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This paper describes a methodology for creating concept inventories that can be used to validly and reliably measure

student misconceptions in engineering and science domains. Following the successful impact of the Force Concept

Inventory on undergraduate physics education, creating concept inventories in engineering subjects provides engineering

faculty and researchers with tools for measuring the effect of new curricular and pedagogical tools that are designed to

repair misconceptions. The methodology involved aligning the three corners of the assessment triangle: cognition,

observation, and interpretation. In the cognition corner, engineering students’ important misconceptions in thermal

sciencewere identified using aDelphi study and validatedwith current learning theory. In the observation corner, items for

the TTCIwere created and piloted. In the interpretation corner, classical test theory and item response theory were used to

evaluate the performance of TTCI items and establish instrument reliability. Versions of theTTCIhave beendeveloped for

heat transfer, thermodynamics, and fluid mechanics and piloted to over 1000 undergraduate engineering students. The

heat transfer portion of the instrument consists of 12 items with an overall KR-20 reliability of 0.77. Item difficulty indices

range from 0.25 to 0.75 and item discrimination index exceeds 0.20 for each item. These values are sufficient for using the

TTCI as a tool to identify students’ misconceptions in thermal and transport science in two ways: (1) as an informal

classroom assessment or (2) to establish pre-test/post-test learning gains during a course of study.
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1. Introduction

Most methods for assessing engineering student

learning focus on either procedural knowledge

(e.g. solving specified classes of problems, designing

a process or artifact, using appropriate engineering

tools, oral and written communication) or develop-

ment of affective and behavioral characteristics (e.g.
teamwork, life-long learning, professional and ethi-

cal responsibility). Beginning in the 1970s, educa-

tion researchers and educators began to identify

conceptual shortcomings in students and the pro-

pensity for students to carry with them strongly-

held misconceptions as to how the world around

them worked [1].

One of the first systematic methods for assessing
students’ conceptual understanding was reported

for undergraduate physics education by David

Hestenes and his colleagues [2]. The instrument

they developed, known as the Force Concept In-

ventory (FCI), consists of‘ 29multiple-choice items,

each designed to probe the students’ understanding

of Newtonian force concepts [3]. Halloun and

Hestenes wrote each question using language and

objects familiar to students. Each FCI item consists
of a question, often accompanied by a picture, a

correct answer, and four carefully developed dis-

tractors based on commonly held beliefs or mis-

conceptions [4].

The visibility and impact of the FCI were in-

creased in the 1990s by physics educators Hake

and Mazur. Hake published FCI results for ap-

proximately 6000 undergraduate students that
clearly showed the positive effect of active-learning
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and inquiry-based pedagogical techniques on stu-

dents’ understanding of the force concept as mea-

sured by FCI scores [5]. Mazur at Harvard used the

FCI with his students and found that, much to his

surprise, student gains were no better than results

reported in Hake’s study [6]. Along with other
innovators, Mazur began the revolution in physics

education in which a renewed focus on conceptual

understanding replaced some of the emphasis on

routine problem-solving.

As the positive effect of the FCI on physics

education has become more widely known, concept

inventories (CIs) have been developed for many

science and engineering fields. In addition to the
thermal and transport science concept inventory, or

TTCI, which will be discussed extensively in this

paper, CIs are now available or under development

in electric circuits [7], electromagnetic waves [8],

fluid mechanics [9], heat transfer [10], materials

engineering [11], signals and systems [12], statics

[13], statistics [14], strength of materials [15], and

thermodynamics [16], among other fields. TheseCIs
have been created using a variety of methodologies

and have been subjected to varying degrees of

validity, reliability, and bias testing [17]. Others

are surely being developed as well.

With CIs becoming ever more important in en-

gineering education, it is useful to propose a frame-

work for developing reliable, valid instruments to

measure students’ conceptual understanding in en-
gineering [18]. This will help assure that CIs can be

used to provide formative or even summative feed-

back to students and programs. Following the lead

of the Physics education community’s use of the

FCI as a catalyst for reform, strong engineering CIs

can be used to assess the effectiveness of engineering

pedagogies that strengthen conceptual understand-

ing and repair misconceptions.
In our search for a suitable framework for con-

cept inventory development, we turned to the Na-

tional Research Council publication, Knowing

What Students Know: The Science and Design of

Educational Assessment [19]. This book, created by

a panel of eminent assessment experts, was commis-

sioned by the National Academies to describe state-

of-the-art assessment practices to a general audi-
ence. This work recommends that assessment in-

struments be designed in accordance with a

framework they call the ‘assessment triangle’, de-

picted in Fig. 1, and which is composed of three

interrelated elements: cognition, observation, and

interpretation, which are defined below:

� The cognition corner of the triangle refers to ‘a

theory or set of beliefs about how students

represent knowledge and develop competence in

a subject domain’ [19, p. 44]. The domain of

interest is referred to as the target domain. In

other words, the cognition corner takes into

account how the students learn about the target

domain. When addressing the cognition corner

one could consider the misconceptions that stu-

dents might have about the target domain, devel-

opmental trajectories as students gain expertise,

common errors that are made, etc.
� The observation corner ‘represents a description

or set of specifications for assessments tasks that

will elicit illuminating responses from students’

about the target domain to be measured’ [19,

p. 48]. Simply said, the observation corner repre-

sents the kinds of tasks that will make up the

assessment itself. The assessment tasks that are

chosen should make sense with respect to the
cognition corner. For example, if one is interested

in measuring higher-level thinking then the tasks

on the assessment should require that higher-level

thinking be exhibited. This sounds obvious. But

there are numerous exampleswhere themismatch

is dramatic.

� The interpretation corner ‘encompasses all the

methods and tools used to reason from fallible
observations’ that have been made in response to

the tasks defined by the observation corner of the

triangle [19, p. 48]. We might also say that the

interpretation corner focuses on what we make

of, or how we interpret, the results of the assess-

ment tasks. Thus the interpretation corner guides

us in choosing analysis methods appropriate for

the tasks that have been created in the observa-
tion corner.

� A crucial element of the assessment triangle

framework is the alignment of the three corners.

Thus one’s beliefs about how students learn the

target domain must be consistent with the kinds

of assessment tasks one creates, and with the

methods one uses to analyze the results of the

assessment. The interpretation of assessment re-
sults can then inform our knowledge about how

students learn the target domain, and the cycle

begins again.

