, new vocabulary, equations, or proportions appearing on screen at

the relevant times during a video. These mark out what is particularly important for the

audience to notice and to remember. 4) Voice-over/Narration- verbal explanation from off

camera, when the live personality is not in the shot. Off camera dialog should be acted

as if the speaker is on screen, preferably in the same room with the same microphone for

consistency in sound quality. Lastly, 5) Music/Sound effects- control of what the audience

is hearing tells them what to focus on.

The practices listed above encapsulate many of the recommendations for video pro-

duction found online, from other studies, and what the researcher has gained through ex-

perience in this study. During the pre-production, or development, phase of videos, it is

best to select the combination of practices to be employed in the final product. Not all

practices need be used. It would be quite awkward to use both a live personality and narra-

tion, but an effective combination is required. As will be discussed in Chapter 4, four out

of five of these best practices were employed during the creation of a new video resources

which forms part of this body of work.
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1.5 Purpose of Study

Engineering degrees are academically rigorous endeavors, which often end with a stu-

dent migrating to another subject, or away from collegiate enrollment entirely. As part

of the foundation of knowledge, it is essential to better understand the role that physics

plays in the success (or failure) of engineering majors. Therefore, the goal of this study

is to examine the impact of IP on the education of engineering majors. This is done in

three parts, with each part addressing one of the following research questions: 1) What is

the correlation of performance in IP with institutionally relevant metrics?, 2) How well is

IP course content aligned with subsequent engineering coursework?, and 3) Does a new

online supplemental resource improve students learning in the IP sequence?

For many students, IP can act as a barrier to continuation, with students either dropping

the course and having to enroll in a later term, or earning a grade too low for them to

continue to the next set of courses. In Chapter 2, this relation between IP performance

and institutionally relevant metrics of subsequent academic performance in engineering

courses, matriculation rate (how long it takes a student to graduate), and retention are

studied using relevant educational data mining (EDM) techniques. Statistically significant

connections between IP and these metrics will yield an indication of the effect that low

performance in IP can have on the overall progression of an engineering major.

As IP Mechanics acts as a pre-requisite course for subsequent engineering courses,

it is important that the material be well aligned to facilitate student success. Particularly

because of the existing perception of misalignment between IP Mechanics and Statics &

Dynamics, it is vital to study, in detail, the content of these courses for the frequency with

which various physical concepts and mathematical skills are used. This work is further

motivated and presented in Chapter 3.

Since IP courses act as barriers to completion for many engineering majors, it is impor-
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tant not just to understand the effect of the course, but also to try and improve the learning

outcomes for students enrolled. To this end, a new online supplemental video resource

was developed, deployed and assessed during the Spring 2017 term. The development and

impact of this new resource is detailed in Chapter 4.

Together the three parts of this work seek to understand the broad impact of IP on

engineering majors as a whole, the longitudinal effect of IP material between the freshman

year with the sophomore and junior years, and the specific improvements which can be

made to the learning outcomes within the IP courses. Significant results and conclusions

of the three components of this thesis are summarized in Chapter 5.
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2. DATA MINING ENGINEERING STUDENT RECORDS

This chapter explores the relation between success in IP Mechanics and success in two

subsequent engineering courses which rely heavily on the concepts and skills taught in IP

Mechanics. These courses, titled Statics & Dynamics and Dynamics & Vibrations, will

be detailed later, along with course descriptions for the three versions of IP Mechanics in

which TAMU engineering students may enroll.

The connections between academic performance in IP Mechanics and the engineering

courses this chapter begins with a description of the data acquired from TAMU in Section

2.1. The statistical analysis methods employed are then described in Section 2.2. Details

about the course compositions for IP Mechanics flavors and the subsequent engineering

courses are given in Section 2.3. Section 2.4 presents detailed results for a single cohort

of students, from the year 2010, and Section 2.5 presents aggregated results for years

1990-2010.

2.1 The Dataset

To examine the impact of introductory physics on engineering majors subsequent aca-

demic performance, retention and matriculation rate a dataset was obtained from TAMU.

This data, obtained by a request filed with the appropriate TAMU office, contains a broad

set of information on all undergraduate students registered as an engineering major for a

minimum of one term starting at TAMU between 1990-2010. The data were separated

into three distinct files encompassing demographic information, TAMU coursework, and

transfer coursework. The transfer coursework file includes any credit transferred in from

high school (e.g AP credit, or dual credit courses).

Details of the demographic information obtained for students is listed in Table 2.1.

While records for more than 73,000 students were included in the data, many of these stu-
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dents were enrolled at satellite campuses of the Texas A&M System, including Galveston,

Corpus Christi, Commerce, etc. Accounting only for students at the main campus in Col-

lege Station, Texas, there are just over 50,000 records for engineering majors for students

starting at TAMU between Fall 1990, and Spring 2011 (the end of the 2010-2011 academic

year). Selection of 2010 as the final year of the data set ensured only the inclusion of stu-

dents who had a full six academic years to complete their degrees. The final status entry

of students was indicated by a degree and department for major(s) (e.g. BS-MEEN), a

WITHDRAWN for officially left the university, or remained blank for no official terminal

status. Students with a blank terminal status are assumed to have left the university, or to

have taken more than six years to complete their degree.

Table 2.1: Detailed list of the demographic data for students obtained from TAMU.

Demographic Details
Identifier Random numerical ID unique to each student

First Term Student’s first term of enrollment at TAMU
Last Term Student’s last recorded term of enrollment at TAMU

Final Status Terminal status with the university
Birth Year Student’s year of birth

Gender Student’s reported gender at time of enrollment
Ethnicity Student’s reported ethnicity at time of enrollment

1st Generation First college student within family

The majority of the data was contained in the information of coursework taken at

TAMU, shown in Table 2.2. Within this file, each course in which a student enrolled

is recorded in its own row. Therefore, every student ID corresponds to multiple rows

(typically 35-40) comprising all of the courses attempted by that student at TAMU. Due

to the structure of the TAMU records, instructor names for courses are available only for

classes taken during or after 2009. Majors were listed based on data from the beginning
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of each term and are assumed only to change between terms. It is not possible to include

the exact timing of a major change within this study.

Table 2.2: Detailed list of the TAMU coursework data for students obtained from TAMU.

TAMU Coursework Details
Identifier Random numerical ID unique to each student

Term Term a particular course was taken
Subject Department code for the course
Course Course number within the department
CRN Registration code unique to each course for a term

Professor Name of instructor if available
Grade Final course grade/status
Major Listed student major for term

Details of coursework attempted at institutions other than TAMU is listed in Table 2.3.

This includes credits transferred from high school or AP credit, in addition to courses taken

at other institutions while concurrently enrolled as a student at TAMU. Credit received for

courses taken in high school, or awarded through AP exam scores are marked as CR for

a grade. This makes them easily distinguishable from coursework attempted concurrently

with TAMU enrollment.

Table 2.3: Detailed list of the transfer coursework data for students obtained from TAMU.

Transfer Coursework Details
Identifier Random numerical ID unique to each student

Term Term a particular course was taken
Original Institution Institution at which the course was completed

TAMU Subject Code for equivalent TAMU academic department
TAMU Course Number for equivalent TAMU course within department

Grade Final course grade/status
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Combining the data listed above provides a robust set of information about the aca-

demic success and progression of engineering students across two decades. In the fol-

lowing section this data is further explored to gain a more complete understanding of the

composition, retention, and matriculation rates of the engineering students during this pe-

riod.

2.1.1 Demographics

Starting from the raw data set obtained from the university, student records were sep-

arated out by year to optimize analysis. Within each year basic demographics were ex-

amined in order to understand the composition of the engineering student body between

1990-2010. First, Figure 2.1 shows the number of engineering majors enrolled at TAMU

during these years. On average each year has approximately 2,500 students. Though this

number fluctuated from 1995-2005, the final years of this data set are relatively constant.

Between 1990-2010 there is a relatively constant fraction of male and female students,

see Figure 2.2. Each cohort of engineering students is predominantly male, at around

80% of students. While this may be surprising due to the prevalence of recent programs

designed to attract and retain female engineering majors, it is consistent with previous

studies that identified ineffective recruitment as the major issue for women in undergradu-

ate engineering majors [75]

Fractions of the reported ethnicities of students is shown in Figure 2.3. Ethnically stu-

dents are predominantly Caucasian, with Hispanic students being the second most com-

mon followed by Asian and then African American students. The fraction of Caucasian

students remains relatively constant until around 2003, when there is a slight decline from

78% to roughly 70%. This corresponds to an increase in Hispanic students over the same

period. Native American and Hawaiian students are the smallest categories for domestic

undergraduates, typically having less than 15 students for each per year.
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Figure 2.1: Number of students enrolled as an engineering majors for cohorts entering
1990-2010.

Figure 2.4 shows that students take the majority of their coursework at TAMU, as

would be expected. There is a consistent trend, however, of students taking approximately

20% of their coursework at other institutions. Though this is the average behavior, the

number of courses an individual student takes at TAMU or at another institution varies

greatly as evidenced by the standard deviation. It is interesting to note a trend in decreas-

ing deviation for the number of courses taken at TAMU simultaneously with an increase in

deviation for coursework transferred from another institution. The standard deviation for

TAMU coursework decreased approximately 33% while the standard deviation for trans-

ferred coursework grew 60% from 1990-2010.

A final feature of enrollment composition is the fraction of 1st generation college stu-

dents within each year, shown in Figure 2.5. From the figure it is clear that there is a

significant fraction of 1st generation college students in the 2009-2010 years. The low
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Figure 2.2: Fractions of students enrolled as engineering majors identifying as female or
male for cohorts entering in the fall semesters 1990-2010.

fractions evident prior to those years is assumed to be an artifact of poor reporting mecha-

nisms. As such, the values prior to 2009 are ignored for 1st generation college students.

2.1.2 Retention

Demanding academic programs, which includes engineering, often struggle with a

high attrition rate for their majors. This high attrition rates leads to the inverse statistic

of low retention, and therefore low graduation rates. To meet the growing demand for

engineering professionals in the upcoming years it is vital to understand why students leave

engineering programs [cite, cite cite]. Part of such an investigation may begin identifying

when engineering majors tend to migrate away from their departments, and further to

build a profile of the common themes in their academic performance if any exist. In this

section, retention behavior for all engineering majors is shown. In a subsequent section
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Figure 2.3: Distribution of ethnicities for engineering majors belonging to cohorts entering
in the fall semesters 1990-2010.

the connection between academic performance and retention will be examined.

As a first examination, engineering student retention at the end of the 1st, 2nd, 4th, and

6th years of undergraduate enrollment for students entering 1990-2010 are shown in Figure

2.6. Students are categorized by their status as remaining in an engineering department,

changing to a department outside of engineering but still at TAMU, or having no status

(e.g. transferring or withdrawing). Only modest improvement has been made in retention

rates for engineering majors during this period. It is striking that over 20% and 40% of

engineering students leave the field in the 1st and 2nd year respectively. Better gains in

retention have been made beyond the 4th year for engineering students, primarily at the

cost of reducing the fraction of students with no status. The relative number of students

transferring out of engineering to another academic area at TAMU is relatively constant

for all years.

Taking a more granular look at specific years, Figure 2.7 shows the term by term break
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Figure 2.4: Average and standard deviation of the number of courses engineering majors
took either at TAMU or transferred from another institution for cohorts entering in the fall
semesters of 1990-2010.

down for retention, and graduation, for students who begin their undergraduate degrees

as engineering majors. The years shown were selected for being evenly spaced in time

through the available data. As noted above, gains were made in the retention after the

second year; but it is clear from Figure 2.7 that it is specifically the first three terms

that have the largest effect on retention in engineering. At the end of each of the first three

terms, enrollment within engineering drops around 10%-13%. Beyond the first three terms

the percentage of students migrating from engineering decreases to much smaller values.

While these figures act as confirmation of anecdotal knowledge for when students leave

their engineering majors, they also act as motivation for some specific research questions:

Is there a commonality in academic performance for students leaving engineering? If so,

which courses are most, or least, responsible for this trend? From Chapter 1, it is known
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Figure 2.5: Fraction of students identified as 1st generation college students at time of
enrollment for cohorts 1990-2010.

that physics makes up 2 out of 7 required courses for freshman engineerings, and that

students have a varied background in preparation, and typically negative feelings towards

the subject. The impact of introductory physics on retention will be specifically examined

later in this chapter.

2.1.3 Graduation

The fraction of students graduating, and the time it takes those students to graduate, are

important follow up metrics to retention for any department. Students retained, discussed

in the previous section, will eventually reach a terminal status, whether that status is a

degree, withdraw from the university, or no official status (cessation of enrollment).

Graduation rates for those who began as an engineering undergraduate and matricu-

lated with a degree in an engineering discipline, or a non-engineering discipline are shown

in Figure 2.8. Graduation rates of engineering majors have clearly increased from 1990-
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(a) 1st Year (b) 2nd Year

(c) 4th Year (d) 6th Year

Figure 2.6: Retention rates for engineering majors at the end of their 1st, 2nd, 4th and 6th

years for cohorts entering 1990-2010.

2010 by almost 5% of enrollment. This shift is concurrent with a depletion from the Other

category, which is students having no further enrollment or terminal status. Graduation

rates of students leaving engineering for another department on campus appears relatively

constant across this period. From the bar graph portion of Figure 2.8 it is interesting to

note that more engineering majors are graduating around the end of their 4th year by 2010

than were in 1990.

Examination of the distribution of gender and ethnic composition of students gradu-

ating with degrees in engineering shows similar trends to enrollment. Figure 2.9 shows
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(a) 1990 (b) 1997

(c) 2004 (d) 2010

Figure 2.7: Retention of engineering students term by term for cohorts entering in the fall
semester of 1990, 1997, 2004, and 2010.

a slightly higher fraction of male students graduating from engineering relative to origi-

nal enrollment for approximately half of the years between 1990-2010 (see Figure 2.2).

This indicates a higher fraction of female students leaving engineering majors.In Figure

2.10 there is no distinguishable difference in the rate of graduation of engineering students

based on reported ethnicity (compare with Figure 2.3). The similarity between these pairs

of figures indicates that no demographic group is being under served by their education at

TAMU.
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(a) 1990 (b) 1997

(c) 2004 (d) 2010

Figure 2.8: matriculation rate rates for engineering majors from cohorts entering in the fall
semesters of 1990, 1997, 2004, and 2010. Solid lines indicate total fraction of graduated
students from engineering, and non-engineering majors. The bar graph below shows the
fraction of students graduated by the indicated term.

2.2 Analysis

2.2.1 Spearman Coefficient

To assess the interrelationship between two variables, the descriptive statistic of corre-

lation is commonly applied [76]. For interval or ratio data, which may be continuous, it

is appropriate to select the Pearson coefficient. When using ordinal data sets the alterna-

tive correlation statistic of the Spearman Rho (ρ) is appropriate [76, 77]. The Spearman
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Figure 2.9: Fractions of students receiving degrees from an engineering department having
identified as female or male at the time of enrollment for years 1990-2010.

ρ is frequently employed in PER research to assess the correlation between two different

assessment techniques of the same quantity [78]. The Spearman ρ is a non-parametric

measure of the monotonicity of the relationship between two variables.

Using the SciPy package available in Python, Spearman ρ coefficients may be calcu-

lated between two sets of ordinal data, such as grades from two different courses. Corre-

lations range from +1 for perfect correlation between the variables to -1 for perfect anti-

correlation. For a correlation to be significant it must have a significance level, p, below a

certain threshold. Significance is a measure of the effect calculated (the correlation in this

instance) being random chance. For this study results are considered significant below the

p = 0.05 threshold. Example correlations and significance levels were generated using

dummy data and may be seen in Figure 2.11 to further understand correlation [4].
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Figure 2.10: Distribution of ethnicities for students receiving degrees from an engineering
department for cohorts entering 1990-2010.

Figure 2.11: Example of data representing two monotonic trends and one non-monotonic
trend, reproduced here from Laerd Statistics [4].

2.3 Physics & Engineering Courses

Within this section the courses which were examined in detail are described. For IP

Mechanics a basic description of the course, and its relation to the expectations of the state
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coordinating board is detailed. Additionally, the three types of physics courses TAMU

engineering students may enroll in are presented. Descriptions are also provided for the

two follow-on engineering courses which rely heavily on the topics from IP mechanics.

2.3.1 Introductory Physics- Mechanics

The first course in the calculus-based introductory physics sequence is PHYS-218, a

Newtonian mechanics course. This course is equivalent to the Texas Higher Education

Coordinating Board’s (THECB) PHYS 2425 (2325+2125). The TAMU undergraduate

catalog entry for this course is shown in Figure 2.12. The Mechanics IP course is a large

enrollment course, typically serving over 2,000 students per academic year, primarily from

engineering majors. Each lecture has 75-150 students (depending on year and available

space), with small group recitations containing 20-28 students.

Figure 2.12: Course description for PHYS-218, a calculus-based introductory physics
course, reproduced from the 2010-2011 TAMU Undergraduate Catalog [5].

Based on the requirements of the THECB and the necessary topics for Mechanics

(also referred to as Newtonian Mechanics), the course covers subjects including: kinemat-

ics, Newton’s laws of forces, work, energy, circular motion, rotational motion/dynamics,

torque, linear and angular momentum, gravity, and simple harmonic motion.

Engineering students enrolled at TAMU have the freedom to take multiple versions of

the Mechanics IP course. Two of these different “flavors” of IP are available at TAMU

through the department of Physics & Astronomy. They are referred to as University
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Physics (UP) and Don’t Panic (DP) respectively. A third option is to transfer a physics

credit from another institution. In this chapter all transfer credits of physics are considered

for students only after they are enrolled at TAMU. Therefore, any transfer physics credit

was taken during a summer term or concurrently with a fall or spring term. This excludes

students who were enrolled full time at another institution. Each of these flavors of physics

is described here.

2.3.1.1 University Physics

The UP flavor of introductory physics uses the lecture/recitation format described

above. For the years examined in this study the primary textbook was Young & Freeman’s

University Physics textbook, published by Pearson [79]. In recent years this textbook

has been paired with online systems for homework and pre-lecture material. Specifically

using MasteringPhysics from Pearson Education for online, automatically graded home-

work, and SmartPhysics/FlipItPhysics for pre-lecture videos.

Mid-term and final exams are accompanied by a robust equation sheet. This lets the

test focus on selection and manipulation of a particular set of equations for each problem.

The UP equation sheet may be found in Appendix C, while an example mid-term exam is

available in Appendix B.

2.3.1.2 Don’t Panic

Similar to UP, the DP version of introductory physics uses the large lecture and small

group recitation course format. The flavor of IP is named for its textbook, written by

Dr. William H. Bassichis, a member of the Physics & Astronomy faculty at TAMU long

interested in the education of physics, particularly to engineering majors [80]. In contrast

to UP, no additional online systems are used with this course. No homework is assigned,

collected, or graded; students are simply informed of the availability of problems in the

book to check their understanding.
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Mid-term and final exams are accompanied only by a small set of equations relevant to

the material. Students are expected to recall a set of fundamental physical laws and apply

them to problems. The equations available from mechanics for DP are shown in Appendix

C, while an example mid-term exam is available in Appendix B.

2.3.1.3 Physics from Other Institutions

Engineering students at TAMU come from every part of the state of Texas, and from

many places beyond. This is mirrored in the breadth of institutions from which students

transfer credits, which makes an exhaustive description of their potential physics courses

untenable. However, the single most common institution TAMU students attend outside

of the main campus is the local community college: Blinn. Physics courses are Blinn are

taught by a mixture of full time and adjunct faculty with a class size of≤ 30, with a mixed

lecture and lab section. Physics instructors at Blinn tend to use the same textbook as the

UP physics course at TAMU.

Mid-term and final exams also used a robust equation sheet, again similar to UP. Ex-

amples of a mid-term examine available to students and the equation sheet from a single

Blinn instructor may be found in Appendices B & C respectively.

2.3.2 Statics & Dynamics

Typically taken in the second year of an undergraduate engineering program, Statics &

Dynamics is cross-listed in multiple departments at TAMU. The departments of Mechani-

cal, Civil, and Aerospace engineering each have their own version of Statics & Dynamics,

which may also serve other majors (especially Mechanical engineering). A description

of the Mechanical engineering version of this course, currently listed as MEEN-221, is

shown in Figure 2.13. Enrollment for this course exceeds 1,000 students over the fall and

spring semesters each year.

A brief look through the topics of Statics & Dynamics supports the anecdotal title
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Figure 2.13: Course description for MEEN-221, a sophomore level Statics & Dynamics
course, reproduced from the 2010-2011 TAMU Undergraduate Catalog [5].

given by a former engineering student of this course being “PHYS-218 2.0”. Many topics

covered in this course (including forces, torques, and static equilibrium) are first covered

in the IP Mechanics course.

2.3.3 Dynamics & Vibrations

Scheduled for the junior year of some engineering majors, Dynamics & Vibrations is

also cross-listed in multiple departments at TAMU. This cross-listing is limited to the Me-

chanical and Civil engineering departments. A description of the Mechanical engineering

version of this course, listed as MEEN-363, is shown in Figure 2.14. Enrollment in Dy-

namics & Vibrations is the smallest of the courses examined in this work, with an average

year seeing 500-600 students.

Figure 2.14: Course description for MEEN-363, a junior level Dynamics & Vibrations
course, reproduced from the 2010-2011 TAMU Undergraduate Catalog [5].

Similarity of Dynamics & Vibrations to the Mechanics IP course is found in the overlap
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of Newtonian mechanics (again free-body diagram) and energy analysis. Many of the

solution methods for this course rely on solving differential equations, something that is

not expected from a freshman level course. These differences will be discussed further in

a subsequent section.

