
A Project Summary

The goal of this project is to improve assessment of student learning in computer science. To this end, this work pro-
poses to develop threeconcept inventoriesfor introductory computer science subjects. Modeled afterthe successful
Force Concept Inventory that was developed to assess student learning of Newtonian physics, the proposed concept
inventories will test understanding of key computer science concepts in a manner that enables reliable comparisons
between courses at different universities. With a standardized assessment tool, the computer science education com-
munity will be able to make meaningful comparisons of the effectiveness of different pedagogical approaches, greatly
facilitating computer science education research.

In light of the fact that we are developing a tool to assess student learning, the approach we propose is a student-
centric one. Concept inventories are designed to test student comprehension of difficult concepts by forcing a choice
between the correct answer and distractors constructed from common student misconceptions. As students remain the
primary source of information about which topics are difficult and about what the most common misconceptions are,
we will engage students directly, as was done in the development of previous concept inventories. Through student
introspections, discussions, interviews, and “think alouds” we will direct our development of questions for the concept
inventories. These questions can then be refined and validated through peer review, qualitative, and psychometric
analyses until the instrument is ready for large scale distribution. We will assemble an advisory panel — comprised of
experienced concept inventory developers — to both advise and annually assess the progress of the project.

Specifically, we propose the following measurable outcomes:

1. Concept Inventories: We anticipate developing, testing, and refining concept inventories covering three core
topics of computer science: discrete math, programming fundamentals, and digital logic design. These concept
inventories will be disseminated to any interested parties.

2. Insight on Common Misconceptions: In the process of developing the concept inventories, we anticipate
learning a lot about which concepts are most challenging andcommon misconceptions that we will contribute
to the STEM education knowledge base.

Intellectual Merit: The proposed concept inventories in computer science buildon the success of the Force Concept
Inventory, which has played a significant role in the reform of undergraduate physics education. Through the devel-
opment of rigorous tools for assessing student learning, the project will facilitate the development and assessment of
scholarship of teaching and learning research in computer science, by enabling the comparison of pedagogical tech-
niques within one university and across universities. Our multi-institution partnership will help ensure the validity of
the proposed instruments by providing access to diverse student populations and different program objectives. To-
gether, the P.I.s bring to the project a wealth of experienceas award-winning teachers and an extensive track record of
publishing in education-related forums.

Broader Impact: As the goal of the project is to develop tools for assessing student learning in computer science,
the project has the potential to broadly impact computer science teaching and learning. In the development of the
proposed concept inventories, we will explore the difficulties students have learning key concepts in computer science
and the misconceptions they develop as a result; we will publish the results of these studies for use by other instructors.
Also, as a necessary part of their development, a network of colleagues at other universities will be identified to review
the concept inventories and test them. Once developed, we will widely disseminate the concept inventories through
publications and workshops held at the ACM Special InterestGroup on Computer Science Education (SIGCSE) and
Frontiers in Education (FIE) conferences. The ability to rigorously compare student learning resulting from different
pedagogical approaches will enable a productive dialog within the community and potentially speed the adoption of
“best practice” pedagogies. As it has been shown that traditionally under-represented groups are more sensitive to
the quality of instruction, improvements in pedagogy are likely to have a disproportionate benefit on such under-
represented populations. Furthermore, a concept inventory with broad support will likely affect the computer science
advanced placement (AP) exam in significant ways, thereby influencing computer science pedagogy at the high school
level.
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C Project Description

C.1 Motivation, Objectives, and Expected Impact

Thefirst recommendation from a National Academy report entitled Evaluating and Improving Undergraduate Teaching
in Science, Technology, Engineering, and Mathematics[23] is that:

Teaching effectiveness should be judged by the quality and extent of student learning.

We believe that it is not by chance that the report’s writers selected this recommendation to be the first, as having
a rigorous and reliable tool for assessing student learningenables the systematic improvement of the education of our
students. Specifically, a rigorous process for assessing student learning enables:

• Evaluation of Pedagogical Approaches:While there is a significant amount of ongoing innovation in peda-
gogy, it is difficult to evaluate. Is a new method better or just different? Without assessing student learning, it
is impossible to tell. Furthermore, the assessment must be done in a standard way so that objective comparisons
between pedagogies can be made.

• Motivation for Improvement: With no standardized means for assessing student learning,we can become
complacent in our local maximas of pedagogy, but such complacency is difficult if we are confronted with how
little our students are learning compared with students taught by our peers.

• Faculty Evaluation: Currently most departments rely primarily on student evaluations for evaluation of teach-
ing. While potentially reliable for measuring success in achieving affective goals, student evaluations do not
directly quantify student learning. Although there is a correlation, it is dangerous to evaluate faculty on one
metric (student satisfaction), when it is another (studentlearning) that we truly desire to optimize.

• Program Evaluation: Finally, rigorous tools for demonstrating student achievement would be useful in the
accreditation process. Such tools are especially timely inComputer Science because ABET is increasingly
emphasizing outcomes assessment and requiring departments to institute continual process monitoring within
the discipline.

In light of the potential, the absence of a standardized suite of assessments of student learning across the STEM dis-
ciplines is a testament to the difficulty of developing assessment tools. In particular, to address the above applications,
an assessment tool must be:

• Rigorous: There should be broad agreement within the discipline that the assessment tool accurately reflects
the current understanding of the discipline.

• Reliable: A student who understands a concept should, with high probability, be rated as knowledgeable,
whereas a student that does not understand the concept should, with high probability, be rated as not knowl-
edgeable.

• Portable: To facilitate comparisons between programs with substantially different curricula, the assessment tool
must not rely on the detailed context in which the material istaught. For example, when testing understanding
of programming concepts this must be done without the expectation of knowledge of a particular language.

• Easy to Administer/Interpret: To enable widespread use of an assessment tool, it should notrequire any
specialized knowledge or equipment to administer, so that teachers who are not experts in education research
can perform the assessment with a small investment of time.
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While this is a formidable list of requirements, there is an assessment tool in the Physics community that meets
all of them. The Force Concept Inventory (FCI) [35] was developed by David Hestenes and his collaborators to test
student understanding of the key concepts of Newtonian mechanics. The FCI is now widely credited with stimulating
reform in physics education [59].