The purpose of this paper is to describe a rigorous

methodology for developing concept inventories

informed by current assessment theory and meth-

ods. Specifically, we will answer the overarching
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Fig. 1. Assessment triangle (adapted from [19, p. 44] ).
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research question ‘How can the assessment triangle

framework be used to guide development of a valid

and reliable concept inventory?’ To answer this

overarching question, each corner of the assessment

triangle (cognition, observation, and interpreta-

tion) will be addressed using the TTCI as an ex-
emplar. Although our instrument focuses on three

related domains in thermal and transport science

(i.e. fluid mechanics, heat transfer, and thermody-

namics), we will illustrate the use of the assessment

triangle to guide concept inventory developing

using only the heat transfer portion of the TTCI

to simplify the discussion.

2. The cognition corner of the assessment
triangle

Recall that the cognition corner of the assessment

triangle asks those creating assessment instruments

to consider the underlying theory or beliefs about

how students develop knowledge in the target

domain. In the realm of CIs, developers need to

ask themselves what misconceptions or alternate

conceptions students possess in the target domain
and why those misconceptions might exist and

persist.

To address this corner of the triangle, we ask the

following research questions:

� What misconceptions do engineering students

hold about heat transfer?

� Why do misconceptions about heat transfer exist

and persist?

These two research questions will be addressed in

Sections 2.1 and 2.2 below.

2.1 What misconceptions do engineering students

hold about heat transfer?

The TTCI development team conducted a Delphi

survey to elicit faculty opinion about important

concepts that they felt their students did not under-

stand and also interviewed students by posing open-

ended conceptual questions. The results of the
Delphi survey and student interviews were triangu-

lated with literature on misconceptions about heat

and heat transfer. The results of Delphi survey will

be discussed below, followedby a section addressing

the second research question. Results of student

interviews will be addressed in the section on the

observation corner of the assessment triangle.

Several techniques have been used to identify
difficult engineering concepts. Many developers of

engineering CIs have used expertise from textbook

authors, course instructors, students’ journals, and

students’ focus groups among others [17]. We chose

to useDelphimethodology because it is a structured

process for collecting and distilling knowledge from

a group of experts by means of a series of ques-

tionnaires interspersed with controlled opinion

feedback [20]. Selection of appropriate participants

is crucial in the Delphi methodology and therefore

well-respected engineering faculty experts and pro-
minent thermal and transport science textbook

authorswere invited to participate. The participants

were then asked to identify important concepts in

thermal and transport science disciplines that are

consistently difficult for students to understand and

forwhich the students possess significant and robust

misconceptions [21].

The distinguishing features of the Delphi techni-
que are its use of experts and its methodology.

Delphi proponents recognize human judgment as

a legitimate and useful input in generating predic-

tions and therefore believe that the use of experts,

carefully selected, can lead to reliable and valid

results. In addition, the Delphi technique attempts

to overcome weaknesses implicit in other methods

such as relying on a single expert, a group average,
or a round table discussion. Using a single expert

puts too much weight on one person’s opinion; the

group average method fails because, as Clayton

notes, ‘the individuals consulted have neither the

opportunity to provide their most thoughtful input

nor the benefit of hearing other responses thatmight

encourage a refinement of the contributions’ [22];

and the round-table approach is unreliable because
some members of the group may unduly influence

the decision. TheDelphimethod addresses the latter

concern by soliciting input anonymously so that

influences such as the professional reputation of a

respondent or the forcefulness of a respondent’s

personality are neutralized. Thus all participants

have equal stature in the process and their com-

ments influence the other participants only through
the logic of their argument, not their name recogni-

tion.

According to Linstone and Turoff [23, pp. 5–6],

‘Usually Delphi [methodology] . . .undergoes four

distinct phases. The first phase is characterized by

exploration of the subject under discussion, wherein

each individual contributes additional information

he [sic] feels is pertinent to the issue. The second
phase involves the process of reaching an under-

standing of how the group views the issue (i.e.,

where the members agree or disagree and what

they mean by relative terms such as importance,

desirability, or feasibility). If there is significant

disagreement, then that disagreement is explored

in the third phase to bring out the underlying

reasons for the differences and possibly to evaluate
them. The last phase, a final evaluation, occurs

when all previously gathered information has been

initially analyzed and the evaluations have been fed

R. A. Streveler et al.970



back for consideration’. A graphical representation

of this process is presented in Fig. 2.

2.1.1 Delphi study

Since the Delphi method relies on expert opinion, it

was important to select the right experts. In some

cases, Delphi participants are selected through a

‘nomination’ process in which recognized experts

are solicited but they are also asked to provide the

names of other experts [24]. Furthermore, selection
criteria should be clearly articulated, e.g. number of

years of experience, number of publications or other

expert qualifications. For our panel, we started with

a geographically distributed list of people with

extensive expertise in the thermal and transport

sciences and considerable undergraduate teaching

experience. As anyone who has taught engineering

students will attest, classroom teaching experience
and student interactions provide a rich source of

anecdotal data about lack of student understanding

and the presence of misconceptions.We asked these

experts to help us identify others including textbook

authors in the relevant fields. Oncewe had identified

approximately 35 experts, we sent each an email

explaining the Delphi process and our project along
with an invitation to join the group. Thirty-one

experts agreed to participate, a number correspond-

ing well with Clayton’s rule-of-thumb that 15–30

people are an adequate panel size [22]. The group

included tenured and tenure-track engineering pro-

fessors from research universities and undergradu-

ate institutions. Five of the participants had

authored well-known texts in thermodynamics,
fluid mechanics, heat transfer, or thermal science.

Although we purposely included new faculty mem-

bers in the study, the average number of years

taught was 23 [25]. We guaranteed confidentiality

for all participants during the process, another

important element of the Delphi procedure.

Generative round. We wanted our expert panel to
generate a beginning list of difficult concepts in

thermal and transport science rather than generate

our own. Therefore, we included a pre-Delphi

generative round in which we asked panelists to

describe concepts that their students found difficult.

Table 1 summarizes example comments received for

the heat transfer domain [25]. Of the 31 experts who

agreed to participate in the study, 23 provided
approximately 60 ideas, which were coded and

organized into a list of 28 concepts; this list included

all the concepts that had been submitted by at least

two experts. These 28 concepts spanned the heat

transfer, thermodynamics, and fluid mechanics do-

mains and formed the basis for our subsequent

rounds.

Round 1. We asked the experts to rate each concept

based on two factors: (1) the proportion of his/her

students that understand the concept and (2) how

important it is for students to understand the
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Fig. 2. Graphical representation of the Delphi study applied to
the TTCI.