2.4 Single Cohort- 2010

In this section a detailed breakdown of a single cohort of students is presented in depth.

This includes a discussion of grade distributions for IP Mechanics courses, comparative

performance in two engineering courses described previously, matriculation rate, and re-

tention. These results are expanded for all years 1990-2010 in Section 2.5.

The composition of the 2010 cohort may be interpreted from Figures 2.1, 2.2, 2.3, and

2.5, however the information will be reiterated here as reference for the following results.

The entering cohort of 2010 had just over 2,600 students enrolled as engineering majors

for a minimum of one semester. The gender split was 80.8% male, and 19.2% female.

Ethnically the 2010 cohort was 68.6% Caucasian, 17.0% Hispanic, 5.4% Asian, 3.0%

International, 2.3% African American, 0.3% Native American, and 0.1% Hawaiian, with

the remainder falling into other categories. Approximately 22% of the cohort identified as

being first generation college students.

Grade distributions vary based on the flavor of IP Mechanics in which students en-

rolled. Distributions of grades for the three flavors of IP Mechanics for the 2010 cohort

is shown in Figure 2.15. Grade point averages (GPA) across the flavors of physics are

calculated as 2.43 for UP, 2.17 for DP, and 2.93 for Transfers. The overall DFQ rate, that

is students receiving a grade of D, F , or dropping the course (Q), is 22.0% for UP, 29.4%

for DP, and 5.7% for Transfer students.

More students appear to fail or drop the IP Mechanics course at TAMU relative to

those enrolled at other institutions. Further, students tend to receive a higher fraction
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Figure 2.15: Grade distributions for the three potential flavors of the Mechanics IP course.

of lower grades in TAMU courses relative to IP Mechanics taken elsewhere. This leads

to a question of consistency for content, teaching, and grading standards across courses,

instructors, and institutions. This question is beyond the scope of this work, however, it

remained an excellent question for future study.

Recall that students taking the IP Mechanics course have three options for enrollment:

1) University Physics (UP) at TAMU, 2) Don’t Panic (DP) at TAMU, and 3) Transfer

credit from another institution.

2.4.1 Performance in Engineering Courses

Due to the similarity of topics between the Mechanics IP course and the follow on

courses of Statics & Dynamics as well as Dynamics & Vibrations, it is expected that

successful performance in the former should produce a successful performance by students

in the latter. This expectation is for the average behavior of all students, not for any
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particular individual.

Grade distributions for the Statics & Dynamics course are shown in Figure 2.16. Dis-

tributions are separated by the passing grade students achieved in the Mechanics IP course,

and each flavor of physics is shown. The UP and DP distributions shows small differences

or no differences at all levels. This suggests that students leave their Mechanics IP course

equally prepared for Statics & Dynamics, while students with a transferred credit may be

less prepared.

Figure 2.16: Grade distributions for all Statics & Dynamics courses for the 2010 cohort at
TAMU. Each panel corresponds to a passing grade from a Mechanics IP course.

For each physics grade, students who transferred their credit under perform in the

Statics & Dynamics course compared to both UP and DP students. This is evidenced by

the transfer category having the smallest fraction at the equivalent grade or higher, and the
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highest fractions at lower grades. For example, students who transferred in physics with

an A from another institution were half as likely to achieve an A in Statics & Dynamics

compared to UP and DP students. Transfer students were also the most likely to achieve a

result of DFQ from Statics & Dynamics. This is especially clear for B and C IP Mechanics

grades.

An equivalent comparison of IP Mechanics grades with Dynamics & Vibrations was

also conducted. Grade distributions for Dynamics & Vibrations based on a Mechanics IP

grade are shown in Figure 2.17. As in Figure 2.16, grade distributions are separated by

the passing grade students achieved in their Mechanics course, and each flavor of physics

is shown.

Figure 2.17: Grade distributions for all Dynamics & Vibrations courses for the 2010 cohort
at TAMU. Each panel corresponds to a passing grade from a IP Mechanics course.
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For Dynamics & Vibrations there is not a clear and consistent trend for any flavor of

physics. For students achieving an A in Mechanics, later performance is very similar at

all passing grades, though DP exhibits a lower fraction in the A range. Students achieving

a B in Mechanics are roughly equally likely to get either an A or a C in Dynamics &

Vibrations. Transferred physics appear to be less likely to achieve a B and slightly more

likely to fail the course with a D or F compared to UP and DP. At the C level DP show

the highest probability to increase their grade to an A, and are equally likely to achieve

another grade of C as UP. Transferred physics achieves a grade of C at a 50% rate here and

is roughly equally likely to achieve either an A or B otherwise, under performing UP and

DP at the B level, and similar to UP at the A level.

Further comparison of performance between IP Mechanics and the engineering courses

may be done using the Spearman correlation as defined in Section 2.2. Correlation co-

efficients and their associated significance levels are displayed in Table 2.4 for Statics &

Dynamics and in Table 2.5 for Dynamics & Vibrations.

Table 2.4: Spearman correlation coefficients and their significance levels for the 2010 co-
hort between IP Mechanics and the sophomore level Statics & Dynamics course at TAMU.

Flavor Correlation Significance
University 0.308 <0.0001

Don’t Panic 0.401 < 0.0001
Transfer -0.024 0.892

Correlations between IP Mechanics and the Statics & Dynamics course shows a def-

inite difference depending on the flavor of IP a student enrolled in. The DP flavor ex-

hibits the strongest correlation, at 0.401, p < 0.0001, indicating a small causal link be-

tween the two courses. Next the UP flavor exhibits a weaker positive correlation, at
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Table 2.5: Spearman correlation coefficients and their significance levels for the 2010 co-
hort between IP Mechanics and the junior level Dynamics & Vibrations course at TAMU.

Flavor Correlation Significance
University 0.158 0.016

Don’t Panic 0.139 0.232
Transfer -0.066 0.801

0.308, p < 0.0001. This correlation is too small to be taken as causal (being < 0.35),

however it is a modest positive correlation. Transfer IP Mechanics has the weakest cor-

relation, at −0.024, p = 0.892. This is effectively no correlation between the two grades,

though the significance level is so high that no real conclusion may be drawn from the data.

Where positive correlations exist between these two courses, it may be inferred that posi-

tive performance in IP Mechanics promotes positive performance in Statics & Dynamics,

which is exhibited in Figure 2.16.

2.4.2 Matriculation Rate- 2010

Matriculation rates for engineering majors, separated by physics flavor, are shown in

Figure 2.18. For each year, the terms of enrollment considered are the fall (F), spring

(S), and summer (Su) terms with one of each comprising a single academic year. Students

transferring in their physics credit graduate at a higher rate for 2010 compared to physics

taken on campus. They also tend to start graduating sooner, due to their completion of

more credits earlier in their collegiate enrollment compared to other students. For students

taking IP Mechanics on campus, those enrolled in DP tend to graduate at a slightly higher

rate in the fourth year compared to UP, though UP tends to graduate a high fraction at the

end of the sixth year. This flip is occurs during the 5th year. The total graduation rates for

each flavor fall in the 45%-55% range.

Examining the relation of IP Mechanics grade relative to matriculation rate yields ad-
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Figure 2.18: Time taken for undergraduate engineering students to graduate for each flavor
of IP Mechanics.

ditional differences between the flavors of IP Mechanics, shown in Figure 2.19. The size

of the circles corresponds to the number of students at each point. The UP flavor has the

largest concentration of students as those earning an A in IP Mechanics and graduating at

the end of four years, with a slightly smaller fraction of students earning a B graduating

at the same time. However, there are significant fractions of students graduating in the

fifth year earning any passing grade in UP. The DP flavor has nearly equal numbers of

students graduating at four years with either an A or a B in IP Mechanics, with a slightly

smaller number of C students doing so as well. Similar number of students across all pass-

ing grades also graduate at the fifth year mark. Students transferring physics in are well

distributed between the fourth to sixth years across all passing grades.

While the information of Figure 2.19 provides visual clues about the relation of IP

grades to graduation, the correlation is more instructive about the relation between IP
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(a) University (b) Don’t Panic

(c) Transfer

Figure 2.19: Grade from IP Mechanics versus year of graduation separated by flavor. The
size of the circles indicates relative fraction from the number of students enrolled in that
flavor of IP Mechanics.

Mechanics and matriculation rate. Aggregate correlations for the UP flavor between IP

Mechanics grade and Statics & Dynamics is −0.278, p < 0.0001, for DP −0.220, p <

0.0001, and for transfers 0.486, p < 0.0001. Correlations for the UP and DP flavors

indicate that higher grades in IP Mechanics produce lower graduation times. Though the

correlation is not strong, comparison with the transfer correlation suggests a preferred

outcome for IP Mechanics taken at TAMU. Results from the Spearman correlation are

consistent with the data seen in Figure 2.19.
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2.4.3 Retention

The final institutionally relevant metric is the retention of students within a degree.

This work does not study any change of majors within the College of Engineering. For

all grades received the average retention percentages are 68.5% for UP, 68.4% for DP, and

65.7% for transfers. More detailed retention percentages based on total enrollment within

a flavor of physics is shown in Table 2.6.

Table 2.6: Retention percentages for each flavor of IP Mechanics based on total enrollment
within that flavor of the course for all passing grades.

Flavor A B C
University 18.4% 19.5% 12.8%
Don’t Panic 15.5% 13.4% 14.2%
Transfer 14.3% 31.4% 11.4%

From this retention information and the data available in Table 2.6 it appears as if

there is no advantage to students taking IP Mechanics on the TAMU campus. This view

is somewhat skewed because of the higher number of B’s transferred in from other institu-

tions. More instructive is the percentage of students retained per letter grade received, as

shown in Table 2.7. From this table it is clear that there is a difference to retention across

the flavors. Students achieving an A in IP Mechanics stay in their engineering major at a

higher percentage taking IP at TAMU versus transferring credit in from another institution.

At the B level retention is consistent no matter the flavor of IP. For students receiving a C

in IP Mechanics there is a higher rate of retention for transfer students compared to either

UP or DP.
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Table 2.7: Retention percentages for each flavor of IP Mechanics scaled by the number of
students within that flavor receiving each grade.

Flavor A B C
University 74.6% 63.1% 49.2%
Don’t Panic 74.0% 57.0% 50.5%
Transfer 58.8% 61.1% 61.5%

2.4.4 Summary- 2010

As whole the data from students within the 2010 cohort offer some instructive, though

contradictory details, about the impact of IP Mechanics on graduation, academic perfor-

mance, and retention. Though many more students transfer in grades of A or B from other

institutions, they tend to under perform in the Statics & Dynamics course relative to UP

and DP. No similar behavior is seen in comparison to the Dynamics & Vibrations courses.

All three flavors of IP Mechanics have similar terminal graduation rates, though a higher

fraction of transfer students graduate at or around the fourth academic year compared to

UP and DP students. Finally, similar fractions of students are retained within the engineer-

ing majors independent of the flavor of IP Mechanics taken. This does, however, depend

on the grade received in IP Mechanics, with A students from the transfer category migrat-

ing out at a higher rate that those receiving an equivalent grade in UP or DP. This trend

is flipped at the C level with a higher fraction of transfer students being retained. Taken

together there is a slight causal link between taking IP Mechanics at TAMU with better

performance in subsequent engineering courses and a weak link in taking IP Mechanics at

another institution with a faster matriculation rate.

2.5 All Cohorts 1990-2010

Following the same pattern on analysis as the preceding section, this section presents

the result for the metrics of academic performance, graduation, and retention for years
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1990-2010.

2.5.1 Performance in Engineering Courses

The Spearman correlation coefficient calculation is applied for grades from IP Me-

chanics and Statics & Dynamics for all years, with results shown in Figure 2.20. As seen

in earlier sections there is a lack of data around 1998-2001 between the two courses due to

changes in the curriculum at those times. During the majority of the 1990’s, and since 2002

there is a consistent trend for UP with correlations between 0.30 and 0.40. Correlations

for transfer credits are less definitive due to the high p value (and therefore no statistical

significance) across many years. For years where the significance value is low enough

to be considered meaningful, transfer students have a correlation typically just below that

of UP. For years in which DP may be identified, this flavor exhibits higher correlations

compared to UP.

Aggregate values for the Spearman correlations are shown in Table 2.8, including the

median, average, and standard deviation. The UP flavor has a moderately strong median

correlation, giving a small indication of causal linking between IP Mechanics and Statics

& Dynamics. For DP the correlation is slightly stronger, though only two years of unique

records are available for this flavor. Transfers rank as the weakest correlation, and at 0.22,

the value is too low to draw any conclusions about causal linking between the two courses.

Table 2.8: The median, mean, and standard deviation of all Spearman correlation coeffi-
cients between IP Mechanics and Statics & Dynamics.

Flavor Median Mean σ
University 0.353 0.339 0.210
Don’t Panic 0.413 0.413 0.012
Transfer 0.224 0.171 0.289
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Figure 2.20: Spearman correlation coefficients between IP Mechanics and the Statics &
Dynamics course. Error bars correspond to significance level p.

Application of the Spearman correlation coefficient between IP Mechanics and Dy-

namics & Vibrations for all years is shown in Figure 2.21. The UP flavor is the only flavor

which tends to have a statistically significant correlation across the years analyzed, though

the value tends to remain below 0.30 (see Table 2.9 for mean value). The DP flavor has no

statistically significant values. Transfers once again exhibit a highly varying behavior in

the correlation coefficients, with many years having no statistical significance. Years that

are significant tend to exceed UP to a small causal level.

2.5.2 Matriculation Rate

As with the correlation between IP Mechanics grades and subsequent engineering

courses, the Spearman correlation coefficient between IP Mechanics grade and the matric-

ulation rate has been calculated for all years, and is shown in Figure 2.22. Median, mean,
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Figure 2.21: Spearman correlation coefficients between IP Mechanics and the Dynamics
& Vibrations course. Error bars correspond to significance level p.

Table 2.9: The median, mean, and standard deviation of all Spearman correlation coeffi-
cients between IP Mechanics and Dynamics & Vibrations.

Flavor Median Mean σ
University 0.276 0.268 0.069
Don’t Panic 0.055 0.055 0.083
Transfer 0.315 0.307 0.376

and standard deviations for correlation coefficients are also given in Table 2.10. With

these metrics, negative correlation is preferred, implying a higher IP Mechanics grade

leads to a shorter matriculation rate. For UP there is a consistent trend at approximately

−0.20 across all years, and all years have statistical signifiance. DP shows correlations

comparable to UP for 2009-2010. Transfers show a number of years in the early 1990’s,

1998, 2005-2006 where the correlations have no statistical significance. For years where
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transfers do have significance there is a little more variability. The most recent years show

comparable values to UP and DP with the exception of 2010 which has a positive correla-

tion.

Figure 2.22: Spearman correlation coefficients between IP Mechanics and matriculation
rate. Error bars correspond to significance level p.

Table 2.10: The median, mean, and standard deviation of all Spearman correlation coeffi-
cients between IP Mechanics and the matriculation rate for engineering students.

Flavor Median Mean σ
University -0.236 -0.229 0.046
Don’t Panic -0.234 -0.234 0.014
Transfer -0.213 -0.158 0.184
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2.5.3 Retention

As with the single cohort from the previous section, the final metric considered here is

the rate of retention for students. Total retention by flavor of IP is shown in Figure 2.23.

For most years, students transferring in an IP credit tend to be retained within engineering

degrees at a higher fraction compared to those taking UP or DP. One notable exception

is the 2010 year, which had no statistically significant correlation between IP Mechanics

and either follow on engineering course. This year also had a strong positive correlation

between IP Mechanics and matriculation rate (an undesired correlation).

Figure 2.23: Retention fraction for engineering students based on the flavor of IP Mechan-
ics taken.

A more granular picture of retention behavior is given in Figure 2.24, which is sep-

arated by the IP Mechanics grade a student received. Students achieving an A in IP Me-

chanics are retained at an equal or higher rate in UP and DP compared to transfers. At
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the B level the retention levels are similar across all flavors. For students receiving a C

transfers tend to be retained at a slightly higher rate, particularly through the 2000-2010

years.

Figure 2.24: Retention of students for all years 1990-2010 separated by their IP Mechanics
grade.

2.5.4 Summary

Expanding the analysis used in Section 2.4 to the years 1990-2010 yields some inter-

esting connections between IP Mechanics and the examined metrics. Considering linked

academic performance between IP Mechanics and subsequent engineering courses there is

a significant difference in student performance with those taking IP Mechanics at TAMU

having a small causal link to better performance in Statics & Dynamics. This link is not

evident when comparing IP Mechanics to Dynamics & Vibrations for any flavor. Examin-
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ing the relation of IP Mechanics to matriculation rate, there is a weak negative correlation

(a positive result in this case) with similar values for all flavors. However, the TAMU

flavors of IP Mechanics exhibit a much smaller standard deviation for correlation coeffi-

cients, implying a more consistent relation. While those transferring their IP Mechanics

credit do appear to be retained at a higher rate than UP or DP, this primarily seems to be

for students at the C level, similar to the 2010 cohort.
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3. VERTICAL ALIGNMENT

This chapter studies the alignment of course content between three flavors of IP Me-

chanics available to engineering students at TAMU and two follow on engineering courses,

Statics & Dynamics and Dynamics & Vibrations. Alignment of course content is particu-

larly important between these sets of courses, as IP Mechanics acts as one of the primary

prerequisites for the engineering courses, and there is significant conceptual overlap be-

tween the courses. This overlap stems from the presence of mechans concepts, including

motion, forces, energy, oscillations and more within both the introductory course, and the

subsequent courses. Strong alignment between courses would indicate good preparation

of students for the new material to come, while poor alignment is an indication that some-

thing is missing within the curriculum. This could be within one of the courses examined,

or in another course taken concurrently or between the courses examined in this chapter.

The contents of this chapter begin with a brief description of previous work done in

examining the alignment of IP Mechanics with an engineering course, Section 3.1. Next,

in Section 3.2, the q-matrix is defined. Section simstud introduces a model used to simulate

student performance (course grades) between two courses using their q-matrices. Results

for both alignment between courses and predicted course grades from the model are shown

in Section 3.4. A brief summary of these results are given in Section 3.5.

3.1 Previous Work

A part of a previous study, Shryock 2011, researchers compared the alignment of a

small set of physics concepts between IP Mechanics and Statics & Dynamics [6]. Within

this study a q-matrix, described later, was developed for the Statics & Dynamics course

to develop an understanding of the frequency with which physical and mathematical con-

cepts appeared in problems. In order to compare with the frequency of these topics in IP
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Mechanics, course syllabi were evaluated with the relative frequency being inferred from

the weekly schedule of topics covered in lecture. From this comparison the researcher

reached the following conclusion: Evaluating course content using syllabi from first-year

mathematics and physics mechanics courses, the topics do not seem to be well aligned with

the skills identified for a sophomore-level statics and dynamics course. Reproduced be-

low, Figure 3.1 is from this dissertation showing the comparison of frequency for physical

concepts between IP Mechanics and Statics & Dynamics found by Shryock.

Figure 3.1: This figure is reproduced from Shryock 2011 dissertation (Figure 47/75) on
the alignment of first-year physics mechanics topics comparing percentages of homework
and exam problems in Statics & Dynamics and the topic list from a syllabus in a first-year
physics mechanics course [6].

Examination of Figure 3.1 leads to a troubling conclusion if the reader is unfamiliar

with the content of a typical IP Mechanics course. The absence of Free-body diagrams and

friction is an indication that the data leading to the figure is incomplete. For an introductory

mechanics course, all topics related to forces are extremely important. Therefore, this
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figure is not an accurate representation of the alignment of physical concepts between IP

Mechanics and Statics & Dynamics.

It is this inaccuracy that has provided partial motivation for the work contained within

this chapter. Examination of all homework and exam items of the Statics & Dynamics

course led Shryock to develop a deeper understanding of the topics which are vital to stu-

dent success. This method has been applied to three versions of an IP Mechanics courses

and two engineering courses to form a more complete dataset to determine quality of

alignment.

3.2 Q-Matrix

To determine the alignment between IP Mechanics and subsequent engineering courses,

the course content is used to create an expert developed q-matrix. Here the term expert

implies that the research is an expert in the content to which the q-matrix is being ap-

plied. Created by Tatsuoka in the 1980’s, a q-matrix is a representation of the relationship

between observed variables and observations in a matrix format [81, 82]. For course align-

ment, observed variables are considered to be the skills required to solve problems. Ob-

servations are the homework and exam problems students are expected to complete during

a particular course.

An example of a small q-matrix is shown in Table 3.1. Skills are comprised of physical

concepts and mathematical methods necessary to solve problems. This list was created by

a former graduate student in the department of Physics & Astronomy at TAMU, Landon

Chambers, in collaboration with multiple engineering faculty. A full listing and descrip-

tion of each of these is available in Appendix D. Homework and exam problems were

gathered from faculty who had recently taught IP Mechanics, Statics & Dynamics and

Dynamics & Vibrations. Where solutions were available, they were checked and verified

by the researcher. Where solutions were not available the researcher created new solutions
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using the methods from the associated text and course notes.

Table 3.1: An example q-matrix showing the relation between observations (homework
and exam problems) and the observed variables (physical concepts and mathematical
skills).

Problem #1 Problem #2 Problem #3 Problem #4
Skill 1 1 1 0 0
Skill 2 0 1 0 0
Skill 3 1 0 1 1
Skill 4 0 0 0 1

Previous studies have employed q-matrices in a variety of situations. Barnes et al. used

them to determine the correlation between student knowledge of a concept and their ability

to correctly apply that concept on test questions [83]. Other studies have used q-matrices

to explore different methods of grading exams and to represent the performance of test

takers [84, 85].