The FCI consists of a series of multiple choice questions that present qualitative, concept-oriented problems. The
FCI is rigorous, because it has been validated through peer review by other physics educators [34]. It is reliable,
because each question’s incorrect responses have been selected from common student misconceptions, making them
attractive to non-Newtonian thinkers, but easily ignored by Newtonian thinkers; its reliability has been validated
through student interviews to confirm that student scores represent student understanding. It is portable, because it
tests only the fundamental concepts of force on which Newtonian physics is based and does so without requirement
of any particular mathematical sophistication (e.g., Calculus). Lastly, because it is a machine-scorable multiple choice
exam, it is easy to administer. The FCI can be interpreted coarsely — focusing on the fraction of correct responses [34]
— or at a fine grain — mapping incorrect student responses to common misconceptions that need to be addressed [35].

The quality and portability of the FCI has enabled it to make notable strides in two of the above applications. First,
the FCI was used in a study that collected data from 62 distinct course offerings to compare traditional lecture-based
pedagogies with those that emphasized interactive engagement; in his study, Hake found that interactive engagement
methods achieved an average of a 46 point increase (on a 100 point scale) in FCI scores, while the traditional methods
achieved an average of only a 23 point improvement from pre-test [31]. Second, it has significantly motivated many
teachers to reform their classes, because (in the words of Richardson, et al. [70]):

Upon administering the FCI at the end of the semester and reviewing the results, a teacher is frequently
brought face-to-face with the ugly truth—his or her students do not understand some of the most basic
key concepts. The realization can prompt the teacher to try different teaching methods, sometimes one
involving more student participation.

The success of the FCI has led to an effort to replicate its impact in other disciplines. In recent years, the NSF
sponsored Foundation Coalition has led an effort to produceconcept inventories for other subjects in engineering (e.g.,
chemistry [44, 67], dynamics [29, 30], fluid mechanics [57],heat transfer [38], material science [45, 46], signals and
systems [89–93], statistics [2], strength of materials [70]), creating models for their development [20]. The instruments
developed are now seeing use by researchers other than the ones who developed them [22, 39], which supports the
expectation that the success of the FCI will be replicated inother disciplines. To date, however, there has been no
work on concept inventories for computer science1. The goal of this project is to replicate in computer sciencethe
impact the FCI has had on physics education, through initiating the development of concept inventories for CS.

C.1.1 Proposed Research

The objective of the proposed research is to develop a numberof concept inventories for three “core” computer
science subjects [86]: discrete math, programming fundamentals, and digital logic design. Assessment instruments
are needed in computer science, where only a small minority of educational research tries to assess the impact of
proposed interventions on student learning. For example, aquick survey of the program for the 2005 ACM Technical
Symposium on Computer Science Education (SIGCSE) — the largest and most influential forum for computer science-
related education research — shows that only 13 of the over 100 regular papers attempted to measure impact on
student learning, with fewer than half of those using rigorous approaches. Recently, members of the computer science
education community have advocated for a maturing of computer science education [5] and for adaptation of concept
inventories to computer science specifically [15].

Because of the virtues of the concept inventory approach (discussed above, but notably the ease with which it
can be used by other researchers), we intend to replicate in computer science the success this approach has had
in physics. Like physics, computer science has some concepts that are difficult to grasp (e.g., the rigid nature of

1There has been some preliminary work on computer engineering concept inventories, but according to a Foundation Coalition coordinator for
concept inventories these attempts did not advance far [18]. We have received copies of these works as they stand.
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computers [68], variables [76], parameter passing [56], recursion [94], object-orientation [36], pointers and linked
data structure manipulation [43]). The primary differencebetween computer science and most fields where concept
inventories are being developed is that the concepts are abstract ones (e.g., the notions of an invariant), for which
the students have had little prior exposure [4, 97]. As a result, there may be less focus on eliminating incorrect pre-
conceptions the students have upon entering the class and more focus upon misconceptions that develop during the
course.

Our decision to focus on introductory subjects is not an arbitrary one. Partly, it is natural to start at the founda-
tional subjects where we are not relying on the students to have prior domain knowledge; specifically, there are no
dependencies on the content of prerequisite courses (a possible source of confounding variables). More importantly,
however, is that the course objectives of these subjects arerelatively stable, despite the continuing evolution of thefield
of computer science. In particular, discrete math and digital logic design are not fields whose key concepts are in flux.
Furthermore, while introductory programming classes haveevolved in the past decade to include more object-oriented
programming ideas, most of the learning objectives remain unchanged [86]. Thus, we expect our concept inventories
to retain their validity for a long time.

We describe our proposed approach for the concept inventorydevelopment in Section C.2. The two important
features of this methodology are that 1) peer review, among the partner institutions as well as colleagues at other
institutions, will play an important role, and 2) students will be involved in the development process because they pro-
vide the primary source for learning about student learning. The developed concept inventories will then be validated
through peer review, qualitative, and psychometric analyses before being publicly distributed.

To perform this work, we have assembled a team of faculty thatboth frequently teach the subjects in question
and together have a wealth of experience in education research. Furthermore, this team spans a diverse collection of
institutions — large, public (University of Illinois at Urbana-Champaign), medium, private (Washington University in
St. Louis) and small, undergraduate (Rose-Hulman Institute of Technology) — that provide a diversity of students and
programs — as well as a population of hundreds of students persemester in the classes in question — that will help
ensure the development of portable instruments. To furtherincrease in the diversity of our student populations, we
are partnering with Chicago State University, which is predominantly (87%) African American, and have approached
Northeastern Illinois University, which has a large (38%) Hispanic population, as a source for additional student
interviews and pilot tests. A letter of support from ChicagoState University is included in the proposal’s supporting
documents. The geographic proximity of these schools enables the team to have periodic face-to-face meetings.

C.1.2 Intellectual Merit and Broader Impact

Intellectual Merit of the Research Activities: The proposed concept inventories in computer science buildon the
success of the Force Concept Inventory, which has played a significant role in the reform of undergraduate physics
education. Through the development of rigorous tools for assessing student learning, the project will facilitate the
development and assessment of scholarship of teaching and learning research in computer science by enabling the
comparison of pedagogical techniques within one university and across universities. Our multi-institution partnership
will help ensure the validity of the proposed instruments byproviding access to diverse student populations and
different program objectives. Together, the P.I.s bring tothe project a wealth of experience as award-winning teachers
and an extensive track record of publishing in education-related forums.