Table 1. Examples of generative round comments by Delphi participants related to heat transfer misconceptions

Comments of Delphi participants

� Confusion between temperature and heat transfer. Many students believe that if the path to a state involves a heat transfer input the
temperature of the system will increase—even if the heat transfer is coupled with work leaving the system.

� Students do not appear to have precise understanding of heat in the sense that it is used in thermodynamics.
� Students have difficulty identifying heat and work interactions between the system and the surroundings.
� [Students] have trouble with work and energy relationships.
� There is always student confusion about heat vs. internal energy.
� There is always student confusion about internal energy and enthalpy.
� Misconception: Temperature is a measure of energy. Example: Students often believe that if you add energy, heat for example, to any
system, the temperature must go up. A corollary to this is that students often believe that if the temperature goes up the energy (either
internal energy or enthalpy)must have increased.A good example of a system that is very confusing is an evaporative cooling process in
psychrometrics where the enthalpy of the moist air stays constant but the temperature decreases.

� Heat, like energy, is a familiar term but its common use differs from thermodynamic definition.
� Heat as transferred energy.Nomatter howoftenyoumake thepoint, some [students] insist on talkingabout theheat content of a system.
� Confusion about the difference between heat and temperature.How can a process occurwhere heat is added but the temperature drops?



concept.We used a scale of 0 to 10 for each question

(0 = no one understands this concept to 10 = every-

one understands this concept, and 0 = it is not at all

important to understand this concept to 10 = it is

extremely important to understand this concept).

Thirty members of our expert panel ranked these 28
concepts. In all rounds, participants were told that

‘you will not have to rate any concept for which you

don’t feel you have sufficient expertise or classroom

experience.’

Round 2. Delphi methodology prescribes three

rounds of the ranking exercise. For the second

round of our study, we presented the panel of
experts with the same 28 concepts and asked them

to rank the concepts using the same scales as in

round 1. However, in round 2 we also provided

them with the median ranking value and the inter-

quartile range (containing the middle 50% of rank-

ings) for each concept. In this round, if participants

rated a concept outside of the interquartile range

established in round 1, they were asked to provide a
justification for their rating. In this way, the median

ranking of each concept approached a stable value

and the interquartile range decreased in size, repre-

senting the consensus opinion of the participant

group. Twenty-eight members of our expert panel

ranked the 28 concepts in round 2.

Round 3. In the third round, we again asked the
experts to rank all 28 concepts. We provided the

median rating and interquartile range from round 2

and the anonymous comments that fellow panelists

submitted justifying ratings outside of the specified

range. Twenty-six panelists participated in round 3.

Based on this final iteration, we identified 12 of the

least understood but most important concepts in

thermal and transport science; these formed the
content domain for developing TTCI items.

Delphi results. Results from each Delphi round are

summarized inTable 2. The non-parametricmedian

and interquartile range are reported (rather than

mean and standard deviation) because concepts

were rated on an ordinal scale. Two important

results are summarized in this table. First, the
median and interquartile ranges for most concepts

stabilized by round 2 (the median for 19 of the 28

concepts changed by a value of 0.5 or less and

interquartile ranges became narrower); similar re-

sults havebeen reportedbyotherDelphi studies [23].

Second, concepts can be identified that are of high

importance (those that were given a high ranking in
the ‘importance’ scale) and also conceptually diffi-

cult (those that were given a low ranking on the

‘conceptual understanding’ scale). As shown in

Table 2, a total of 12 concepts were identified as

meeting the criteria of high importance but low

conceptual understanding (shown in italics). These

items included key topics in thermal and transport

science domains such as the 2nd law of thermody-

namics including reversible vs. irreversible pro-
cesses, conservation of fluid momentum, viscous

momentum transfer, several energy-related topics

(heat, temperature, enthalpy, internal energy), and

steady-state vs. equilibrium processes. Two of the

concepts (differential vs. integral analysis and sys-

tem vs. control volume analysis) were deemed

mathematical rather than physical concepts and

were not included in the TTCI. At the request of
several Delphi participants, we also included the

ideal gas law and conservation of mass concepts in

the TTCI, since both are fundamental concepts in

fluid mechanics and thermodynamics. Finally, we

temporarily set aside the thermal radiation concept,

which will eventually be included in the instrument.

This decision was made so that we could focus the

development of early versions of the instrument on
what were deemed more fundamental heat transfer

topics. Based on these adjustments, the heat transfer

portion of the TTCI focuses on three key concepts

as indicated in Table 2: heat vs. energy, heat vs.

temperature, and steady-state vs. equilibrium pro-

cesses [26].

2.1.2 Literature review to validate Delphi results

To validate the results of the Delphi process inde-

pendently,weconsultedtheavailablemisconception

literature, especially a comprehensive bibliography

of approximately 8400 studies reported by Duit [1].

The bibliography contains over 500 references to

work on heat transfer misconceptions and slightly
fewer citations for thermodynamics and fluid me-

chanics.

Confusion about thermal processes and heat

transfer has been identified in students of all ages

and focuses on the following five conceptual themes

[27–29]:

� heat and temperature are equivalent (related to

concept 13 from Table 2);

� temperature determines how ‘cool’ or ‘warm’ a

body feels (related to concept 12 from Table 2);

� heat is a substance transferred between bodies

(related to concept 12 from Table 2);
� addition of energy as heat always increases the

temperature in a body (related to concept 15 from

Table 2);

� temperature should change in a phase transition

(e.g. boiling) since energy is being added or

removed (related to concept 15 from Table 2).

Thus, we found that ‘important but poorly under-

stood’ heat transfer misconceptions identified in the

R. A. Streveler et al.972



Delphi study were prominently mentioned in the

misconception literature. Each of these themes has

been discussed in more detail elsewhere [18].

2.2 Why do misconceptions about heat transfer

exist and persist?

With misconceptions in heat transfer identified via

theDelphi survey and validated through a literature

search, we now turn our attention to the second

research question that the cognition corner sug-

gests. Why do these misconceptions about heat

transfer exist? And why do these misconceptions

persistent, even after repeated instruction?
Although other engineering CIs have used Delphi

methodology to identify the key concepts to be

included in the respective inventory, the TTCI is

unique among engineering CIs in addressing the

question of why some misconceptions persist [17].

Why do misconceptions about heat persist? The

cognition corner of the assessment triangle should

take into account theories or beliefs about students’
knowledge in the target domain. In the case of

concept inventories, this means that CI developers

should identify a theory that helps themexplainwhy

misconceptions in the target domain persist. In the

parlance of learning scientists, misconceptions that

persist even in the face of repeated instruction are

called ‘robust.’ Another way to phrase the question

that CI developers should ask is: ‘Why are some

misconceptions (in the target domain of the CI)
robust?’