This work employs the q-matrix as a representation of the skills used to correctly solve

problems on homework and exams. In subsequent sections this q-matrix will be used as a

metric for alignment of course content, and as part of a simulation of student performance

between two closely linked courses. Some problems may be correctly solved using more

than one set of skills. The number of items where this occurred is relatively small (< 2%),

and the set of skills recorded is a best reflection of the associated material covered on that

assignment.

An example problem, solution, and concept identification is shown in Figure 3.2. Here

a student is asked to determine the sum x−component and y−component of three forces

for coordinates parallel and perpendicular to the inclined plane. The magnitudes of the

forces shown in the free-body diagram are knowns. Because of this only the concepts and
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skill of Cartesian Coordinates, Vectors, and Geometry/Trig are included in this problem.

As the students are not asked to find the acceleration of the block, just to find the sum of

the forces, other concepts like Newton’s 2nd Law are not included in the q-matrix for this

item.

Figure 3.2: An example from the IP Mechanics DP flavor, asking students to find a vector
sum for three forces of known magnitude acting on a block which is on an inclined plane.

3.3 Simulated Students

As a further test of the alignment of course content between IP Mechanics and sub-

sequent engineering courses, a model was created to simulate student outcomes for the

engineering courses. This model uses student simulated student knowledge from IP Me-

chanics as the sole determining factor for the grade achieved in the subsequent engineering

course using a probabilistic model based on prior performance. The goal of this model is

to test whether high academic performance in IP Mechanics should be truly predictive of

high performance in a subsequent course. If the material within an engineering course is

strongly dependent on topics from IP Mechanics, this model should produce grade dis-

tributions consistent with those seen in academic records. Such results will be compared

with distributions from Chapter 2.

This process could be conducted using real student data. However, a model is chosen
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here due to the significant demand for time and resources the use of students would require.

Such a study would require a minimum of two years, and the collection of all homeworks,

and exams for all students across both courses. Gathering these materials would have to be

done via contact with faculty and graduate assistants to make copies of solutions in order

to conduct the q-matrix analysis. While such a study would be worth doing, it is beyond

the scope of this dissertation, and therefore the model is chosen for simplicity.

3.3.1 The Model

Modeling a simulated student follows a direct process, starting from a seeded grade

in IP Mechanics to an output grade from the subsequent engineering course. The flow

of this model is shown in Figure 3.3. The initial IP Mechanics grade is probabilistically

determined based on the flavor of the course and the historical grade distribution for IP

Mechanics. The historical grade distribution is based on the same set of academic records

used in Chapter 2. Only grades of A, B, or C are kept for the model, meaning only students

who achieved a passing grade in IP Mechanics, continued on to the engineering courses

(mirroring university policy). Each flavor of IP Mechanics is modeled separately using the

individual q-matrix developed for each.

Figure 3.3: Flowchart describing the process of modeling simulated student performance
between IP Mechanics and subsequent engineering courses.
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A simulated students IP Mechanics grade is then used as the probabilistic seed to pop-

ulate the q-matrix for that course. Only skills which were present in the expert version of

the q-matrix are determined in this step. The student’s grade is equivalent to the likelihood

of a present concept remaining a 1, otherwise it is turned to a 0. After the entire q-matrix

has been determined in this manner, the simulated students’ skill vector is calculated. This

vector is the fraction of times a simulated student got each concept or skill correct. For

instance Newton’s 2nd Law could have a fraction of 0.89 (correctly used 89% of the time),

where Differentiation could have a fraction of 0.65 (correctly used 65% of the time).

The skill vector determined from the IP Mechanics course is then used as a set of prob-

abilistic seeds to determined the simulated students’ q-matrix for the engineering course.

Instead of a single probability, each concept or skill has their own probability for remaining

correct or flipping to incorrect. Once the engineering q-matrix is determined, the simu-

lated students’ final course grade is calculated based on the number of correct concepts

and skills used, divided by the total number of concepts and skills present in the expert q-

matrix. This model is iterated for a large number of students for each flavor of physics to

build a reasonable distribution of course grades for both subsequent engineering courses.

Some of the limitations of this model include: equal weighting of all concepts and

skills, equal weighting of all items, and the assumption of no additional learning or less of

concepts and skills between courses. Within this model, the final point was addressed in

the use of guess and slip parameters [86]. A guess parameter is a probability that an item

gotten incorrect in the model will be changed to correct, as if the student increased their

knowledge of a concept or skill between courses. A slip parameter is a probability that an

item gotten correct will be changed to incorrect, as if a student lost knowledge between the

courses. For each simulated student, an additional series of models was run incorporat-

ing these two parameters. These parameters were included for integer probability values

ranging from 0-0.25.
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3.4 Results

3.4.1 Course Statistics

Five courses were assessed using the list of physical concepts and mathematical skills

described in Appendix D. These courses were three different flavors of IP Mechanics

(listed as PHYS-218 at TAMU), Statics & Dynamics, and Dynamics & Vibrations. Based

on these skills, q-matrices were developed for each course using all homework and exam

questions assigned during the course. Each q-matrix was based on a single instance of

the course. While some variation is natural term to term, the general trend of material is

assumed to remain fairly constant. A report on the number of items and the number of

skills per problem is given in Table 3.2.

Table 3.2: Number of items as well as the median, mean, and standard deviation of average
number of concepts and skills present in each item for the IP Mechanics and subsequent
engineering courses evaluated using q-matrices.

Course Number of Items Concepts/Skills
Median Mean σ

Statics & Dynamics 145 6 5.9 2.6
Dynamics & Vibrations 129 9 9.3 3.7
IP Mechanics UP 191 4 4.8 2.8
IP Mechanics DP 199 5 5.6 2.7
IP Mechanics Transfer 142 3 4.2 2.5

The IP Mechanics courses taught at TAMU have similar number of items, with a small

variation in the number of concepts found, on average in each problem. The transfer flavor

had fewer items, with a lower median number of concepts. The high mean for the transfer

flavor is due to a small number of items which had a very high number of concepts present.

Compared to the IP Mechanics courses, the engineering courses have a higher number of
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concepts, particularly the junior level Dynamics & Vibrations course.

3.4.2 Alignment of Concepts & Skills

Drawing on the expert developed q-matrices created as described in Section 3.2, the

alignment of physical concepts and mathematical skills may be examined by looking at the

relative frequency of their appearance within a course. As a first measure of comparison,

Figure 3.4 reproduces the figure from Shryock 2011 on the relative abundance of four

physical concepts in Statics & Dynamics along with the three flavors of IP Mechanics.

(a) Shryock

(b) Perry

Figure 3.4: A parallel comparison of physics concepts in IP Mechanics and Statics &
Dynamics based on the data collected for this study. The left panel (a) has been reproduced
from a previous study which examined IP Mechanics syllabi for course content [6].

There are some clear differences between the two evaluations. First, Free-body dia-

grams and friction are indeed covered in the IP Mechanics curriculum, and at rates fairly

similar to Statics & Dynamics. For Newton’s 2nd Law, there is disagreement relative to

Shryock’s results. This study found Newton’s 2nd Law to be far more common; as it should

be since it is inherently linked to the vector sum of forces found within the Free-body dia-
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gram. Between the three flavors of IP Mechanics there is some variation in the frequency

of each concept appearing. These differences will be explored in more depth.

Total alignment between IP Mechanics and the two engineering courses may be seen

in Figures 3.5 (Statics & Dynamics) and 3.6 (Dynamics & Vibrations). Here the concepts

have been ranked from most common to least common appearance within the engineering

courses, and their overlap is displayed with the residual sum of squares (RSS). Lower RSS

values indicate a greater alignment between the courses due to the smaller differences in

relative appearance of a concept.

Figure 3.5: Fraction of times a concept/skill appears in assigned problems within a course
between IP Mechanics and Statics & Dynamics.

From Figure 3.5 there is a clear difference in the relative coverage of concepts and

skills between the different flavors of IP Mechanics. The DP flavor has the best coverage

of topics present in Statics & Dynamics , thought certain concepts do exhibit some poor
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alignment. The UP and Transfer flavors exhibit similar coverages, with a slightly higher

coverage evident in UP. This is likely due the flavors using the same textbook, though the

individual problem sets and exam problems were quite different. As a singular measure of

the goodness of the fit between each flavor of IP Mechanics and Statics & Dynamics, the

least squares is shown one the relevant panels in Figure 3.5. The DP flavor shows a much

smaller value than UP and Transfer flavors, indicating a much closer overall alignment.

The Transfer flavor exhibits the most poor alignment with Statics & Dynamics.

Figure 3.6: Fraction of times a concept/skill appears in assigned problems within a course
between IP Mechanics and Dynamics & Vibrations.

Conceptual alignment between IP Mechanics and Dynamics & Vibrations is shown in

Figure 3.6. There is no single flavor that exhibits significantly better coverage over the

other flavors. It is clear, however, that there is significant misalignment of many concepts

and skills between IP Mechanics and Dynamics & Vibrations. The least squares value
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between the courses is shown on the relevant panels in Figure 3.6. These values show poor

matching between the frequency of concepts in IP Mechanics and Dynamics & Vibrations.

Though the matching is poor, once again the DP flavor has the best matching, followed by

UP, with the selected Transfer course being the least aligned.

3.4.2.1 Statics & Dynamics

To explore the differences of specific concepts between IP Mechanics and Statics &

Dynamics, each concepts was compared on a relative scale. This scale was defined as

RelativeFraction =
Statics&Dynamics− IPMechanics

Statics&Dynamics
(3.1)

The fraction of appearance for a concept within items was used for each course. Values

range from +1 to less than −1, where positive values indicate the concept appearing more

often in Statics & Dynamics and negative values appearing more often in IP Mechanics.

Concepts which yield a relative fraction less than −1 are covered minimally in Statics &

Dynamics, if they are covered at all. Relative fractions for a subset of important physical

concepts and mathematical skills are shown in Figures 3.7- 3.11. The percentages shown

to the right of each figure indicate the percentage of items in Statics & Dynamics in which

that concept appears.

When considering topics related to Forces and Torques, there is good alignment for the

Force topics and apparent poor alignment for Torques. For Newton’s 2nd Law and Free-

Body Diagrams, all three flavors of IP Mechanics exhibit similar alignment with Statics &

Dynamics, with both topics covered slightly less often in IP Mechanics. For Friction there

is a small difference between the three flavors of IP Mechanics, but these differences are

small, and all closer to zero than other topics in Figure 3.7. Poor alignment is seen for

Torques for all three flavors. This is due to the high fraction of problems in which Torques

appear in Statics & Dynamics. Within IP Mechanics the concept of torques is found within
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two chapters in each of the texts, covering just 10%-15% of the course. Therefore, it is

not feasible for torques to be present within 1/3 of the IP Mechanics courses. Problems

involving Moments of Inertia are covered more often in IP Mechanics, but this concept is

covered only minimally in Statics & Dynamics.

Figure 3.7: Relative alignment between IP Mechanics and Statics & Dynamics for Force
and Torque concepts.

For concepts involving Energy and Momentum, shown in Figure 3.8, there is poor

alignment for almost all concepts. The main reason for this is that energy is not a major

topic in Statics & Dynamics, while it is a major topic within IP Mechanics. This lack of

alignment should not be taken as a detriment to students, however, as an understanding

of energy is important for other courses such as thermodynamics. The Transfer flavor of

IP Mechanics does show close alignment for Conservation of Linear Momentum due to a

very low number of problems on this topic for the course evaluated.
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Figure 3.8: Relative alignment between IP Mechanics and Statics & Dynamics for Energy
and Momentum concepts.

Concepts related to Motion, including one-dimensional, two-dimensional, and rota-

tional motions, are shown in Figure 3.9. All flavors of IP Mechanics show close alignment

for 1-D Motion, with scattered alignment on other topics. Overall the DP flavor has the

best alignment for the most prevalent topics of motion (as well as Rotational Motion). The

UP and Transfer flavors exhibit better alignment for the topic of Rolling without Slipping

compared to DP. This topic is omitted in DP in favor of problems with Polar Coordinates.

Vectors are a major topic within Statics & Dynamics, including definitions of two

different coordinate systems and being able to write and work with vectors in those co-

ordinate systems. Alignment of vector concepts is shown in Figure 3.10. The DP flavor

of IP Mechanics exhibits the best total alignment for Vector concepts, though this flavor

skews towards over doing it for Define Coordinates and Polar Coordinates. The next best

flavor is UP across all vector concepts. The Transfer flavor exhibits very poor alignment
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Figure 3.9: Relative alignment between IP Mechanics and Statics & Dynamics for Motion
concepts.

in the use of vectors and coordinate systems. Polar Coordinates were almost unused in

the instance of this course evaluated for this study.

The final group of concepts compared involved mathematical skills needed by students

to successfully solve problems, shown in Figure 3.11. The most common mathematical

skill, other than vectors, used is Simultaneous Eqs., solving a system of equations. For

this topic the DP flavor exhibits the best alignment, followed by Transfer and then UP. The

UP flavor exhibits better alignment in the use of differentiation for Statics & Dynamics.

Both the UP and Transfer flavors exhibit close alignment in the use of graphs for problems,

which is covered negligibly in DP.

Much of the apparent strength of the alignment for the DP flavor of IP Mechanics com-

pared to UP and Transfer is the use of concepts related to Vectors (Figure 3.10), Motion

(Figure 3.9), and Simultaneous Eqs. (Figure 3.11). As Vectors are involved in such high
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Figure 3.10: Relative alignment between IP Mechanics and Statics & Dynamics for Coor-
dinate system and Vector concepts.

fractions of problems in Statics & Dynamics, the UP and Transfer flavors could potentially

significantly increase their alignment by selection of different problems from the Young &

Freedman text in which vectors occur more often. Though some concepts do exhibit sig-

nificant misalignment with Statics & Dynamics, these tend to occur in topics which only

appear in < 10% of problems in the engineering course (e.g. Energy, Rotational Motion

and Differentiation.

3.4.2.2 Dynamics & Vibrations

As in the previous section, relative fractions were calculated according to Equation

3.1. Results for a selection of the most important are shown in Figures 3.12-

Concepts related to Forces and Torques, Figure 3.12, show reasonably good alignment,

particularly for Newton’s 2nd Law, which are present in a high fraction of problems in

Dynamics & Vibrations. For concepts related to Position, Velocity, and Acceleration the
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Figure 3.11: Relative alignment between IP Mechanics and Statics & Dynamics for other
mathematical skills.

Transfer and UP flavors are better aligned than DP. For topics related to Moments of Inertia

and Torques all three flavors are similar in their poor alignment. This is, once again,

likely due to the smaller fraction of the IP Mechanics course in which these topics appear

(roughly 10%-15% at maximum).

Some of the most prevalent and important topics in Dynamics & Vibrations are related

to oscillatory motion of objects and systems, related to Harmonic Motion. Alignment

to concepts related to Harmonic Motion are shown in Figure 3.13. All three flavors of

IP Mechanics show very poor alignment to all concepts in this area. This is due to the

small amount of attention that harmonic motion gets within IP Mechanics textbooks and

courses, typically covered quickly immediately before the final exam of the semester. A

limited number of items will cover topics like Natural Frequency and Simple Harmonic

Motion. However, effectively zero items will cover the topics of Damped Oscillations or
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Figure 3.12: Relative alignment between IP Mechanics and Dynamics & Vibrations for
Forces and Motion.

Forced Oscillations, as the required math to obtain a solution is beyond the level required

and expected for students enrolled in IP Mechanics.

Alignment of IP Mechanics with Dynamics & Vibrations for topics relating to Vectors

and Coordinate Systems are shown in Figure 3.14. The DP flavor exhibits the overall best

alignment, as it did with Statics & Dynamics, though it overdoes the concept of Define

Coordinates, in which a student must define their own system to solve a problem. The

next best alignment is seen for the UP flavor, with the Transfer flavor showing the most

poor alignment of the three. All three flavors show particularly weak alignment for the

concept of Polar Coordinates.

The final set of topics comparing alignment of IP Mechanics with Dynamics & Vi-

brations concerns several mathematical skills and the Conservation of Energy, shown in

Figure 3.15. For Differentiation and both 1st & 2nd Order ODE all three flavors show
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Figure 3.13: Relative alignment between IP Mechanics and Dynamics & Vibrations for
Harmonic Motion.

very poor alignment. Even the DP flavor which exhibited an excess of Differentiation

compared to Statics & Dynamics, Figure 3.11, covers the topic far too little for its use in

Dynamics & Vibrations. This can be viewed as an acceptable deviation from alignment, as

teaching this level of math is not the purpose of IP Mechanics, but rather a student’s math

courses, particularly Differential Equations. The alignment of Conversation of Energy is

reasonably close across all three flavors, with UP being the best, followed by Transfer and

then DP. This is an important alignment for a physical concept as it appears in more than

a fifth of all items during Dynamics & Vibrations.

The poor alignment between IP Mechanics and Dynamics & Vibrations stems from the

significance of topics related to oscillations (including Simple Harmonic Motion, Damped

Oscillations, and Forced Oscillations), as well as Differentiation and Differential Equa-

tions. The mathematical topics involving Differential Equations are appropriately mis-
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Figure 3.14: Relative alignment between IP Mechanics and Dynamics & Vibrations for
Vectors.

aligned because this math course in which these are taught occurs 2-3 semesters after the

IP Mechanics course in a typical undergraduate’s curriculum. Oscillations, typically cov-

ered just before the final exam, are a brief topic that tends to lack significant depth within

IP Mechanics. For physics majors, this topic is covered in great depth in subsequent

semesters. However, to better serve engineering majors it could potentially be increased

within the IP Mechanics course.

3.4.3 Simulated Students

Following the procedure described in Section 3.3.1 a dataset for each flavor of IP

Mechanics was created, containing 500 simulated students modeled for 676 combinations

of guess and slip parameters. The large number of simulated students was used to ensure

a reasonable number of simulated students in each bin for the grade distribution (A− F ),

to avoid unnecessary variance.
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Figure 3.15: Relative alignment between IP Mechanics and Dynamics & Vibrations for
Math and other concepts.

A comparison of the actual grade distribution for Statics & Dynamics for students

taking each flavor of IP Mechanics, using the data set from Chapter 2, with the grade

distributions of simulated students in shown in Figure 3.16. The UP flavor shows a very

odd result, in that no students are modeled as achieving a grade ofA , despite having a very

similar alignment as the Transfer flavor (which shows a very well matched distribution

between data and model). The DP flavor exhibits reasonably good matching, except for

the B range of grades, which appear to have been lowered to the C range. No flavor of IP

Mechanics has any simulated student achieving a grade of F for the basic model of zero

guess and slip parameters.

For each flavor of IP Mechanics, a best first model (as measured by the mean squared

error) was found between student grades, using academic records, and the simulated stu-

dents incorporating the guess and slip parameters. The best fit for each passing grade from
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Figure 3.16: Comparison of simulated and actual grade distributions in Statics & Dynam-
ics based on flavor of IP Mechanics. Simulations were conducted using the individual
q-matrices for each flavor of IP Mechanics.

all flavors of IP Mechanics is shown in Figure 3.17. The UP flavor of IP Mechanics shows

two poorly fit models, for IP Mechanics grades of A and B (particularly for students earn-

ing A’s in Statics & Dynamics, though the IP Mechanics grade of C exhibits a good fit.

Though these models are not a perfect fit, they are the best match of the 676 combinations

of guess and slip which were simulated. Stronger fits are observed for the DP and Transfer

flavors, though with the poorest matching at the IP Mechanics grade of A. As with the

total grade distributions seen in Figure 3.16, there are very few grades of F , and this is

consistent for all models. Students earning grades of F are likely doing so for reasons not

strongly related to their grasp of previous material from IP Mechanics.

For clarity, the guess and slip values found for the best models shown in Figure 3.17

are shown in Table 3.4.3. Also included in this table is the total amount of material

which was randomized, on average, for each simulated student within this category. For
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(a) University Physics (b) Don’t Panic

(c) Transfer

Figure 3.17: Comparisons of simulated and actual grade distributions in Statics & Dynam-
ics broken down by IP Mechanics grade. The guess and slip parameters leading to these
distributions are displayed in each panel.

all flavors, the A range of IP Mechanics grades exhibit the lowest overall match between

the model and historical data, though these were the best of 676 models that were run.

The UP flavor exhibits overall poor matching between simulated students being able to

achieve an A in Statics & Dynamics, though the model very closely matches data for a

grade of C in IP Mechanics. The DP flavor exhibits relatively strong agreement between

the model and data, though again with some mismatch for an IP Mechanics grade of A.

The DP model could potentially see increased agreement with a higher guess parameter, as

the slip is equal to zero. The Transfer flavor exhibits good matching at the B and C levels
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of IP Mechanics grades, though there is a deficit of modeled A’s in Statics & Dynamics,

similar to the UP flavor. Taken as a while, the models had relatively low mean squared

error (0.0155 for UP, 0.0021 for DP, and 0.0013 for Transfer), indicating relatively good

fit.

Table 3.3: Best fit guess and slip parameters, along with the fraction of total concepts
randomized, for each flavor of IP Mechanics.

UP DP Transfer

A B C A B C A B C

Guess 0.25 0.25 0.11 0.25 0.25 0.07 0.17 0.09 0.00

Slip 0.00 0.00 0.00 0.00 0.02 0.04 0.00 0.04 0.04

Randomized 2.5% 5.0% 7.7% 2.5% 6.6% 4.9% 1.7% 5.0% 2.8%

The low values of randomized responses needed to achieve the best model fit with

historical grades is reinforcement of the connection between the IP Mechanics material

and the Statics & Dynamics course. If there was no connection, or a weak connection

between the course material, the number of random responses would have to be much

higher to match historical grades. This indicates that what a student does, or does not,

learn in IP Mechanics has a strong relation to their performance in Statics & Dynamics.

