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Abstract
In the field of psychology, verbal reports are commonly used as a data source to
explain human information processing. To date, few studies have investigated the
accuracy of verbal reports for providing information on students’ reasoning and
problem solving on educational tasks. The purpose of this study is to evaluate the
consistency of verbal data, as well as the effects of student achievement,
interviewer knowledge level, and item difficulty on the consistency of verbal
reports. Seventy-one Grade 12 students from two high schools provided verbal
responses to 15 multiple choice test items from the Alberta Pure Mathematics
Diploma Examination. Results indicate higher-achieving students demonstrate
greater consistencies in verbal reports than moderate achieving students. The
implications of the results are discussed and the limitations of the present study

are also presented.
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Consistency of Verbal Reports on Cognitive Models 1

CHAPTER I - BACKGROUND

Introduction

Education is always a major issue for government. The challenge of
preparing children for success requires considerable investment in education, even
in a time of an economic recession. In its 2010 Education Budget, the
Government of Alberta stated that investment in Alberta’s Kindergarten to Grade
12 education system will reach $6.3 billion--an increase of 0.8% over the previous
year. In the budget for Basic Educational Programs, including Provincial
Achievement Tests (PATS) (Alberta Education, 2010) and Diploma Exams, the
amount of funding increased 1.6% to a total of $99 million in 2010. In the USA,
in relation to the No Child Left Behind (NCLB) Act of 2001, the United States
Department of Education highlighted the claim that educational testing should be
used to measure student success in learning (USDE, 2004). The federal budget for
the 2009 fiscal year saw an increase of 41% in spending for education since 2001,
reaching a total of $24.5 billion (USDE, 2009). Of those funds, $409 million were
spent on the State Assessment Grant (USDE, 2009). These government
investments suggest that not only is education a worthy of investment, but

educational testing is specifically considered a worthy investment as well.

Educational testing is an integral part of the educational process. Popham
(2000) suggested that educational testing be described as the process of using
students’ responses to stimuli (i.e., educational tasks or items) to generate
information or inferences about what students know, can do, and even how they

feel. As students learn within an educational system, most notably a classroom,
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testing in the educational context is often used as the way to determine whether
students have obtained content mastery associated with a set of expected
knowledge and skills. As a result, consequences from educational testing have an
impact on student learning. As stated in the Standards for Educational and
Psychological Testing (AERA, APA, NCME, 1999), well-constructed and valid
tests need to be used as a basis for making important, high-stakes decisions about
students, such as classifying them as requiring extra-help and determining other
options for their future education. Therefore, educational testing needs to be
administered carefully, as no single test is adequate to measure everything that

students know and can do.

The United States Department of Education claimed in their report on the
NCLB of 2001 Act that *... tests will give teachers and principals information
about how each child is performing and [tests will] help them to diagnose and
meet the needs of each student”(USDE, 2004, 3" paragraph). If tests are to
accomplish this purpose—of providing information about the knowledge and
skills students have acquired in the classroom and in their educational experiences
generally—then tests must be designed and developed in accordance with
information about what is known about how students acquire information and
apply that information. Given that testing is expected to provide important
information to guide serious decisions about student learning, it is crucial that
research is completed to ensure that testing does provide decision-makers with the

most accurate and reliable information about students’ knowledge and skills.
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Advances in research conducted in educational measurement have led
researchers to become increasingly interested in improving the validity of
inferences made from educational tests (Embretson, 1999; Ferrara et al., 2004;
Leighton, Gierl, & Hunka, 2004; Mislevy, 1996). A growing number of
researchers and practitioners are calling for the combined use of cognitive
psychology and educational measurement to enrich investigations of testing, the
development of test items, and the inferences made about students from their test
results (Embretson, 1998; Gierl, Cui, & Hunka, 2008; Leighton et al., 2004;
Mislevy, 2006; NRC, 2001; Pellegrino, Baxter, & Glaser, 1999; Snow & Lohman,
1989). In doing so, these researchers have indicated a need for making inferences
about students’ knowledge and skills, and generating information about students’
internal mental processes to produce clear recommendations about the content
knowledge and usable skills that are available to students. Understanding the
mental processes students select, and apply in problem-solving is the essential
feature of modern validity theory (Kane, 2006; Leighton & Gierl, 2007b;

Leighton & Gierl, in press).

Recently, test developers, who are the “person(s) or agency responsible for
the construction of a test and for the documentation regarding its technical quality
for an intended purpose” (AERA, APA, NCME, 1999, p. 183), are meeting the
challenge to develop tests that provide information beyond what traditional tests
have done. Compared to traditional tests, which simply generate a rank order of
where students stand or simply conclude the students have performed well or not

(NRC, 2001), new types of educational tests are expected to provide students,
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teachers, parents, and other stakeholders with more specific information about: (a)
why students perform poorly and (b) how tests can be optimized to improve
students’ learning. That is, the new objective for test developers is to generate
educational tests that “move us forward” in our understanding of students’
cognitive skills, namely, their problem-solving strengths and weakness (Leighton
& Gierl, 20073, 2007b). These new tests provide diagnostic information about
students in order to identify “both appropriate content and the types of learning
activities that will help a student attain the learning target” (Nitko & Brookhart,
2007, p. 11). Cognitive models of learning can be used to define such diagnostic
information by illustrating the knowledge and skills that underlie successful or
competent performance in the content domain of interest (Leighton, 2004;
Leighton & Gierl, in press; NRC, 2001). Research has suggested that tests
developed from such cognitive models of learning have the potential to fulfill this
objective in providing diagnostic information about examinees’ cognitive
strengths and weaknesses (Leighton, 2004; Leighton & Gierl, 2007a; NRC, 2001,

Snow & Lohman, 1989).

In order to develop new, diagnostic tests, the cognitive models used must
be supported with empirical evidence of human information processing (Leighton,
2004). Verbal reports are considered to be appropriate and are widely used to
collect information on human information processing in the field of psychology
(Ericsson & Simon, 1993) and educational measurement (Leighton & Gierl,
2007b). As a type of data that provides empirical evidence on human information

processing, verbal reports are usually collected using think-aloud interviews
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(Ericsson & Simon, 1993). During a think-aloud interview, the investigator asks
the student to articulate his or her thoughts when solving a particular task and
after the student has solved the task (Ericsson & Simon, 1993; Leighton & Gierl,
2007b). After verbal reports are collected, protocol analysis or verbal analysis can
be used to analyze the verbal report data for the purpose of generating and/or
validating cognitive models of learning (Leighton & Gierl, 2007b). When using
verbal reports in educational testing research, special consideration must be given
to the procedures used to collect verbal reports, as these procedures may influence
the accuracy and consistency of the reports, and, in turn, the soundness of the
inferences made about students’ knowledge, skills, and problem solving (Ericsson
& Simon, 1993). The present study is designed to evaluate one aspect of the
procedures used in the collection of verbal reports, namely the consistency
between concurrent and retrospective reports collected under different interviewer
conditions, in order to improve the procedures used to collect verbal data and the

development of cognitive models of learning for educational tests.

The paper contains four sections. The first section contains an overview of
the literature, including an introduction to cognitive models and verbal reports.
The second section provides details about the present study, including data
collection, research design, and data coding procedures. The third section presents
the results of the study. The fourth section concludes with a summary, discussion

of results and limitations of the present study.
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Literature Review

Cognitive Models and Educational Measurement

Students’ academic achievement cannot be evaluated directly by means of
observation, but can be measured indirectly from their responses to educational
test items. In other words, by administering tests to students, educators can make
inferences about students” knowledge and skills from their responses, in order to
reach the goal of evaluating students’ learning and achievement (Leighton &
Gierl, 2007a; NRC, 2001). Traditionally, classroom tests have been used to
evaluate students’ learning and achievement. In addition to classroom tests, large-
scale tests such as the SAT (Scholastic Aptitude Test) (College Board, 2010), the
SAIP (School Achievement Indicators Program; now known as the PCAP or Pan-
Canadian Assessment Program) (CMEC, 2007), the GRE (Graduate Record
Examination) (ETS, 2010), and PISA (Programme for International Student

Assessment) (OECD, 2007), are also administered to fulfill similar purposes.

When educators draw inferences about a student’s performance on an
educational task, whether on classroom tests or large-sale tests, two assumptions
are implicitly made. The first assumption is that test items are constructed to
measure specific skills and knowledge mastery. The second assumption is that
students responding correctly to such questions have mastered the expected
knowledge and skills, and have thought about the problem correctly to produce
the keyed answer (Leighton & Gierl, 2007a). Recently, however, many studies

have revealed that these assumptions may be not tenable in some cases (e.g., Gierl,



Consistency of Verbal Reports on Cognitive Models 7

1997; Leighton & Gierl, 2007a; Leighton & Gokiert, 2005; Poggio, Clayton,
Glasnapp, Poggio, Haack, & Thomas, 2005; Rogers & Yang, 1996). For example,
Rogers and Yang (1996) found that test-wise strategies can enable students to
generate correct responses without the prerequisite content knowledge. Moreover,
when students respond incorrectly to test items, limited inferences can be made
about the students, except to say that a student has performed poorly in a

particular content domain (Leighton & Gierl, 2007b; NRC, 2001).

Increasingly, educational measurement specialists are unsatisfied with the
limited and general information provided by classroom and large-scale tests (e.g.,
AERA, APA, NCME, 1999; Hamilton, Nussbaum, & Snow, 1997; Koretz &
Hamilton, 2006; NRC, 2001). One of the arguments that has been made is that
general information about student performance in reference to other students has
limited value in improving teaching and learning (NRC, 2001). By providing
more specific information as to how students have performed, educational tests,
including both classroom and large-scale tests, should be better able to direct

teaching for improving student learning.

Most classroom and large-scale tests are currently developed from test
specifications or blueprints (Leighton & Gierl, 2007a). Although test
specifications illustrate the knowledge and skills desired for measurement within
the content domain, they describe these skills and knowledge using a large grain
size, which restricts the measurement of students’ achievement to a general level
and forces inferences to be kept at a general level as well (Leighton & Gierl,

2007a). Therefore, tests developed from test specifications cannot provide
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specific diagnostic information of examinees’ cognitive strengths and weakness
(Leighton & Gierl, 2007a). Moreover, there is little empirical evidence to show
that the thinking processes examinees have actually used to answer the test items
are aligned to the content and skills illustrated in the test specifications (Leighton
& Gierl, 20073, 2007b; Nichols, 1994). Hence, although test specifications could
be seen as representing a model of cognition, most, if not all of the knowledge
and skills included in test specifications, represent a hypothesized model of
cognition (Leighton & Gierl, 2007a) in need of empirical support. Tests
developed from test specifications can be used as measurement instruments of
expected knowledge and skills in students, but whether or not students do, in fact,
employ the knowledge and skills outlined in test specifications needs to be

verified.

In order to determine the specific thinking process examinees use to solve
tasks and generate answers, so as to identify their cognitive strengths and
weaknesses, empirically-based cognitive models of learning can be used to
develop tests (Leighton & Gierl, 2007a, 2007b; Nichols et al., 1995; Norris et al.,
2004; NRC, 2001). The use of cognitive models to represent human information
processing was first implemented in the field of computer science, and then
applied in the field of cognitive psychology (Leighton & Gierl, 2007a, 2007b).
Leighton and Gierl (2007a, p. 6) defined the term cognitive model in the context
of educational measurement as a “simplified description of human problem

solving on standardized educational tasks, which helps to characterize the



Consistency of Verbal Reports on Cognitive Models 9

knowledge and skills examinees at different levels of learning have acquired and

to facilitate the explanation and prediction of students’ performance.”