We assumed that the concepts rated as having low

understanding and high importance in the Delphi

survey represented robust misconceptions. There-

fore,wewere looking for a theory thatwould help us

explain our Delphi results.

Research about misconceptions began in the

1980s with the work of Posner and colleagues [30]
who posited that instructors could convince stu-

dents that their own ideas about certain phenom-

enon were incorrect by showing them the

scientifically accepted explanation. If students

were shown why their thinking was incorrect, their

concepts about a phenomenon would change.

Although the work of Posner has been widely cited,

this theory cannot explain why some concepts are
still misunderstood or misconceived after years of

instruction in the ‘correct’ mode of thinking. For

example, our studies have demonstrated that even

advanced engineering students will incorrectly ex-
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Table 2. Results of thermal and transport concepts Delphi study (Italicized concepts are those that the Delphi study identified as poorly
understood but highly important (i.e. low scores on the ‘understanding’ scale but high scores on the ‘importance’ scale)

‘Understanding’ data median
(interquartile range)

‘Importance’ data median
(interquartile range)

Concept Round 1 Round 2 Round 3 Round 1 Round 2 Round 3

Adiabatic vs. Isothermal processes 7.5 (6–8) 8 (6–8) 8 (6.75–8.25) 9 (8–10) 9 (9–10) 9 (9–10)
Bernoulli equation 7 (4–8) 6 (5–7) 6 (5–7) 9 (7–10) 9 (8–9) 9 (8–9)
Compressible vs. Incompressible flow 5 (3–7) 6 (4–6.5) 6 (5–7) 7.5 (6–8) 7 (7–8) 7.5 (7–8)
Conservation of linear momentum 5 (3–6) 5 (4–6) 5.5 (5–6) 9 (8–10) 9 (8–10) 9 (8–9.25)
Differential vs. Integral analysis 4.5 (3–6) 4 (3–5.25) 4 (4–5) 7 (6–9) 8 (6–8) 8 (7–9)
Dimensional analysis 6 (4–7) 5.5 (4.25–7) 6 (5–6.25) 7 (5–7) 6 (5–8) 7 (5–8)
Entropy & 2nd law of thermodynamics 4 (2–6) 4 (3–5) 5 (3–5.25) 8 (7–9) 9 (8–9) 9 (8–10)
Extensive and intensive properties 8 (6–9) 8 (7–8) 8 (7–9) 7 (6–9) 8 (7–9) 8 (7–9)
First law of thermodynamics 8 (7–9) 8 (7–9) 8 (8–9) 10 (10–10) 10 (10–10) 10 (10–10)
Fluid vs. Flow properties 7 (5–8) 6 (5–7) 6 (5–6) 7 (5–9) 7 (5–8) 7 (5–8)
Heat transfer modes 8 (6–9) 8 (6.25–8) 8 (7–9) 9 (8–10) 9 (9–10) 9 (9–10)
Heat vs. Energy 6 (5–8) 6 (5–7) 6.5 (5–7) 9 (8–10) 9 (8–10) 9 (8–10)
Heat vs. Temperature 6 (4–8) 6.5 (5–8) 7 (6–8) 9 (8–10) 10 (9–10) 10 (9–10)
Ideal gas law 8 (7–9) 8 (8–9) 8 (8–9) 9 (8–10) 9 (9–10) 9 (9–10)
Internal energy vs. Enthalpy 6 (3–7) 5 (4–6) 6 (5–6.25) 8 (7–9) 9 (8–9) 9 (8–9)
No-slip boundary conditions 8 (6–9) 8 (7–9) 8 (8–9) 8 (7–9) 9 (8–9) 9 (8–9)
Nozzles and diffusers 6 (5–8) 6 (6–7.5) 7 (6–7) 7 (5–9) 7 (6–8) 7 (6–8)
Pressure 8 (6–9) 8 (7–8) 8 (7.75–9) 9 (8–10) 10 (9–10) 10 (9.75–10)
Reversible vs. Irreversible processes 5 (4–7) 5 (4–6) 5 (5–6) 8 (8–9) 9 (8–9) 9 (8–9)
Spatial gradient of a function 4 (3–7) 5 (4–6) 5 (4–5) 7 (3–9) 7 (6–8) 7 (6–8)
Specific heat capacity 7 (6–8) 7 (6–7) 7 (6–8) 8 (7–10) 9 (8–9) 9 (8–9)
Steady-state vs. Equilibrium process 5 (3–8) 5 (3–6) 5 (4–5.25) 8 (5–10) 9 (7–9) 9 (8–9)
Steady-state vs. Unsteady-state process 8 (7–8) 8 (7–8) 8 (7–8) 9 (8–10) 9.5 (9–10) 9.5 (9–10)
System vs. Control volume 7 (4–8) 6 (5–7) 6 (6–7) 8 (6–10) 9 (8–10) 9 (8.5–10)
Temperature scales 7 (5–9) 8 (8–9) 9 (8–9) 8 (6–10) 9 (8–10) 9 (9–10)
Thermal radiation 6 (4–8) 5 (5–6) 5 (5–6) 7 (5–9) 8 (6.75–8) 8 (7–8.25)
Thermodynamic cycles 7 (5–8) 7 (6–7) 7 (7–8) 8 (8–10) 9 (8–10) 9 (8–9.25)
Viscous momentum flux 5 (3–7) 4 (3.75–5) 4 (3–4) 7.5 (6–9) 8 (7–8) 7 (7–8)

‘Understanding’ Scale ‘Importance’ Scale
0 = no one understands the concept 0 = no at all important to understand the concept
10 = everyone understands the concept 10 = extremely important to understand the concept



plain basic concepts in their field [31]. Therefore, the

work of Posner and colleagues was not consistent

with our findings and thus was not chosen as a

foundation for our work.