3.5 Summary of Alignment

The work presented in this chapter defined a method to examine the alignment between

courses using q-matrices, and applied this method to three flavors of IP Mechanics, com-

pared with two subsequent engineering courses taken by a large number of engineering

majors at TAMU. Examination of the frequency of physical concepts and mathematical
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skills used in homework and exam problems within the courses showed a stronger align-

ment between the DP flavor of IP Mechanics with Statics & Dynamics. The UP and Trans-

fer flavors exhibited weaker alignment, particularly in topics concerning vectors. When

the alignment between IP Mechanics and Dynamics & Vibrations was examined, very

poor alignment was seen across all flavors, though DP showed the closest alignment of the

three, with Transfer being the least aligned.

As a further test of course alignment, a model was created to predict a student’s grade

in Statics & Dynamics based on the IP Mechanics flavor taken and course grade achieved.

Assuming no gain or loss of knowledge between IP Mechanics and Statics & Dynamics,

the q-matrices predict maximum performance (highest grades) when taking the DP flavor,

followed by Transfer, and UP predicting the lowest grades. Implementing guess and slip

parameters into the model produced better alignment when compared to historical grades.

With these parameters, a small fraction of material would need to be randomized (either

in gain or in loss) to better match historical grades from Statics & Dynamics. The output

of high guess parameters, particularly for simulated students to achieve an A in Statics &

Dynamics, is likely a result of topics that are poorly aligned between the two courses. This

is reinforced by the fact that even the best matched models for all flavors under produced

A students in Statics & Dynamics who had earned an A in IP Mechanics. However, the

similarity of the model with historical grades reinforces the strength of alignment in course

material between IP Mechanics and Statics & Dynamics.

3.6 Future Work

Although this work began as a direct assessment course content between IP Mechanics

and subsequent engineering courses for which it is a prerequisite, it has the potential for

broader use. Expansion of this method could be used to evaluate program content on a

more complete level, applied to multiple courses to evaluate both horizontal and vertical
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alignment. This could also be applied to other programs, using different sets of concepts

and skills.

For example, pre-med students typically take a different sequence of introductory

physics at many institutions, called College Physics. Recent efforts targeted at Introduc-

tory Physics Life Science (IPLS), have identified a number of specific concepts which are

important to pre-med students [87, 88, 89]. Application of this type of q-matrix analysis

for alignment could be a beneficial diagnostic to programs which serve a high proportion

of pre-med or other students with a biological focus.
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4. NEW ONLINE VIDEO RESOURCE FOR CALCULUS-BASED

INTRODUCTORY PHYSICS 1

4.1 Project Summary

There has been a rapid growth in the use of electronic materials as alternatives to

traditional lectures which includes sources such as Khan Academy, FlipItPhysics, Veri-

taserum and others. A new online video resource was developed by a team at the Depart-

ment of Physics & Astronomy at Texas A&M University (TAMU) intended to supplement

calculus-based introductory physics courses. It has been termed Freshman Physics Class-

room (FPC). Results from the first term of deployment, Spring 2017, are reported both

for student performance on course examinations, and effects on the Brief Electricity &

Magnetism Assessment (BEMA) score. The video modules received a high approval rat-

ing (> 85%) from students according to anonymous clicker surveys administered twice

over the course of the semester during lectures. Data from mid-term exams shows that

students who engage with the resource tend to outperform students who did not make use

of the FPC video modules. Distributions of exam scores indicate that students with partial

understanding of a subject from the course (lecture, recitations, etc) benefit from engage-

ment with the video modules. Students from the Spring 2015-2017 semesters are shown to

have nearly identical levels of conceptual knowledge according to pre-testing conducted

using BEMA. Normalized gains are found to be higher on average for those students who

make use of the FPC video modules, compared to those who did not. Overall, the FPC

video modules are found to have a positive gain on student conceptual understanding and

problem solving ability.

1Portions of this chapter are reproduced from New Video Resource for Calculus based Introductory
Physics, Design & Assessment I: Electricity & Magnetism, accepted for publication in the American Journal
of Physics, with the permission of AIP Publishing.
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4.2 Background

The number and use of multimedia resources in physics instruction has increased

greatly in recent years. Such multimedia resources have been shown to have a positive ef-

fect on student learning and performance, including but not limited to FlipItPhysics, or In-

teractive Video Vignettes [69, 90, 91]. Some resources, e.g. FlipItPhysics, use pre-lecture

videos intended to replace traditional lectures, allowing contact time between instructor

and students to be focused on problem solving strategies and demonstrations [69]. Other

popular resources address multiple education levels, i.e. Khan Academy, but the content of

these resources does not reach an appropriate level for introductory course work in STEM

majors [92].

Successful multimedia resources are a boon to education, as they provide additional,

multi-sensory engagement with the material [93]. Design of these resources must draw on

the current state of cognitive science and empirical studies, with specific attention to the

limitations and effective presentation methods of multimedia material. First identified by

George Miller in 1956, it is known that learners have a limit to the amount of information

which may be processed at one time [94]. Originally this limit was identified as 7 ±

2 items. Once this limit is exceeded the cognitive process bogs down. New items or

information are assimilated in schema acquisition, which is recognized by Sweller as a

primary component of skilled problem-solving performance [95]. In order to avoid heavy

cognitive loads, which would interfere with learning, the FPC resource was designed as

a technology-centered resource using short video modules [96]. This type of resource is

intended to provide additional access to the concepts and methods relevant to the material

in a manner that promotes transition of new information from working memory to long

term memory [64].

In order to maximize student learning based on these cognitive limitations, the FPC
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modules selected some of the most effective video engagement methods. These effective

methods have been detailed by Lincoln in a recent paper [74]. Specifically, the use of a live

personality, demonstrations, effective words and symbols, and voice-over were employed.

The use of a live personality and demonstrations were primarily used in the conceptual

portion of the modules. Voice-over is paired with effective words and symbols in the

example problems for each module. Additionally, content and wording was kept as simple

as possible for viewers to focus on the material being presented. This avoids the distraction

inherent in extra animations, video clips, or over-use of context-rich problems which can

detract from moving information to long term memory mayer2005cambridge.

The current state of available multimedia resources online appears to have left a niche,

which this work addresses. Specifically, there is a need for textbook independent mate-

rial that addresses the challenging topics in calculus-based introductory physics courses.

This need exists for any instructional style of introductory physics whether instruction is

conducted via sage on the stage, or using more innovative techniques. Therefore, an open

access, online, supplemental resource has been designed by researchers at Texas A&M

University (TAMU) for an introductory Electricity & Magnetism (E&M) course. This

resource was first implemented in the Spring 2017 semester. This paper reports on the de-

velopment, analysis, and results from this initial deployment of such a multimedia resource

consisting of a series of video modules entitled Freshman Physics Classroom (FPC).

4.3 Development

The FPC resource created a series of videos as self learning materials for students.

The resource was organized into a series of modules addressing the major topics from

the E&M curriculum. These topics are listed in Table 4.1. Each module consists of a

conceptual video, covering the background of a particular topic, and multiple example

problems (2-4) each contained in a separate video. Though this resource covers a large
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portion of the material found in a typical second semester introductory physics course, it

is intended for supplemental use by students in addition to their course. It is not designed

as a course replacement. To promote student interest in the videos, the content was kept

short, with a conversational atmosphere, addressing relevant misconceptions and problem

solving techniques. Detailed information about each module including a summary of the

example problems used may be found in Appendix E.

Table 4.1: List of video modules for the introductory Electricity & Magnetism course.

Modules
1) Coulomb’s Law 7) Simple Circuits
2) Electric Fields 8) Magnetic Forces
3) Electric Potential 9) Biot-Savart Law
4) Flux/Gauss’ Law 10) Ampere’s Law
5) Capacitors 11) Faraday’s Law
6) Ohm’s Law 12) Time Dependent Circuits

Each module was designed to address a specific group of learning objectives using mul-

timedia learning principles in order to maintain an acceptable cognitive load on students

to promote understanding. Each video averaged 4:30 minutes, with an average length for

a complete module at just under 15 minutes. For the Spring 2017 term, the videos were

hosted on Vimeo and students’ access was channeled through an online blackboard site.

During the semester the date and frequency of access for students was logged for each

video. After the Spring 2017 semester all video modules were ported over to a TAMU

website https://classroom.physics.tamu.edu/. Any student enrolled at TAMU is able to ac-

cess the video modules via their university log in credentials. Guest access is available by

contacting FPC@physics.tamu.edu. Protocols for this study were approved by the TAMU

Institutional Review Board (IRB), reference number IRB-2016-0173M. These study pro-
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tocols were made available on e-campus during the Spring 2017 semester in the form of

an information sheet approved for distribution by the IRB. The protocols remain available

on the website mentioned above.

Conceptual videos give a basic overview of the use, application, and common errors in

application for the major topics listed in Table 4.1. The presentation of material in these

videos uses a combination of explanation, derivation, and demonstration to solidify a stu-

dent’s understanding. This presentation is done using a conversational presentation style,

following the personalization principle, with an overlay of text, equations, and diagrams

appearing in time with the speech content [?].

Example problem videos each contain the solution and explanation for a single prob-

lem, common to the topic being discussed. The question and solution are presented in a

"Khan Academy" like manner, with no person appearing on the screen, which has been

shown to be an effective practice [?]. Originally the problem videos made use of a screen

split between the solution and the presenter. This was found to be too limiting for space

and distracting to students who watched them. Each step in the solution is revealed to the

students in time with the audio explaining the step. This structure is intended to model

good problem solving practices using the equations and concepts introduced within that

module.

Recordings were done using a tripod mounted Canon EOS 70D camera for video and

a Zoom H6 Handy Recorder for audio. A plain black HiLite professional backdrop was

used from Lastolite. Illumination was provided by a pair of FloLight microbeam 512

lights also mounted on tripods. Video and audio editing was done in Camtasia, with all

written equations and diagrams being drawn in an open access piece of software called

Gimp2. Equations and diagrams were written using a WaCom H13 tablet with a writing

stylus. All videos were closed captioned to conform to the standards of the Americans

with Disabilities Act (ADA). For this a captioning company from California, CIELO-24,
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was employed.

4.4 Currently Available Resources

It is recognized that there exists a number of available resources online for students

to use as supplemental material for their introductory courses. In this section some of the

common multimedia resources used by physics students are described.

4.4.1 FlipItPhysics

Designed by a research team at the University of Illinois, FlipItPhysics is now a com-

mercially available product, available at https://www.flipitphysics.com/, consisting of a

set of multimedia learning modules (MLMs) intended to be used by students prior to the

lecture period of a course [97]. Each module contains two to three formative assessment

questions, which students must answer to progress to subsequent material [98]. Previous

studies of the effect of MLMs on student performance have found a positive correlation

on exams and conceptual assessments such as the Conceptual Survey of Electricity and

Magnetism (CSEM) [69, 99].

In a study conducted at California State Polytechnic University Ponoma MLMs were

compared to a standard course where students were encouraged to read the textbook prior

to lecture [98]. The study reported that only 20% of students read the majority of the

textbook assignment prior to class, whereas 78% of students completed a majority of the

MLMs. It was noted by the researcher, Sadaghiani, that students reading the textbook may

have produced similar performance on exams as those engaged with the MLMs, but that

students tend to bypass reading the assigned textbook regardless of the instructor.

4.4.2 Khan Academy

Created by Salman Khan in 2009, Khan Academy is an online, non-profit educational

tool comprised of more than 2,700 videos, attracting millions of views per month [100].
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Khan Academy’s design creates an atmosphere of one-on-one instruction digitally using

recorded videos that are typically 7-14 minutes long. The video instruction may also be

paired with mastery-based learning through students answers a series of questions that

must be completed prior to advancing to the next set of material [101].

According to two studies, conducted by the Albertson Family Foundation and SRI

Education, there is evidence that Khan Academy has a positive effect on students perfor-

mance as measured by a math assessment and standardized achievement tests [102, 103].

The limitation for applicability of Khan Academy to a collegiate setting is the content

level found within the videos. Exploration of Khan Academy’s website and videos makes

it clear that the intended mastery level, for at least the physics content, is the high school

level [92]. While this content may still be appropriate for many in college, such as liberal

arts or the biological sciences in an algebra based course, it is insufficient for calculus

based introductory physics courses.

4.4.3 Interactive Video Vignettes

Researchers from the LivePhoto Physics group created a resource termed Interactive

Video Vignettes (IVV) which attempts to combine active-learning strategies with video

based content [91]. The IVVs are an ungraded, web-based assignment used in introduc-

tory physics courses employing a series of elicit-confront-resolve (ECR) techniques with

formative assessment [104]. During their study, Laws et al found a statistically significant

improvement on the FCI for students using the IVV resource. However, less than 40% of

students were seen to complete the IVV modules without some form of course credit. It is

unknown what effect selection bias had on their results.

4.5 Engagement

Student engagement with the FPC modules was encouraged via a limited set of in-class

announcements made during lecture in the beginning of the semester, with a follow up
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email from their professor in the second week of the term. Reminders about the availability

of the modules were given during the in-class surveys conducted after the 1st and 3rd mid-

term exams. In addition to the access links to the FPC modules, very little course content

was included on e-campus. For one instructor only course grades were kept on e-campus.

The other two professors kept no additional course information or content on e-campus.

In contrast to some supplemental resources that have been studied, no course credit

was given (nor penalty taken) for use (or non-use) of the resource [69, 99]. Such studies

offered a token amount of course credit (approximately 5% of the course grade), or small

amounts of cash, as an incentive for students. This is intended to encourage a higher level

of participation on the part of students to achieve a reasonable sample size to effectively

study the impact of the educational intervention.

Using the internal API from Vimeo, the engagement behavior of students may be de-

termined. The API yields information about the number of times videos were loaded,

played, and completed by students. Graphs of daily loads, plays, and completions for stu-

dents are shown in Figure 4.1. It is not surprising to note that the majority of views takes

place in the days immediately prior to an exam. For the final exam, there are two peaks

corresponding to different lecture sections taking their final exam on different dates. There

is, however, clear evidence of engagement earlier than immediately before an exam. This

is most clearly seen in Figure 4.1.a where a series of three secondary peaks for views are

seen in different weeks. This corresponds to students accessing a particular module re-

lated to the material being covered in lecture that week. This trend is present, though less

pronounced in Figure 4.1.b for the 2nd mid-term exam, and there is only slight evidence

of it in Figure 4.1.c for the 3rd mid-term exam. This is potentially due to a change of

study habits as the semester progresses, with demands increasing from other course work.

Another explanation is that more motivated students, who would study earlier typically,

are not using the resource until closer to the exams, if at all.
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(a) 1st Mid-term Exam (b) 2nd Mid-term Exam

(c) 3rd Mid-term Exam (d) Final Exams

Figure 4.1: Daily number of times videos were loaded, played, and completed by students
leading up to each exam in the Spring 2017 semester.

From the data in Figure 4.1 it is evident that only a low fraction (approximately 40%)

of video plays are watched to completion. To gain a better understanding of how much

of the material students are watching the mean percentage of video viewed is examined.

As part of the API Vimeo outputs the percentage of total viewing time that plays encom-

passed. Using this daily record, the mean and median view percentages for students are

given in Figure 4.2. The average percentage of videos viewed is seen to fluctuate across

the different exams. This statistic is, however, sensitive to days with a low viewing per-

centage and low number of plays. The median completion percentage is consistent across
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all exams. Median completion percentage is also consistent across all video modules, as

seen in Table 4.2. From this it may be concluded that students tend to watch at least 80%

of the video content.

Figure 4.2: Average and Median completion percentages for all student views separated
by exam period during the Spring 2017 semester.

4.6 Analysis

Impact of the FPC video modules was assessed based on results of student surveys,

measurable effects of student performance on midterm exams and the Brief Electricity

& Magnetism Assessment (BEMA) [29]. Students were grouped by those who chose to

engage with the FPC resource and are referred to as Viewers hereafter, while those who

did not make use of the resources are referred to as Non-Viewers.
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Table 4.2: The median completion percentage for each E&M module of the FPC resource
for Spring 2017. The error is calculated as the standard deviation from averaging the
median completion percentage for all videos within a single module.

Module Median
Coulomb’s Law 80.0% ± 1.6%
Electric Fields 83.3% ± 1.2%
Electric Potential 83.3% ± 1.6%
Flux/Gauss’ Law 81.6% ± 4.0%
Capacitors 83.0% ± 0.8%
Ohm’s Law 81.0% ± 1.4%
Simple Circuits 83.3% ± 1.8%
Magnetic Forces 86.7% ± 0.5%
Biot-Savart Law 88.5% ± 2.5%
Ampere’s Law 86.0% ± 2.9%
Faraday’s Law 82.0% ± 3.6%
Time Dependent Circuits 80.8% ± 3.6%

Student response to the FPC video module content was acquired through the use of

anonymous, in-class clicker questions. Surveys were administered after the 1st and 3rd

mid-term exams. Students were polled separately on the content of the conceptual videos

and example problem videos in order to maximize feedback to the researchers. Survey

questions were multiple choice requiring respondents to select themselves into a bin of

two overlapping categories for each question. For instance, one question polled students

on the conceptual videos being helpful and enjoyable. The four answer choices were then

all possible combinations of helpful/not helpful and enjoyable/not enjoyable. Another

question focused on whether the solution methods demonstrated were instructive and easy

to follow. For both questions a fifth response was available for students to identify as

Non-Viewers.

To determine whether there exists any statistically significant difference between View-

ers and Non-Viewers from their performances on the mid-term exams, the independent

t-test was used. A t-test is used to determine whether a statistically significant difference
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exists between the mean values of two different groups of parametric data [76]. Separa-

tion of the data into two groups may be done via a categorical variable (stating that the two

groups are unrelated), or by the continuous variable (same group attempting two different

assessments). Here the independent t-test is used due to the easily separated, categorical

nature of the Viewers and Non-Viewers. A dependent t-test would be appropriate if exam-

ining pre-test and post-test scores for the course as a whole. The t-test statistic is calculated

based on the formula

t =
Sample one mean− Sample two mean

Standard error of the difference in means
(4.1)

In addition to the t statistic, an independent t-test also outputs a significance level p. Low

values of p indicate a statistically significant difference between the two samples [78].

Obtaining a low enough value of p, discussed below, permits the rejection of the null hy-

pothesis between the two samples. The null hypothesis asserts that there is no relationship

between the two variables being tested. In other words, the two samples should have no

statistically significant difference between them [105].

An independent t-test was applied to each of the 12 mid-term exam problems during the

semester (4 problems each on 3 mid-term exams), and is reported along with the average

and standard deviation in the following section. Each question on the mid-term exams

draws primarily from one major concept, as listed in Table 4.1, though not all concepts

were tested on the mid-terms during the Spring 2017 semester. Specifically, capacitors

and magnetic forces were omitted from the mid-term exams in Spring 2017. Results from

the independent t-tests are considered meaningful only for significance levels of p < 0.05.

During the spring semesters 2015-2017, students enrolled in the introductory E&M

course were requested to take a pre and post course assessment. Ongoing education re-

search efforts within the department led to cohorts of students taking different assessments

93



depending on the term of enrollment. A cohort is defined here as all students enrolled in

a course for a particular semester (i.e. students enolled in Spring 2015 are considered a

single cohort). Common to all assessments for the cohorts for spring semesters 2015-2017

was a 21 item subset of the BEMA. Pre-test scores for this subset were examined to de-

termine the consistency of conceptual knowledge for the Spring 2017 cohort relative to

previous years. Post-test scores and normalized gains were examined to determine the

difference in conceptual knowledge gain for Viewers relative to Non-Viewers, again using

the Spring 2015 and Spring 2016 cohorts as baseline comparisons. The normalized gain

is defined below [106].

g =
posttest%− pretest%

100− pretest% (4.2)

Pre-test, post-test, and normalized gains are examined only for students who took both

assessments.

4.7 Results & Discussion

In this section, results from the initial deployment of the FPC resource to a calculus-

based introductory physics E&M course, with an initial enrollment of N = 315 are pre-

sented. First, we report on the level of engagement and response from students during

the course of the semester based on engagement and surveys. Comparative performance

on mid-term exams is then presented. Lastly, distribution of student scores on the BEMA

(pre-test, post-test, and normalized gains) are shown. For clarity, data from Spring 2015

and Spring 2016 terms are used as our control group, and Spring 2017 as our experimental

group.

Due to the nature of this study, there is a natural selection bias within the data, where

motivated students may seek out additional study resources more than less motivated stu-

dents. As such, it would be difficult to extract meaningful results from the data without

an understanding of the students pre-knowledge and skills. To develop this understanding
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we examined two pre-course metrics, other than BEMA, in order to compare the level of

skill and knowledge between Viewers and Non-Viewers. This is done by comparing the

distributions of scores on the TAMU Math Placement Exam (MPE) and the SAT Math.

The MPE is a 33-item assessment used at TAMU during the registration process in order

to determine a student’s appropriate first math course.

Distributions for the MPE and SAT Math, normalized by the number of Viewers and

Non-Viewers across the whole course, are shown in Figure 4.3. For the MPE, Viewers

have an average score of 28.0 ± 4.2 while Non-Viewers have an average score of 28.8 ±

3.8. On the SAT Math, Viewers have an average score of 682 ± 70, while Non-Viewers

have an average score of 688 ± 72. Though Non-Viewers score slightly higher on both of

these assessments, and on the BEMA pre-test shown later, their distributions are nearly

identical. From Figure 4.3 it is reasonable to assume that both groups of students have

nearly identical mathematical knowledge and skills prior to their E&M course in Spring

2017.