As mentioned previously, most classroom and large-scale tests are
currently developed from test specifications, which outline the knowledge and
skills a student is expected to use to solve test items (Gierl, 1997; Leighton &
Gierl 2007a). However, according to Leighton (2004), a cognitive model of test
specifications is only one type of model among three possible types of cognitive
models that could be used to design a test. A second type is a cognitive model of
domain mastery, which is usually used to design curriculum-based tests (Leighton,
2004; Leighton & Gierl, 2007a). Tests constructed from a cognitive model of
domain mastery cannot support inferences about examinees’ thinking processes
because the model that underwrites the test focuses on examinees’ mastery of
knowledge and skills at a behavioral level (Leighton & Gierl, 2007a). Similarly,
tests developed from a cognitive model of domain mastery lack empirical support
because these cognitive models are not developed based on studies of student
thinking. Thus, tests designed from cognitive models of domain mastery are
relatively weak at providing diagnostic inferences about examinees’ cognitive

strengths and weakness (Leighton & Gierl, 2007a).

The third type of model identified by Leighton (2004) is a cognitive model
of task performance. In educational measurement, such a model reflects a fine-
grain description of the knowledge and skills examinees have been found to use to
solve educational tasks in a specific content domain (Leighton, 2004; Leighton &

Gierl 2007a, 2007b). According to Leighton and Gierl (2007b), cognitive models
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of task performance illustrate the declarative knowledge and procedural skills
used to transform and manipulate test item information to generate a response
(Lohman, 2000). By illustrating the detailed thinking processes underlying the
knowledge and skills a student is expected to use to solve an educational task, a
cognitive model of task performance explicitly maps examinees’ problem solving
procedures in a step by step manner (Leighton & Gierl 2007a). Therefore, tests
designed from a cognitive model of task performance are expected to provide
more specific information about examinees’ thinking and learning processes.
Tests developed from cognitive models of learning are known as cognitive

diagnostic assessments (CDA) (Leighton & Gierl, 2007b).

Unlike cognitive models of test specifications and domain mastery, which
are usually experimentally unsubstantiated, cognitive models of task performance
are usually supported by empirical evidence of examinees’ thinking processes
(Frederiksen et al., 1990; Leighton, 2004; Leighton & Gierl, 2007b; Nichols,
1994). Therefore, only substantiated cognitive models of task performance can
inform strong inferences about what students know and can do in response to
educational items or tasks (Leighton, 2004). Consequently, the development of
CDAs is often based on cognitive models of task performance. Further, validating
test inferences based on cognitive models of task performance can be completed
using a variety of approaches (Leighton, 2004); one approach of interest for the

present study is the use of verbal reports.
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Verbal Reports

There are a variety of procedures that could be used to investigate human
information processing (e.g., response latencies, eye fixations, and extended
essays; see Leighton & Gierl, 2007b, Lohman, 2000). However, verbal reports are
considered an appropriate data source to reveal information about how examinees
think through tasks (Hamilton, Nussbaum & Snow, 1997; Leighton, 2004;
Leighton & Gierl, 2007b; Norris, 1994). Specifically, verbal reports can provide
information about students’ reasoning and problem solving on educational tasks

(e.g., Hamilton et al., 1997; Leighton & Gierl, 2007b).

A verbal report is an individual’s description of his or her internal
processes for solving a problem (Ericsson & Simon, 1993). Verbal reports are
often used to develop cognitive models (Ericsson & Simon, 1993; Ericsson, 2006).
For example, Leighton (2004) indicates that collecting verbal reports from
students on a given task of interest can be used to develop a cognitive model of
task performance. Protocol analysis (Ericsson & Simon, 1993) or verbal analysis
(Chi, 1997) can then be used to analyze the verbal reports. Protocol analysis is
often used to identify a linear sequence of thought processes, while verbal
analysis is often used to identify the knowledge representations a student has
developed about a task (Chi, 1997; Leighton & Gierl, 2007b).

Verbal reports are collected using standardized procedures, and are usually
conducted using one-to-one interviews. When verbal reports are collected,
examinees are asked to think aloud as they solve a task. That is, examinees are

asked to verbalize every thought that comes to mind as the problem is being
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solved (Ericsson & Simon, 1993; Kuusela & Paul, 2000; Leighton, 2004;

Leighton & Gierl, 2007b; Taylor & Dionne 2000; Van Gog et al., 2005b). This
type of reporting is called a concurrent verbal report. Another type of verbal
report that is collected immediately following the concurrent report is called a
retrospective verbal report. During the retrospective report, examinees are
instructed to recall their thought process after they have solved the task (Ericsson
& Simon, 1993; Leighton & Gierl, 2007b; Taylor & Dionne, 2000; Van Gog et al.,
2005b). In the paragraphs that follow, concurrent and retrospective verbal reports

are described in greater detail.

Concurrent and Retrospective Verbal Reports

In concurrent reporting, students are instructed to think aloud as the
activity occurs, creating a direct record of their thoughts during the time the task
is being solved (Ericsson & Simon, 1993; Leighton & Gierl, 2007b; Van Gog et
al., 2005b). That is, concurrent reports provide on-line information about a
student’s processed information in the form of the response they provide to a task,
and also how such information was manipulated prior to arriving at the response
(Ericsson & Simon, 1993; Kuusela & Paul, 2000; Leighton, 2004; Leighton &
Gierl, 2007b). From a cognitive psychology perspective, concurrent reports reflect
the information stored in working memory (WM) during problem solving

(Ericsson & Simon, 1993; Taylor& Dionne, 2000; Van Gog et al., 2005b).

In retrospective reporting, students are asked to think back and recall their

thoughts about how they solved the task. Retrospective reports are often collected
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immediately after students have completed the task and produced a final answer
(Ericsson & Simon, 1993; Leighton & Gierl, 2007b; Taylor& Dionne, 2000; Van
Gog et al., 2005b). That is, retrospective reports contain off-line information on
what students remember in solving the task. In the context of cognitive
psychology, retrospective reports measure information retrieved from short-term
memory (STM) and long-term memory (LTM) depending on the length of time
between when the task was solved and the retrospective report was initiated
(Camps, 2003; Ericsson & Simon, 1993; Taylor& Dionne, 2000; Van Gog et al.,
2005b). The longer the lag between the completion of the task and the collection
of the retrospective report, the more likely it is that the retrospective report

reflects contents of LTM and not STM.

Concurrent reports are expected to reveal the sequence of students’
problem solving in WM (Leighton & Gierl, 2007b). However, because concurrent
reports are expected to measure the contents of working memory, there are two
reasons why concurrent reports may not be complete or accurate. First, only
cognitive processing that is consciously noted can be verbalized. Therefore,
subconscious information derived from automatic processing, which does not
register in WM, may not be verbalized and reported (Leighton, 2004; Taylor &
Dionne, 2000). Second, human WM is known for its size limitation (Miller, 1956).
As a result, the limited processing capacity of WM may restrict students from
reporting the full extent of the thinking processes used to solve an educational
task (Kuusela & Paul, 2000; Taylor& Dionne, 2000). Related to the constraints

associated with the memory location tapped by concurrent reports, researchers
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have expressed concerned with the accuracy and validity of concurrent verbal
reports. For example, Wilson (1994) pointed out that providing a verbal report
while solving a task may alter the course of thinking or the application of
cognitive resources, which in turn could change the underlying processes used in
problem solving (Kuusela & Paul 2000; Leighton & Gierl, 2007b). This is known
as reactivity (Ericsson & Simon, 1993; Leighton & Gierl, 2007b) and could
influence the accuracy, and in turn, validity of the verbal report. Another common
concern expressed by researchers is that verbal reports elicited from students may
not indicate the thinking processes they actually used to solve the task (Ericsson
& Simon, 1993, Leighton & Gierl, 2007b; Payne et al., 1978). This is referred to
as non-veridicality (Ericsson & Simon, 1993; Leighton & Gierl, 2007b) and it

could also influence the accuracy, and in turn, the validity of the verbal report.

Consistency is also an issue of concern when collecting verbal reports.
Retrospective verbal reports serve as a useful method to monitor (and verify) the
accuracy of the problem solving reported in concurrent reports (Leighton & Gierl,
2007b). Retrospective verbal reports reflect the contents of STM and LTM
depending on the length of time between the end of the concurrent report
(solution of the task) and the beginning of the retrospective report (Ericsson &
Simon, 1993; Leighton & Gierl, 2007b; Taylor& Dionne, 2000; Van Gog et al.,
2005b). For example, Ericsson and Simon (1993) claimed that a person can
remember his or her thinking processes accurately and congruently only if the
person completed the task within a short duration (0.5 — 10 seconds) before

commencing the retrospective report. According to Ericsson and Simon (1993),
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retrospective reports that are collected long after the task has been solved will
tend to deviate from the contents of concurrent verbal reports in terms of accuracy
and completeness. In other words, depending on the procedures followed during
the collecting of verbal reports, retrospective reports may not be consistent with
concurrent reports and, therefore, not be useful in informing the contents of

students’ thinking processes.

Previous Studies on Consistency of Verbal Reports

A major concern for researchers who employ verbal reports is the
accuracy and consistency of the thinking processes students report using to solve
a problem (Leighton, 2004). Although both concurrent and retrospective reports
are collected to provide a “double measure” on students’ thinking processes, the
consistency between concurrent and retrospective reports has not been the subject
of study in educational measurement. Several researchers in fields other than
educational measurement have conducted empirical studies on the consistency, or
similarities and differences, between concurrent and retrospective verbal reports
and the results have been mixed. In a study conducted by Taylor and Dionne
(2000), they found that the codes assigned to concurrent reports of the actions
taken during problem solving (e.g., “What I did here was sketch out who the
groups are and what their interests are...”) were significantly higher in number
than in retrospective reports. Likewise, the codes assigned to metacognitive
processes in retrospective reports were significantly higher in number than in
concurrent reports. Taylor and Dionne concluded that concurrent report data

primarily provide information on the cognitive actions taken during problem
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solving, whereas retrospective report data provide information primarily on
students’ use of conditional knowledge about cognitive actions, and beliefs, or
metacognition of the conditions that warrant particular cognitive actions (or
problem solving processes) to be executed. Taylor and Dionne (2000) concluded
that the benefit of comparing concurrent and retrospective reports for their
consistency rests with enhancing the validity of verbal data generally because
retrospective reports often make explicit what is left implicit in a concurrent

report.

Similarly, Kuusela and Paul (2000) compared the effectiveness of
concurrent and retrospective data for revealing human decision-making processes.
These investigators found that concurrent and retrospective reports were not
always consistent. For example, the total number of task-relevant statements was
higher in concurrent reports than in retrospective reports. However, the average
number of protocol segments (larger units than task statements) was significantly
higher in retrospective reports than in concurrent reports. Kuusela and Paul (2000)
did find, however, that participants showed a consistent understanding of the
instructions used during the concurrent and retrospective interviews. They
concluded that concurrent reports yielded more detailed information about
participants’ decision making processes, while retrospective reports were found to
be more suitable in revealing information about participants’ decision outcomes—
that is, participants’ final answer choices. These results suggested that the
information contained in concurrent and retrospective verbal reports may not be

necessarily identical but they may be complementary. Therefore, the methods
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used to conduct verbal reports should be carefully chosen depending on the type

of information the investigator wishes to obtain.

In another study, Van den Haak, De Jong and Schellens (2003) presented
an experimental study on an online library catalogue to compare concurrent and
retrospective reports for usability testing. They noted that on a global level,
concurrent and retrospective reports were not significantly different in the number
and types of problems detected. However, the two methods differed significantly
with regards to the manner of problem-detection; that is, concurrent verbal reports
revealed more problems by means of observation alone, while retrospective
verbal reports resulted in significantly more problems detected by means of
explanation. The study revealed no significant differences between the reports in
terms of time for task completion. However, the researchers suggested the study
had a drawback in that the tasks used in the experiment were too difficult for the
participants. When tasks are too difficult or too easy, the contents of verbal

reports may not represent the thinking processes used to solve the tasks.