More recent work in misconceptions has been

championed by three prominent researchers: Chi,
diSessa, and Vosniadou, who have each posited

their respective theories about why some miscon-

ceptions are robust [32]. As previous work has

chronicled [33, 34] the works of diSessa and Chi

seem to speak most directly to engineering educa-

tors. diSessa’s theories focus on explaining miscon-

ceptions of force and other phenomena of

mechanics [35], not the target domain of the
TTCI. However, Chi’s work prominently discusses

misconceptions about diffusion and equilibrium

(fundamental concepts in the thermal and transport

sciences) and thus spoke quite directly to the target

domain of the TTCI [36]. Therefore, Chi’s theories

about misconceptions were particularly salient for

the development of the TTCI and became the

foundation of our ‘cognition corner’. Her theory
predicted that the most widely and persistently held

misconceptions are those around phenomena that

arise as the emergent properties of systems. This

prediction guided the creation of questions for the

TTCI (the observation corner) and helped us ex-

plain our results (the analysis corner). The align-

ment of the cognition, observation, and

interpretation corners of the assessment triangle
will be expanded in Section 5.

3. The observation corner of the
assessment triangle

In this section, we discuss in detail the development
of specific items included in the TTCI. Specifically,

we addressed the following research question in this

phase of the work: ‘How does one appropriately

measure conceptual understanding by undergradu-

ate engineering students in the domains of fluid

mechanics, heat transfer, and thermodynamics?’

3.1 TTCI item development

Wechose to create an instrument patterned after the

Force Concept Inventory (FCI). As the developers

of the FCI [3] found, the best questions are simple,

do not involve mathematics, and have distractors

that indicate the presence of common misconcep-

tions. Once we identified concepts from the Delphi

study that would be included in a multiple-choice
misconception instrument, we began developing

candidate items for each concept [25, 37–38]. Each

item was developed in alignment with a process

recommended by Downing [39] in the Handbook

of Test Development:

1. Drafting open-ended questions about the con-

cept

2. Collecting student response data orally (think-

aloud problem solving sessions) and in written

form

3. Using the responses to convert the open-ended
questions to multiple choice items with distrac-

tors describing plausible but incorrect answers

4. Beta testing the drafted items on groups of

engineering students

5. Collecting expert reviews of each item (which

also provides evidence of content validity

6. Revising the items based on statistical perfor-

mance and expert feedback, and
7. Collecting additional beta test data.

To illustrate this process, wewill describe the genesis

and development of one TTCI item we will term

Hotplate (see Fig. 3). This item was developed very

early in TTCI project work and as described below

has evolved through several rounds of editing to
become one of the best-performing items in the

inventory.

Step 1—From concept to open-ended item

Hotplate was designed to assess the students’ con-

ceptual understanding of the relationship among

energy (specifically internal energy), temperature

and heat. The genesis for the item was a similar
question included in the Chemistry Concepts Inven-

tory authored by Melford [40]. The original open-

ended version of Hotplate is shown in Fig. 4. In this

item, each fluid is heated in an identical beaker

between the same starting and ending temperature

using the same rate of energy additionwith identical

hot plates. Based on our preliminary student think-

aloud data and Mulford’s work, we expected that
students who were confused about the relationship

between energy, temperature, and heat capacity
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would not generally be able to answer this item

correctly.

Step 2—Collecting open-ended student responses to

the item

Six students (all juniors or seniors majoring in

chemical or mechanical engineering) individually

participated in think aloud sessions to discuss the

hotplate item. The role of the interviewer in this

session was to elicit more detailed student answers

to Hotplate and to elicit explanations about why

students answered as they did. Student responses

were audiotaped, transcribed, and analyzed for
evidence of conceptual understanding and preva-

lent misconceptions about energy and temperature.

As predicted by the Delphi results, a majority of

students participating in think-alouds demon-

strated limited understanding of the concepts being

addressed, though some provided reasonably cor-

rect answers. Examples included:

� Incorrect answers based on misconceptions:

– ‘They both received the same energy because

the temperature change was the same.’
– ‘We can’t tell because we don’t know the [fluid]

heat capacities.’

– ‘It has nothing to do with heat transfer, only

temperature.’

– ‘The amount of time it takes to heat is based

only on the heat transfer coefficient in the

beakers.’

� Correct answers:
– ‘Just because ethanol gets hotter faster does not

mean it gains more heat. Just that the ethanol

has a lower heat capacity.’

– ‘Water because it was heated longer at the same

rate of heating.’

Step 3—From open-ended question to multiple choice

test item

During coding of theHotplate think-aloud data, we

identified several misconception patterns in student

responses including confusion about temperature

vs. energy or heat, what heat capacity of a substance

means, equating the rate of heat transfer with the

amount of energy transferred, and incorrectly

thinking that heat capacities and/or heat transfer

coefficients were required to answer the item. These

results confirmed the predictions of the Delphi
experts (Table 2) and also were aligned with Chi’s

predictions about which misconceptions would be

robust [36]. As mentioned earlier, these misconcep-

tions have been prominently reported in the thermal

science misconception literature [1] and gave us

confidence that our think-aloud strategy was elicit-

ing significant student thinking that was worthy of

inclusion as plausible distractors for the multiple-
choice version ofHotplate.Using student comments

like those listed earlier combined with input from

the misconception literature and Delphi partici-

pants, we drafted four Hotplate distractors (an-

swers b–e) along with the correct answer (answer

a). The original multiple choice version of Hotplate

is shown in Fig. 5.

Step 4—Initial beta testing with students

The version of Hotplate shown in Fig. 5 was tested

with 87 students at four engineering institutions.

The distribution of student responses is shown in

Fig. 6 and indicates that about 50% of the students

answered the item correctly. Distractors ‘c’(~15%),

‘d’ (~13%), and ‘e’ (~19%) were all selected by a

significant number of students, suggesting that the
item may have been eliciting the types of student

misconceptions and incorrect thinking that we ex-

pected to see.Distractor ‘b’ was selected by only two

students, which was a bit surprising given interview

data that indicated student confusion between rate

of heating and amount of energy transferred. Good

test construction practice recommends removing or

replacing distractor ‘b’ and thatmay happen in later
versions of the instrument, but for now it remains

part of the item until additional test data are

collected to make a more reasoned decision.

Other statistical results for Hotplate were also

computed including the item difficulty index (0.51)

and item discrimination index (0.58). These statis-

tical markers will be discussed in Section 4.2, but
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both values were judged to bewell within acceptable
range for items in the TTCI.

Steps 5 and 6—Expert review and item revision

After we completed initial beta testing, each item in

the TTCI was reviewed by two technical experts in

the disciplines of fluid mechanics, heat transfer or

thermodynamics. Expert feedback and comments

about Hotplate focused on three issues:

� the effect of evaporation losses in the open

beakers

� the effect of using hotplates where the effect of
fluid properties might affect actual heat transfer

rates for water and alcohol

� the wordiness in the item description and some of

the distractors.