(a) MPE (b) SAT Math

Figure 4.3: Distributions on the MPE and SAT Math for Viewers and Non-Viewers for
Spring 2017.
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4.7.1 Student Engagement & Response

During the Spring 2017 E&M course student engagement was very high, as seen in

Table 4.3. More than half of the enrolled students are categorized as Viewers for the three

mid-term exams during the semester. This percentage slides to just under 40% leading up

the final exam. Two possible explanations for this are: 1) the videos were not helpful to

students, or 2) students felt they had already mastered the concept and problem solving

procedure available in the FPC video modules.

Table 4.3: Percentage of enrolled students viewing at least one video in the time leading up
to each exam. Midterm exams occurred approximately in the middle of February, March,
and April.

Exam Viewers
1st Mid-term 70.3%
2nd Mid-term 63.0%
3rd Mid-term 52.2%
Final Exam 39.7%

Responses from clicker surveys administered after the 1st and 3rd mid-term exams

during the Spring 2017 semester are shown in Tables 4.4- 4.7. Percentage responses are

based only responses from Viewers for each survey question. The number of responses

were N = 255 and N = 200 for the 1st and 3rd mid-term exams respectively. Each

survey question was designed to probe the student responses to a particular part of the

video module design, and of their feelings about the modules as a whole. The questions

posed to students during lectures focused on: 1) the conceptual videos (Table 4.4), 2) the

example problem videos (Table 4.5), 3) the solution methods (Table 4.6), and 4) on the

complete video modules (Table 4.7).

Table 4.4 shows that conceptual videos were predominantly rated as being both help-
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ful and enjoyable to students for both surveys. On the conceptual videos being helpful,

students responded positively at an 87.0% and 89.8% rate for the 1st and 3rd mid-term

exams. The similar positive response rate for enjoyable (85.2% and 85.9% respectively)

is also an important result. Students are more likely to make use of an additional resource

when it creates a positive experience.

Table 4.4: Survey responses from Viewers on the conceptual videos being helpful and/or
enjoyable after the 1st and 3rd mid-term exams.

Response 1st Mid-term 3rd Mid-term
Helpful & Enjoyable 74.7% 77.3%
Helpful & Not Enjoyable 12.3% 12.5%
Not Helpful & Enjoyable 10.5% 8.6%
Not Helpful & Not Enjoyable 2.5% 1.6%

Survey responses on the second major component of the video modules, the example

problems, are shown in Table 4.5. Example problems were highly rated by all Viewers

after the 1st and 3rd mid-term exams, with only a minority of students finding the problems

as being either not relevant, not helpful, or both. There is a bias in this question as one

of the faculty members helping to select the example problems also creates the common

mid-term exams. This bias is mitigated by the consistency of the exams for the E&M

course over the past decade.

Building on the survey question on the example problems, students were specifically

queried on the problem solving methods. Results for this question are shown in Table 4.6.

Across both mid-term exams there is a high positive rating for the methods presented being

instructive (93.4% and 93.7% for the 1st and 3rd mid-term exams respectively). While a

majority of the positive responses reported the presented solution methods easy to follow,

a significant minority reported the solution methods as being difficult to follow. This may
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Table 4.5: Survey responses from Viewers on the example problems being relevant and/or
helpful after the 1st and 3rd mid-term exams.

Response 1st Mid-term 3rd Mid-term
Relevant & Helpful 85.2% 80.8%
Relevant & Not Helpful 8.4% 4.8%
Not Relevant & Helpful 5.2% 9.6%
Not Relevant & Not Helpful 1.3% 4.8%

be due to the limitations of the screen presentation, or due to some of the simple steps

being skipped in the interest of time.

Table 4.6: Survey responses from Viewers on the problem solving methods being instruc-
tive and/or easy to follow after the 1st and 3rd mid-term exams.

Response 1st Mid-term 3rd Mid-term
Instructive & Easy 66.2% 69.5%
Instructive & Difficult 27.2% 24.2%
Not Instructive & Easy 4.0% 6.2%
Not Instructive & Difficult 2.6% 0.0%

The final survey question administered was on the complete video modules, the re-

sponses for which are shown in Table 4.7. Just over 60% of students report the video

modules as being beneficial to both their conceptual understanding and test preparation.

A significant minority respond that the modules were beneficial only for conceptual un-

derstanding, not test preparation. This is an unexpected response as only one part of each

module is dedicated to conceptual understanding. Such a response could be a result of the

video modules being an effective channel of communication of conceptual knowledge in

addition to the lecture period.
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Table 4.7: Survey responses from Viewers on the complete modules being used for con-
ceptual understanding and/or test preparation for the mid-term exams. Responses were
taken by surveys administered after the 1st and 3rd mid-term exams respectively.

Response 1st Mid-term 3rd Mid-term
Conceptual Understanding & Test Preparation 61.3% 62.4%
Conceptual Understanding & Not Test Preparation 31.3% 31.2%
Not Conceptual Understanding & Test Preparation 4.4% 5.6%
Not Conceptual Understanding & Not Test Preparation 3.1% 0.8%

4.7.2 Performance on Exams

Midterm exams were comprised of 4 work out problems (12 problems total), each

drawing from a single concept. The maximum score for each problem was 25 points.

Problem scores were recorded and paired with an individual student’s record of access to

the FPC modules. Grading was conducted using a rubric provided by the course coordina-

tor, with small teams of graders (consisting of a faculty and graduate teaching assistants)

collaborating in order to provide consistent evaluation of each student’s solution.

Averages, standard deviations, and t-test results between Viewers and Non-Viewers

were calculated. Results from the three midterms are shown in Table 4.8. Viewers out-

performed Non-Viewers for 9 out of the 12 problems by a noticeable margin. For two of

the problems (Coulomb’s Law and Simple Circuits #2) the difference between groups is

very small, though in favor of the Viewers group. Gauss’ Law is the only problem from

the midterm exam, which shows a higher average for those who did not access the video

resource. It is noteworthy that this is also the only module that did not have a separate

conceptual video, an omission that will be rectified for future terms.

This difference in average scores is appreciable and encouraging. However, from re-

sults of the independent t-test, with equal variance, only three of the video modules had

a statistically significant impact: Ampere’s Law, Faraday’s Law and Time-Dependent
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Table 4.8: Averages, standard deviations, and independent t-test results for the exam ques-
tions on the three midterm exams for Viewers and Non-Viewers.

Viewers Non-Viewers t-test
Modules Average Std Average Std t p

Coulomb’s Law 22.9 4.5 22.5 5.2 0.678 0.499
Electric Field 19.1 6.8 18.1 7.7 1.18 0.24

Electric Potential 16.7 8.5 14.9 9.4 1.79 0.0738
Flux 20.2 6.7 18.9 8.2 1.55 0.123

Simple Circuits #1 21.2 6.0 20.2 7.8 1.22 0.225
Simple Circuits #2 21.9 6.1 21.5 7.2 0.528 0.598

Gauss’ Law 15.7 7.9 16.6 8.1 -1.02 0.307
Ohm’s Law 16.2 8.9 14.8 9.9 1.33 0.186

Ampere’s Law 18.9 7.7 16.0 10.0 2.35 0.0192
Biot-Savart 12.5 8.3 11.1 9.6 1.37 0.172

Faraday’s Law 18.1 7.9 16.1 10.0 2.05 0.0412
Time-Dependent Circuits 18.9 7.3 15.2 9.9 3.79 0.0002

circuits. Together these three topics are among the most challenging physics concepts

encountered in introductory E&M. The results for these modules are significant at the

p < 0.02, p < 0.05, and p < 0.001 levels respectively. A larger statistical base from future

terms is necessary to determine the potential significance of the other video modules.

Drawing on data taken from Spring 2016, direct comparisons of the distribution of stu-

dent scores for concepts on the 3rd midterm exam between 2016 and 2017 spring semesters

are shown in Figures 4.4- 4.6. Students from the Spring 2017 semester have been subdi-

vided into Viewers and Non-Viewers as in previous tables, where Viewers watched more

than one video within the topics module. From Ampere’s Law, Figure 4.4, a shift of scores

from the 10-20 points range towards >20 points is evident, compared to the 2016 distri-

bution. This would correspond to students with partial understanding of Ampere’s Law

achieving higher understanding, and problem solving ability through use of the resource.

Similarly, a shift for Faraday’s Law is noted, drawing from all bins below the highest.

The Time-Dependent Circuits problem does not show a shift towards higher scores
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Figure 4.4: Distribution of student scores between Spring 2016/Spring 2017 for Ampere’s
Law. Spring 2017 students have been categorized by their Viewer and Non-Viewer status.
Average problem scores were 17.6 and 18.9 for Spring 2016 and Spring 2017 respectively.

relative to Spring 2016. In fact, the average score for Spring 2017 is about 2 points lower

on the 25 point scale. This is attributed to differences in construction of the exam problems

between Spring 2016 and Spring 2017. In the Spring 2017 term, the Time-Dependent

Circuit question was less straightforward compared to Spring 2016. However, the results

from Table 4.8 show that Viewers performed comparable to Spring 2016, far in excess of

the Non-Viewers.

4.7.3 BEMA

Comparisons of pre-test scores on the 21 item subset of BEMA are seen in Figure 4.7.

The distribution of Non-Viewers has been added on top of the distribution for Viewers to

comprise the total distribution for the Spring 2017 semester. It is clear from this distri-

bution that the three cohorts had similar conceptual knowledge prior to the E&M course.

Numerically, the average pre-test scores are 6.32 ± 2.45 for Spring 2017, 6.92 ± 2.75 for
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Figure 4.5: Distribution of student scores between Spring 2016/Spring 2017 for Faraday’s
Law. Spring 2017 students have been categorized by their Viewer and Non-Viewer status.
Average problem scores were 15.3 and 18.8 for Spring 2016 and Spring 2017 respectively.

Spring 2016, and 6.58± 2.35 for Spring 2015. From this data, it is reasonable to conclude

that all three cohorts had equal potential when entering the E&M course based on their

prior conceptual understanding. Within the Spring 2017 distributions, Non-Viewers had

an average pre-test scores of 6.62 ± 2.56, while Viewers had an average pre-test score of

6.00± 2.28. It is notable that like the TAMU MPE and SAT Math scores, Viewers scored

slightly lower than Non-Viewers. However, both groups may reasonably be assumed to

have very similar levels of conceptual knowledge when starting the E&M course, in addi-

tion to their similar mathematical skills seen in Figure 4.3.
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Figure 4.6: Distribution of student scores between Spring 2016/Spring 2017 for Time-
Dependent Circuits. Spring 2017 students have been categorized by their Viewer and Non-
Viewer status. Average problem scores were 18.7 and 16.6 for Spring 2016 and Spring
2017 respectively.

Figure 4.7: Histograms of BEMA pre-test scores for Viewers and Non-Viewers from Spring
2017, Spring 2016, and Spring 2015. Scores were binned every two points. The Non-
Viewer distribution is added to the top of the Viewer distribution to show all scores for the
Spring 2017 semester.
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Figure 4.8 shows the comparisons of the post-test scores on the 21 item subset of

BEMA. Similar to Figure 4.7, the distribution for Spring 2017 has been split into the

Viewer and Non-Viewer categories. Numerically, the average post-test scores for the three

cohorts are 9.03 ± 3.93 for Spring 2017, 9.40 ± 3.95 for Spring 2016, and 9.48 ± 4.13

for Spring 2015. Non-Viewers had a post-test average of 8.78 ± .07 where Viewers had

a post-test average of 9.29 ± 3.75. Similar to the pre-test, the post-test results show that

Spring 2017 was marginally less successful at the post-test assessment, though Viewers

changed from being below average to above average relative to the rest of the Spring 2017

cohort.

Figure 4.8: Histograms of BEMA post-test scores for Viewers and Non-Viewers from
Spring 2017, along with the Spring 2016, and Spring 2015 cohorts. Scores were binned
every two points. The Non-Viewer distribution is added to the top of the Viewer distribu-
tion to comprise all scores for the Spring 2017 semester.

Normalized gains, as calculated using paired student pre-test and post-test scores with
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Eq. (4.2), yield average gains of 0.207 for Spring 2015, 0.183 for Spring 2016, and 0.185

for Spring 2017. Dividing Spring 2017 into viewership categories yields average gains

of 0.221 for Viewers and 0.152 for Non-Viewers. Distributions for the normalized gains

are shown in Figure 4.9. From the average values of the gain it is clear that Viewers

tended to gain more conceptual understanding for BEMA topics relative to Non-Viewers.

Examination of the gains shows a depletion in the lower bins (<0.3) for Spring 2017

relative to both Spring 2015 and Spring 2016. This missing fraction of students appears to

have shifted to the mid gain bins (0.3<g<0.6).

Figure 4.9: Histogram of normalized gains on the BEMA using linked pre-test and post-
test scores for students from Spring 2017, 2016, and 2015 semesters. The Non-Viewer
distribution is once again added to the top of the Viewer distribution to make up all scores
for the Spring 2017 semester.

Overall, the three cohorts of students for spring semesters 2015-2017 for which BEMA

data was used were similar in pre-test, post-test, and normalized gains. Those students
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who chose to use the FPC video modules, Viewers, exhibit a shift from lower average pre-

test scores, to higher post-test scores (and therefore higher gains) relative to Non-Viewers.

From the normalized gains in Figure 4.9 it appears that students were shifted out of the

lower gains into moderate gains. As Non-Viewers exhibit lower overall gains, this shift for

Viewers is potentially explained by increased conceptual understanding by engagement

with the FPC modules. Deployment in future semesters would yield a larger statistical

base to support or negate this conclusion.

4.8 Summary of Impact

Drawing on over 70 years of combined teaching experience, we set out to develop,

deploy, and assess a new online video resource, Freshman Physics Classroom. This open

access resource is intended for use as supplemental engagement for students enrolled in a

calculus-based introductory Electricity & Magnetism course. For each concept addressed,

a conceptual video was created with 1-3 videos of example problems related to the topic.

The FPC was deployed to more than 300 students at Texas A&M University who took the

Electricity & Magnetism course in Spring of 2017. No course credit was given nor penalty

taken for use of the videos.

Surveys of students through anonymous, in class clicker questions reveal a strong pos-

itive response to the video content and format, with >85% approval from those using the

resource. Further indications of the success of this resource is the high fraction of student

engagement, as seen in Table 4.3, across all three midterm exams and the final exam.

Recall that students were only reminded of the availability of the resource before the 1st

and after the 3rd midterm exams. This high rate of student interaction with the FPC video

modules is a confirmation of successful design, particularly given the no credit policy.

Analysis of midterm exam grades between Viewers and Non-viewers in Table 4.8

shows that those engaging with the resource tended to have higher scores on a relevant
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exam problem than those who did not. Standard t-test results indicate a statistically signif-

icant bias towards Viewers for the concepts of Ampere’s Law, Faraday’s Law, and Time-

Dependent Circuits. Examination of the score distributions in Figures 4.4 and 4.5 indicate

that students with a partial understanding of a topic benefit the most from use of the video

resource. It is recognized that this correlation does not necessarily imply causation. How-

ever, because Viewers and Non-Viewers had such similar levels of mathematical ability,

Figure 4.3, and conceptual pre-knowledge of E&M, Figure 4.7, it is reasonable to in-

fer that the FPC resource produced a positive gain in student understanding and problem

solving ability.

Results from adminstering a 21 item subset of the BEMA as a pre-test and post-test

during the Spring 2015-2017 semesters indicate that each cohort entered the introductory

E&M course with similar levels of conceptual knowledge. Students identified as Viewers

tended to outperform Non-Viewers on the post-test assessment, and the normalized gain,

indicating a greater gain in conceptual knowledge. These gains are specifically seen in

Figure 4.9 as a shift from low gains to moderate gains. s

4.9 Future Work

Additional video modules were created throughout the Summer and Fall of 2017 ad-

dressing concepts encountered in a typical calculus-based introductory Mechanics course.

Similar assessments will be conducted for a cohort of students enrolled at TAMU in the

Fall 2017, utilizing the Force Concept Inventory (FCI) instead of BEMA, and will be pre-

sented in a future publication. Other efforts will include a more detailed analysis of student

gains relative to video engagement in terms of addressing student misconceptions. Based

on the indicators of success, it is intended that all modules will be made accessible online

at https://classroom.physics.tamu.edu/.
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5. CONCLUSIONS

The work presented in this dissertation studied the impact of the calculus-based IP

courses on the education of engineering majors at TAMU. Drawing on the current state

of PER based on literature the impact of IP on engineering education was studied in three

ways: 1) correlation of IP performance with institutionally relevant metrics, 2) alignment

of IP course content with material encountered in subsequent engineering courses, and 3)

how student learning outcomes could be improved with the creation of a new, supplemental

resource for the IP sequence. This study was motivated by the strong link between the

concepts employed in engineering coursework with what is taught in the IP sequence as

well as a perceived misalignment of that content with engineering courses.

This study employed a mixture of data mining techniques, q-matrices, simulation, and

statistical analysis to extract significant results from the different facets listed above. In

this chapter, the significant results and implications from each portion of this dissertation

are summarized, with major figures reproduced where necessary. First, in Section 5.1, the

major results of data mining the academic records of engineering majors enrolled 1990-

2010 are summarized and discussed. Second, in Section 5.2, results from the analysis of

vertical alignment between the three versions of IP with subsequent engineering courses

is discussed, along with the methods potential as a diagnostic tool for curricular reforms.

Last, in Section 5.3, results from the initial deployment of the FPC resource are recapped

and discussed as a potential improvement to student learning in the IP sequence.

5.1 Data Mining

Academic records were collected for all students enrolled at TAMU as an engineer-

ing major for at least one academic term starting between Fall 1990 and Spring 2011 (the

Spring 2010 cohort). Removing students enrolled primarily at satellite campuses in the
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TAMU system, yielded approximately 50,000 student records. The demographics of this

population, broken down by year of enrollment, is given in a series of tables and figures

in the first part of Chapter 2. Some of the most striking panels related to retention and

matriculation rates have been reproduced from Figures 2.7 and 2.8 here as Figure 5.1.

From the retention panels, it is evident that significant improvement has been made in the

middle years of the majors to reduce student migration out of engineering. By 2010, al-

most all of the students retained after the third term (middle of the sophomore year) will

finish their degree. From the matriculation rate panels there is significant improvement in

the fraction of students completing their engineering degree (almost a 20% increase). It is

interesting to note that the fraction of students who began as an engineer but complete a de-

gree outside of engineering remained almost constant during this twenty year period. This

indicates that the improvements made to the engineering program have retained students

who would have either transferred to another institution or left college altogether.

5.1.1 Subsequent Academic Performance

The relation between grade achieved in IP Mechanics, separated by flavor, and grade

achieved in two subsequent engineering courses was examined. The results of this are

reproduced from Chapter 2 here as Figures 5.2 and 5.3. Looking at the comparison

with Statics & Dynamics, there is evidence of consistent under performance by students

having taken the Transfer flavor of IP Mechanics. Under performance is defined as a

lower fraction at an equal or higher level, and a higher fraction at lower levels. Across all

three passing grades from IP Mechanics, students from the Transfer flavor under perform.

Students that took either UP or DP perform similarly across all levels. This trend of under

performance is indicated by the Spearman correlation coefficient, calculated for each year

(Figure 2.20). This figure shows very low correlation values, often with large significance

levels that prevent any conclusion about a causal link between IP Mechanics performance
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(a) Retention 1990 (b) Retention 2010

(c) Graduation 1990 (d) Graduation 2010

Figure 5.1: Reproduced from Chapter 2. The top panels show the retention of engineering
majors term by term for the (a) 1990 cohort and (b) 2010 cohort. The bottom panels show
the matriculation rates for (c) 1990 cohort, and (d) 2010 cohort.

and performance in Statics & Dynamics. The DP flavor, distinguishable only for 2009-

2010, shows higher correlation values, over 0.40, which do indicate a modest causal link

between performance in IP Mechanics and Statics & Dynamics. This causal link is likely

related to the strength of alignment of the course content, as summarized in Section 5.2.

The UP flavor has correlation values around 0.35, at the bottom of the range at which

a modest causal link could be inferred. Both of the on campus flavors exhibit stronger

correlation values compared to the Transfer flavor.
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Figure 5.2: Reproduced from Chapter 2, the grade distributions for all Statics & Dynamics
courses for the 2010 cohort at TAMU. Each panel corresponds to a passing grade from a
Mechanics IP course.

Comparing performance based on flavor in IP Mechanics with Dynamics & Vibrations

does not show a trend as seen with Statics & Dynamics. All three flavors of IP Mechanics

exhibit similar behavior for students achieving either an A or a B in IP Mechanics. How-

ever, at the C level there are differences. Students from the UP and DP flavors outperform

students achieving a B in Dynamics & Vibrations and Transfers outperforming for those

achieving a C. This lack of trend is also seen in the longitudinal data for the correlation

value, see Figure 2.9. For many years there is too high of a significance value to draw

any meaningful conclusions. Additionally, the values of the correlation coefficients, when

significant, are too low to infer any causal link. This lack of a link likely follows from

the distance between the two courses, both in time and in material. Statics & Dynam-

ics follows IP Mechanics by approximately one year, whereas Dynamics & Vibrations is
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two years removed from IP Mechanics. In addition, students should have completed their

math progression (including differential equations) prior to or concurrent with Dynamics

& Vibrations.

Figure 5.3: Reproduced from Chapter 2, the grade distributions for all Dynamics & Vi-
brations courses for the 2010 cohort at TAMU. Each panel corresponds to a passing grade
from a IP Mechanics course.