According to Ericsson and Simon (1993), when tasks are too difficult,
participants may stop verbalizing because the cognitive load in WM is too heavy.
Previous studies have found that novel tasks of moderate difficulty are the most
appropriate tasks to be used for eliciting verbal reports (Afflerbach & Johnson,
1984; Ericsson & Simon, 1993; Leighton, 2004; Taylor & Dionne 2000).
Likewise, when tasks that are too easy or too familiar for students are used to
elicit verbal reports, students may solve these tasks using “automatic processing”

or well-learned routines that essentially bypass the conscious control needed for
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verbal reporting (Leighton, 2004). In other words, problem solving of easy tasks
may occur so quickly so as to bypass conscious awareness in WM. As a result,
students may not be aware of how they solved the task or may have difficulty in
describing their problem-solving processes (Leighton, 2004; Wilson, 1994).
Therefore, such easy tasks will yield poor verbal report data due to a lack of

verbalization (Ericsson & Simon, 1993; Leighton 2004).

The possible reactivity and non-veridicality of verbal reports are serious
issues in educational testing. If reactivity and non-veridicality exists during a
think-aloud interview, the validity of the verbal report will be undermined as the
reported contents may not be aligned with students’ thinking processes (Leighton,
2009). Although Ericsson and Simon (1993) have developed standard procedures
to collect verbal reports, these procedures may not always be followed by
researchers. Ericsson and Simon (1993) put forward these procedures to minimize
reactivity as well as non-veridicality. For example, when collecting a concurrent
report, interruptions from the interviewer should be minimized, and standard
probes and prompts should be used to remind the student to continue vocalizing
his or her thoughts (Leighton & Gierl, 2007b). Further, when collecting
retrospective reports, verbal data should be collected as soon as possible
following the completion of the task to optimize retrieval from STM (Ericsson &
Simon 1993; Presley & Afflerbach, 1995; Taylor & Dionne; 2000, Van Gog et al.,
2005b). Also, in order to reduce anxiety and ensure the participants’
understanding of the verbal report instructions, standard instructions should be

followed, including a warm-up exercise that is usually conducted to familiarize
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students with thinking aloud (Ericsson & Simon, 1993; Taylor & Dionne 2000;
Van Someren et al., 1994). The full procedure for conducting verbal reports is

outlined in Ericsson and Simon (1993).

Another issue that is often overlooked is the domain in which Ericsson and
Simon (1993) conducted their review of verbal report data. Ericsson and Simon
(1993) conducted a review of past studies and concluded that verbal reports
collected using standard procedures did not alter the structure of thinking
processes. However, most of the studies included in their review were conducted
in psychological laboratories with psychological tasks and not educational test
items (Leighton, 2010). Although Ericsson and Simon (1993) outlined specific
procedures for the collection of verbal reports to ensure the accuracy and
consistency of verbal reports, it has to be noted that Ericsson and Simon’s
procedures were designed for collecting verbal reports in response to
psychological tasks, and not achievement test items or other potentially high

stakes educational tasks (Leighton, 2010).

One of the studies included in Ericsson and Simon’s review provides an
exception. For example, Norris (1990) conducted a study on the effects of
eliciting verbal reports in response to critical thinking test items. Norris used a
complete randomized factorial design to investigate four slightly different ways of
eliciting verbal reports from examinees as they worked on a particular multiple-
choice critical thinking test. The four conditions included think aloud, immediate
recall, criteria probe, and principle probe. Each condition reflected a different

way of eliciting students’ thoughts. For example, in the think aloud condition,
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students were instructed to report all their thoughts while they were solving an
item and then mark their answer on the answer sheet. In contrast, in the immediate
recall condition, students were instructed to first mark the answer to an item on
the answer sheet and, after they had marked their answer, verbalize why they had
chosen the answer. The students who took a standardized paper-and-pencil test
and did not verbalize their thoughts constituted the control group. Norris found
that the collection of verbal reports using different methods did not alter students’
thinking or performance on task. Norris concluded that elicitation of verbal
reports on students’ thinking did not influence the course of their thinking relative
to the control group in the study. However, in the same study, Norris (1990) did
find interviewer related effects. His results showed that when interviewer A
conducted the interviews, male and female subjects performed equally well on a
pencil-and paper test and on verbal reports. When interviewer B conducted the
interviews, male subjects performed significantly better than female subjects. This
result suggested that students’ responses changed when facing different
interviewers during the think-aloud interview. These findings suggest that
students’ thinking processing may change as a function of certain types of tasks
(i.e., critical thinking test items) and different interviewers. Therefore, more
research is needed to investigate the effects of test items and interviewer effects in

think-aloud studies (Leighton, 2010).

To date, the accuracy and consistency of verbal data in achievement
testing studies has not been investigated. When participants respond to

psychological tasks, they are often told that there is no right or wrong answer.
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However, participants know that there are right or wrong answers to achievement
tests items. Many students become nervous or anxious when taking educational
tests (Sawyer & Hollis-Sawyer, 2005). This nervousness or anxiety could
interfere with students’ thinking processes and in turn, the accuracy and
consistency of verbal reports. Further, students’ anxiety in the face of providing
verbal reports to educational test items may be exacerbated if they believe they
are being interviewed by an expert interviewer. An expert interviewer is in a
position to evaluate students’ thinking and responses, and judge whether the

student is a “smart” person.

The Need for the Present Study

Verbal reports, both concurrent and retrospective, are often collected to
provide evidence of students’ thinking processes so as to develop and/or confirm
cognitive models of learning for the development of CDAs. However, one of the
important implications from the literature review is that the information collected
from concurrent and retrospective verbal reports on problem-solving may not
always be accurate or consistent. Although researchers in other disciplines such as
psychology have investigated the data obtained from concurrent and retrospective
reports, these studies have not been conducted with educational test items. Since
there have not been studies focused on the accuracy and consistency of students’
verbal report data in educational measurement, the present study will focus on
investigating concurrent and retrospective reports from such a perspective. In
particular, the present study will focus on the consistency of concurrent and

retrospective reports when interviewer characteristics are manipulated, as well as
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test item features. In addition, student achievement level was controlled because it
was expected that students of higher ability might be more consistent in their

verbal reports than students of lower ability.

It is important to note that the present study is part of a larger study that
was funded by a standard research grant awarded to the supervisor of this thesis
(Dr. Jacqueline Leighton) by the Social Sciences and Humanities Research
Council of Canada (grant number 410-2007-1142). In this larger study many more
dependent variables were examined such as the accuracy of test item answers in
response to interviewer characteristics in the think-aloud interview, as well as the
familiarity and confidence level of the students when solving test items. Measures
of meta-cognition, test anxiety, and students’ perceptions of the think-aloud
interview were also administered to students to evaluate how they responded to
interviewer characteristics in the think-aloud interview. Moreover, the ability
level of the cognitive models students produced in their concurrent and
retrospective verbal reports in response to interviewer characteristics and test item
characteristics were evaluated. Readers interested in learning about the results of

the larger study are referred to Leighton (2010, 2011).
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CHAPTER Il - METHODS

Purpose and Research Questions

The purpose of this study was to evaluate the consistency of verbal report
data in providing information on students’ cognitive models during problem
solving. Specifically, this study investigated verbal data from student responses to
15 multiple-choice mathematic questions in order to explore the consistency of
concurrent and retrospective reports. Moreover, this study also investigated the
effects of student achievement, interviewer knowledge level, and item difficulty
on the consistency of verbal reports. To summarize, this study addressed the

following research questions:

1. Are concurrent and retrospective verbal reports consistent across math test
items?

2. s the consistency of concurrent and retrospective reports influenced by
student achievement level? Specifically, between high achieving and
moderate achieving students?

3. s the consistency of concurrent and retrospective reports influenced by
interviewer knowledge level?

4. s the consistency of concurrent and retrospective reports influenced by

item difficulty (i.e., easy, moderate, vs. difficult items)?

The following sections outline the methods used in the current study. First,
the participants interviewed in this study are described by their demographic

characteristics. Second, materials used in the interview are summarized. Third, the
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experimental design of the study is explained. Fourth, the procedures used for the
experiment are presented. Finally, the coding scheme of the interview data for

statistical analysis is explained.

Participants

There were 71 participants involved in the study, which included 39 girls
and 32 boys (M =17.14, SD = 0.61) enrolled in a Grade 12 university-tracked
pure mathematics course. All students come from two academic high schools in a
medium-sized city and selected by their teachers as capable of verbalizing their
thinking processes as they solved mathematics problems. Among these 71
students, 38% self-identified as Caucasian/white, 21% as Asian/Chinese, 16% as
Filipino, 10% as South Asian or Southeast Asian, and the remaining 15% self-
identified as Black, Korean, Latin American, Arab, or Other. Parental consent was
sought for participation in the study and students were compensated with a gift

certificate to purchase a book for the time they contributed.

Materials

Each of the 71 students participated in a think-aloud interview. Each
student was presented with a booklet that contained five sections and a cover page.
The students were asked to fill out their name, date, and the starting time of their
interview on the cover page. The first section of the booklet included 15
mathematics items, presented separately on individual pages, in the domain of

pure mathematics, accompanied with a familiarity scale and a confidence scale on
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the other side of the page*. Familiarity and confidence scales were included so
that students could rate how they felt about their responses. After completing each
math item, students were given the following prompts: “using the scale below
where 0% means ‘not at all familiar’ and 100% means “absolutely familiar,’
please circle a value indicating how familiar you are with the information in this
item.” After this, students also were prompted: “using the scale below where 0%
means ‘not at all confident’ and 100% means ‘absolutely confident,” please circle
a value indicating how confident you are with the information in this item.” The
15 test items were arranged by item difficulty: five easy items were presented first
with one item on each of 5 pages, followed by five moderate items presented with
one item on each of 5 pages, and five difficult items presented with one item on
each of 5 pages. The second section contained a 20-item four-point Likert scale
designed to evaluate students’ metacogniton called the Self-Assessment
Questionnaire (O’Neil & Abedi, 1996)2. The third section of the booklet
contained a 20-item four-point Likert scale measure of test anxiety called the Test
Attitude Inventory (Spielberger, etal., 1980). The fourth section contained a
questionnaire made up of 8-items using a seven-point Likert scale to evaluate the
perception of students toward think-aloud interviews. The last section of the

booklet contained a 4-item questionnaire asking for students’ demographic

! Students’ responses to the familiarity and confidence scales are presented in
Leighton (2010). The present study focuses on the consistency between the
contents of concurrent and retrospective reports.

2 Students’ responses to the Self-Assessment Questionnaire, the Test Attitude
Inventory, and an additional 8-item questionnaire are presented in Leighton
(2010).
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information. Students were requested to finish the sections one by one in the order

presented and to not skip sections or look ahead to next sections.

The 15 multiple choice test items, used in the first section of the booklet,
were selected from a set of released items belonging to the Alberta Pure
Mathematics Diploma Examination. This Diploma Examination is a large-scale
assessment of academic Mathematics achievement at the Grade 12 level in the
province of Alberta. These items were chosen with the assistance of two
experienced test developers who worked for the assessment branch of the
provincial education ministry (Alberta Education) and who had experience in
assessing Grade 12 students. As part of a large-scale assessment in pure
mathematics, which was developed professionally in relation to the Grade 12
mathematics course curriculum, the content of these items was believed to
adequately cover what the enrolled students should have learned in their Grade 12
pure mathematics course, including both trigonometry and calculus knowledge.
All items had acceptable levels of item discrimination, and the items could
generally be clustered into three levels of difficulty. The five easy items had p-
values greater than 0.7, the five moderate items had p-values between 0.4 and 0.7,
and last five difficult items had p-values less than 0.4. P-values indicate the

proportion of examinees who answered the item correctly.