Broader Impact: As the goal of the project is to develop tools for assessing student learning in computer science,
the project has the potential to broadly impact computer science teaching and learning. In the development of the
proposed concept inventories, we will explore the difficulties students have learning key concepts in computer science
and the misconceptions they develop as a result; we will publish the results of these studies for use by other instructors.
Also, as a necessary part of their development, additional colleagues at other universities will be identified to review
the concept inventories and test them. Once developed, we will widely disseminate the concept inventories through
publications and workshops held at the ACM Technical Symposium on Computer Science Education (SIGCSE) and
Frontiers in Education (FIE) conferences. The ability to rigorously compare student learning resulting from different
pedagogical approaches will enable a productive dialog within the community and potentially speed the adoption of
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“best practice” pedagogies. As it has been shown that traditionally under-represented groups are more sensitive to
the quality of instruction, improvements in pedagogy are likely to have a disproportionate benefit on such under-
represented populations [75,88]. Furthermore, a concept inventory with broad support will likely affect the computer
science advanced placement (AP) exam in significant ways, thereby influencing computer science pedagogy at the
high school level.

C.2 Developing Concept Inventories
With the ongoing development of concept inventories in a number of (non-CS) disciplines, much has been learned
about their development [10, 30, 37, 38, 44, 45, 57, 67, 70, 77, 82]. We plan to base our development of CS concept
inventories using best practices identified in this previous work. In this section, we outline our proposed approach to
concept inventory development.

For each of the proposed concept inventories, we plan to use the following four-step development process:

(1) identifying the important and difficult concepts,

(2) identifying common misconceptions for those challenging concepts,

(3) designing questions using those misconceptions, and

(4) validating the concept inventory through peer review, qualitative analysis, and psychometric analysis of trial
runs.

Before we discuss the details of the proposed process, it is important to highlight two themes that are pervasive
throughout the approach. First, ensuring quality necessitates peer review. In addition to the team we have assembled to
perform this research, we plan to assemble a community of colleagues at other institutions to provide feedback on the
concept inventories (primarily relating to steps 1 and 4). To identify interested faculty for this community beyond our
current acquaintances, we are organizing a “Birds of a Feather” session at the SIGCSE conference in March, 2006 [98].
In addition, we will assemble a panel of experienced conceptinventory developers to advise and evaluate our work
(see Section C.4). Second, as the focus of this exercise is assessing student learning, it is fundamental to involve
students in the process. We propose to employ student focus groups, student interviews, and student think-alouds to
identify which concepts students find challenging and common misconceptions (step 2). Such focus groups will be
selected for a diversity of backgrounds and achievement levels. Finally, while described here as a linear process, we
expect the development to be an iterative process.

We discuss each step in more detail:

1. Identifying Important, Difficult Concepts: We will use the IEEE/ACM Computing Curricula 2001 [86] as an
aid to set the scope of the proposed inventories. To reach a consensus for which concepts should be included in the
inventory, we plan to use a Delphi process [1, 14, 17, 21, 49] with colleagues from other universities, as has been
done in previous concept inventory development [30, 82, 84]. The Delphi process has several rounds that involve a
large number of instructors who teach the subject/course for which the CI is being developed. The first round has
these instructors identify the important concepts in the subject. From this feedback, a list of concepts is created by
selecting those identified by multiple instructors. In the second round, participants are asked to rate these concepts for
“importance” and “difficulty for students.” By collecting input from a large, diverse body of instructors, we increase
the likelihood that the instrument will meet the goals of instructors nationwide.

Furthermore, by involving a large population of instructors early in setting the goals for the concept inventory
and keeping them informed about our progress, we hope to provide them with a sense of ownership in the concept
inventories. Developers of other concept inventories havefound this approach facilitates the dissemination of concept
inventories and their early adoption [19].

We intend to complement the faculty perceptions of difficultconcepts with student perceptions. In particular, we
plan to survey students during the period of instruction, having them rate the difficulty of the concepts from the Delphi
process.
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2. Identifying Student Misconceptions: While a body of literature exists on student misconceptionsregarding
programming [7,9,36,56,68,69,76], it is not exhaustive, and there has been little work studying misconceptions in other
areas of computer science. To isolate the source of student difficulties and identify common student misconceptions,
we plan to use the student-centric approach used in many previous concept inventory development (e.g., [38]). Because
instructor perceptions of the source and nature of student difficulties may be faulty, it is more reliable to engage
students directly. Using the qualitative methods described in Section C.2.2, we propose to use the following techniques:

• Student Interviews and Think Alouds: To draw out student misunderstandings, we propose having a dialog
with students around broad questions of the form “How does a cache work?” or “When should recursion be em-
ployed?”. The context of an interview provides the flexibility to explore the extent of a student’s understanding.
In addition, students can be presented (complex) problems to solve and asked to describe what they are thinking
as they solve the problem. Recording the conversations enables further analysis after the fact.

• Unmoderated Group Discussions:Groups of (post-instruction) students can be assigned a setof concepts to
discuss. For each concept that they believed they correctlyunderstood, they would be charged with preparing a
set of statements they would use to demonstrate that they understand the concept. For each concept they were
not sure they understood, they would be charged with developing a set of questions, whose answers would help
them understand the concept. Successive groups can be askedto come to a consensus about the correctness of
the statements and the answers to the questions produced by other groups. In addition, group “think alouds” can
be performed where students collaborate to solve problems.By videotaping these discussions, we can analyze
the discussions to identify student misconceptions.

• Interviewing Pre-Instruction Students: Previous work in developing concept inventories have utilized inter-
views with pre-instruction students to identify pre-conceptions related to the course material that students bring
into our courses. Because students rarely encounter discrete math and digital logic topics in their every day
life (unlike Newtonian mechanics or heat transfer), we expect fewer incorrect pre-conceptions in these subjects.
Nevertheless, we plan to do a small number of such interviewsto verify this hypothesis. Furthermore, there may
be some important incorrect pre-conceptions in a programming fundamentals course due to students who have
taught themselves how to program.

3. Question Design:In the development of the concept inventories, we expect that creating the questions will be
especially challenging for several reasons. First, answering a question correctly should require the understanding of
concepts rather than recall of information, or rote execution of standard procedures. This attribute of concept inventory
questions distinguishes them from conventional problems on homework assignments and on examinations. Second, a
question should require not detailed calculations, but qualitative analysis. For example, the student might choose from
among plotted graphs of functions with different shapes. Third, the questions should be portable: they should be clear
and unambiguous to students in the relevant computer science course in any institution. Computer science concepts
are traditionally taught in the context of particular computing systems,e.g., a particular programming language or
a particular instruction set architecture. Our questions should test concepts in a context-insensitive way. Fourth,
the questions should avoid testing knowledge of conventions; whereas most concepts in the physical and engineering
sciences relate to natural phenomena, most concepts in computer science relate to man-made artifacts whose behaviors
are sometimes merely accepted conventions. For example, inan assignment statement, the variable name goes on the
left side, and the expression goes on the right side; a flip-flop generally changes state on the rising edge of a clock
signal rather than the falling edge; a tree is drawn with the root toward the top of the page. In Section C.3, we provide
some examples of concept inventory questions in computer science.