As a result of this valuable feedback,we replaced the

use of hotplates and open beakers with immersion

heaters in closed beakers to minimize the effects of

evaporation and varying fluid properties on the

heating rates. To improve clarity, we also rewrote

the item and shortened the answers. Version 2 of

Hotplate is shown in Fig. 7.

Step 7—Additional beta testing

In addition toHotplate, one itemwas developed for

each concept identified in theDelphi study using the

7-step procedure described earlier. Collectively,

these questions became version 1.0 of the TTCI,

whichwas alpha-testedwith ten engineering student

volunteers. Initial results indicated that a range of

distractors was selected for each item. We inter-

preted this result as an indication that significant
misconceptions were represented by the distractors

included in version 1.0 and that addition items

should be written for each concept in the TTCI.

Version 1.0 was also used to test two types of item

formats: single question items and items that con-

sisted of an initial question (‘what will happen?’)

with a follow-on question (‘why will it happen?’).

The two-question format was developed to allow
for deeper probing of student reasoning for selecting

the answers that they did and was designed to

provide richer data sets for studying the existence

and nature of robust misconceptions like those

predicted by Chi et al. [36,41].

Based on the initial success of version 1.0, addi-

tional items were drafted for each TTCI concept

using the 7-step process and it was tested on small
groups of students. If student feedback suggested an

item was written clearly and if response data were

distributed among most or all of the distractors, the

item was added to the inventory. Items that did not

meet these criteria were rejected or rewritten. Once

at least 2–3 acceptable items were developed for

each concept, the items were collected into the next

generation of the TTCI, designated as version 2.21.
This version was used to collect sufficient data for

psychometric analysis (see Sections 4.1 and 4.2 for a
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summary of these results). In some cases, itemswere

edited to improve performance as measured by

discrimination and difficulty indices (discussed in
Section 4.2) while in other cases new items were

developed to replace weak items and more new

items were developed to increase the total number

of items in the inventory. After editing weak items

and drafting/piloting new items, version 3.04 of the

TTCI was formed.

Table 3 shows the number of items and questions

included in versions 2.21 and 3.04 for the heat
transfer portion of the TTCI. Versions 2.21 and

3.04 represent major revisions in the TTCI; each

version was used to collect sufficient student re-

sponse data for statistical reliability measurements.

Details of the psychometric performance of indivi-

dual items and each TTCI version will be discussed

in Section 4.2. Version 3.04 is the current version of

the TTCI and is now available on-line.

4. The interpretation corner of the
assessment triangle

The interpretation corner includes ‘all the methods

and tools used to reason from fallible observations’

[19, p. 48]. It relates the observations collected from

the assessment tasks with the cognitive knowledge

and skills being assessed. The interpretationmethod

is usually a statisticalmodel that is directly related to

the purpose of the instrument [19]. For example, if
the purpose of an instrument is to assess short-term

gains (such as those made after instruction in one

course) or long-term gains (such as those made at

the completion of a program) one would compute

gain score (the difference between pre- and post-

instruction scores). For that purpose Classical Test

Theory (CTT) would be useful to determine tradi-

tional measures of reliability.
In the case of the TTCI the purpose of the
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Table 3. Number of items/questions for each heat transfer concept included in the TTCI versions 2.21 and 3.04

TTCI version Heat vs. Energy Energy vs. Temperature Steady-state vs. Thermal equilibrium

2.21 3/3 3/4 2/4
3.04 3/3 7/11 2/4

Version 3.04 is now available on-line at www.thermalinventory.com. A password can be obtained from Dr. Ron Miller at
rlmiller@mines.edu.



instrument is to identify engineering misconcep-

tions in the thermal and transport sciences (specifi-

cally heat transfer, thermodynamics and fluid

mechanics). Therefore, it is important to ensure

that TTCI items are both reliable and valid to

meet the intended objective. This was achieved
using various types of psychometric analysis tech-

niques described in the following section.

Psychometrics is the field of study concerned with

the theory and technique of educational and psy-

chological measurement. It involves two major

research tasks, namely: (1) the construction of

instruments and procedures for measurement; and

(2) the development and refinement of theoretical
approaches to measurement [42]. Psychometric the-

ory involves several distinct areas of study such as

data analysis using CTT, Item Response Theory

(IRT), and correlation and covariance techniques,

which include factor analysis, multidimensional

scaling, and data clustering.

We will discuss both CTT and IRT in the follow-

ing sections and discuss how these theories were
applied to TTCI evaluation.

4.1 Using classical test theory: reliability and

validity

In this section we provide some background for

CTT and discuss how it was applied to the TTCI.

CTT is a body of related psychometric theory that

predicts outcomes of psychological testing such as

the difficulty of items or the ability of test-takers. In

general, the aim of CTT is to understand and

improve the reliability of a given test, so key tradi-
tional concepts in CTT include reliability and

validity.

4.1.1 Reliability

Reliability is defined as the consistency of a set of

measurements often used to describe a test. A

reliable instrument is one in which measurement

error is small, which can also be stated as the extent

towhich results using the instrument are repeatable.

One of the most commonmeasure of reliability is
internal consistency because it requires only one test

administration, thereby reducing costs and elimi-

nating the issue of students gaining knowledge

between test administrations. Internal consistency

is typically measured using Cronbach’s alpha which

is a generalized formofKuder–Richardson formula

20 (KR-20). Typically, a test is considered reliable if

alpha is above 0.80 [43]. Other sources consider a
value of 0.60–0.80 to be acceptable for classroom

tests [44]. Cronbach’s alpha is a coefficient of con-

sistency that measures how well a set of variables or

items measures a single, unidimensional latent con-

struct while KR-20 is a measure of internal consis-

tency for measures with dichotomous (0 or 1)

answer choices such as employed in the TTCI [45].

KR-20 results for the TTCI heat transfer instru-

ment are shown in Table 4 and suggest that the
instrument reliability for version 3.04 is approach-

ing the desired value of 0.8 as better items are added

to the inventory. It should also be noted that by

intentionally including very difficult questions (as

opposed to achievement or diagnostic instruments

in which awider range of item difficulty is included),

the overall reliability of the instrument can be

expected to be lower since students will more likely
guess on some questions or at least choose an

answer in which they are not completely confident

[46].

4.1.2 Validity

Validity refers to the extent that an instrument

measures what it claims to measure [47]. Validation

is an on-going process of accumulating evidence

supporting the claim, thus the instrument must be

constantly evaluated as its uses and needs evolve.
Validity is considered the degree of correlation

between the test and a criterion.