5.1.2 Matriculation Rate

Examination of the matriculation rate based on flavor of IP Mechanics taken shows

a different trend compared to academic performance. The term by term graduation rates

(with cumulative graduation rate) has been reproduced from Chapter 2 here in Figure 5.4.

Here it is seen that it is Transfer students who tend to graduate at the highest rate, beginning

sooner compared to UP and DP. This is likely due to students taking IP Mechanics just
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prior to enrollment at TAMU, or during a summer term, getting ahead of other students.

At the four year mark, DP students exhibit a slightly higher graduation rate compared to

UP students, though this flips in the fifth year with UP students graduating at a slightly

higher rate overall. In total, the DP flavor graduates the lowest fraction of students, while

Transfer graduates the highest fraction. Looking at matriculation rate across all years for

a correlation revealed no consistent trend based on flavor of IP Mechanics taken, Figure

2.22. Though Transfer students do seem to graduate at a higher rate, there is no statistically

significant trend year to year between IP Mechanics performance and matriculation rate.

Figure 5.4: Reproduced from Chapter 2, the time taken for undergraduate engineering
students to graduate for each flavor of IP Mechanics.
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5.1.3 Retention

Concerning the metric of retention, the data suggests that general improvement has

been made for engineering majors as a whole (Figure 2.6), with this trend being reflected

in the total retention of each flavor of IP Mechanics (Figure 2.23). Deeper examination

of retention based on IP Mechanics grade shows small variations depending on the flavor

of IP Mechanics taken. Reproduced from Chapter 2, Figure 5.5, shows that for all years

Transfer students were generally less likely to be retained when earning an A in IP Me-

chanics, more likely to be retained when earning a C, and roughly equally likely to be

retained when earning a B. The DP flavor retention rates are roughly the same as UP for

all three grade levels for the years the two are distinguishable. While this trend is con-

sistent, the differences evident are small and vary significantly year to year, particularly

for the Transfer flavor. Due to these small differences, and large variations, no relation is

evident between flavor of IP Mechanics taken and the retention of students in engineering.

5.1.4 Discussion

Results from EDM on the academic records of engineering students 1990-2010 shows

a steady improvement in retention and graduation rates. When examining the specific ef-

fect of IP Mechanics on the relevant metrics, a small causal link is seen only between

the grade achieved in IP Mechanics and the grade achieved in the sophomore Statics &

Dynamics course. No significant results are evident related the flavor of IP Mechanics

instruction with retention or matriculation rate. This lack of statistically significant corre-

lation between IP Mechanics performance with retention and matriculation rate is under-

standable as it is a single course among dozens within a student’s undergraduate curricu-

lum. This link between IP Mechanics and Statics & Dynamics was explored in Chapter 3,

which analyzed the alignment of course content, and is summarized in the next section.
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Figure 5.5: Reproduced from Chapter 2, the retention of students for all years 1990-2010
separated by their IP Mechanics grade.

5.2 Vertical Alignment

The calculus-based IP course sequence provides a major component of the foundation

of knowledge for engineering majors. As such it is important that this material is not only

learned well by students, but that it is aligned with subsequent coursework. To evaluate this

alignment, the course content between three flavors of IP Mechanics available to TAMU

engineering students was examined along with two subsequent engineering courses. Part

of the motivation for this study is due to a perception of misalignment of IP Mechanics

course content with engineering courses, detailed in Shryock 2011 [6]. Another motiva-

tion for this study is that poor alignment between courses, such as IP Mechanics with a

sophomore level Statics & Dynamics course, would create a burden on students who would

be forced to make up for missing knowledge themselves, or to miss out on fundamental
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components of the underlying knowledge in their chosen field. A summary of the results

of this work are presented here.

5.2.1 Course Alignment

Examination of the alignment between IP Mechanics and two subsequent engineering

courses was performed using q-matrices developed for three versions of IP Mechanics and

two engineering courses (Statics & Dynamics and Dynamics & Vibrations). Compared

to a previous study, see Figure 3.4, which only examined the course syllabi for IP Me-

chanics, this study developed detailed q-matrices for all courses showing a much different

alignment. Alignment was examined for approximately 50 different physical concepts

and mathematical skills, listed in Appendix D. Every item within a course (homework

and exam problems) was examined for the concepts and skills present within the solution.

A summary of the number of items and skills found for each course is reproduced from

Table 3.2 as Table 5.1. The three flavors of IP Mechanics had similar number of con-

cepts and skills per problem, while Statics & Dynamics had a slightly higher number of

concepts and skills per item, and Dynamics & Vibrations had significantly more concepts

and skills per item.

Table 5.1: Reproduced from Chapter 3, the number of items as well as the median, mean,
and standard deviation of average number of concepts and skills present in each item for
the IP Mechanics and subsequent engineering courses evaluated using q-matrices.

Course Number of Items Concepts/Skills
Median Mean σ

Statics & Dynamics 145 6 5.9 2.6
Dynamics & Vibrations 129 9 9.3 3.7
IP Mechanics UP 191 4 4.8 2.8
IP Mechanics DP 199 5 5.6 2.7
IP Mechanics Transfer 142 3 4.2 2.5
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Total alignment between the three flavors of IP Mechanics and Statics & Dynamics is

reproduced here from Figure 3.5 as Figure 5.6. Visual inspection of the alignment, along

with the RSS value, shows a significant difference between the flavors of IP Mechanics.

The DP flavor has the best overall alignment, followed by UP, with the Transfer flavor

being the least aligned. Alignment of specific topics, Figures 3.7- 3.11 shows comparable

alignment between all flavors of IP Mechanics for topics related to physics, particularly

forces, torques, energy, and momentum. The major differences between flavors becomes

apparent when examining the use of vectors and other mathematical skills as part of the

solution. In particular, the three flavors of IP Mechanics differ in their use of Simultaneous

Equations, Integration, and Coordinate Systems. Future iterations of the UP and Transfer

flavors could achieve significantly increased alignment by selecting different homework

problems from the Young & Freedman text book.

Figure 5.6: Reproduced from Chapter 3, the fraction of times a concept/skill appears in
assigned problems within a course between IP Mechanics and Statics & Dynamics.
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Alignment between the three flavors of IP Mechanics and Dynamics & Vibrations is

very poor by comparison with the previous alignment (shown in Figure 5.7, reproduced

from Figure 3.6). Here none of the three flavors of IP Mechanics has a strong align-

ment with Dynamics & Vibrations, though the relative ranking remains the same, with

DP having the highest alignment, followed by UP, and then the Transfer flavor. Align-

ment of specific topics was summarized in Figures 3.12- 3.15. While reasonably good

alignment exists between IP Mechanics and topics related to forces, motion, and torques

in Dynamics & Vibrations, extremely weak alignment is evident for the topics related to

oscillatory motion and Hooke’s Law. These topics are integral to the content of the Dy-

namics & Vibrations course. Additional poor alignment is evident from the mathematical

skills employed. In Dynamics & Vibrations there is significant use of differentiation and

differential equations. The first is covered to a small degree in IP Mechanics, while the

second is covered negligibly. The negligible coverage is due to the limited time that os-

cillatory motion is given in the IP Mechanics course, often just part of the final week of

instruction, and the fact that differential equations are typically covered by a math course

taken after IP Mechanics. All three flavors of IP Mechanics would need thoughtful reform

and addition of material to enhance their alignment with Dynamics & Vibrations.

5.2.2 Simulated Student Performance

A further test of the alignment of the IP Mechanics courses with Statics & Dynamics

was conducted using a group of simulated students to determine how predictive a course

grade in IP Mechanics could be of the course grade in Statics & Dynamics based solely

off of a students mastery of the physical concepts and mathematical skills in the q-matrix.

The model, described in Figure 3.3, used randomly seeded IP Mechanics grades, proba-

bilistically drawn from historical academic records, to develop a vector of student mastery

of concepts and skills. This vector was then used as knowledge probability to get a con-
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Figure 5.7: Reproduced from Chapter 3, the fraction of times a concept/skill appears in
assigned problems within a course between IP Mechanics and Dynamics & Vibrations.

cept or skill correct in the Statics & Dynamics course. Guess and slip parameters between

0%-25% were employed to determine the best fit. These parameters account for random

knowledge gain and loss between the two courses.

Results, detailed in Figures 3.16, 3.17 and Table 3.4.3, showed a high level of concep-

tual knowledge and mathematical skills would need to be randomized to match historical

outcomes from Statics & Dynamics. The exceptions appear for the DP flavor, with stu-

dents achieving grades of B or C in the IP Mechanics course. For these students, very

little would need to be left to change (guess and slip) to match historical outcomes. Over-

all, the results indicate that IP Mechanics mastery is a strong, but not complete predictor

of performance in Statics & Dynamics.
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5.2.3 Broader Application

The process of examining course alignment through q-matrices has potential appli-

cations beyond the work presented within this dissertation. Any pairing, or sequence of

courses could be evaluated based on a set of intelligently selected concepts and skills

that are important to either the subsequent course, or a specific group of students (e.g. pre-

medical students). Employing this method for additional comparisons of lower level/general

introductory courses with upper level/major specific courses could, potentially, explain

systematic gaps in student knowledge, or course bias for one portion of concepts or ideas

over others. This would provide not just an answer to a common frustration of instructions

(“Why don’t you know this? Didn’t you learn it in your previous course?!”), but also pro-

vide a valuable tool to initial curriculum reform. Such reform course be applied to specific

courses, or to a broader sequence of courses within the progression of majors.

5.3 Freshman Physics Classroom

A new open access, online supplemental video resource termed Freshman Physics

Classroom was developed, deployed, and assessed. FPC was designed as a set of self-

learning materials for students to use in addition to the rest of their course, with the

goal of increasing student conceptual understanding and problem solving ability on the

mid-term exams. Data collected in this study focused on the use of the FPC resource,

feedback gained through two instances of anonymous, in-class clicker surveys, mid-term

exam scores, and performance on the BEMA.

5.3.1 Summary of Results

Twice during the Spring 2017 semester, after the 1st and 3rd mid-term exams, students

were given a brief survey during the lecture portion of their course. Based on responses

from the anonymous, in-class clicker surveys, the FPC resource was beneficial to students,
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with highly positive responses observed across all categories surveyed. Concerning the

helpfulness of the conceptual videos students responded positively at rates of 87.0% and

89.9% for the 1st and 3rd mid-term exams respectively (see Table 4.4). A majority of

those responses indicate the conceptual videos as being enjoyable to watch in addition to

being helpful. On the FPC resource’s problem solving methods being instructive, students

responded positively at rates of 93.4% and 93.7% for the 1st and 3rd mid-term exams

respectively (see Table 4.6). Roughly 1/3 of responding students marked the problem

solving methods as being difficult to follow, with the rest marking them easy to follow. A

majority of the students responded using the FPC resource for both their conceptual under-

standing and test preparation (61.3% for 1st mid-term and 62.4% for 3rd mid-term), with

a significant minority using the resource only for conceptual understanding (31.3% for 1st

mid-term and 31.2% for 3rd mid-term), see Table 4.7. The composite responses show a

strong positive response to the video content and design as a supplemental resource for

students, though improvement could be made to the problem solving methods employed

to increase applicability to test preparation in the future. However, the strong responses

for conceptual understanding are a significant validation of the FPC resource.

Comparing performance on mid-term exams between Viewers and Non-Viewers shows

a consistent difference in performance. Of the 12 problems spanning 3 common mid-

term exams given to all students, Viewers achieved a higher average score on 11 problems

(Table 4.8). The single problem on which Non-Viewers had a higher average was Gauss’

Law, is the only module that did not have a dedicated conceptual video. Employing the

independent t-test revealed that the differences in performance on the mid-term exams

were statistically significant for three of the concepts (again, see Table 4.8: Ampere’s Law,

Faraday’s Law, and Time-Dependent Circuits). These concepts comprised the majority

of the material covered on the 3rd mid-term exam, and are some of the most difficult

ideas encountered in the E&M course. Other topics, including Electric Potential, Flux,
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and the Biot-Savart Law have low significance values, but do not quite reach statistical

significance for the criteria employed in this study. Additional data in future terms could

potentially yield a statistically significant difference for these topics as well. Overall,

there is a consistent trend of higher performance through application of the concept and

necessary problem solving skills for Viewers. This acts as an additional validation of the

utility of the FPC resource.

Correlation does not imply causation. This is an often used phrased in science that

reminds a researcher that a positive trend between two variables does not necessarily im-

ply that one causes the other. This phrase is particularly relevant in examining the effect

of the FPC resource on student performance. To address this point, and justify the causal

link between enhanced performance on assessments and the FPC resource, the pre-course

abilities of the student population was examined. Pre-course abilities in conceptual under-

standing is examined using the BEMA pre-test, while mathematical skills are examined

using the SAT Math and MPE scores. Recall, the MPE is Math Placement Exam, a 33

item test given to entering students at TAMU to establish the most appropriate first math

course they should enroll in. A summary of the SAT Math, MPE, BEMA pre-test and

BEMA normalized gains is shown in Figure 5.8, where the figures have been reproduced

from Figures 4.3, 4.7, and 4.9.

Distributions for the MPE and SAT Math scores of Viewers and Non-Viewers indicate

similar levels of pre-course mathematical ability. The BEMA pre-test scores also indicate

a comparable level of pre-course conceptual understanding between Viewers and Non-

Viewers, as well as between the Spring 2017 cohort with the Spring 2015 & 2016 cohorts.

Taken together these metrics show a high level of similarity, in conceptual knowledge

and mathematical skills, at the beginning of the E&M course in Spring 2017. The single

difference between the two populations of students, as a whole, is then the choice of some

to make use of the FPC resource. Given that Viewers then have a higher normalized gain on
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(a) MPE (b) SAT Math

(c) BEMA Pre-test (d) BEMA Normalized Gains

Figure 5.8: Reproduced from Chapter 4, these figures describe the distribution of Viewer
and Non-Viewer scores on the (a) MPE, (b) SAT Math, (c) BEMA pre-test, and (d) nor-
malized gains on BEMA.

BEMA (Figure 5.8) and higher scores on the mid-term exam problems, discussed above,

it may reasonably be concluded that the FPC resource was responsible for this increased

conceptual knowledge and problem solving skill.

Synthesizing the assessment results of the FPC resource shows a strong positive result

from the initial deployment. Student survey responses rate the resource highly in terms

of its helpfulness in both conceptual understanding and problem solving ability. Use of

the resource is seen to be linked with improved academic performance on mid-term exams

and increased conceptual learning during the course as measured by the normalized gain

on BEMA.
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5.3.2 Implications

The success of this resource has implications for student learning beyond this single

deployment. The calculus-based introductory physics sequence at TAMU is a challenging

pair of courses, with a historically high DFQ rate (as shown in Chapter 2). However, this

sequence contains concepts and ideas that are vital to engineering majors, as they form the

backbone of subsequent course work (detailed in Chapter 3). Educational efforts which

focus on enhancing student performance and reducing the DFQ rate rely on resource heavy

methods, such as centralized help sessions or mandatory remediation. In contrast, the

FPC resource, as an open access, online set of videos, can contribute to student learning

in a manner requiring minimal additional resources. With the ongoing increase in the

enrollment of STEM majors at TAMU, the continued use of the FPC resource for both

courses in the calculus-based introductory physics sequence could provide a significant

benefit to students in future academic terms.
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APPENDIX A

ENGINEERING DEGREE PLANS

This appendix contains the degree plans for many engineering degrees at Texas A&M

University.

Figure A.1: Courses taken by the majority of engineering students in the first year of
enrollment, reproduced from the 2010-2011 TAMU Undergraduate catalog [5].

139



Figure A.2: Degree plan for an Aerospace Engineering (AERO) major beginning in the
2010-2011 academic year, reproduced from the 2010-2011 TAMU Undergraduate catalog
[5].
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Figure A.3: Degree plan for a Chemical Engineering (CHEN) major beginning in the
2010-2011 academic year, reproduced from the 2010-2011 TAMU Undergraduate catalog
[5]. 141



Figure A.4: Degree plan for a Civil Engineering (CVEN) major beginning in the 2010-
2011 academic year, reproduced from the 2010-2011 TAMU Undergraduate catalog [5].
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Figure A.5: Degree plan for an Electrical Engineering (ECEN) major beginning in the
2010-2011 academic year, reproduced from the 2010-2011 TAMU Undergraduate catalog
[5].
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Figure A.6: Degree plan for an Industrial Distribution (IDIS) major beginning in the 2010-
2011 academic year, reproduced from the 2010-2011 TAMU Undergraduate catalog [5].
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Figure A.7: Degree plan for an Mechanical Engineering (MEEN) major beginning in the
2010-2011 academic year, reproduced from the 2010-2011 TAMU Undergraduate catalog
[5].
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Figure A.8: Degree plan for an Nuclear Engineering (NUEN) major beginning in the
2010-2011 academic year, reproduced from the 2010-2011 TAMU Undergraduate catalog
[5].
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Figure A.9: Degree plan for an Petroleum Engineering (PETE) major beginning in the
2010-2011 academic year, reproduced from the 2010-2011 TAMU Undergraduate catalog
[5].
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APPENDIX B

EXAMPLE MID-TERM EXAMS

B.1 University Physics

The following pages contain an example mid-term exam, the 1st of three, for the UP

flavor of IP Mechanics. Topics on this mid-term include one-dimensional motion, vectors,

two-dimensional motion, relative motion, and Newton’s laws. The solutions included were

provided by the faculty member who created and administered the test during the Fall 2010

term.
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	   2	  

Part	  1: Basic	  ideas	  of	  units,	  conversions,	  and	  vectors.	  
Problem	  1.1: (1p)	  What	  system	  of	  units	  is	  used	  in	  this	  course?	  What	  are	  the	  basic	  units	  of	  mass,	  
length,	  and	  time	  of	  that	  system	  ?	  

International System (SI), Kilogram, meter, seconds. 

Problem	  1.2: Joule,	  erg	  and	  eV	  are	  units	  of	  energy	  defined	  as:	  
1	  J	  	  (Joule)	   	   =	  1	  Kg	  m2/s2	  
1	  erg	  (erg)	  	   	   =	  1	  gram	  cm2/s2	  
1	  eV	  (electron-‐Volt)	  	  =	  1.6	  10-‐12	  erg	  	  
Question	  1.2.1: (2p)	  Express	  1	  erg	  in	  units	  of	  Joules.	  

€ 

1erg =1gcm
2

s2
=1 Kg

s21000
m
100
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
2

=
1

1000*100*100
Kgm2

s2
=10−7J

	  

	  

Question	  1.2.2: (2p)	   The	   LHC	   accelerator	   in	   Switzerland	   accelerates	   protons	   to	   the	   world’s	   largest	  
energy	  of	  3.5x1012	  eV.	  	  	  Express	  that	  energy	  in	  Joules.	  	  

€ 

3.5 1012eV = 3.5 1012  1.6 10-12erg = 3.5 1.6 erg =  3.5 1.6 10-7 J = 5.6 10-7J 	  

	  

Problem	  1.3: The	  following	  plot	  shows	  the	  position	  x	  as	  a	  function	  of	  time	  
Question	  1.3.1: (5p)	  For	  each	  time	  range	  A,B,C…I,	  fill	  the	  table	  below	  writing	  in	  each	  cell	  whether	  the	  
velocity	  and	  acceleration	  are	  <0,	  >0,	  	  or	  =0.	  

	  

	  

	  

	  

	  

	  

Question	  1.3.2: (2p)	  Is	  the	  magnitude	  of	  the	  velocity	  greater	  in	  region	  C	  than	  it	  is	  in	  F	  ?	  Why	  ?	  

The magnitude of the velocity at a given time is the magnitude of the slope of the tangent line in the 
above graph at that given time. The slope at time range C is about +2 squares/2 squares, with a 
magnitude of +1. The slope at time range F is about -4 squares/2 squares with a magnitude of -2. Hence, 
the answer is NO; the magnitude of the velocity at region C is smaller than that at region F. 

	  

Region	   Velocity	   Acceleration	  
A	   =0	   =0	  
B	   >0	   >0	  
C	   >0	   =0	  
D	   >0	   <0	  
E	   <0	   <0	  
F	   <0	   =0	  
G	   <0	   >0	  
H	   =0	   =0	  
I	   >0	   >0	  

x[cm]	  

t[s]	  

A	  	  	  	  	  B	  	  	  C	  	  	  D	  	  	  E	  	  	  	  F	  	  	  G	  	  	  	  	  	  H	  	  	  	  	  I	  
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Part	  2: A	  car	  departs	  from	  rest	  under	  a	  constant	  acceleration	  of	  1	  m/s2	  moving	  in	  a	  straight	  line.	  
After	   travelling	  some	  distance	   it	  passes	   first	  a	  dancing	  club	  and	  20	  seconds	   later	  a	  gas	  station.	  
The	  distance	  between	  the	  dancing	  club	  and	  the	  gas	  station	  is	  400meters.	  	  
Question	  2.1.1: (6p)	   In	   the	   space	  below	  draw	  a	   schematic	  diagram	  of	   the	  problem	  and	  write	  
any	  associated	  times.	  In	  addition	  choose	  and	  draw	  a	  coordinate	  system	  and	  clearly	  indicate	  
its	  origin.	  

	  

	  

	  

	  

	  

	  

Question	  2.1.2: (4p)	  Write	   the	   equations	   of	  motion	   of	   the	   accelerating	   car	   according	   to	   your	  
coordinate	  system.	  