4. Question Validation: In developing the concept inventory, or any test development situation, there are two issues
of primary importance: test content validity and test reliability. Content validity addresses whether a test covers
the subject matter appropriately with regards to the goals of the assessment; that is, does the test cover the correct
knowledge? Test reliability addresses whether the test elicits consistent and reliable responses; that is, would students
score equivalently if the exam were repeated or the questions replaced with equivalent alternatives. We plan to use
three approaches to validate the quality of the developed questions:

5



• Peer Review:Ensure that colleagues at other institutions agree that theintended correct responses are correct
and the intended incorrect responses are incorrect.

• Think Alouds: By having students explain why they selected the answers they do, we can ensure that the rate of
false positives (students selecting correct answers despite a faulty understanding) and false negatives (students
selecting incorrect responses despite a correct understanding) are low.

• Psychometric Evaluation:A final validation can be performed during large scale testing of the concept inven-
tory, as has been done in prior work [2, 29, 60, 70, 77, 78, 81, 82]. Psychometric analysis can be performed to
ensure that a concept inventory has internal consistency, that is each question is generally effective at discrimi-
nating those who score well on the inventory from those who score poorly. We discuss our proposed method of
psychometric validation in Section C.2.3.

C.2.1 Human Subjects Methods

As we have taken a student-centric approach to our research,it is necessary to solicit student participants for our study.
We desire our subject population to represent the diversityof potential computer science students. In this, we have
two challenges: first, many computer science departments are predominantly White and Asian males, and, second,
we have found empirically that “high achievement” studentsvolunteer for the interviews at much higher frequencies
than their “lower achieving” counterparts. This second challenge is noteworthy because we find that interviews with
struggling students are more valuable, because it is from them that we learn why they are struggling.

As a result, we will actively recruit for the study those student populations that are otherwise under-represented.
For the post-instruction interviews, we will solicit volunteers who took the course in question in the previous term,
offering small monetary compensation to take part in the study as is standard practice. To ensure that our interviews
span the achievement distribution, we will use the students’ grade for the subject in question to guide student selection.
Similarly, we anticipate interviewing all responding women and under-represented minorities to increase representa-
tion of these sub-groups. In spite of these efforts, we anticipate a lack of under-represented minorities for our studies,
so we are making arrangements to interview students at otherinstitutions (Chicago State University and Northeastern
Illinois University) with larger populations of these under-represented minorities. We have already received institu-
tional review board (IRB) permission at the University of Illinois for the initial work described in the Section C.3
involving students at UIUC.

C.2.2 Qualitative Analysis Methods

The goal of the pre-instruction and post-instruction interviews is to explore what preconceptions and misconceptions,
if any, the students have about the course material. Becausewe cannot anticipate what the students will say, we will
not use a statistical approach to this phase of the project. In particular, statistical studies are not well suited when the
problem is ill-defined and there are no predefined response categories. Rather, an exploratory methodology that can
follow up on virtually any response by the students is needed. A qualitative research interview is appropriate for this
investigation because we will attempt to understand the world from the interviewee’s point of view, prior to scientific
explanations [47].

Given these research needs, these exploratory interviews will be conducted using Grounded Theory. Grounded
Theory is a qualitative research methodology that is designed to investigate phenomena without pre-determined hy-
potheses [24]. In a Grounded Theory interview, the researcher listens to what people themselves tell about their world
and learns about their views on their situation. Grounded Theory has the flexibility to pursue results in any direction.
Questions are phrased to encourage descriptive responses,and additional questions are permitted when they follow
up on topics brought up by the interviewee. The results are then used to inform other parts of the study, which may
take place at the same time. In this project, the use of Grounded Theory means that the number and length of pre-
course interviews conducted will depend upon the richness of the data obtained, and interviews will continue to be
conducted as long as greater understanding is desired. Interviews will be recorded for post-interview analysis; audio
only recordings are likely to be sufficient for the pre-instruction interviews, but video recordings will be used in the
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post-instruction interviews where we will want to correlate the audio with the students progress in the “think aloud”
problems. These recording can then be transcribed verbatimand analyzed for emergent themes using well-defined
protocols [83]. Although the goals of the current project donot call for psychometric analysis of the interview data, it
is worth noting that the transcribed interviews can be quantified and statistically analyzed in the future, if a need arises
to do so [11].

In addition to the above interviews, we plan to survey the students during instruction, requesting them to rate their
perceptions of the difficulty of the topics identified through the use of the Delphi method. In developing this survey
questionnaire we will follow standard procedures for reducing bias in surveys [85].

C.2.3 Psychometric Analysis Methods

We will use standard psychometric methods [16, 51, 87] to ensure the statistical reliability and validity of the concept
inventories that we develop. In this effort, we will be assisted by Professor Hua-Hua Chang, one of the senior personnel
for this project, who is an expert in educational measurement.

To design each concept inventory, we will write items according to the instructional objectives, that is, the desired
learning outcomes that students should achieve. Consequently, each concept inventory will be criterion-referenced,
not norm-referenced. Thus we will compute criterion-basedreliability and validity measures.

Formative Evaluation of Concept Inventories:During development of each concept inventory, we will conduct
item analyses: we will calculate item discrimination, itemreliability, and item validity indices. These indices will
identify flawed items that we would rewrite. We will also determine whether different items that test the same concept
are equally reliable and valid. We envision that eventuallywe would develop several items for the same concept in
order to create different forms, or to have separate pre-tests and post-tests. Finally, we will check for item bias–
for example, whether women consistently answer an item correctly more often than men, or whether students from
under-represented minorities perform significantly better on an item than non-minority students, even though the true
average levels of the two groups on the construct being measured are the same. Eventually, with enough students, we
hope to apply item response theory to estimate parameters for a logistic model for each item so that more advanced
psychometric analyses can be performed, such as item banking, test equating, and cognitive diagnosis.