Design

The experimental design included between-subject and within-subject

variables. Two interviewer variables were manipulated — gender and knowledge
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level were between-subject variables®. One item variable was manipulated — item
difficulty was a within-subject variable. A graphic of the design is shown in
Figure 1. Figure 1 only shows interviewer knowledge level as this is the between-
subject variable of interest in the present study. Two interviewers were hired to
conduct all 71 interviews. The two interviewers included two graduate student
research assistants who were of approximately the same age, one male and one
female. They were both Caucasian, spoke English as their first language, and
conducted interviews in casual dress and demeanour. Both of them were trained
with the same think-aloud instructions outlined by Ericsson and Simon (1993) and

conducted all interviews using verbatim text and instructions.

The between-subject variable, interviewer knowledge level, involved three
levels: high knowledge in mathematics (i.e., expert condition), low knowledge in
mathematics (i.e., novice condition), and no information about knowledge
condition (i.e., control condition). Interviewer knowledge level was manipulated
by varying a subset of instructions used to conduct the think aloud interviews. The
following instructions were used to conduct the think aloud interviews. Section 2
of the instructions was manipulated depending on the condition of interviewer

knowledge level being presented to students:

1. Thank you for taking part in today’s study involving math diploma test
questions. I’ll also be asking you to complete two short questionnaires—

one involving strategies you used to solve the test questions and another

% Although interviewer gender was manipulated, it is not examined in the present
study because no interviewer gender effects’ were found on students’ response
accuracy in a related study (Leighton, 2010).
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on test attitudes. Please know that your help today is completely voluntary
and you are free to go at any time. Now, before | explain what we will be
doing today, let me introduce myself. The study will take no more than an
hour.

My name is and I’m from the University of Alberta.

And I’ll be conducting the interview today [control condition].

So, now let me tell you about the study you’re involved with today. | will
read this because it is important and | want to make sure everyone gets the
same instructions.

In this study we are interested in what goes through your mind or what
you think about when you find answers to questions in math. In order to
do this I’m going to ask you to THINK ALOUD as you work on the
problems given. What | mean by think aloud is that | want you to tell me
EVERYTHING you are thinking from the time you first see the question
until you give an answer. | would like you to talk aloud CONSTANTLY
from the time | present each problem until you have given your final
answer to the question. I don’t want you to try to plan out what you say or
try to explain to me what you are saying. Just act as if you are alone in the
room speaking to yourself. It is most important that you keep talking. If
you are silent for any long period of time I will remind you to talk. Do you
understand what | want you to do? After you finish talking aloud as you
solve the problem I will ask you to tell me how you REMEMBERED

solving the problem. I know this might seem like I’m repeating myself but |
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want to make sure I understand how you solved it. I will audio record our

session because | want to get an accurate record of your think aloud

reports. Please know that all the information you share with me today will
be kept private. Do you have any questions?

Next, students received the following instructions:

4. Now we will begin with a practice problem.

“What is the result of multiplying 24 x 36?”

Next, students were given time to solve the problem and think aloud.

Now | want to see how much you can remember about what you were

thinking from the time you read the question until you gave the answer. |

am interested in what you actually can REMEMBER rather than what you
think you must have thought. If possible 1 would like you to tell me about
your memories as they occurred while working on the question. Please tell
me if you are uncertain about any of your memories. | don’t want you to
work on solving the problem again, just report all that you can remember
thinking about when answering the question. Now tell me what you
remember.

During the interview, probing statements were used for eliciting students’
concurrent verbal reports. An example of a probing statement included:
“Remember I’m just interested in your thoughts, please continue talking.” For
eliciting retrospective verbal reports, example of such probes included: “Please
tell me all that you can remember about how you solved this problem,” ““Let’s go

on to the next question (if student was finished with item).”
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Interviewers were trained to articulate their knowledge level naturally at
section number 2 in these instructions for students. As shown in the instructions
presented previously, the control condition was manipulated with the following
text:

My name is and I’m from the University of

Alberta. And I’ll be conducting the interview today.
The expert interviewer knowledge condition, at section number 2, was presented
with the following text:

My name is and I’m from the University of

Alberta. My area of expertise is in Mathematics and 1’ve been
interested in how students solve problems for many years. And I’ll
be conducting the interview today.
Likewise, the novice interviewer knowledge condition, at section number 2, was
presented with the following text:

My name is and I’m from the University of

Alberta. My area of expertise is not in Mathematics but 1’ve been
interested in how students solve problems for many years. And I’ll
be conducting the interview today.
This was the only part of the instructions that differed across the experimental
conditions of interviewer knowledge level. All the other instructions were
identical across the three knowledge level conditions.
The 71 students were randomly assigned to one of the six experimental

conditions (see footnote 4 and Figure 1), ensuring student gender was
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approximately equally distributed across the six conditions. All 71 students

responded to all 15 math items and thus all levels of item difficulty.

Procedure

All 71 participants were randomly assigned to one of six experimental
conditions as a result of crossing interviewer gender (male vs. female) with
interviewer knowledge level (expert, novice or control; see footnote 4). A random
sampling schedule was used to make sure that each interviewer was conducting an
approximately equal number of interviews with both boys and girls. The two
interviewers conducted all 71 think-aloud interviews. The think-aloud interviews
were conducted in a quiet room at the students’ school, and each student
participated in the interview individually. At the start of the think-aloud interview,
an interviewer presented a booklet to a student, introduced himself or herself, as
well as provided an explanation of the study’s objective. The students were asked
to provide not only concurrent but also retrospective verbal report data as they
completed the 15 mathematics test items. As mentioned previously, interviewers
reminded the participants during the interview to think-aloud. Concurrent
interview probes included “Remember I’'m just interested in your thoughts, please
continue talking,” and retrospective probes included “Please tell me all that you
can remember about how you solved this problem,” ““Let’s go on to the next
question (if student was finished with item).” The interviews were completed
approximately within 45 minutes to one hour, and the entire think-aloud interview
was audio recorded by using a digital sound recording device. After the interview

was completed, students completed the questionnaires (see footnote 3). After
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students completed the questionnaires, they were thanked and presented with the

book certificate as compensation for their time and effort.

Coding of Think-aloud Interviews for Cognitive Modeling

Concurrent and retrospective verbal reports were coded according to five
categories of cognitive models. Two test developers (KM and HR) were hired
from Alberta Education to independently indentify the knowledge and skills
associated with each math item, and then develop cognitive models for each of 15
math items. Both developers possessed extensive experience in developing large-
scale items in pure mathematics. Given the consideration that low ability students
may not correctly solve the items as well as articulate their thinking clearly, the
test developers were hired to identify the knowledge and skills that moderate
ability and high ability students were likely to use to correctly respond to each of
15 test items. Developers could indicate the same cognitive model for both
moderate and high ability students if the developers considered the same
knowledge and skills would be used by both types of students. After identifying
the knowledge and skills likely to be used to solve each of the 15 items, the test
developers were asked to assemble the knowledge and skill components into a
cognitive model of learning in pure mathematics. The cognitive models were
diagrammatically represented as flowcharts (Please see Appendix A and
Appendix B for all cognitive models per item). Thus, each item was associated
with four cognitive models — a moderate-ability model developed by KM, a high-
ability model developed by KM, a moderate—ability model developed by HR, and

a high—ability model developed by HR. Given that there were 4 cognitive models
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developed for each item, and there were 15 items, 60 models were developed all

together.

The cognitive models of learning developed for each item were used to
classify students’ verbal reports. Two graduate students, who were blind to the
experimental study conditions, were trained as raters to classify the verbal reports.
Working independently, the concurrent and retrospective verbal reports for each
test item were classified by the raters into one of the four cognitive models of
mathematical thinking developed for a particular item (i.e., test developer KM’s
moderate-ability cognitive model, KM’s high-ability cognitive model, test
developer HR’s moderate-ability cognitive model, or HR’s high-ability cognitive
model). If the students’ verbal reports did not reflect any of the cognitive models
developed for a particular item (i.e., the student indicated no idea as to how to
solve the problem or was just guessing the answer or used another model that did
not match the test developer’s models), then the response was classified as no
model. At the start, the two raters were trained using three student interviews.
Cohen’s kappa was calculated as an index of inter-rater agreement to evaluate the
agreement in classification. The higher the index, the more agreement achieved
by raters. A kappa value of .81 was obtained for the inter-rater agreement on the
three interviews. After discussing and resolving disagreements, a kappa value of
1.0 was obtained in the classification of verbal reports into one of five categories
of models. In order to minimize any misclassification, however, both raters
listened to all 71 interviews and conducted all 2130 (71 participant x 15 items x 2

type of reports = 2,130) item to model classifications. The categorizing of all
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concurrent and retrospective verbal reports according to one of the 5 categories
was quantified as follows: Verbal reports classified into test developer KM’s
moderate-ability cognitive model were assigned a value of 1; verbal reports
classified into test developer KM’s high-ability cognitive model were assigned a
value of 2; verbal reports classified into test developer HR’s moderate-ability
cognitive model were assigned a value of 3; and verbal reports classified into test
developer HR’s high-ability cognitive model were assigned a value of 4. Lastly, if
verbal reports reflected no cognitive model, the reports were assigned a value of 5.
It is important to note that a student could have solved the item correctly but have
his or her verbal report not match any of the cognitive models of moderate or high
ability developed by the two test developers. In this case, the students’ verbal
report was designated as showing no cognitive model, namely, it was assigned a

value of 5. To summarize, the coding is shown in Table 1.

Coding of Think-aloud Interviews

The objective of the present study was to evaluate the consistency of
concurrent and retrospective verbal report data in providing information on
students’ cognitive models during problem solving. Specifically, this study
investigated the effects of student achievement, interviewer knowledge level and
item difficulty on the consistency of verbal reports for providing information on

students’ cognitive models during problem solving.

Students’ concurrent and retrospective verbal reports were categorized into

one of five model categories. After students’ verbal reports were categorized, four
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distinct coding procedures were followed, from the most restrictive to the least
restrictive. To summarize and analyze results, the coding is shown in Table 2. The
first two columns of Table 2 illustrate the permissible categories for coding
students’ verbal reports. For example, the first row of the first and second column
in Table 2 illustrates that a student’s concurrent verbal report could be assigned a
value of “1” (indicating that it has been categorized according to KM’s moderate-
ability model) and his or her retrospective report could be assigned a value of
“1”again (KM’s moderate-ability model). The second row indicates that a “1”
could be assigned to a student’s concurrent report and a “2” could be assigned to
the student’s retrospective report. The remainder of the rows under columns 1 and
2 can be interpreted in like fashion. The third column of Table 2 illustrates the
first coding scheme of the categorization of reports. The first coding scheme
reflected the strictest coding for consistency between concurrent and retrospective
reports. If, for a given item and a given student, the concurrent report and
retrospective report showed identical cognitive model classification, then a value
of 1 was assigned for consistency, otherwise a zero. This type of coding was used
to determine whether students’ concurrent and retrospective reports were

completely identical in the cognitive model reflected in their thinking processes.

The second coding scheme reflected a less strict coding for consistency in
concurrent and retrospective reports. If, for a given item and a given student, the
concurrent report and retrospective report were categorized into a similar ability-
level of model, then a value of 1 was assigned for consistency, otherwise a zero.