€ 

XT (t) =
1m
2s2

t 2 	  

	  

Question	  2.1.3: (6p)	  Find	  the	  time	  it	  took	  the	  car	  to	  travel	  from	  the	  original	  point	  of	  departure	  
to	  the	  club.	  (Hint:	  use	  the	  fact	  that	  you	  know	  the	  distance	  and	  the	  time	  between	  the	  Club	  and	  
the	  gas	  station)	  

€ 

XT (tc + 20s) − X(tC ) = 400m     ⇒       1m
2s2 (tc + 20s)2 −

1m
2s2 tC

2 =
1m
2s2 400s2 +

1m
2s2 2tC 20s = 400m

200m +
20m
s

tC = 400m   ⇒    tC =
200ms
20m

=10s 	  

	  

	  

Question	  2.1.4: (4p)	   Find	   the	   distance	   between	   the	   dancing	   club	   and	   the	   original	   point	   from	  
where	  the	  car	  departed.	  

€ 

XT (tc ) =
1m
2s2

tC
2 =

1m
2s2
100s2 = 50m 	  

	  

	  

Origin	   Club	   Gas	  station	  

400	  m	  

t=0	   tC	   tC+20	  s	  
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Part	  3: Acceleration	  in	  both	  components.	  
Problem	  3.1: A	  car	  is	  fitted	  with	  a	  rocket	  propulsion	  engine	  that	  provides	  the	  car	  with	  a	  constant	  
acceleration	   in	   the	  horizontal	  direction.	   	  As	  depicted	  below	  the	  car	  must	   jump	  of	  a	  10m	  high	  
bridge	  and	  land	  on	  a	  flatbed	  truck	  moving	  with	  a	  constant	  velocity	  of	  20	  m/s.	  	  At	  the	  moment	  
the	  car	   leaves	  the	  bridge	  the	  truck	  is	  at	  a	  distance	  of	  15m	  from	  the	  bridge	  and	  the	  car	  has	  an	  
initial	  velocity	  of	  20	  m/s.	  Ignore	  the	  height	  of	  the	  flatbed,	  air	  resistance	  and	  any	  mass	  loss	  due	  
to	  the	  rocket.	  	  The	  following	  questions	  must	  be	  answered	  in	  the	  form	  of	  a	  number	  with	  proper	  
units.	  

	  

Question	  3.1.1: 	  (3p)	   Choose	   and	   draw	   your	   coordinate	   system	   on	   the	   figure	   above	   and	  
associate	  times	  to	  the	  different	  events.	  

	  

Question	  3.1.2: (5p)	  Write	  the	  position	  of	  the	  car	  and	  the	  truck	  as	  a	  function	  of	  time	  

	  

€ 

For the truck :

XT (t) =15m + 20m
s
t

YT (t) =  0

	  	   	   	  

€ 

For the car :

XC (t) = 20m
s
t +

ax
2
t 2

YC (t) =10m −
g
2
t 2

	  

Question	  3.1.3: (5p)	  Find	  the	  time	  at	  which	  the	  car	  lands	  on	  the	  truck.	  

€ 

YC (tL ) =10m −
g
2
tL

2 = 0   ⇒    tL =
20m
g

=1.43 s 	  

Question	  3.1.4: (7p)	   Find	   the	   minimum	   horizontal	   acceleration	   that	   the	   rocket	   propulsion	  
engine	  in	  the	  car	  needs	  to	  give	  the	  car	  so	  it	  can	  successfully	  land	  on	  the	  truck.	  

€ 

XC(tL ) = XT (tL ) replacing we get

20 m
s
tL +

ax
2
tL

2 =15m +   20 m
s
tL    ⇒ ax =

30m 
tL

2 = g 30m
20m

 =  14.7 m
s2
	  

10m	  

15m	  

X	  

Y	  
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Part	  4: A	  more	  complex	  problem.	  
Problem	  4.1: A	  ball	  is	  tied	  up	  to	  a	  rod	  of	  radius	  R	  connected	  to	  a	  motor	  that	  makes	  it	  spin	  in	  the	  
vertical	  plane	  with	  a	  uniform	  motion	  once	  every	  TA	  seconds.	  	  A	  second	  similar	  device	  is	  located	  
at	  a	  distance	  d	  and	  rotating	  in	  opposite	  direction	  with	  period	  TB	  as	  shown	  in	  the	  picture	  below.	  	  
Gravity	   is	   present	   and	   the	   center	   of	   both	   devices	   is	   located	   a	   distance	  h	  with	   respect	   to	   the	  
ground.	  All	  answers	  must	  be	  expressed	  in	  terms	  of	  known	  parameters.	  

Question	  4.1.1: (2p)	  Find	  the	  ratio	  of	  
the	   speeds	   of	   the	   balls	   in	   their	  
movement	   around	   their	   respective	  
circles.	  

.	  

	  

Question	  4.1.2: (2p)	  Find	  the	  ratio	  of	  
the	  magnitude	  of	  the	  acceleration	  of	  

the	  balls	   in	   their	  movement	  around	   their	   respective	  circles.	   In	  general,	  what	   is	   the	  direction	  of	   the	  
acceleration?	  

€ 

aA
aB

=
vA
2 R
vB
2 R

=
TB
2

TA
2 	   	   	   	   	   	   	   The	   acceleration	   vector	   of	   the	   balls	   point	   towards	   the	   center	   of	   their	  

respective	  circles.	  

Question	  4.1.3: (7p)	  When	   both	   balls	   are	   simultaneously	   at	   their	  maximum	   heights	   the	   balls	   break	  
free	  of	  their	  respective	  rods	  and	  start	  moving	  against	  each	  other.	  Find	  the	  time	  it	  takes	  the	  balls	  to	  
collide	  assuming	  the	  height	  h	  is	  big	  enough.	  

€ 

XA (tc ) = XB (tc )  ⇒   vAtc = d − vBtc ⇒ tc = d
vA + vB

= d

2πR 1
TA

+
1
TB

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

 ⇒ tc = TATBd
2πR TB +TA( )

 	  

Question	  4.1.4: (4p)	  In	  your	  coordinate	  system	  find	  the	  horizontal	  position	  at	  which	  both	  balls	  collide.	  

€ 

XA( tc ) =
2πR
TA

tc =
2πR
TA

TATBd
2πR TB + TA( )

=
TBd

(TA + TB )
	  

Question	  4.1.5: (5p)	  Find	  the	  minimum	  vertical	  distance	  h	  necessary	  for	  the	  balls	  to	  collide	  in	  the	  air.	  

The	  vertical	  position	  where	  the	  particles	  collide	  is	  given	  by	  YA(tc)	  Since	  I	  put	  my	  coordinate	  
system	  at	  the	  center	  of	  the	  circle	  which	  is	  from	  where	  h	  is	  measured	  it	  follows	  h=-‐YA(tc)	  

€ 

h = −YA (tc ) = −R +
g
2
tC
2 = −R +

g
2

TATBd
2πR TB +TA( )
⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2

	  

! 

vA
vB

=
2"R TA
2"R TB

=
TB
TA

g	  

d	  h	  

R	  

t=0	  

h	  

R	  

t=0	  VA	   VB	  

TA	   TB	  

X	  

Y	  
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B.2 Don’t Panic

The following pages contain a reprint of an example mid-term exam, the 1st of three,

for the DP flavor of IP Mechanics. Topics covered on this mid-term exam include one-

dimensional motion, vectors, two-dimensional motion, and Newton’s laws [107]. The

answers, provided by one of the faculty who taught this class, are also provided. This test

was administered during the Fall 2010 term.
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1. (33 poiiits 11 his is a onc’ dunensional problem. An object is dropped from a height
11 above she ground. Defining vertically tip to be the positive (lirectic)n the object
(Xl)Ci(’H(’CS till iicrek’rtit ion

a(t) = Jt—g

where 31$ a known constant.
a. Obtain an algebraic equation for the velocity as a function of time.

1). Obtain an algebraic equation for the height as a function of time.

c. Find the finic’. 1. at which the object reaches its lowest point. assiuning this occurs

betorc’ it hits the ground.
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2. (33 points) A small block of mass m is placed on the frictionless floor which we define
to be i he .r. y plane. There are two forces, P andP2.acting on the block that have
compotients only in the .r. y plane. Because of these forces the block moves in a very
strange way so that its position vector is observed to be

7(t) = (cit3 ÷ c2t)t+ (c3t2+ c4t)J.

Here all the c’s are known constants. One of the forces is known to be given by

Pt =kJ+k2tj

Here k1 and k2 are known constants. What is the other force?
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)( )i1i1 A i)IO(’k of mass iii. is at rest on a table. A force of known lInn4nitude

1 acts on t lie block, at f lie known angle 0 as shown:

a . Assullnlu2, 110 frict 1011 between the table arid the block, isolate the block and show all
forces acting oii it. In other words draw the free body diagrani for the block.)

h. ljiid I he acceleratioii of the block.

\ow asa one there is a coefficient of friction z between the table and the block. Find
the acceleration of t lie block assuming the force F is large enough to make the block
iiiove.

(1. Find the niiiiiinuiri value that F must have in order to cause the block to inov.
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B.3 Transfer

The following pages contain reprinted pages of an old mid-term exam, the 1st of three,

for the Transfer flavor of IP Mechanics. This exam was administered by a faculty mem-

ber at Blinn College, a two-year institution located in College Station, Texas, frequently

attended by TAMU students seeking additional credits [108]. Topics covered on this exam

include one-dimensional motion, vectors, two-dimensional motion, circular motion, and

Newton’s Laws. This test was administered during the Spring 2014 term, but is similar to

tests administered in previous terms. A special acknowledgment is given to Professor Jeff

Bronson for providing this exam and other materials from his course.
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APPENDIX C

AVAILABLE FORMULA

C.1 University Physics

The following pages contain a reprint of the equation sheet available to students taking

the UP flavor of IP Mechanics at TAMU [109].
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Gravity: ~Fgrav = −G
M1M2

r2
r̂ Ugrav = −G

M1M2

r

Kepler’s Laws:

1st:

2nd: ~r × ~v = constant

3rd: T =
2πa3/2√
GM

Centre-of-mass:

~rcm =
m1~r1 +m2~r2 + . . .+mn~rn

m1 +m2 + . . .+mn

(and similarly for ~v and ~a)

Forces:
Newton’s:

∑ ~F = m~a, ~FB on A = −~FA on B

Hooke’s: Fx = −k∆x

friction: |~fs| ≤ µs|~n|, |~fk| = µk|~n|

Relative velocity: ~vA/C = ~vA/B + ~vB/C

~vA/B = −~vB/A

Circular motion: arad =
v2

R
atan =

d|~v|
dt

= Rα

T =
2πR

v
s = Rθ vtan = Rω

Constants/Conversions:

g = 9.80 m/s
2
= 32.15 ft/s

2
(Earth, sea level)

G = 6.674× 10−11 N ·m2/kg2 1 mi = 1609 m

1 lb = 4.448 N 1 ft = 12 in
⇔ 0.454 kg (Earth, sea level) 1 in = 2.54 cm

1 rev = 360◦ = 2π radians

Energy and Momenta:

translational rotational

K = 1
2Mv2

W =
∫
~F · d~r const−−−→

force

~F ·∆~r

P = dW
dt = ~F · ~v

~pcm = m1~v1 +m2~v2 + . . .

= M~vcm

~J =
∫
~Fdt = ∆~p

∑ ~Fext = M~acm =
d~pcm
dt∑ ~Fint = 0

if
∑

Fext,x = 0, pcm,x = const

~τ = ~r × ~F and |~τ | = F⊥r = Fl

Krot =
1
2Itotω

2

W =
∫
τdθ

const−−−−→
torque

τ ∆θ

P = dW
dt = ~τ · ~ω

~L =
∑

~r × ~p

= I1~ω1 + I2~ω2 + . . .

= Itot~ω

∑
~τext = Itot~α =

d~L

dt∑
~τint = 0

if
∑

τext,z = 0, Lz = const

—– Work-energy and potential energy —–

W = ∆K Etot,i +Wother = Etot,f

U = −
∫
~F · d~r ; Ugrav = Mgycm ; Uelas =

1
2k∆x2

Fx(x) = −dU(x)/dx ~F = −~∇U = −
[
∂U
∂x î+

∂U
∂y ĵ +

∂U
∂z k̂

]

Kinematics:

translational rotational

〈~v〉 = ~r2−~r1
t2−t1

~v = d~r
dt

〈~a〉 = ~v2−~v1

t2−t1
~a= d~v

dt =
d2~r
dt2

~r(t) = ~r0 +
∫ t

0
~v(t′) dt′

~v(t) = ~v0 +
∫ t

0
~a(t′) dt′

〈ω〉 = θ2−θ1
t2−t1

ω = dθ
dt

〈α〉 = ω2−ω1

t2−t1
α= dω

dt =
d2θ
dt2

θ(t) = θ0 +
∫ t

0
ω(t′) dt′

ω(t) = ω0 +
∫ t

0
α(t′) dt′

—– constant (linear/angular) acceleration only —–

~r(t) = ~r0 + ~v0t+
1
2~at

2

~v(t) = ~v0 + ~at

v2x = v2x,0 + 2ax(x− x0)
(and similarly for y and z)

~r(t) = ~r0 +
1
2 (~vi + ~vf )t

θ(t) = θ0 + ω0t+
1
2αt

2

ω(t) = ω0 + αt

ω2
f = ω2

0 + 2α(θ − θ0)

θ(t) = θ0 +
1
2 (ωi + ωf )t

Quadratic:

ax2 + bx+ c = 0 ⇒ x1,2 =
−b±

√
b2 − 4ac

2a
Derivatives: d

dt (at
n) = natn−1

d
dt sin at = a cos at
d
dt cos at = −a sin at

Integrals: ∫ t2
t1

f(t)dt = a
n+1 (t

n+1
2 − tn+1

1 )
if f(t) = atn, then

{
∫
f(t)dt = a

n+1 t
n+1 + C

(n 6= −1)
∫
sin at dt = −1

a cos at
∫
cos at dt = 1

a sin at

Trigonometry and Vectors:

hadj = h cos θ = h sinφ

hopp = h sin θ = h cosφ

h2 = h2
adj + h2

opp

tan θ =
hopp

hadj

h
hopp

φ

θ

hadj

Law of cosines: C2 = A2 +B2 − 2AB cos γ

Law of sines:
sinα

A
=

sinβ

B
=

sin γ

C

Bγ

α
C

A

β

~A = Axî+Ay ĵ +Az k̂ Â =
~A

| ~A|
~A · ~B = AxBx +AyBy +AzBz = AB cos θ = A‖B = AB‖
~A× ~B = (AyBz−AzBy )̂i+ (AzBx−AxBz)ĵ + (AxBy−AyBx)k̂

| ~A× ~B| = AB sin θ = A⊥B = AB⊥ (direction via right-hand rule)

Phys 218 — Final Exam Formulae
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Periodic motion:
ω = 2πf = 2π/T

pendulum: T = 2π
√
L/g = 2π

√
IP /mgd

spring : T = 2π
√
m/k

torsion: T = 2π
√

I/κ

Simple harmonic motion:
d2x

dt2
+ ω2x = 0

⇔ a(t) = −ω2x(t)
or α(t) = −ω2θ(t)

x(t) = A cos (ωt+ φ0)

v(t) = −ωA sin (ωt+ φ0)

a(t) = −ω2A cos (ωt+ φ0)

Moments of inertia:

rectangular plate,
axis through centre

thin rectangular plate,
axis along edge

hollow sphere
solid spherethin-walled hollow

cylinder
solid cylinder

I = 1
12
ML2 I = 1

3
ML2 I = 1

12
M(a2 + b2) I = 1

3
Ma2

a

L

through centre
slender rod, axis

through one end
slender rod, axis

thin-walled

RR
R2

R1

hollow cylinder
R R

b

a

bL

I = 1
2
M(R2

1 + R2
2) I = 1

2
MR2 I = MR2

I = 2
5
MR2 I = 2

3
MR2

Ã For a point-like particle of mass M a distance R from the axis of rotation: I = MR2

Ã Parallel axis theorem: Ip = Icm +Md2
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C.2 Don’t Panic

No formula sheet is provided to students enrolled in the DP flavor of IP Mechanics at

TAMU. Students are expected to be able to recall and use a limited number of important

formulae from the text.
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C.3 Transfer

The following pages contain reprinted copies of the equation sheet available to students

taking the Transfer flavor of IP Mechanics at Blinn College, a local two-year institution

frequently attended by TAMU students [110].
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Physics 2425 - Formula List
ü 1D Kinematics
General 1D Motion:  x as a function of t

v = Dx
Dt

.    v = „x
„t

,    a = Dv
Dt

.    a = „v
„t

Constant Vel.: xHtL = x0 + v t  ï  D x = v t

Constant Acc.:  vHtL = v0 + a t  and xHtL = x0 + v0 t + 1
2

a t2

v = v0 + a t D x = 1
2
Hv0 + vL t

D x = v0 t + 1
2

a t2 v2 - v02 = 2 a D x

Free Fall : x Ø y Hy is upL and a = -g

ü General Vectors  A = Ax x̀ +Ay ỳ = YAx, Ay]
Mag. & Dir. angle î Components Ax = A cos q and Ay = A sin q .

Components î Mag. & Dir. angle 

A = Ax2 + Ay2  and q =
tan-1K Ay

Ax
O for Ax > 0

180 ° + tan-1K Ay
Ax

O for Ax < 0

ü General 2D Kinematics    r” as a function of t
v” = D r”

D t
 ,   v” = „r”

„t
 ,   a = D v”

D t
 ,   a = „v”

„t
,  Ave. Speed = Total Distance

Total Time

Constant Acc.:  v”HtL = v”0 + a t  and   r”HtL = r”0 + v”0 t + 1
2

a t2

ü Projectiles
Horizontal:  ax = 0  ï vx is const.      Vertical:  ay = -g
v0x = v0 cos q  and  v0y = v0 sin q.

R =
v02
g

sinH2 qL,  (R = Dx when Dy = 0)

ü Relative Motion   v” = v”£ + v”0
ü Newton's Laws
First Law:  v” is const., unless net force.
Second Law:   Fnet = m a
Third Law:  F12 = -F21
Weight ∂ Mass:  W = m g
ü Friction between surfaces  fs § ms N (static), fk = mk N (kinetic)
ü Circular Motion

Uniform Circular Motion:  ac = v2
r

,  Also  v = 2 p r
T

ï ac = J 2 p
T
N2 r

General Circular Motion:  ac = v2
r

,  at = „v
„t

ü Accelerated Frames  gart = -a   (artificial gravity)
accelerated frame ï false force opposite acc. 

ü Dot or Scalar Product

A ◊B = A B cos q where A = Ax2 + Ay2 + Az2

A ◊B = Ax Bx + Ay By + Az Bz
ü Work     W = Ÿ F ◊„r”
const. force:  W = F Dx  (1D)   W = F ◊D r”  (2D or 3D)

Wgrav = -m g Dy  (work done by gravity)

W = Ÿ xix f F HxL „x   (variable force in 1D)

ü Springs: Hooke's Law and Work
F = -k x (Hooke's Law),  W = - 1

2
k Jx f2 - xi2N  

ü Work-Energy Theorem    Wnet = DK
Wnet (net work).  K = 1

2
m v2 (kinetic energy)

F is conservative ó 0 = ò F ◊„r” 
conservative forces  ï DU = -W  (U is potential energy)
Gravity:  U = m g y      Spring:  U = 1

2
k x2

Wnc is work of all nonconservative forces.
E = Emech= Ktot+Utot ï  Ei+Wnc= E f ,  Wnc= 0 ï Ei=E f
Wnc = 0 , one mass, gravity is only cons. force
  ï Ebottom = Etop ï vbottom2 = vtop2 + 2 g h

Power:  = „W
„t

= F ÿv”
ü Potential Energy  î  Force
1D: F = - „

„x
U,      3D: Fx = - ∑

∑x
U , Fy = - ∑

∑y
U , Fz = - ∑

∑z
U

ü Momentum and Impulse-Momentum Theorem

p = m v”  (mom.)    I” = Ÿ tit f F „ t  (impulse)

Fnet Dt = I”net = D p = m Iv” f - v”iM
ü Center of Mass for a System of Particles
Discrete : M = ⁄i mi r”cm = 1

M
⁄i mi r”i

Continuous : M = Ÿ „m r”cm = 1
M Ÿ r” „m

ü Second Law for a Particle and System
particle : Fnet = m a Fnet = „

„t
p

system : Fnetext = M acm Fnetext = „
„t

ptot

ptot = m1 v”1 +m2 v”2 + ... = M v”cm
ü Conservation of Momentum
Fnetext = 0 ï D ptot = 0 ï ptot,i = ptot, f
Fnet,xext = 0 ï Dptot,x = 0 ï ptot,i,x = ptot, f ,x
ü Collisions
ptot,i = ptot, f ï  m1 v”1i + m2 v”2i = m1 v”1 f + m2 v”2 f
Elastic  ó Ktot,i = Ktot, f
1D Elastic trick: Ktot,i = Ktot, f ï v1i +v1 f = v2i +v2 f
Totally Inelastic: v”1 f =v”2 f =v” f  ï m1 v”1i + m2 v”2i= Hm1+ m2L v” f
ü General Rotations about fixed axis: 
w = Dq

Dt
 ,    w = „q

„t
 ,    a = Dw

Dt
 ,    a = „w

„t

ü Constant Angular Accelation
w = w0 + a t               Dq = 1

2
Hw+w0L t

Dq = w0 t + 1
2
a t2      w2 -w0

2 = 2 a Dq
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ü Rotational and Linear Quantities
v” = r w ùt   or  vt = r w , vc = 0

a = r a ùt +w2 r ùc or  at = r a , ac = w2 r

a = 0 ó w = const = 2 p
T

ü Moment of Inertia
I for a distribution  -  r is ¶ dist. from axis
Discrete: I = ‚ mi ri2,     Continuous: I = Ÿ r2 „m
Perpendicular-axis Theorem:  Planar object in xy-plane: Iz = Ix + Iy
Parallel-axis Theorem:   I = Icm +M d2