Summative Evaluation of Concept Inventories:First, we will conduct a criterion-based reliability study, com-
puting the appropriate stability and generalizability coefficients. Second, we will check the validity of each concept
inventory in two ways. We will perform content validation with a panel of experts, who would evaluate the coverage
of the concept inventory and its consistency with instructional objectives. We will perform a criterion-referenced vali-
dation by correlating the performance of students on each concept inventory with their scores on course examinations.
We would expect moderate, but perhaps not perfect, correlation between concept inventories and exam scores, due to
the limitations of each type of exam. In addition, correlating individual concept inventory and exam questions will
allow us to assess to what degree the former let us predict student achievement on more open-ended and written answer
style questions.

C.3 Initial Results
Based on a small amount of funding provided by the Provost’s office at the University of Illinois, two of the PI’s
(Loui and Zilles) have already begun the development of a digital logic concept inventory. With a co-advised graduate
student, we have conducted a series of student interviews, developed a small number of candidate concept inventory
questions, and pilot tested them with a group of 28 students.We discuss some of our initial results here; this work
is currently in submission for publication at the 2006 American Society of Engineering Education annual confer-
ence [50].

At UIUC, digital logic design is taught both in the Electrical and Computer Engineering (ECE) and Computer
Science (CS) departments because of the large undergraduate enrollment — over 300 students per semester between
the two departments — of each department. While slightly tailored for each population, the two courses (ECE290
and CS232) have similar learning objectives, which are welldocumented (shown in Figure 1), as required by ABET
accreditation of Electrical Engineering programs. Given that these objectives correspond closely to those of similar
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Representation of information
• Convert between decimal, binary, octal, and hexadecimal representations of integers
• Determine the number of errors that a code can detect or correct
• Understand two’s complement representation of integers and determine whether overflow occurs in arithmetic operations
• Distinguish between a variety of decimal and alphanumeric codes

Design and analysis of combinational networks
• Understand the operation of discrete logic gates
• Analyze a combinational network using Boolean expressions
• Convert a verbal specification into a Boolean expression
• Understand basic properties of Boolean algebra: duality, complements, standard forms
• Apply Boolean algebra to prove identities and simplify expressions
• Use Karnaugh maps to find minimal sum-of-products and products-of-sums expressions
• Design combinational networks that use NAND, NOR, and XOR gates
• Design with MSI components such as encoders, decoders, multiplexers, adders, arithmetic-logic units, ROMs, and pro-

grammable logic arrays
• Calculate delays in ripple carry adders and combinational arrays

Design and analysis of sequential networks
• Understand the operation of latches; clocked, master-slave, and edge-triggered flip-flops; shift registers; and counters
• Plot and interpret timing diagrams
• Determine the functionality of sequential circuits from state diagrams and timing diagrams
• Translate sequential circuit specifications into state diagrams
• Design sequential circuit components (latches, flip-flops,registers, synchronous counters) using logic gates
• Synthesize general sequential circuits
• Understand tradeoffs in register and counter design

Figure 1:Learning Objectives for a Digital Logic Design Course.

offerings at a number of other institutions (e.g., USC, NIU, Oregon State), we used them as the starting point for a list
of important concepts in this small scale effort.

To identify which of these concepts were difficult for students, we interviewed eight students — six men, two
women — over a period of seven weeks. The spacing of the interviews enabled us to ask questions of each student
based on what we had learned from the previous ones. The interviews consisted of both open-ended questions, where
we asked students to explain concepts to us, and “think alouds” where students solved problems, verbally explaining
their thought process as they were doing it.

From these interviews we have uncovered a collection of observed student difficulties. These include: difficulty
relating a state diagram representation of a finite state machine to representing the states in flip flops (discussed
further below), an unwillingness to use Karnaugh maps to solve a problem when the problem is provided as a truth
table (students seem to associate the solution technique with a particular problem representation), an inability to reason
about whether a logic family is complete (also discussed below), difficulty composing medium-scale integration (MSI)
components to create other MSI components, and a confusion between the behavior of latches and flip-flops.

From these student difficulties and others, we developed a collection of 11 questions, which were pilot tested as
part of one end-of-the-semester review session held for theclass. Our intention of this pilot testing was three-fold: 1)
to validate that the misconceptions observed in our interviews were common to a larger population of students, 2) to
test our formulations of these conceptual questions as multiple-choice questions, and 3) to identify which of a large
collection of possible responses the students found to be compelling distractors. Twenty-eight students representing
two recitation sections of the class (and a diversity of achievement levels) took the prototype inventory. Highlighting
the need for iterative development, some of our questions proved to provide little discrimination between the students,
but others reflected our prior observations.

Figure 2 shows a slightly modified version of one of the questions that performed well in the pilot test. In this
question, we are testing a fundamental concept of representing information digitally, namely that states of a finite-state
machine are represented as numbers and that the range of numbers that can be represented grows exponentially with
the number of bits available (i.e., 1 bit → 2 choices, 2 bits→ 4 choices, 3 bits→ 8 choices, etc.). Specifically, the
question is testing whether students recognize that a single additional bit is sufficient to double the number of states
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If we have a state machine that can be minimally represented i n N bits, and I
double the number of states, how many bits are needed to repre sent the new
state machine.

a) N+2
b) 2N
c) Nˆ2
d) 2ˆN
e) none of the above

Figure 2:Candidate concept inventory question involving binary encoding of states.

represented. Note that the correct answer to the question is(e) none of the above because the correct value
(N+1) stands out from the compelling distractors (2N , N2, and2

N ).

Of the 25 students who completed this question — three students left this question unanswered — slightly less
than half (12) answered it correctly. The high number of incorrect responses is surprising because this question is
trivial for knowledgeable computer scientists. While all but one of the distractors were selected, many students (7)
selected answer(b) suggesting a perceived 1-to-1 relationship between the number of states and the number of bits
needed to represent them. While further effort is necessaryto validate this question, we confirmed in one interview
that an incorrect response was not the result of misinterpreting the question.

Another example where our interview conclusions were validated by the pilot test, is shown in Figure 3. This
question relates to completeness of logic families, testing the students’ ability to perform reductions. For a logic family
to be complete, it is necessary to be able to implement AND, OR, and NOT, from which any boolean expression can
be implemented. From our interviews, we found that studentshad typically memorized that NAND, by itself, (answer
c ) was a complete logic family (selected by 24 of 26 respondents). By symmetry, students generally realize that NOR,
by itself, (answerd) is also likely complete (also selected 24/26). Simple memorization and pattern matching is not
sufficient, however, to reason about (a) and (b). The key to verifying that (a) is complete, is realizing that three of these
gates can be used to implement a NAND gate, in two steps: 1) by setting the second input to 1, we can implement
an inverter, and 2) by inverting the first input and the outputwe have a NAND gate. Only eight of the 26 students
performed this reduction. Similarly, the same approach canbe shown that (b) is not complete because implementing a
NAND from AND or OR requires at least one inverter. Nevertheless, 10 of the 26 students indicated (incorrectly) that
logic family (b) was complete; in one interview we observed astudent who convinced themselves that NOT could be
implemented from AND gates. Response(e) is a poor distractor (only two incorrect responses) that maybe removed
in the future.