This type of coding was used to determine whether students’ concurrent and
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retrospective reports matched in terms of ability—regardless of whether the
reports were matched to distinct cognitive models designed by the different test
developers. For example, if a student’s concurrent report was matched to KM’s
high ability model and his or her retrospective report was matched to HR’s high
ability model, a value of 1 was assigned for consistency, otherwise a zero. The
third coding scheme reflected a similar level of rigor as the second procedure. If
for a given item and a given student, the concurrent and retrospective report were
categorized into one of the two models designed by a single test developer, then a
value of 1 was assigned, otherwise a zero. This type of coding was used to
determine whether students’ concurrent and retrospective reports matched in
terms of the knowledge and skills each of the test developers considered relevant
for success on the item. The last procedure was the least restrictive of all. If for a
given item and a given student, both concurrent and retrospective reports showed
a categorization into any kind of cognitive model (i.e.,a1, 2, 3, 0r 4
classification), then a value of 2 was assigned (i.e., cognitive models present for
both concurrent and retrospective verbal reports). If the concurrent or
retrospective showed a categorization into any kind of cognitive model, then a 1
was assigned (i.e., cognitive model present in only one of the verbal reports). If
neither the concurrent nor the retrospective report showed a categorization of
cognitive models, then a zero was assigned. This type of coding was used to
evaluate the degree to which students’ concurrent and retrospective reports

reflected full use of cognitive models or even partial use of models.
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Summing Consistency Values

Consistency values were summed for all 15 items for each coding scheme.
For the first, the second, and the third coding schemes, the highest consistency
value that could be obtained for any student was 15 if a student earned a “1” for
each item. The lowest consistency value that could be obtained for any student
was 0 if a student earned a “0” for each item. For the last coding procedure, the
highest consistency value that could be obtained for any student was 30 if a
student earned a “2” for each item. The lowest consistency value that could be
obtained for any student was 0 if a student earned a “0” for each item. To
summarize, higher values reflected more consistency between concurrent and
retrospective reports for students, whereas lower values reflected less consistency
between concurrent and retrospective reports. Consistency values were evaluated
by student achievement level. Students’ median mathematic score was used as a
cut score to divide the 71 students into two sub-samples. That is, a median of their
mathematics scores (M = 82) was used to differentiate the high-achieving students

from the moderate-achieving students.

Consistency values were also evaluated by interviewer knowledge level.
Interviewer knowledge level comprised three levels: high knowledge in
mathematics (i.e., expert condition), low knowledge in mathematics (i.e., novice

condition), and no information about knowledge (i.e., control condition).

Consistency values were also evaluated by item difficulty. Item difficulty

comprised three levels: five easy items, five moderate items, and five difficult
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items. The main interest here was to determine whether students’ consistency
between concurrent and retrospective verbal reports was affected by item
difficulty. Therefore, the consistency values were summed for easy, moderate,
and difficult items under each coding scheme. The highest consistency value that
could be obtained for each student was 5 (across coding 1, 2, and 3) if a student
earned a “1” for each item. The lowest consistency value that could be obtained
for any student was 0 if a student earned a “0” for each item. For the last coding
scheme, the highest consistency value that could be obtained for each student was
10 if a student earned a “2” for each item. The lowest consistency value that could
be obtained for any student was 0 if a student earned a “0” for each item. Again,
higher values reflected more consistency between concurrent and retrospective
reports, whereas lower values reflected less consistency between concurrent and

retrospective reports.
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CHPATER Il - RESULTS
This chapter presents results to the following research questions as outlined in

the Methods section:

1. Are concurrent and retrospective verbal reports consistent across math

test items?

2. Is the consistency of concurrent and retrospective reports influenced
by student achievement level? Specifically, between high achieving

and moderate achieving students?

3. Is the consistency of concurrent and retrospective reports influenced

by interviewer knowledge level?

4. s the consistency of concurrent and retrospective reports influenced

by item difficulty (i.e., easy, moderate, vs. difficult items)?

It is important to note at the outset that the analysis included only 69
students instead of 71 because two students’ verbal data were found to be
corrupted. For example, one student mumbled throughout the interview, leading
to indecipherable responses to the 15 mathematics items. The other student’s
verbal reports to the 15 mathematics items were not considered adequate because
the conditions of the interview for this student were different from the conditions
set up for the remainder of the students; namely, the interview of this student was
interrupted by a fire alarm. The commotion of the fire alarm altered the
concentration of the student and the interviewer expressed doubt regarding the

quality of the students’ responses. For the remainder of cases, the consistency
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between concurrent and retrospective reports was evaluated according to four
different criteria (coding schemes) of consistency as explained in the Methods
section. An alpha level of .05 for all statistical tests was used in this study. The
results are presented in the order of the research questions posed. For each
research question, the results are presented from the most restrictive criterion of
consistency to the least restrictive criterion of consistency (see Methods section,

Coding of Think-aloud Interviews).

Consistency of Concurrent and Retrospective Reports: Descriptive Analysis

Descriptive analyses were conducted on the consistency of concurrent and
retrospective verbal reports. First, the consistency between concurrent and
retrospective reports for each item was investigated in light of four coding
schemes (see Table 3). For example, as shown in Columns 3 and 4 of Table 3,
when using the strictest coding scheme (coding scheme 1), 42 of 69 students, or
60.9%, exhibited perfect consistency in cognitive models between concurrent and
retrospective reports for item 1; whereas 27 of 69 students, or 39.1%, displayed
no consistency in models between concurrent and retrospective reports for item 1.
For the second coding scheme, as shown in Columns 5 and 6 of Table 3, 26 of 69
(37.7%) students’ verbal reports were consistent in the ability type of cognitive
models displayed between concurrent and retrospective reports for item 1. That is,
26 students reflected cognitive models of similar ability levels for their concurrent
and retrospective reports. Similarly, for the third coding scheme, as shown in
Colum 7 and 8, 25 of 69 (36.2%) students’ verbal reports were consistent in the

cognitive models displayed between concurrent and retrospective reports for item
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1. Namely, 25 students reflected cognitive models that matched the models
developed by one of the test developers. The last two columns in Table 3 reflect a
coding scheme designed to show students' complete, partial, or lack of
consistency in model use. For example, for Item 1, 29 of 69 (42.0%) students’
verbal reports demonstrated the use of some type of cognitive model between
concurrent and retrospective reports. In other words, if a student's concurrent and
retrospective verbal reports on item 1 reflected some type of cognitive model,
their consistency was assigned a value of "2". However, if only one of a student's
concurrent or retrospective reports displayed a cognitive model, their consistency
was assigned value of "1" to show the presence of a partial use of models
(according to Table 3, 31.9% of students demonstrated partial use of models). If a
student’s concurrent or retrospective report did not show any use of a model, their
consistency was assigned a value of "0". This last coding (coding scheme 4)
scheme reflects students' tendency to use any kind of cognitive model in their
verbal reports.

From Table 3, we can also see that the proportion of students showing
consistency on each item differs across the four coding schemes. Results were
broken down by level of item difficulty for ease of interpretation. The first 5 items
in Table 3 (items 1 to 5) are easy items, the next 5 items (items 6 to 10) are
moderate items, and the last 5 items (items 11 to 15) are difficult items.

For easy items, the first coding scheme yielded a majority of students
responding with consistent cognitive model use for all five items. For example,

for item 1, 60.9% of students exhibited consistency in cognitive models between
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their concurrent and retrospective reports. Moreover, for items 2 through 5, the
percentage of students exhibiting consistency was greater than 50%. This was not
the case, however, for the other coding schemes. Consider the easiest items in the
second coding scheme. Although three of five items (item 3, 4 and 5) were
associated with a proportion greater than 50% of students exhibiting consistency
in their model use (e.g., 53.6% for item 3), two of the five items (item 1 and 2)
were associated with a majority of students exhibiting inconsistency in their
model use (e.g., 62.3% of students exhibited inconsistency for item 1). For the
third coding scheme, a greater proportion of students showed consistent model
use between concurrent and retrospective verbal reports. For example, the
proportion of students showing consistent model use between concurrent and
retrospective reports was over 50% for items 2, 3, 4, and 5. However, the
proportion of students showing inconsistent model use was under 50% for item 1
at 36.2%. For the last coding scheme, the proportion of students who displayed
some type of model use was dramatically greater than the proportion of students
who displayed no model use. For example, a majority of students showed a fully
consistent or partially consistent use of models (i.e., value of 1 or 2) between their
concurrent and retrospective verbal reports for all five items.

Among moderate items, for the first coding scheme, a greater proportion
of students displayed consistent model use between concurrent and retrospective
verbal reports for item 7, 8, 9, and 10 (e.g., 59.4% for item 8), but not for item 6
(i.e., 49.4%). For the second coding scheme, three of five items (items 7, 9, and

10) were associated with a majority of students exhibiting consistency in their
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model use (e.g., 58% for item 7). Nevertheless, two of five items (item 6 and 8)
were associated with less than 50% of students exhibiting consistency in their
model use. According to the third coding scheme, a greater proportion of students
exhibited consistency between their concurrent and retrospective verbal reports
for item 6, 7, 9 and 10 (e.g., 58% for item 9), but not for item 8 (e.g., 36.2%). For
the last coding scheme, the proportion of students who displayed some kind of
model use was again greater than the proportion of students who displayed no
model use across the five moderate items (e.g., 91.3% when 10.1% and 81.2% are
added for item 10).

As for the last five difficult items, for the first coding scheme, a greater
proportion of students displayed consistency in their model use between
concurrent and retrospective verbal reports for items 11, 12, 14, and 15 (e.g., 62.3%
for item 11), but not for item 13 (i.e., 47.8%). For the second coding scheme, a
majority of students exhibited consistency in their model use between concurrent
and retrospective verbal reports for items 11, 12, 13, and 14 (e.g., 59.4% for item
12), but not for item 15 (i.e., 14.5%). A similar pattern was found for the third
coding scheme; that is, a greater proportion of students displayed consistency in
their model use for items 11, 12, 13, and 14 (e.g., 66.7% for item 14), but not for
item 15 (i.e., 14.5%). For the last coding scheme, a majority of students displayed
some kind of model use between concurrent and retrospective verbal reports
across the five difficult items (e.g., 92.8% when 7.2% and 85.5% are added for

item 14).
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The proportions displayed in columns 3 and 4 of Table 3 need more
elaboration as they might falsely suggest that students are highly consistent in
specific model use. It is important to note that under coding scheme 1, students
who displayed no model use in both concurrent and retrospective reports were
classified as being consistent in their verbal reports. Thus, as shown in Table 4,
for item 1, 18 of 69 (26.09%) students’ verbal reports were classified as showing
“no model” for both concurrent and retrospective verbal reports. The proportion
of 26.09% in Table 3 is included in the overall proportion of 60.9% for item 1,
coding level 1.

Second, the consistency of reports according to the four coding schemes
across all the items was investigated. Shown in Table 5 are the central tendency,
standard deviations and other supplementary descriptive statistical results. For the
first coding scheme (i.e., if for a given item and a given student, the concurrent
report and retrospective report showed an identical cognitive model classification,
then a value of 1 was assigned for consistency, otherwise a zero), the consistency
scores for this coding scheme were bi-modally distributed (see Figure 2). The,
median was used as a central tendency measure of the consistency scores (M =
11.00, range of possible scores from 0 to 15) for the first coding scheme since the
median was considered a better measure for this distribution (Gravetter &
Wallnau, 2007, p.91). As shown in Table 5, this result indicates that 50% of
students fell above and below 11 points for their consistency. For the second
coding scheme, the consistency scores for this coding scheme were approximately

normally distributed (see Figure 3, M = 7.28, SD = 4.25, range of possible scores
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from 0 to 15). This result shows that, across all 15 items, students on average
demonstrated consistency in terms of ability—level of cognitive models used for
concurrent and retrospective reports for approximately 7 items out of possible 15
items. For the third coding scheme, the consistency scores for this coding scheme
were also approximately normally distributed (Figure 4, M = 7.94, SD = 3.65,
range of possible scores from 0 to 15 as well). This result implies that, across all
15 items, students on average displayed consistency in the cognitive models used
(as outlined by a single test developer) between concurrent and retrospective
reports for approximately 8 items out of a possible 15 items. For the last coding
scheme, the consistency scores for this coding scheme were normally distributed
(Figure 5, M = 22.23, SD = 4.62, range of possible scores from 0 to 30). This
shows that, across all 15 items, students on average demonstrated consistency in
cognitive models used in concurrent and retrospective reports for approximately
11 items out of a possible 15 items. This last coding scheme displayed the least
restrictive method to measure consistency across students’ verbal reports,
reflecting the tendency to use a cognitive model or a partial cognitive model in
solving the items.