Although several types of validity are available to

establish instrument performance, we focused on

the two most relevant to a concept inventory:

content and construct validity. The TTCI is most

appropriately used as an assessment for identifying

the existence of important misconceptions and for
pre–post studies of misconception repair for a

specific student population.

Content validity focuses on the question of

whether items included in the instrument span the

appropriate and desired technical domain. During

TTCI development, we haveworked in several ways

to ensure content validity. The Delphi process

discussed earlier represented an intensive exercise
to identify important concepts that are poorly

understood by students in thermal and transport

sciences as defined by a panel of experts in these

domains. This exercise achieved consensus about

the key concepts and related misconceptions to be

included in the instrument and informed our work

as individual test items were developed. As dis-

cussed earlier, an extensive literature search also
confirmed that many of the difficult concepts iden-

tified in the Delphi study were also mentioned by

previous researchers working in the heat transfer,

thermodynamics, and fluid mechanics domains.
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Thus, we claim that the conceptual domain covered

by theTTCI is the domainwe intended to cover. It is

important to note, however, that we do not claim

that the TTCI covers all important concepts in

thermal and transport sciences but rather focuses

on concepts deemed important by experts, but often
misunderstood by students, in these subject areas.

Construct validity attempts to answer the ques-

tion of whether instrument items measure the con-

cepts we think they are measuring. To address this

issue, all items were drafted by domain experts and

then reviewed by at least two additional experts who

teach, conduct research, and in some cases write

textbooks in the TTCI domains. Expert feedback
was used to revise item wording and accompanying

graphics as we strived for question correctness and

clarity. Experts agreed that the intended concept

and misconceptions were correctly targeted in each

item included in the inventory.

We also used think-aloud sessions with engineer-

ing juniors and seniors to confirm that students

could identify the concept associatedwith eachdraft
item, that the item text and graphics were under-

standable, and that each item raised a conceptual

difficulty with most of the students interviewed. We

recorded and coded all think-alouds to ensure a

complete and accurate picture of student responses.

Student responses gave us important feedback that,

in some cases, uncovered items that were misunder-

stood because of poor question construction or
graphics, or because we inadvertently used unfami-

liar vocabulary, symbols, or notation.

4.2 Using item response theory: item difficulty and

item discrimination

In this section we will provide some background for

ItemResponseTheory (IRT) and discuss how itwas
applied to the TTCI. IRT describes the application

of mathematical models to data from question-

naires and tests as a basis for measuring abilities,

attitudes, or other variables [48]. It is used for

statistical analysis and development of assessment

instruments. Furthermore, it is based on the idea

that the probability of getting an item correct is a

function of a latent trait or ability [43]. Specifically,
a person with higher intelligence would be more

likely to respond correctly to a given item on a given

instrument.

IRTprovides a basis for evaluating an assessment

instrument or item. In psychometrics, IRT is ap-

plied to refine exams, maintain bank of items for

exams, and equating difficulties of successive ver-

sions of exams [48]. Among other advantages, IRT
provides a basis for obtaining an estimate of the

location of a test-taker on a given latent trait as well

as the standard error of measurement of that loca-

tion. Scores derived by classical test theory do not

have this characteristic, and assessment of actual

ability (rather than ability relative to other test-

takers) must be assessed by comparing scores with

those of a ‘norm group’ randomly selected from the

population [44]. Item parameters typically used by

IRT specialists are item difficulty and item discri-
mination. In the case of the TTCI, item difficulty

and item discrimination indices were used to deter-

mine which items in version 3.04 were performing

satisfactorily.

4.2.1 Item difficulty

Item difficulty is the percentage of the total group
that correctly answered the item [47]. Item difficulty

is an important parameter because it reveals

whether an item is too easy (too many people

answering correctly) or too difficult (very few an-

swering correctly). The optimal item difficulty de-

pends on the question-type and on the number of

possible distractors. Kline [46] suggested an item

difficulty range of 0.25–0.75 for concept assess-
ments. This means that between 25% and 75% of

test takers answered an item correctly. Following

Kline, we retained items in the TTCI that fell in the

difficulty index range of approximately 0.25–0.75.

4.2.2 Item discrimination

Item discrimination refers to a test’s ability to

produce a wide range of scores by separating
students who vary in their degree of knowledge of

thematerial tested and their ability to use it [42]. For

example, if one group of students has mastered the

material and the other group had not, a larger

portion of the former group should be expected to

answer a test item correctly. Item discrimination is

the difference between the percentages of correct

answers for these two groups.
Item discrimination can be calculated by ranking

the students according to total score and then

selecting the top 33% and the lowest 33% in terms

of total score [49]. For each item, the percentage of

students in the upper and lower groups answering

correctly is calculated. Therefore, the maximum

itemdiscrimination difference is 100%,whichwould

occur if all those in the upper group answered
correctly and all those in the lower group answered

incorrectly. Zero discrimination occurs when equal

numbers in both groups answer correctly. Negative

discrimination, a highly undesirable condition, oc-

curswhenmore students in the lower group than the

upper group answer correctly. The levels presented

on Table 5may be used as a guideline for acceptable

items. Thorndike [50] also recommends eliminating
any item with a discrimination index of 0.24 or less.

Item discrimination was used as the second

measure of item performance. For purposes of

evaluating TTCI items, we followed the advice of
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Thorndike and only accepted questions with item

discrimination indices greater than 0.25. All items

and questions retained in version 3.04 met these

discrimination criteria.

5. Alignment of the three corners of the
assessment triangle

For an assessment to be effective, the three corners

of the assessment triangle must be aligned [19]. In

this section, we describe how each component of the

assessment triangle work together in the TTCI. See

Fig. 8 for a graphical illustration of this alignment.

5.1 Connections between cognition and observation

corners

The assessment triangle framework dictates that the

development of the assessment instrument (obser-

vation corner) should be linked to theories and

beliefs about how students come to understand

concepts in the target domain (cognition corner).

The cognition and observation corners of the assess-
ment trianglewere connected in twoways during the

development of the TTCI. First, we determined

what concepts were most difficult by asking experi-

enced engineering faculty to generate a list of

concepts that were difficult for their students to

understand. This list was used as the basis of a

Delphi survey and the same faculty were asked to

rate the concepts iteratively on their importance and
difficulty until a stable rating (consensus) was

reached. Concepts identified as difficult in the Del-

phi survey were also found in the research literature

on misconceptions. Concepts that were rated as

most difficult and most important in the Delphi

survey were used to develop questions for the

TTCI. This is a direct link between the cognition
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Table 5. Acceptable levels for item discrimination [50]

Item discrimination Classification Required action

Negative Unacceptable Check item for error

0–24% Usually
unacceptable

Item should be
improved

25–39% Good item Keep item

40–100% Excellent item Keep item

Fig. 8. Process used to develop the TTCI instrument.



and observation corners. Second a link between the

cognition and observation corner was made during

the creation of distractors. As discussed in Section

2.2, Chi’s theory describing why some misconcep-

tions are robust (cognition) helped guide the TTCI

developers in creating distracters for the TTCI
(observation). Distractors that captured common

misconceptions basedonChi’s theorywere included

whenever possible.