C.4 Research Plan and Time Line
In this section, we discuss the specific outcomes we intend toachieve through this grant, if funded. In particular, we
anticipate two specific outcomes: 1) the development, refinement, validation, and dissemination of concept inventories
for three core CS subjects: programming fundamentals, discrete math, and digital logic design, and 2) publications on
common student misconceptions identified in the process of developing the concept inventories. We describe each of
these in detail, and outline a time line on which we expect these outcomes to be achieved.

Concept Inventories: Within the scope of the grant, we anticipate that we will be able to develop three concept in-
ventories. As previously noted, we plan to focus on subjectsin the “core” of computer science (i.e., as defined by
the ACM/IEEE-CS Computing Curriculum 2001 [86]) as these subjects are the most widely taught and their relative
stability facilitates the development of a long-lived instrument. We currently anticipate developing concept inventories
for discrete structures (DS1-5), programming fundamentals (PF1-4), and architecture and organization (AR1-6). The
concept inventories will be developed using the process described in Section C.2. We will perform the psychometric
evaluation of the concept inventories first through trials at the team institutions and then at our partner institutions.
We will publish the results of our development and validation of the instruments and provide workshops about the
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Which of the following are complete logic families (i.e., al l possible
combinational logic circuits can be implemented using just these gates
and the constants 0 and 1). There may be more than one right ans wer.a ) b )

c ) d )
e )

Figure 3:Candidate concept inventory question involving binary encoding of states.

concept inventories at SIGCSE and FIE conferences to facilitate their dissemination. We will make the concept inven-
tories available to all interested parties and serve as a clearinghouse for (anonymized) results to facilitate comparisons
between different pedagogical approaches.

Insight on Common Misconceptions: In the process of developing the concept inventories, we anticipate learning
a lot about student learning challenges and common misconceptions. In addition to using this knowledge in the
development of the concept inventories, we plan to distill this knowledge so that it can be published in its own right. In
this way, we plan to contribute directly to the STEM education knowledge base, as has been done by previous concept
inventory developers in other disciplines [32,46,80].

Because of the iterative nature of concept inventory development, we have requested a 3-year period, starting in
August 2006, to do the proposed work. As previously mentioned, we are organizing a “Birds of a Feather” session at
the SIGCSE conference (March, 2006), to identify additional partner institutions. The rest of the proposed time line
is shown in Figure 4. Based on the partner institutions identified at SIGCSE and others, we intend to begin the Delphi
process to settle on a list of included concepts before the term of the project, so that it will largely be in place before
the Fall term.

At the beginning of the Fall term of years 1 and 2, we plan to interview incoming freshmen (before instruction)
to identify their incoming knowledge and any preconceptions they have about the content covered by the proposed
inventories. In parallel, we will begin surveying studentswho recently took and are currently enrolled in the courses
in question, to identify which concepts they perceived as difficult; we expect to complete these student perceptions of
difficulty in the first term. We will complement these studentperceptions with faculty perceptions (part of the Delphi
process) and with student interviews to probe student understanding. We expect these interviews to begin during the
Fall term of the first year and to continue at least into the second year. Through these interviews we intend to identify
the sources of student difficulty, which we can collect into publications (perhaps in the second year of the grant) and
use to begin question development.
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Y e a r 1 Y e a r 2 Y e a r 3D e l p h i p r o c e s sD i f f i c u l t y S u r v e y sS t u d e n t I n v e r v i e w sQ u e s t i o n D e s i g nP r e " i n s t r u c t i o n I n v e r v i e w s
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Figure 4:Proposed project time line, starting August, 2006.

Question development is expected to begin in the Spring of 2007 and question refinement is expected to last
throughout most of the grant period as we receive feedback from peer, qualitative, and quantitative analysis. We
intend to test draft concept inventories at the end of the Spring 2007 term. At this point, we will also begin peer
analysis (to ensure that the intended correct answers appear unambiguously correct to experts) and qualitative analysis
(to ensure that the questions are correctly interpreted by the students). After refining the questions over the summer,
we plan to perform both a pre-test and post-test in the Fall 2007 term. Based on these results we will begin quantitative
analysis in the Spring 2008 term. We expect the iterative cycle of testing, analysis, and refinement to continue through
the third year of the grant, adding partner institutions to broaden the spectrum of student populations under test.

Advisory Panel: We will assemble an advisory panel to both advise and annually assess the progress of the project.
We have been provided, by the project manager of the Foundation Coalition’s concept inventory development, recom-
mendations of experienced concept inventory developers who would make a good advisory panel [19]. We plan to
convene the panel annually, in the middle of each year of funding. In addition to providing feedback to the project,
they will be charged with issuing a report that will be included in progress reports to NSF.

C.5 Results from Prior NSF Funding and Qualifications of the PIs
Ken Goldman is an Associate Professor of Computer Science at WashingtonUniversity in St. Louis. He has been
teaching introductory computer science courses since 1995, when he began redesigning the introductory sequence. He
pioneered a move to Java in 1997, making Washington University one of the first universities to recognize the value
of Java as a language for teaching introductory computer science. The PI has a strong history of transferring research
results to the classroom, creating both an introductory course for non-majors and an upper-level course on distributed
applications. Goldman was named “Professor of the Year” in 2005 by the graduating senior class of the Washington
University School of Engineering and Applied Science.

Dr. Kenneth J. Goldman, PI, An Interactive Learning Environment for Introductory Computer Science, (EIA-
0305954), $514,996.00, 8/15/03-7/31/06.

This project involves the development of JPie, an interactive programming environment designed to make object-
oriented software development accessible to a wider audience. JPie achieves this by providing live software, in which
a program’s behavior can be modified while the program runs. Programs are constructed by graphical manipulation
of functional components [6, 25] so inexperienced programmers can achieve early success in a concepts-first cur-
riculum [26, 27], without the steep learning curve that precedes development in a traditional textual language. JPie
maintains detailed information about the software being developed and uses this to provide a more fluid software
development process. For example, JPie’s integrated thread-oriented debugger supports fine-grained inspection of
the execution, run-time code modification, and on-the-fly exception handling. JPie transparently exposes the Java
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programming model and provides access to compiled classes in the underlying language, enabling development of so-
phisticated object-oriented applications and establishing a pathway for programmers who want to transition into more
traditional textual programming. JPie’s functionality isprovided within a user-friendly environment that streamlines
the software development process. For example, its user interface builder supports property connections and automatic
event handling.