Moments for uniform bodies:
Thin rod about ¶ axis 
   thru. end:  I = 1

3
M L2,   thru. center:  I = 1

12
M L2

aµb rectangular plate about ¶ axis thru. center:  I = 1
12

M Ia2 + b2M
Sphere about axis thru. center:
  thin shelled hollow:  I = 2

3
M R2,    solid:  I = 2

5
M R2

Hoop about ¶ axis thru. center:  I = M R2
 (same as thin-shelled hollow cylinder)
Disk about ¶ axis thru. center: I = 1

2
M R2  (same as solid cylinder)

ü Rotational Energy
K = 1

2
I w2,   U = M g ycm ,   Ktot = 1

2
Icm w2 + 1

2
M vcm2

ü Cross or Vector Product  AâB = ù A B sin q , right hand rule fl ù

AâB =

x̀ ỳ z̀
Ax Ay Az
Bx By Bz

= x̀
Ay Az
By Bz

- ỳ Ax Az
Bx Bz

+ z̀
Ax Ay
Bx By

ü Torque
About Origin:  t” = r”äF,   About Axis:  t = r F¶ = r¶ F = r F sin q

Torque due to gravity:  t”gravity = r”cmäM g
ü Angular Momentum of Particle
About Origin:  L = r”äp,   About Axis:  L = r p¶ = r¶ p = r p sin q

ü General Rigid Body Dynamics
2nd Law:  tnet = I a   and  tnet =

„L
„t

Angular Momentum:  L = I w

ü System of Particles    t”netext = „Ltot
„t

t”netext = 0   ï D Ltot = 0   (Conservation)

ü Equilibrium    Fnet = 0   and   t”net = 0
ü Newton's Law of Gravity
Magnitude:  F = G m1 m2

r2
,     Vector:   F21 = -G m1 m2

r12
2 r̀12

Discrete Distribution:  F = -G m „mi
ri2

r̀i

Continuous Distribution: F = -G m ‡ r̀
r2

„m

Sph. Shell: F = G M m
r2

 Hr > RL,   F = 0 Hr < RL
g = G M

R2
  (at surface of  spherical planet)

ü Gravitational Potential Energy
Two masses: U = -G M m

r
,   Several masses: U = -G ⁄i< j mi m jri j

Escape speed:  vesc = 2GM
R

ü Circular Orbits   v2 = G M
r

   and   T2 = 4 p2
GM

r3

ü Simple Harmonic Motion  „
2x

„t2
= -w2 x,   w = 2 p f = 2 p

T

x HtL = A cos Hw t +fL = x0 cos w t + v0
w

sin w t

ü Energy   E = 1
2

m v2 + 1
2

k x2 = : 12 k A2

1
2

m vmax2
(mass/spring)

v = ≤w A2 - x2   and  vmax = w A (in general)

ü Examples of Simple Harmonic Motion
Mass/Spring:  w = k êm
Physical Pendulum:  w = m g d ê I
Simple Pendulum:  w = g êL

ü 1D Wave Equation      ∑2
∑x2

u = 1
v2

∑2
∑t2

u
General Solution:  u Hx, tL = f Hx -v tL+g Hx +v tL
ü Sinusoidal Waves  u Hx, tL = A cos Hk x ≤w t +fL
l = 2 p

k
,      f = w

2 p
,      v = f l = w

k

ü Waves on a String   u Hx, tL fl yHx, tL
Speed:  v = T ê m  where T = Tension,  Power:  = 1

2
m v w2 A2

ü Temperature Scales
TF = 9

5
TC +32,   DTF = 9

5
DTC,   TK = TC + 273

ü Heat   Q = Heat added to system
Q = m c DT  (Temp. change),   Q = ≤m L  (phase change)

ü Ideal Gas Law   P V = N k T  and  P V = n R T
 n = # of moles,  N = NA n = # of molecules
Masses:   mtot = n mmole = N mmolecule
ü Work  W = Ÿ P „V = ≤Area  (done by system)
Constant P:  W = P DV ,   
Ideal gas at constant T:   W = n R T ln HVf êViL
ü First Law  
D U = Q -W,   „U = dQ -dW,  Hd is inexact differentialL
ü Entropy    „S = dQ

T
ï DS = ‡ dQ

T

Const. T:  DS = Q
T

,   Changing T:  DS = m c ln Tf
Ti

ü Second Law  For a thermally isolated system: DStot ¥ 0

ü Heat Engines  QH = QC + W,  Efficiency: e = W
QH

= 1 -
QC
QH

Max. Eff.:  emax = 1 -
TC
TH

  (Carnot Engine is H.E. of max. eff.)
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APPENDIX D

PHYSICS CONCEPTS & MATHEMATICAL SKILLS

This appendix contains a detailed list, with descriptions, of all the physical concepts

and mathematical skills which were used in the q-matrix evaluation of courses for Chapter

3. This list was created through discussions between a former graduate student within the

Department of Physics & Astronomy at TAMU, Landon Chambers, and various engineer-

ing faculty. The physical concepts present on this list represent the topics both major and

minor covered during the course of IP Mechanics, regardless of the flavor taken. Math-

ematical skills present represent the majority of the necessary math used in the solution

of problems beyond introductory algebra. Some simple skills (e.g. addition/subtraction,

multiplication/division, solve a single equation for a single variable) have been omitted

from this list.

D.1 Physical Concepts

1. Position/Velocity/Acceleration- Relating one of the quantities of position, velocity,

or acceleration to any of the other quantities. This includes average quantities in

addition to kinematic motion.

2. One-dimensional Motion- A change of position or velocity of an object due to con-

stant or non-constant acceleration which may be described with a single unit vector.

3. Two-dimensional Motion- A change of position or velocity of an object due to con-

stant or non-constant acceleration which may be described through two unit vectors.

4. Relative Motion, Velocity- Calculating the velocity of one or more objects in a dif-

ferent reference frame relative to the initial value(s) given.
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5. Relative Motion, Acceleration- Calculating the acceleration of one or more objects

in a different reference frame relative to the initial value(s) given.

6. Newton’s 1st Law- An object in motion (or at rest) will tend to stay in motion (or

at rest) unless acted upon by an unbalanced force. This concept sometimes permits

students to determine themselves whether the acceleration of an object or system is

zero.

7. Newton’s 2nd Law-Summing the forces on an object or system and relating them to

the product of the mass and the acceleration of the same object or system, ~F = m~a.

8. Newton’s 3rd Law- For every action there is an equal, but opposite, reaction. To

employ this, a problem must require the application of forces between two bodies to

both be accounted for.

9. Newtonian Gravity- Applying the fundamental form of the gravitational force ~Fg =

Gm1m2

r2
r̂.

10. Gravity Near Earth- The weight force on an object with a certain mass, using the ap-

proximation of acceleration due to gravity at the surface of Earth. This non-contact

force has the form w = mg, where g = 9.8m/s2 or g = 32.2ft/s2, depending on

the units used in a problem.

11. Unknown Reaction Force- A normal force present within a system that has an un-

known magnitude and direction due to a combination of other forces present within

the system.

12. Friction- A contact force applied at the contact point between two surfaces which

resists relative (or attempted relative) motion between the surfaces. This force may
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be static friction (fs ≤ µsN ) or kinetic friction (fk = µkN ), where N is the normal

force applied where the two surfaces meet.

13. Hooke’s Law- A law describing the resulting force due to displacement from an

equilibrium position of a spring, or other system that can be said to have a spring-like

force. In equation form, this law is ~Fsp = −k~x, where ~x is the vector displacement

from an equilibrium position.

14. Tension- A contact force which is applied to an object through a rope, cable, string

or similar type object, which exerts a force along the material.

15. Free-Body Diagram- A sketch of an object of system with labeled vectors represent-

ing all contact and non-contact forces acting on that object or system.

16. Work- Applying the equation W =
∫ ~r2
~r1
~F · d~r to a force or forces within a system.

Simplifications of this fundamental equation, W = ~F · ~r, or W = Fdcos(θ) are

included in this concept.

17. Work-Energy Theorem- Applying the law Wtotal = ∆K, where the left-hand side is

the total work due to the net force (Wtotal =
∫ ~r2
~r1
~Fnet · d~r) and the right-hand side is

the change of kinetic energy (1
2
mv2

f − 1
2
mv2

i ).

18. Kinetic Energy- Quantifying the energy of motion for an object or system using

the translational kinetic energy (K = 1
2
mv2) and/or the rotational kinetic energy

(K = 1
2
Iω2).

19. Potential Energy- Quantifying the energy of position for an object or system using

the gravitational potential energy (U = mgy), the spring potential energy (U =

1
2
kx2), or relating the potential energy function to a conservative force (U = −

∫
~F ·

d~r).
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20. Conservation of Energy- Relation of the energy at one physical state (point) in a

problem to the energy of another physical state. The energy at either point is the sum

of the energy of motion (kinetic) and the energy of position (potential), E = K+U .

The conservation law then follows the formKi+Ui+WNC = Kf +Uf , whereWNC

is the work done by non-conservative forces between the initial and final points.

21. Power- The rate at which work is used within a system. This include calculation

using either P = W
t

or P = ~F ·~v, whereW is the work, t is the time, ~F is a constant

force, and ~v is a constant velocity.

22. Conservation of Linear Momentum- Application of the fact that ~psystem = constant

for problems in which the external force is zero (~Fsystem = 0). Typically this equa-

tion is seen applied as Σ~pi,before = Σ~pi,after.

23. Moments/Torques- Application of the equation ~τ = ~r × ~F to calculate the torque

due to a single force.

24. Moment of Inertia- Determining the moment of inertia of a body or system using

direct calculation, formulae, or solving for it through a system of equations.

25. Parallel-Axis Theorem- Calculation of the moment of inertia of some body for an

axis of rotation parallel to an axis about which there is a known moment of inertia

for the object, Ipar = I0 +md2.

26. Στ = Iα- Using the sum of torques applied to a system to determine either the

angular acceleration of a system, or the moment of inertia.

27. Center of Mass- Finding the geometric center of mass of a system or distribution

using some form of the following: ~rcm = Σmi~rx
Σmi

, ~rcm =
∫
~rρ(~r)dr∫
ρ(~r)dr

.

28. ω & α- Employing the definitions of ω = dθ
dt

and α = dω
dt

.
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29. Radial acceleration- Use of the centripetal acceleration within the solution of the

problem, ar = v2

r
or ar = rω2.

30. Rotational Motion- A change of the angular position or angular velocity due to a

constant or non-constant angular acceleration.

31. Rolling without Slipping- The point of contact between two bodies does not slip

or slide while one body rotates. This condition permits the use of simple relations

between translation and angular variables using s = rθ, v = rω, and a = rα.

32. Conservation of Angular Momentum- Application of the fact that ~Lsystem = constant

for problems in which the external torque is zero(~τsystem = 0). Typically this equa-

tion is seen applied as Σ~Li,before = Σ~Li,after.

33. Simple Harmonic Motion (SHM)- Periodic motion of an object or system where

the restoring force is directly proportional to the displacement, acting in the oppo-

site direction of that displacement. The amplitude (maximum displacement) of this

motion is constant.

34. Damped Oscillations- A system undergoing oscillatory motion in which a frictional

type force is applied in addition to the restoring force of the system. The ampli-

tude of such systems decreases depending on whether the system is underdamped,

critically damped, or overdamped.

35. Forced Oscillations- A system undergoing oscillatory motion in which a driving

force (constant or time-dependent) is applied to the system.

36. Natural Frequency- Using the relation of ω =
√

k
m

(spring-mass systems), ω =
√

g
L

(point-mass pendulums), or ω =
√

I
mgd

(physical pendulums) for a problem in

which oscillatory motion appears.
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D.2 Mathematical Skills

37. Define Coordinates- Used when the solution to a problem requires a student to define

their own system of axes to non-trivially combine vector quantities.

38. Cartesian Coordinates- A system that defines each point uniquely in a plane by a

pair of numerical (or symbolic) coordinates which are signed distances to the point

from two, fixed, perpendicular directed lines.

39. Polar Coordinates- A system that defines each point uniquely in a plane by a pair

of numerical (or symbolic) coordinates which are the magnitude of the distance

from the origin (radial coordinate) and a polar coordinate measuring angular dis-

tance from a certain direction defined as the zero angle (e.g. the positive x-axis from

a Cartesian Coordinate system).

40. Vectors- A way of numerically or symbolically representing a quantity which must

be expressed with both magnitude and direction. The particular use here includes

any form of representation of multiple components of a vector within a single equa-

tion or line of math. Typically this involves the use of unit vectors in the Cartesian

or Polar Coordinate systems.

41. Dot Product- Also known as the scalar product, this measures how much of one vec-

tor is parallel to another. In equation form, this means applying some combination

of the definition ~A · ~B = ABcos(θ) = AxBx + AyBy.

42. Cross Product- Also known as the vector product, this measures how much of one

vector is perpendicular to another. In equation form, this means applying some

combination of the definition | ~A× ~B| = ABsin(θ), where the direction is given by

the right hand rule, or evaluated with unit vectors.
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43. Geometry/Trig- The application of geometric or trigonometric rules to shapes and

angles. The most common form of this involves using trigonometric functions such

as sine, cosine, and tangent. Inverse trigonometric functions, areas, and volumes

are also included in this.

44. Differentiation- Taking the derivative, d
dx
f(x), of any function. This includes but is

not limited to application of derivative rules such as: d
dx
kxn = knxn−1, d

dx
cos(x) =

−sin(x), and chain rules ( d
dx
f(g(x)) = f ′(g(x))g′(x)).

45. Integration- Applying the integral operator to a function,
∫
f(x)dx. This is the

inverse mathematical operation of differentiation.

46. Simultaneous Equations- Solving for two or more variables using a system of two

or more equations. Employing a substitution for one unknown to find the answer.

47. 1st Order ODE- An equation of a form such as dy
dx

+ p(x)y = q(x) in which the

student is expected to solve for y(x), or verify the validity of a given solution with

undetermined coefficients.

48. 2nd Order ODE- An equation of a form such as d2y
dx2

+p(x) dy
dx

+q(x) = r(x) in which

the student is expected to solve for y(x), or verify the validity of a given solution

with undetermined coefficients.

49. Small angle approximation- Taking the first term of a Taylor Series expansion as a

substitution for the original function (e.g. sin(x) ≈ x, cos(x) ≈ 1).

50. Interpretation/Sketch Graph- Using the points or function of a graph to yield in-

formation about a physical quantity, or using an equation derived from physical

relations to plot points or a function on a coordinate plane.
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51. Find Limiting Case- Letting one or more variables tend towards a maximum or

minimum value to find a convergent value for an equation.
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APPENDIX E

FRESHMAN PHYSICS CLASSROOM- ELECTRICITY & MAGNETISM VIDEO

LIST

This appendix contains a list of the videos created for the E&M content of the FPC

resource. Each video is accompanied by a brief description of the content, along with its

direct link to Vimeo.

Coulomb’s Law

Conceptual

An introduction video on the concept of Coulomb’s Law.

https://vimeo.com/200217386/27fd15d164

Example Problem #1

A basic example of the application of Coulomb’s Law to a series of point charges,

include the principle of superposition.

https://vimeo.com/200217747/1a4a198ca4

Example Problem #2

An application of Coulomb’s Law to a charge distributed along the horizontal axis.

https://vimeo.com/200218101/9b73383dc2

Electric Field

Conceptual

An introduction to the somewhat complex topic of electric fields and their calculation.

https://vimeo.com/200751073/b11c4f18d1
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Example Problem #1

An example problem on calculating the electric field of two point charges in a dipole

arrangement.

https://vimeo.com/200751358/5a2c61839d

Example Problem #2

Example for finding the electric field due to a charge distributed along the arc of a

quarter circle.

https://vimeo.com/200751524/b753914436

Electric Potential

Conceptual

A brief overview of the definition of electric potential.

https://vimeo.com/200253867/8aa90683ba

Example Problem #1

Obtaining the electric potential function from a given electric field.

https://vimeo.com/200254133/034d99cccd

Example Problem #2

Determining the electric potential function due to a point charge.

https://vimeo.com/200254490/730499cae2

Example Problem #3

Here the important steps are shown for finding the electric potential function for a

charge distributed along the horizontal axis.

https://vimeo.com/200254934/6b060d4f4e
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Flux/Gauss’ Law

Conceptual

An introduction to the idea of finding the quantity flux from a vector field.

https://vimeo.com/202770675/a7d9e9d25d

Flux Example Problem #1

A basic example of the application of finding flux from a vector field, using a cube.

https://vimeo.com/202771096/0f16d2b61c

Flux Example Problem #2

An example of finding the flux due to a radially symmetric vector field through the

surface of a sphere. https://vimeo.com/202771476/c042124440

Gauss Example Problem #1

Application of Gauss’ Law to find the electric field both inside, and outside a sphere

with uniform charge distribution.

https://vimeo.com/202771804/20668dde82

Gauss Example Problem #2

Finding the electric field for a infinite line of charge using cylindrical symmetry in

Gauss’ Law.

https://vimeo.com/202772391/fd8c72a432

Capacitors

Conceptual

An introduction to the use of capacitors, and the definition of capacitance.

https://vimeo.com/205302045/3a28fd91d1
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Example Problem #1

Calculating the capacitance of large, parallel, conducting plates.

https://vimeo.com/205302744/df09f91f35

Example Problem #2

Calculating the capacitance for two nested conducting spheres.

https://vimeo.com/205303299/f8a3f16baf

Ohm’s Law

Conceptual

An introduction to two definitions of Ohm’s Law.

https://vimeo.com/205620976/84a6e3929d

Example Problem #1

An application of Ohm’s Law for a resistivity which depends on position for a cylin-

drical resistor.

https://vimeo.com/205621308/7810f475cb

Example Problem #2

Calculating the resistance of a resistor in the shape of a spherical shell, with a constant

resistivity.

https://vimeo.com/205621563/4898149fa1

Simple Circuits

Conceptual

An introduction to the analysis of simple, time independent circuits.

https://vimeo.com/207125650/e4f9bb49d4
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Example Problem #1

An application of the simple circuits equations to two resistors in series.

https://vimeo.com/207126187/68b6f926c4

Example Problem #2

An application of the simple circuits equations to two resistors in parallel.

https://vimeo.com/207126504/e1355db2ac

Example Problem #3

Application of the simple circuits equations to a circuit with a resistor, and a capacitor

in parallel with each other.

https://vimeo.com/207328392/711ac14e40

Magnetic Forces

Introduction to the magnetic force equations, and how to determine the direction of the

force using the right hand rule.

https://vimeo.com/210263546/990ffd0dd2

Example Problem #1

An application of magnetic forces to a charged particle moving in a region of constant

magnetic field.

https://vimeo.com/210263946/7a7b08f0fa

Example Problem #2

Application of the magnetic force equations to three straight segments of a current

carrying wire.

https://vimeo.com/210271150/e1a7c9348b
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Biot-Savart Law

Here Biot-Savart Law is introduced. This law is one of two ways to determine the

magnetic field generated due to a current carrying wire.

https://vimeo.com/210286143/41c80a2415

Example Problem #1

An application of the Biot-Savart Law finding the magnetic field at the center of a

semi-circular section of a current carrying wire.

https://vimeo.com/210286478/0dd87455a1

Ampere’s Law

An introduction to the application of Ampere’s Law for finding the magnetic field

around current carrying wires with particular symmetries.

https://vimeo.com/211345785/8586b23408

Example Problem #1

Using Ampere’s Law to find the magnitude of the magnetic field in the middle of two

infinitely long, parallel, current carrying wires.

https://vimeo.com/211352708/fb62b1dcbd

Example Problem #2

Using Ampere’s Law to find the magnetic field for a cylindrical, current carrying wire

in all regions.

https://vimeo.com/211355118/62f5f44c40

Faraday’s Law

Conceptual

An introduction to the concept of electromagnetic induction, and Faraday’s Law.

187

https://vimeo.com/210286143/41c80a2415
https://vimeo.com/210286478/0dd87455a1
https://vimeo.com/211345785/8586b23408
https://vimeo.com/211352708/fb62b1dcbd
https://vimeo.com/211355118/62f5f44c40


https://vimeo.com/212314437/db3e2447bc

Example Problem #1

Applying Faraday’s law to a loop, containing a resistor, out of a region of constant

magnetic field.

https://vimeo.com/212315420/25863d5f94

Example Problem #2

A walk through of the steps to apply Faraday’s Law to a small loop, containing a

resistor near an infinitely long, current carrying wire.

https://vimeo.com/212603017/93d0c0e106

Time-Dependent Circuits

Conceptual

Explains the application of Faraday’s Law to circuits containing voltage sources, re-

sistors, capacitors, and inductors. When correctly applied Faraday’s Law gives a time

dependent differential equations for which the charge, or current may be solved for as a

function of time.

https://vimeo.com/213125533/a6d1bfd4f4

Example Problem #1

Applying Faraday’s Law to a circuit containing a charged capacitor, and a resistor in

order to find the charge as a function of time.

https://vimeo.com/213125925/ab412909c7

Example Problem #2

Applying Faraday’s Law to a circuit containing a voltage source, resistor, and inductor,

in order to solve for the current as a function of time.
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https://vimeo.com/213126027/d9cdd24f81

Example Problem #3

Using Faraday’s Law to find the charge as a function of time for a circuit containing a

charged capacitor, and an inductor.

https://vimeo.com/213252245/bbbbb94ef2
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