5.2 Connections between cognition and

interpretation corners

Chi’s theory as applied to robust misconceptions

about heat transfer (cognition) was used to help

explain the TTCI results analysis (interpretation).

For example, Chi’s theory can help explain why

some concepts might be most resistant to instruc-

tion.Misconceptions about these conceptswould be

less likely to be ‘repaired’ after instruction and this

would help to explain differences in conceptual gain
for some concepts. One would also expect that the

concepts rated most difficult in the Delphi survey

(cognition) would also prove to be the concepts that

were least likely to be answered correctly on the

TTCI (interpretation corner). Thus the link between

the cognition and observation corners was bidirec-

tional.

5.3 Connection between observation and

interpretation corners

The TTCI was constructed so that each item has

only one correct answer and all distractors are

equally incorrect. Thus the TTCI is currently scored

dichotomously, with the only possible scores being

‘correct’ and ‘incorrect.’ There are no distractors
that are assumed to be less incorrect than others.

Because of the dichotomous construction of the

TTCI (observation), CTT measures of reliability

and validity (interpretation) are used. The dichot-

omous construction (observation) also makes the

calculation of item discrimination and item diffi-

culty (interpretation) appropriate.

Thus, all three corners of the assessment triangle
were aligned during the development and testing of

the TTCI. As will be discussed in the following

section, expansion of our ideas about how students

learn the target domain (cognition corner) is

prompting the construction of revised TTCI items

(observation corner), and this in turnwill necessitate

a different kind of analysis (interpretation corner).

Thus the alignment between cognition, observation,
and interpretation corners begins anew.

6. Implications and future research

It has always been our hope that the development of

reliable, valid concept inventories around engineer-

ing topics would provide a yardstick to measure

students’ conceptual understanding of fundamental

knowledge. Our intention with this paper is to assist

the growing numbers of CI developers in creating

sound instruments that can be widely applied for

individual, program, and pedagogical assessment.
The TTCI is now available online, through a pass-

word protected site, so that it can be widely used.

We have also learned that concept inventory

development is a never-ending process. Items can

always be refined and reliabilities increased. There is

also room to adapt concept inventories for different

populations. Although the fundamental phenom-

enon the concept the CI is testing will not vary, the
language and examples necessary to measure stu-

dents’ understanding of those concepts accurately

may well need to be adjusted for students from

different cultures and with various mother tongues.

As education becomes globalized, CIs will need to

be modified. Since reliability is not a property of an

instrument, but a statistic that speaks to the use of

an instrument within a specific context, modified
CIs will need to be re-evaluated and reliability re-

established.We hope the assessment triangle will be

used for this continuing improvement.

We have argued that the assessment triangle

provides a framework to guide a rigorous metho-

dology for concept inventory development andhave

proposed the TTCI as an exemplar. We want to

bring special attention to the cognition corner of the
assessment triangle and would urge concept inven-

tory developers to make explicit their theories of

what concepts are difficult and, especially,why those

concepts are difficult. Insight into student thinking

about these concepts will be needed to develop

learning environments that help students learn

these concepts, which is the ultimate goal of this

research.
With our emphasis on the cognition corner, it is

perhaps not surprising that our ideas about how

students come to understand the fundamental con-

cepts in our target domain (thermal and transport

sciences) are evolving. We are now wondering if

there is a developmental trajectory to how students

learn concepts in this domain. Is conceptual under-

standing an all-or-nothing phenomenon? Or, as
Minstrel and colleagues proposed [51], can students

have varying levels of understanding? If this is the

case, the TTCI must change from being a dichot-

omous instrument (with one correct answer and all

other choices being equally incorrect) to one that

can distinguish among different levels of under-

standing. We have begun a new project that moves

the TTCI in this direction. This project employs
diagnostic cognitive assessment (CDA), a method

can be used to determine examinees level of perfor-

mance [52]. CDA has been successfully tested with
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the Concept Assessment Tool for Statics [17] and is

a promising method for the TTCI and other con-

cepts inventories. Therefore, having a more

nuanced view of how students come to understand

concepts in our target domain (a change in the

cognition corner) will bring about changes in the
construction of the TTCI and the method of analy-

sis (observation and interpretation corners).

Our long-term goal is to develop the TTCI as a

diagnostic instrument that would identify areas of

student difficulty. This would aid faculty in target-

ing their instruction to repair widely held miscon-

ceptions. This diagnostic use could be coupled with

our related effort to develop materials whose aim is
to repair misconceptions [53]. Thus, we could

provide an individualized tool that would diagnose

and then repair misconceptions. Such a tool would

be a boon to instructors and students alike and

address one of the National Academy of Engineer-

ing’s grand challenges: to advance personalized

learning [54].

7. Conclusions

The use of concept inventories has proliferated in

engineering education. Our aim is to provide a

model for concept inventory development that is

both rigorous and aligned with current assessment
theory. We use the thermal and transport concept

inventory (TTCI) as an exemplar for concept in-

ventory development as summarized in Fig. 8 in

which the steps within each phase of TTCI devel-

opment are depicted, as well as how the phases were

connected.

We recommend the use of the ‘assessment trian-

gle’ as a framework for ensuring alignment between
how students learn in a target discipline (cognition

corner) with appropriate assessment tasks (observa-

tion corner) and how those tasks are analyzed

(interpretation corner).Wewould like to emphasize

the importance of the cognition corner in concept

inventory development. It is crucial to begin the

development of any assessment by examining the

literature on how students learn in the target dis-
cipline. In the case of concept inventories, describ-

ing why misconceptions exist and persist is an

especially important concern. This aspect of con-

cept inventory development has often been lacking.

Use of the assessment triangle framework can lead

to the creation of concept inventories that are not

only valid and reliable but can also help begin to

understand why misconceptions persist. This
knowledge could become the foundation for creat-

ing instructional materials that help students under-

stand some of the most conceptually difficult, and

most important, content in engineering.
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