Fine-graineddynamic classes[8, 28], whose signature and implementation can be modified at run time, were de-
veloped to support live programming in JPie. Dynamic classes provide full interoperability with compiled classes,
including polymorphism, without modification of the Java virtual machine. Changes to dynamic classes, such as the
declaration of instance variables and methods, as well as the modification of statements and expressions within meth-
ods, take immediate affect on existing instances of those classes. This makes JPie particularly suitable for experimen-
tation in the educational setting. Recent JPie extensions support object-oriented access to relational databases [61]
and live client/server development, including dynamic server interface changes, with support for bothSOAP and
CORBA [65,66].

This project has involved 20 undergraduate and graduate students, including six minority and underrepresented
students. JPie has been used for several semesters in our introductory computer science course for non-majors. In
cooperation with ACM, Goldman organized and conducted a Java Engagement for Teacher Training (JETT) workshop
for high school computer science teachers in the region. Theworkshop ran two full days in May 2004 and included
hands-on sessions with JPie. Goldman also presented a JPie workshop for college educators at the ACM Special
Interest Group on Computer Science Education conference inFebruary 2005. Goldman will be an invited panelist at
SIGCSE 2006, for a discussion on the effectiveness of tools for introductory programming courses.

Cinda Heeren is a lecturer and the visiting assistant director of diversity programs in the Computer Science de-
partment at the University of Illinois at Urbana-Champaign. She is the course coordinator and primary instructor
for the department’s entry-level theory of computation course, Discrete Mathematical Structures (CS173). Through
support from Hewlett Packard and campus teaching innovation grants, she has reformed the class to reflect best prac-
tices in teaching and learning, as follows: 1) through the introduction of radio frequency polling devices, she has
transformed her large (typically 150-200 students) classrooms into an interactive environment where participation is
expected, 2) she has instituted optional (but attended by 90% of students) small, undergraduate-led active problem
solving sections, 3) she has instituted “Proofs of the Day” providing students with a daily reasoning exercise whose
topic is consistent with present course material, 4) she haseffectively used electronic media (wikis and online chat)
to create a forum where students can communicate with each other and TA (both synchronously and asynchronously).
The concept inventory in Discrete Mathematics will serve asa critical evaluative tool for these and future course
pedagogical innovations.

Dr. Heeren has a strong interest in computer science outreach, education, and diversity. To that end, she regularly
presents popularized versions of fundamental lessons in computer science to students of all ages, from third graders
through high school teachers, in a variety of venues. In addition to teaching middle school math at Countryside School
(1997-2004), she has presented at numerous workshops including UIUC/ROE Novice Teacher Support Program, Ex-
panding Your Horizons in Science and Mathematics conference for middle school girls, UIUC Engineering Open
House, AIMS Drive-In Workshop for middle school teachers, MathManiaCS summer teacher training workshops, and
the UIUC and College Board sponsored Java Engagement for Teacher Training (JETT) workshop.

Dr. Heeren served as director (Spring 2004-Fall 2005) of theBuilding Communities project, an NSF supported
collaborative project between six central Illinois colleges and universities, whose focus is recruiting and retention of
under-represented groups in computing. As part of that project she created and organized the first UIUC Regional
Celebration of Women in computing in Spring, 2005, administered the Games for Girls and Technical Ambassadors
Competitions, and facilitated high school recruiting visits by UIUC undergraduate women. She coordinated a panel
discussion on recruiting and retention of women at the GraceHopper Celebration of Women in Computing in October,
2004, and will present (with others) a workshop on hosting regional celebrations of women in computing at ACM
SIGCSE Technical Symposium on Computer Science Education,in March, 2006. She is also the faculty advisor to
the women in computer science organization at UIUC.
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Dr. Heeren has had no prior NSF support.

Lisa C. Kaczmarczyk is an Assistant Professor in the Computer Science and Software Engineering Department
at the Rose-Hulman Institute of Technology. Currently, Prof. Kaczmarczyk is teaching introductory computer science,
both Honors and Standard, using innovative practices in pair programming and project development. Kaczmarczyk is
developing a new course for the spring quarter that will introduce upper-division computer science students to highly
influential writings in computer science. This course will require significant writing and a large project customized to
the students’ academic and career goals.

Prof. Kaczmarczyk’s interdisciplinary research brings together the fields of computer science, psychology and
education. Her research has used an artificial neural network to model the effect of different pedagogical delivery
methods on student learning. After results showing that an Incremental Learning delivery method produced the best
performance [42], Kaczmarczyk conducted a human subject study to further explore the results. This study not only
compared performance between several popular delivery methods, but also compared differences in strategy devel-
opment, cognitive development and affect. Kaczmarczyk’s analysis was both statistical and qualitative, using well-
established methodological protocols for each type of research. The results demonstrate that Incremental Learners
develop the most effective study and test-taking strategies, have the best conceptual development, and have the most
positive reactions to learning. Results show a significant improvement for Incremental Learners in all developmental
areas, above that seen for other types of learners [41].

While working toward her Ph.D. at the University of Texas at Austin, Kaczmarczyk was an Assistant Instructor
in the Computer Sciences department, teaching one class persemester for 6 years. She created Technical Writing
for Computer Science Majors, using her industry experienceand academic background to create a course that taught
students to express themselves in written form as professional computer scientists. In this course, she conducted a
study that investigated student perceptions of their learning. The study investigated pre- and post-instruction percep-
tions of skill mastery, self-efficacy, and motivation [40, 62], which was used to refine the course. Prior to her time at
Rose-Hulman and UT-Austin, Kaczmarczyk spent 7 years as a full-time Instructor of Computer Science at Chemeketa
Community College in Salem, Oregon. At Chemeketa, Kaczmarczyk designed the computer science transfer curricu-
lum, coordinated course content with regional universities, and taught the majority of the curriculum. Kaczmarczyk
is fluent in Spanish, has taught a computer literacy class in Spanish, and has worked extensively with a wide range of
non-traditional students. She also taught as a visiting Instructor at the University of Oregon.