Table 5 shows one way of summarizing consistency of model use between
concurrent and retrospective reports. An alternative way of summarizing
consistency involves examining Table 3 results and noting the items for which
over half of students demonstrated consistency. In this way, for coding scheme 1,
students were consistent in their models use for 13 out of 15 items (i.e., items 1, 2,

3,4,5,7,8,9,10, 11, 12, 13, 14, and 15). For coding scheme 2, students were
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consistent in their model use for 10 out of 15 items. For coding scheme 3,
students were consistent in their model use for 12 out of 15 items. Finally, for
coding scheme 4, most students displayed some kind of model in either their

concurrent or retrospective reports for 15 out of 15 items.

Student Achievement

In order to evaluate the effect of student achievement on the consistency
between concurrent and retrospective verbal reports, four independent sample t-
tests were conducted individually on the four different codings of consistency
scores. As mentioned previously, there were two levels of student achievement:
higher-ability achievement students (n = 36, M = 92.30, SD = 5.71) and moderate-
ability achievement students (n = 33, M = 68.39, SD = 9.83). The null hypothesis
tested is that there is no significant difference between the two student
achievement groups on the consistency between concurrent and retrospective
reports across each of the four different codings of consistency scores. Shown in
Table 6 are the means and standard deviations by student achievement for the four
different coding schemes.

For the first coding scheme, the assumption of equal variance was tested
with Levene’s test of equal variances, and results showed that the assumption was
met (p > .05). The independent samples t-test results indicated there was no
significant effect of student achievement levels, t(67) = .44, p = .66, d = .11, on
the consistency between concurrent and retrospective reports. Namely, higher-
achieving students were not any more consistent in the cognitive models exhibited

by their verbal reports (M = 9.06, SD = 5.44) than moderate-ability students (M =
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8.48, SD = 5.22) using the strictest consistency coding scheme (coding scheme 1).
For the second coding scheme, again the assumption of equal variance was met,
and the results indicated a statistically significant effect of student achievement,
t(67) = 2.74, p < .05, d = .66. That is, higher-achieving students’ concurrent and
retrospective reports (M = 8.56, SD = 3.97) reflected greater consistency in the
ability level of their models than moderate-achieving students’ concurrent and
retrospective reports (M = 5.88, SD = 4.16). For the third coding scheme, the
assumption of equal variance was also met, and the results indicted a statistically
significant effect of student achievement, t(67) = 3.33, p < .05, d = .80; that is,
higher-achieving students’ verbal reports were more consistent (M = 9.25, SD =
3.17) than moderate-ability students’ concurrent and retrospective reports (M =
6.52, SD =3.65) in terms of the cognitive models outlined by a single test
developer . For the last coding scheme, the assumption of equal variance was not
met (p <.05), and an adjusted independent samples t-test showed a significant
effect of student achievement, t(67) = 6.129, p = .000, d = 1.46. Namely, higher-
achieving students’ verbal reports (M = 24.86, SD = 2.76) showed greater use of
cognitive models, even partial use of cognitive models, than moderate-ability
students (M = 19.36, SD = 4.55). These results will be evaluated in the Discussion

section.

Interviewer Knowledge

Four separate, one-way analyses of variance (ANOVA) were conducted
on the four codings of consistency to evaluate the effect of interviewer knowledge

on the consistency between concurrent and retrospective reports. As mentioned
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previously, the students were randomly assigned to one of three interviewer
knowledge level conditions. The conditions included the interviewer identifying
himself or herself as an expert in mathematics, a non-expert in mathematics, or as
neither (control condition). The null hypothesis being tested is that the expertise
of the interviewer does not influence the consistency of students’ concurrent and
retrospective reports. Shown in Table 7 are the means and standard deviations of
consistency values across the three conditions of interviewer knowledge for the
four different coding schemes.

The assumption of homogeneity of variance was met for all four analyses
(p <.05), with a sample size of 23 for each group. For the first coding scheme of
consistency, there was no effect of interviewer expertise, F(2, 66) = .44, p = .644,
®®=.01, indicating that no matter whether the interviewer identified himself or
herself as an expert, novice, or neither in mathematics, the consistency of the
concurrent and retrospective reports did not change. The same pattern of results
was found for the second coding scheme, where again there was no effect of
interviewer expertise, F(2, 66) = .44, p = .65, »*= .01 on the consistency of
students’ concurrent and retrospective reports. In other words, it did not matter
whether students were told the interviewer was an expert or novice in
mathematics, or nothing at all, concurrent and retrospective reports remained
unchanged in the ability-level of the cognitive models exhibited between
concurrent and retrospective reports. The third coding scheme also showed that
there was no effect of interviewer expertise, F(2, 66) = .508, p = .604, = .02.

That is, the consistency between concurrent and retrospective verbal reports in
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terms of the knowledge and skills each test developer considered reflective of
success on solving problems was similar regardless of whether students were told
the interviewer was an expert, novice, or nothing at all. Lastly, there was no effect
of interviewer knowledge on values assigned using the fourth coding scheme, F(2,
66) = 1.57, p = .216, »” = .05. Revealing again that no matter how the interviewer
identified himself or herself, the students showed similar patterns of cognitive
model use between concurrent and retrospective reports. These results are

discussed in the Discussion section.
Item Difficulty

The effect of item difficulty on the consistency of students’ verbal reports
was evaluated using four one-way, repeated-measure ANOVASs. The repeated-
measure ANOVAs included item difficulty as a repeated variable as all the
students (N = 69) were asked to finish all five easy items, five moderate items, as
well as five difficult items. Item difficulty had three levels: easy items, moderate
items, and difficult items. The dependent variable included the four different
coding schemes of consistency values. The null hypothesis for this analysis is that
there is no significant difference in the consistency of students’ concurrent and
verbal reports across levels of item difficulty. The mean and standard deviations
for the four coding schemes of consistency values across different item difficulty
conditions are shown in Table 8.

With the assumption of sphericity met for all four analyses (p > .05), there
were no statistically significantly effects of item difficulty on the consistency of

students’ concurrent and retrospective reports. Specifically, for the first coding
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scheme, there was no effect of item difficulty, F(2, 66) = 1.24, p > .05, »° = .018,
indicating that students’ consistency in the cognitive models exhibited in their
concurrent and retrospective reports did not change as a function of solving easy,
moderate, or difficult mathematics items. For the second coding scheme, again
there was no effect of item difficulty, F(2, 66) = .045, p = .956, »°=.018,
indicating that the ability-level of the cognitive models exhibited in students’
verbal reports remained consistent across easy, moderate, and difficult items. For
the third coding scheme, again there was no effect of item difficulty, F(2, 66) =
1.29, p > .05, w?=.019. This null result again indicated that students’ concurrent
and retrospective reports remained consistent in showing the knowledge and skills
identified by a single test developer across easy, moderate, and difficult items. For
the last coding scheme, there was also no effect of item difficulty, F(2, 66) = .27,
p =.77, ®*=.004; that is, students’ concurrent and retrospective reports were
found to demonstrate use of a cognitive model, even a partial model, irrespective
of whether the items being solved were easy, moderate, or difficult. Implications

of these results are discussed in the next section.
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CHAPTER IV - DISCUSSION

The objective of this study was to evaluate and compare students’
concurrent and retrospective verbal reports for consistency in their cognitive
models of learning. To meet this objective, verbal data from student responses to
15 multiple-choice mathematics questions were used. The procedures used to
collect verbal report data in this study were studied because the procedures used
to collect verbal report data can influence the quality of the data and the validity
of inferences made about students (Ericsson & Simon, 1993). It is expected that
the process of evaluating and comparing the consistency of concurrent and
retrospective verbal reports will help improve the information derived from
protocol analysis and the procedures used to collect verbal reports in educational

measurement studies.

Three independent variables were investigated in the present experimental
study: students’ achievement level, interviewer knowledge level, and item
difficulty. These variables were investigated to evaluate their influence on the
consistency of students’ concurrent and retrospective verbal reports. The
concurrent and retrospective verbal reports were compared for consistency in
students’ use of cognitive models on 15 mathematics items. Consistency in
concurrent and retrospective reports was used as the dependent variable in all

analyses.

Results for the consistency between concurrent and retrospective reports
were presented. Statistical analysis of students’ concurrent and retrospective

verbal reports indicated that students were generally consistent in using the same
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cognitive models during problem-solving, but this consistency varied with the
coding schemes used to evaluate the verbal reports. The discussion of results is

presented sequentially with each research question posed in present study.

1. Are concurrent and retrospective verbal reports consistent across

math test items?

Results of the overall consistency between concurrent and retrospective
reports were generally positive. A majority of students showed consistency in
their use of cognitive models for most of the mathematic test items, but the
proportion of students displaying consistency varied across different items, as
well as different coding schemes. Tables 3 and 5 summarized the consistency of
cognitive models between concurrent and retrospective reports across the four
coding schemes. The four coding schemes ranged from the strictest form of
consistency (coding scheme 1) to the most accommodating form of consistency
(coding scheme 4). As listed in Table 3, for the first coding scheme, which also
happened to be the strictest coding scheme, more than half of the students
exhibited consistency in cognitive models between concurrent and retrospective
reports for 13 out of 15 mathematics items. There were only two exceptions, item
6 and 13. For example, for item 6, 50.7% of students were inconsistent in the

cognitive models used between concurrent and retrospective verbal reports.

Using the second coding scheme, a majority of students displayed
consistency in their use of cognitive models for 10 out of 15 items. However, a

majority of students displayed inconsistent use of cognitive models for 5 items
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(see Table 3). The inconsistencies in use of cognitive models under this coding
scheme suggested that students were using cognitive models of a different ability
level between their concurrent and retrospective reports (see Table 3). For
example, 62.3% of students exhibited inconsistency in cognitive model use

between their concurrent and retrospective verbal reports for item 1.

For the third coding scheme, a majority of students was found to exhibit
consistency in cognitive model use for 12 out of 15 items. However, more than 50%
of students exhibited inconsistent use of cognitive models for 3 items (see Table
3). Under the third coding scheme, consistency was determined by whether
students systematically displayed cognitive models outlined by one of the test
developers (regardless of ability level of the model). In item 1, for instance, 63.8%
of students were inconsistent in the cognitive models displayed in their concurrent
and retrospective verbal reports. For the last coding scheme, a high proportion of
students displayed using some type of cognitive model in either their concurrent

or retrospective verbal report (see Table 3).

In light of the four coding schemes, a summary of consistency values
between concurrent and retrospective results is presented next. Under coding
scheme 1, students on average showed consistency between concurrent and
retrospective verbal reports in the cognitive models used for approximately13
items out of 15 items (see Table 3). Under coding scheme 2, students on average
displayed consistency in their cognitive models between concurrent and
retrospective verbal reports for 10 items out of 15 items. For coding scheme 3,

students on average displayed consistency in the cognitive models used between
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concurrent and retrospective verbal reports for approximately 12 items out of 15
items. Under the last, and also the least strict, coding scheme, students on average
displayed some form of cognitive model in either the concurrent or retrospective
report for all 15 items.* These results suggest that consistency between concurrent
and retrospective verbal reports was generally observed for items. As shown in
Table 3, although the proportion of students displaying consistency varied across
coding schemes, generally over 50% of students were found to be consistent

across a majority of items.