Prof. Kaczmarczyk is an active member of the ACM Special Interest Group on Computer Science Education
(SIGCSE) and of the Cognitive Science Society. Prof. Kaczmarczyk has served on the organizing committee for the
SIGCSE conference twice and reviews for the SIGCSE, ITiCSE,FIE and Cognitive Society conferences. The first
three conferences are computer science and engineering conferences; the Cognitive Society conference is the primary
international forum for presenting interdisciplinary research in human cognition. Kaczmarczyk won scholarships to
attend the Grace Hopper Celebration of Women in Computing twice. Prof. Kaczmarczyk will be the keynote speaker
at the Indiana Women in Computing conference in February 2006.

Prof. Kaczmarczyk has had no prior NSF support.

Michael C. Loui is Professor of Electrical and Computer Engineering and University Distinguished Teacher/Scholar
at the University of Illinois at Urbana-Champaign. He will contribute to the discrete math inventory as an authority on
the theory of computing [3] and will be teaching introductory digital logic design (ECE290) for the seventh time this
Spring. He was an associate dean of the Graduate College at Illinois from 1996 to 2000. In 1995, he won the campus’s
Luckman Undergraduate Distinguished Teaching Award. In 2006, he was elected Fellow of the IEEE. He currently
serves on the editorial boards of four scholarly journals, includingCollege TeachingandTeaching Ethics.

In 2003, Professor Loui was named a Carnegie Scholar by the Carnegie Foundation for the Advancement of
Teaching, to contribute to an emerging scholarship of teaching and learning. For his Carnegie project, he investigated
how engineering students develop professional identitiesand how ethics instruction can affect this development. He
found that after completing an engineering ethics course, some students articulate a capacious notion of professional
responsibility that encompasses stewardship for society and the environment [54].
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Professor Loui has collaborated with both undergraduate and graduate students in educational research projects,
using both qualitative and quantitative methods. With graduate student Ryan Chmiel, he showed that in an assem-
bly language programming course, students who completed debugging exercises spent significantly less time testing
and debugging their programs [12, 13]. With undergraduate Golnaz Hashemian, Professor Loui created an interview
protocol with multiple variation scenarios. In each scenario, the interviewed student was placed in the position of an
engineer who faces a difficult ethical problem. Analysis of the interviews showed that compared with students who
have not studied professional ethics, students who completed an engineering ethics course express greater confidence
about taking action even when they have no assigned responsibility for a problem; they understand that professional
responsibilities extend beyond completing assigned tasksconscientiously [33]. With graduate student I-Ju Liao, Pro-
fessor Loui collected examination data in two large, required computer engineering courses to determine whether
women earn lower scores than men. They found no statistically significant differences, even after controlling for
ACT-Math scores [48].

J. H. Smith, W. D. Lawson,M. C. Loui , S. P. Nichols, P. E. Ulmer, V. Weil, PIs,National Institute for Engineering
Ethics Video Project: A Sequel to Gilbane Gold(SES-0138309), $183,577, March 1, 2002 to February 28, 2005.

We developed a new videoIncident at Morales, which dramatizes a fictional but realistic case study in engineering
ethics [55]. The new video is directed to a broad audience, including engineering students, practicing engineers, and
others who work with engineers. The video emphasizes everyday concerns rather than whistle-blowing situations,
and it shows engineering in an international context. The video shows positive and negative role models of engineers
who strive to reconcile conflicting ethical, technical, andeconomic constraints. We wrote a detailed study guide that
accompanies the video, and we sent one free copy of the video and study guide to the dean of each engineering school
in the United States. We showed the video at a conference on Ethics and Social Responsibility in Engineering and
Technology, and at meetings of the Association for Practical and Professional Ethics and the National Academy of
Engineering. In 2003, we demonstrated the pedagogical use of the video with two cooperative learning techniques in
a special session at the Frontiers in Education Conference.We assessed the educational effectiveness of the video,
using multiple instruments, with both student and professional audiences. A single showing of the video produced
statistically significant positive changes in viewers’ opinions about engineering practices, and statistically significant
improvements in the sophistication of viewers’ moral reasoning skills [52]. Both VHS and DVD versions of the
video are now available for purchase through the National Institute for Engineering Ethics (www.niee.org). Several
publications were supported by this grant [12,13,33,48,52–55,64].

Craig Zilles is an Assistant Professor in the Department of Computer Science at the University of Illinois at
Urbana-Champaign, who frequently teaches undergraduate computer architecture subjects. His most relevant prior
NSF award is an NSF CAREER award. The awardCAREER: A Framework for Dynamic Self-Tuning of General
Purpose Programs(CCR-0347260, $410,000, Feb 1, 2004 - Jan. 1 2009), supportsthe development of an intelligent
framework to control a run-time code optimization process,resulting in the following publications [71–74, 99, 100].
The educational component of this grant (now only in its second year) has already led to two education-oriented
publications, as described below.

The first paper, entitled “SPIMbot: An Engaging, Problem-based Approach to Teaching Assembly Language
Programming”, describes a tool that the P.I. developed for teaching assembly language programming in the context of
large enrollment classes. The tool allows students to program virtual robots (including performing I/O and handling
interrupts) to perform certain tasks in a virtual environment. Because the tool can support multiple independently
programmed robots simultaneously, it can be used for programming contests. The use of robots and programming
contests is very motivating for students to learn what can otherwise be a very dry subject (assembly language). The
paper [96] was presented at this year’s SIGCSE conference and the software is available for download [95] for use by
other institutions. It was the P.I.’s desire to quantify whether SPIMbot had a positive impact on student learning that
has led to his interest in developing concept inventories.

The second paper discusses how some of the central concepts of computer science can be presented in the context
of a computer architecture class. This paper [97] represents his initial step toward concept inventories in CS, in
that it explored common misconceptions in learning ideas like abstraction layers, indirection, and pipelining. As
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previously mentioned, unlike in Newtonian mechanics, our students do not have strongly held beliefs about much of
the key concepts of computer science that need to be dislodged, but, interestingly, many do have preconceptions about
technical terms they have developed from reading the popular computing literature (e.g., slashdot).

Beyond actively publishing in the computer science education literature, the P.I. is widely recognized as being one
of the best teachers in the Computer Science department at the University of Illinois at Urbana-Champaign (UIUC).
He has frequently been elected to the university’s “Incomplete Lists of Teachers Ranked as Excellent” [63], chairs the
department’s committee on Teaching Evaluation and Improvement, and is a member of the campus’s community on
the Scholarship of Teaching and Learning (SoTL).
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