As mentioned in the introduction to this paper, consistency is sought
between concurrent and retrospective reports as retrospective reports are expected
to confirm or clarify the contents and processes outlined in concurrent reports
(Leighton & Gierl, 2007b; Taylor & Donnie; 2000). The fact that retrospective
reports were found to be generally consistent with concurrent reports in this study
confirms that when collected immediately after the task is completed,
retrospective verbal reports can yield consistent information about the cognitive
processes students are using to answer the item. In other words, the information
obtained in retrospective reports is similar to concurrent verbal reports (Ericsson

& Simon, 1993).

% There is an alternate method of evaluating the overall consistency of verbal
reports across items. So far in the discussion, Table 3 has been used to evaluate
the items for which a majority of students show consistency across concurrent and
retrospective reports. However, as shown in Table 5 in the Results section, an
arithmetic mean of the proportions across items could also be calculated. The
values shown in Table 5 are slightly different than those reported based on Table
3. As shown in Table 5, students on average showed consistent cognitive models
for approximately half of the test items under the second and third coding
schemes, and on average displayed consistency for approximately 9 and 11 out of
15 test items for coding schemes 1 and 4, respectively.
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As for the finding of inconsistent verbal reports, one possible implication
that could be deduced from these results is that collecting retrospective verbal
reports is not necessarily redundant. Although students’ information processing in
concurrent and retrospective reports is expected to match in terms of the cognitive
models used for problem solving, findings from this study indicate that this is not
always the case. That is, for some items, concurrent and retrospective verbal
reports elicited different information processing from students’ as reflected by
their cognitive models. An inspection of the items by content and difficulty
indicated no pattern for which items might be responsible for consistent or
inconsistent model use across concurrent and retrospective reports. It is
interesting to note, however, that item 15, one of the most difficult items, led to
inconsistent model use across coding schemes 2 and 3. One potential cause for
inconsistent verbal reports may be that students found item 15 too difficult and

selectively reported their solutions during the retrospective interviews.

Another possible explanation for the lack of consistency may lie in the
nature of the cognitive model used to categorize students’ verbal reports. By
taking a closer look at the cognitive models used in the present study, it is found
that some of the cognitive models may be too complex. For example, by
reviewing the cognitive models developed by both test developers for item 8 (see
Appendix A and Appendix B), it is apparent that some cognitive models involved
a number of integrated steps, where multiple knowledge and skills were required
for problem solving. For some items, parallel skills were required to solve items.

Because skills and knowledge were needed simultaneously, it is possible that
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students omitted some knowledge and/or skills when they were verbalizing their
thinking process, especially in the retrospective verbal reports. Moreover, in
retrospective reports, students may be trying to rationalize their answer or
generalize their thought processes instead of tracing their thinking processes as
they occurred in the concurrent interview (Ericsson & Simon 1993). Although the
complexity of cognitive models were not manipulated in the present study, the
results suggest that tasks requiring cognitive models that can be conceptualized
and implemented in a linear manner (without simultaneous knowledge and skills)
could allow students to better verbalize their thinking processes. Hence, linear-
based cognitive models may be preferred for eliciting verbal reports. This also
corresponds to what Ericsson and Simon (1993, p. 10) suggested: “We need a
model in order to interpret data that are to be used, in turn, to test the model.
Under these circumstances, our data-interpretation model should be as simple as

possible...”

The results of this study suggest that when verbal reports are used to
reveal students” problem solving in educational measurement, both concurrent
and retrospective verbal reports are often consistent. As outlined in the literature
review, retrospective reports play an important role in confirming or clarifying the
contents and processes outlined in concurrent reports (Leighton & Gierl, 2007b;
Taylor and Dionne; 2000). Consequently, in order to gain a consistent and
accurate view of students’ thinking processes, both concurrent and retrospective

reports should be collected to verify the information gathered.
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Difference between different coding schemes

It is noted that the proportion of students displaying consistency varied
across different coding schemes. The results across different coding schemes need
to be scrutinized. As the second and third coding schemes were identified as less
strict methods of coding for consistency compared to the first coding scheme, it
was expected that under these coding schemes, a majority of students would show
consistency in cognitive model use for more items than the first coding scheme.
However, this was not the case, as more items elicited inconsistent cognitive
model use for the second coding scheme than the first. For example, a majority of
students exhibited consistency for 13 items for coding scheme one but only 10
items for coding scheme two. However, it is important to note that the first coding
scheme contained matches (marked as consistencies) for students who did not use
any models (see Method section, Table 2 and Table 4). Under the first coding
scheme, the criterion for consistency was met when concurrent and retrospective
reports showed an identical cognitive model classification, including those
students who showed no model use between the concurrent and retrospective
reports. However, in the second coding scheme, consistency was denoted when
the concurrent and retrospective reports were categorized into a cognitive model
of similar ability. Although the second coding scheme was less strict, in the sense
that more combinations of model use could lead to a classification of consistency,
this definition excluded students who did not employ a cognitive model in both
concurrent and retrospective reports. Consequently, when the proportion of

students who displayed “no model” for both concurrent and retrospective verbal
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reports was large for an item, the proportion of students showing consistency of
model use for the item was small in coding scheme 2 (see also coding scheme 3).
For example, as is illustrated in Table 4, for item 1, 18 out of 69 students, or 26.1%
of students’ verbal reports were classified as displaying “no model” for both
concurrent and retrospective reports. These students’ reports were classified as
consistent under the first coding scheme, but inconsistent under the second coding
scheme. This discrepancy resulted in fewer students showing consistency in
cognitive model use under coding scheme 2. That is, 60.9% of students displayed
consistency in cognitive models for item 1 under coding scheme 1 (but this
proportion also included those students who consistently did not use a model).
Coding schemes 1, 2, 3, and 4 need to be interpreted cautiously as they reflect
distinct ways of summarizing the consistency of concurrent and retrospective

reports.

In conclusion, although a majority of students exhibited consistency for 13
items under coding scheme 1, a large proportion of this consistency came from
students who consistently did not use one of the cognitive models used to classify
verbal reports. In future studies, different coding schemes could be developed in
order to categorize those students displaying “no model” in terms of whatever

knowledge and skills they are using to solve items.

Upon analyzing the consistency results by item, it was noted that item 15
had a lower frequency of students showing consistency in coding scheme 2 and
coding scheme 3 compared to other items. For item 15, only 14.5% of students

displayed consistency using cognitive models in coding scheme 2, and 14.5%
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using coding scheme 3. Once again, this appears to be the case because of the
high proportion of students displaying “no model” for both concurrent and
retrospective verbal reports for item 15 (see Table 4, 44.94%). An alternative
explanation for this item eliciting inconsistent verbal reports is the difficulty of
the item. Only 17 students out of 69 provided the correct answers to this item, that

is, 52 students got this item wrong.

In short, the first coding scheme used in the present study, which was also
the strictest coding scheme, led to finding more overall consistency between
concurrent and retrospective verbal reports. However, the high proportions of
consistency under this coding scheme came from a large number of students
displaying no models across concurrent and retrospective reports. With most
students not using a cognitive model, the first coding scheme generated higher
estimate of the consistency between the two types verbal reports for the item.
Coding scheme 2 and scheme 3 performed better in detecting the real consistency
between concurrent and retrospective verbal reports. Under coding scheme 2, over
50% of students showed consistency on 10 items. Under coding scheme 3, over
50% of students showed consistency on 12 items. Under coding scheme 4, all
items elicited use of some type of cognitive model for concurrent and

retrospective reports.

2. Is the consistency of concurrent and retrospective reports influenced by

student achievement level?
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Under coding scheme 1, student achievement did not have an effect on the
consistency of cognitive model use between concurrent and retrospective reports.
That is, higher-achieving students were not any more consistent than moderate-
achieving students in using cognitive models between concurrent and
retrospective reports. For the remaining three coding schemes, however, student
achievement showed an influence on consistency in cognitive model use between
concurrent and retrospective reports. Higher achieving students displayed higher
consistency in cognitive models than moderate-achieving students under coding
scheme 2, 3, and 4. The results suggest that higher-achieving students may be
more focused in using a common strategy to solve items across concurrent and
retrospective reports, compared to moderate-achieving students. Further, higher-
achieving students reflected greater consistency than moderate-achieving students
in terms of using cognitive models of a specific ability level (coding scheme 2)
and using cognitive models developed by a single test developer (coding scheme
3). Lastly, higher-achieving students showed more full cognitive models or partial
cognitive models across concurrent and retrospective reports than moderate-
achieving students. Therefore, the results indicate that higher-achieving students
demonstrate greater consistencies in model-based problem solving than moderate

achieving students between concurrent and retrospective verbal reports.

During retrospective reports, students only need to recall their thoughts
about how they solved the task. In contrast, during concurrent verbal reports,
students have to work on the problems and verbalise their thinking processes at

the same time. It is possible that this additional cognitive load impacted moderate-
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achieving students and interfered with their consistency in model use compared to
higher-achieving students. Moreover, because higher-achieving students are
expected to have more comprehensive understanding of the domain and possess
more knowledge and skills than moderate-achieving students, this deeper
understanding may lead to more consistent application of knowledge and skills.
Therefore, higher-achieving students appear better able to follow a clear path of
problem solving in concurrent reports and remember their processing in
retrospective verbal reports. Moderate-achieving students, on the other hand, may
be more focused on performing the task due to their limited knowledge and skills,
and may not pay as much attention to the process of thinking aloud at the same
time. For these students, there may be greater variability in accurately
documenting how they have solved the task. For moderate-achieving students,
reporting their thinking processes during the retrospective report may be easier as
the cognitive load is lightened. Upon a closer inspection of the data, it was found
that of the 33 moderate-achieving students, only 2 reported less model use in

retrospective reports than in concurrent reports.

3. Is the consistency of concurrent and retrospective reports influenced by

interviewer knowledge level?

In general, the expertise of the interviewer did not have an effect on the
consistency of cognitive model use between concurrent and retrospective verbal
reports. There were no significant differences in consistency of cognitive model
use under all four coding schemes across the three conditions of interviewer

knowledge. These results suggest that no matter how the interviewer identified
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himself or herself to students, either as an expert in mathematics, a non-expert in
mathematics, or as a neutral interviewer, the consistency between concurrent and
retrospective reports in cognitive models was similar using a variety of coding
schemes for classifying consistency. That is, in think-aloud studies, the
consistency between concurrent and retrospective verbal reports did not change as
a function of at least one interviewer characteristic. One possible explanation for
this finding is that during the think-aloud interview, students’ perceived feelings
about the interviewer will accompany the students from the start of the interview
until the end of the interview. Therefore, any effect the knowledge-level of the
interviewer has on students should not differentially influence the consistency of
reports. If the students are nervous or anxious about the existence of the
interviewer, this feeling will last until the end of the interview (and influence both
concurrent and retrospective reports). Conversely, if the students do not have
feelings of anxiety, then the existence of the interviewer will not influence the

students for the whole interview.

4. s the consistency of concurrent and retrospective reports affected by item

difficulty?

Item difficulty did not have a significant influence on the consistency of
cognitive model use between concurrent and retrospective verbal reports. As item
difficulty increased, the consistency scores remained similar. For example, for
easy items, moderate items, and difficult items, the consistency scores for first
coding scheme were 3.01, 2.96, and 2.81 (out of 5) respectively (see Table 8).

That is, the students on average presented perfect consistency between concurrent
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and retrospective verbal reports for approximately 3 items out of a possible 5 easy
items, 3 items out of a possible 5 moderate items, and 3 items out of a possible 5
difficult items. Therefore, item difficulty was not a factor in influencing the
consistency in cognitive model use between concurrent and retrospective verbal

reports under any coding scheme of consistency.

This study did not find evidence to suggest item difficulty had an
influence on the consistency of cognitive model use between concurrent and
retrospective verbal reports. However, it has to be noted that item 15 was
anomalous compared to the other four difficult items (see Table 3). A majority of
students displayed consistency in solving item 15 under coding scheme one, but
this large proportion of consistency came from a large proportion of students
consistently not using any of the cognitive models outlined in the present study
(44.9%). That is, 31 out of 69 students’ verbal reports were classified as showing
“no model” for both concurrent and retrospective verbal reports for item 15. It is
possible that this item elicited knowledge and/or skills that were different from
those expected by the test developers who designed the cognitive models (e.g.,
students used other solutions rather than those reflected in the models) or students
did not master the knowledge or skill required to correctly respond to the item
(e.g., students did not know how to solve the problem). Although the existence of
this anomalous item did not influence the general results, that is, item difficulty
had no impact on the consistency between concurrent and retrospective verbal

reports, tasks used to elicit verbal reports should be selected carefully. After all,
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verbal data can hardly provide useful evidence of students’ thinking processing if

students’ cannot solve the problem.

Limitation of the study and future directions

Results from this study provide educational researchers and practitioners
with some insights into the consistency of concurrent and retrospective reports in
the domain of educational measurement. However, a limitation of this study is
that quantitative analysis was primarily used to evaluate consistency of verbal
reports using four predetermined cognitive models. The verbal reports that did not
fit into one of these four models were classified as no model use. In other words,
when student verbal reports were coded as “no model,” we did not distinguish
between students who did not know how to solve the problem from students who
used other strategies such as test wise-ness to solve the problem. Therefore,
additional qualitative analysis could have aided the analysis and should be used in
future studies to compare the contents of students’ concurrent and retrospective
verbal reports. A qualitative analysis could provide more insights into the
consistency of concurrent and retrospective reports when a variety of models are

used by students.

Another limitation of this study is the use of a self-developed coding
scheme for model use consistency. Previous studies have relied on the use of a
coding protocol suggested by Bettman and Park (1979) (see also Ericsson &
Simon, 1993). However, the coding protocol used by Bettman and Park (1979)

has been used to evaluate consumer choice behaviour and not academic cognitive
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processing. Further, the coding schemes outlined by Ericsson and Simon focus on
identifying the information processing steps in the verbal report and not on the
consistency of these steps across concurrent and retrospective reports. Coding
schemes were important for this study as consistency of verbal reports will
depend on how the verbal data are coded. Different consistency coding schemes
led to different results despite using the same verbal data. For example, in the
present study, when students’ verbal reports were classified as “no model” for
both concurrent and retrospective reports, they were classified as consistent under
coding scheme 1, but inconsistent under coding scheme 2. However, there was a
large proportion of students displaying “no model” in both concurrent and
retrospective verbal reports (see Table 4): 26.09% of students for item 1, 26.09%
for item 2, 14.49% for item 6, 23.19% for item 8, 21.74% for item 9, and 44.93%
for item 15. Depending on how these “no model” classifications were coded (i.e.,
excluded from the sample or coded as either consistent or inconsistent), the results
of the consistency between concurrent and retrospective reports changed.
Therefore, in future studies, researchers need to decide on what kind of coding
scheme better represents the research questions being asked and the contents of

verbal reports being investigated.

A final concern rests with the generalizability of the current study. It is
noted that the present study used items developed for use on achievement tests,
specifically, a Grade 12 mathematics assessment. The thinking processes
underlying these mathematics test items may often require a linear or logical

processing procedure that leads to a single correct answer. It is necessary to
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conduct similar studies in other content subject areas that require fewer
constraints on students’ responses in order to investigate whether similar results
will be found. Future studies should use other content-subject domains such as
critical reading, social studies, and science to further explore the consistency

between concurrent and retrospective verbal reports.

In summary, the results of present study indicate that concurrent and
retrospective verbal reports of problem solving on a class of mathematics test
items are generally consistent. In addition, we found that higher-achieving
students tended to provide more consistent verbal reports than moderate achieving
students. Moreover, the consistency of the two types of verbal reports did not
change as a function of interviewer knowledge and item difficulty. Overall, the
study indicates that eliciting verbal reports from both concurrent and retrospective
generally leads to consistent information about students’ cognitive models in the

domain of educational measurement.
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Table 1

Coding Value with the Corresponding Cognitive Model Name

Model Name Code Value
KM moderate model 1
KM high model 2
HR moderate model 3
HR high model 4
NO cognitive model 5
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Table 2

Four Coding Schemes from Most to Least Restrictive

Classification of Model Coding Scheme
Concurrent  Retrospective Procedure Procedure Procedure Procedure
Report Report 1 2 3 4
1 1
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Table 3
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Frequency and Portion of Students Showing Consistency or Inconsistency on
Each Item (N = 69)

Consistency Criteria

Coding 1 Coding 2 Coding 3 Coding 4
Match

Item Index Frequency | percentage | Frequency | percentage | Frequency | percentage | Frequency | percentage
Item 1 0 27 39.1% 43 62.3% 44 63.8% 18 26.1%
1 42 60.9% 26 37.7% 25 36.2% 22 31.9%
2 29 42.0%
Item 2 0 31 44.9% 48 69.6% 32 46.4% 18 26.1%
1 38 55.1% 21 30.4% 37 53.6% 12 17.4%
2 39 56.5%
Item 3 0 27 39.1% 32 46.4% 24 34.8% 7 10.1%
1 42 60.9% 37 53.6% 45 65.2% 13 18.8%
2 49 71.0%
Item 4 0 24 34.8% 25 36.2% 27 39.1% 5 7.2%
1 45 65.2% 44 63.8% 42 60.9% 13 18.8%
2 51 73.9%
Item 5 0 28 40.6% 30 43.5% 30 43.5% 5 7.2%
1 41 59.4% 39 56.5% 39 56.5% 20 29.0%
2 44 63.8%
Item 6 0 35 50.7% 40 58.0% 34 49.3% 10 14.5%
1 34 49.3% 29 42.0% 35 50.7% 13 18.8%
2 46 66.7%
Item 7 0 29 42.0% 29 42.0% 29 42.0% 6 8.7%
1 40 58.0% 40 58.0% 40 58.0% 12 17.4%
2 51 73.9%
Item 8 0 28 40.6% 42 60.9% 44 63.8% 16 23.2%
1 41 59.4% 27 39.1% 25 36.2% 26 37.7%
2 27 39.1%
Item 9 0 17 24.6% 32 46.4% 29 42.0% 15 21.7%
1 52 75.4% 37 53.6% 40 58.0% 12 17.4%
2 42 60.9%
Itle(r)n 0 32 46.4% 33 47.8% 21 30.4% 6 8.7%
1 37 53.6% 36 52.2% 48 69.6% 7 10.1%
2 56 81.2%
Itle{n 0 26 37.7% 32 46.4% 30 43.5% 9 13.0%
1 43 62.3% 37 53.6% 39 56.5% 12 17.4%
2 48 69.6%
Itleén 0 29 42.0% 28 40.6% 33 47.8% 8 11.6%
1 40 58.0% 41 59.4% 36 52.2% 13 18.8%
2 48 69.6%
Itle;n 0 36 52.2% 29 42.0% 28 40.6% 2 2.9%
1 33 47.8% 40 58.0% 41 59.4% 9 13.0%
2 58 84.1%
Itlezw 0 31 44.9% 31 44.9% 23 33.3% 5 7.2%
1 38 55.1% 38 55.1% 46 66.7% 5 7.2%
2 59 85.5%
Itleén 0 29 42.0% 59 85.5% 59 85.5% 31 44.9%
1 40 58.0% 10 14.5% 10 14.5% 25 36.2%
2 13 18.8%
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Table 4

Frequency and Percentage Students Displaying “No Model” for both Concurrent

and Retrospective Verbal Reports

Item Frequency Percentage
item 1 18 26.09%
item 2 18 26.09%
item 3 7 10.14%
item 4 5 7.25%
item 5 5 7.25%
item 6 10 14.49%
item 7 6 8.70%
item 8 16 23.19%
item 9 15 21.74%
item 10 6 8.70%
item 11 9 13.04%
item 12 8 11.59%
item 13 2 2.90%
item 14 5 7.25%
item 15 31 44.93%
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Central tendency and Standard Deviations of Four Consistency Values for All

Students
Coding scheme N M SD Minimum | Maximum
1 69 11.00 5.31 1 15
2 69 7.28 4.25 0 15
3 69 7.94 3.65 0 15
4 69 22.23 4.62 8 30

Note. In coding scheme 1, the distribution was a bimodal distribution. The central tendency used for this

coding scheme was median. Mean was used since the distribution was close to normal distribution for coding

scheme 2, 3, and 4.
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Table 6

Means and Standard Deviations of Four Consistency Values for Student Achievement

Student Achievement

High (n=36) Low (n=33)
Coding Scheme M SD M SD P value Total M | Total SD
1 9.06 5.44 8.48 5.22 .659 8.77 5.33
2 8.56 3.97 5.88 4.16 .008 7.22 4.06
3 9.25 3.17 6.52 3.65 .001 7.88 3.41
4 24.86 2.76 19.36 4.55 .000 22.11 3.65

Note. A Levene’s test was conducted for each coding scheme. None of the results is significant (p > .05) for the coding scheme 1, 2, and 3. Therefore, we do not reject the null
hypothesis of equal variance. To wit, the results indicate that there is no evidence to show that the variance is not equal between the two groups for the coding scheme 1, 2, and 3.
The null hypothesis of equal variance was rejected for last coding scheme (p < .05). That is, the result indicates that there is evidence to show that the variance is not equal between

the two groups for the last coding scheme.
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Table 7

Means and Standard Deviations of Four Consistency Values for Interviewer Knowledge

Interviewer Knowledge

Control (n=23) Novice (n=23) Expert (n=23)
Total
Coding Scheme M SD M SD M SD Total M SD
1 8.87 5.39 8.00 5.21 9.48 5.44 8.78 5.31
2 7.91 4.25 6.74 4.53 7.17 4.05 7.28 4.25
3 8.52 3.48 7.43 3.88 7.87 3.67 7.94 3.65
4 23.43 3.64 22.22 4.73 21.04 5.22 22.23 4.62

Note. A Levene’s test was conducted on the variance for each sample. The results indicated that the variances could be considered statistically equivalent.

Note. No statistically difference was found for any of the interviewer knowledge effect on the consistency between concurrent and retrospective verbal reports reflecting cognitive

models.
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Table 8

Means and Standard Deviations of Four Consistency Values for Item Difficulty

Item Difficulty
Easy (N=69) Moderate (N=69) Difficult (N=69)
Total
Coding Scheme M SD M SD M SD Total M SD

3.01 1.89 2.96 1.74 2.81 2.00 2.93 1.88
242 1.60 2.45 1.65 241 1.5 2.43 1.58
2.72 1.42 2.72 1.51 2.49 1.43 2.65 1.46

AW N

7.30 1.83 7.45 2.08 7.48 1.97 741 1.96

Note. No statistically difference was found for any of the item difficulty effect on the consistency between concurrent and retrospective verbal reports reflecting cognitive models.
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Figure 1. Design of Between-subject Variables
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Appendices
Appendix A — Cognitive models (flowchart) of the knowledge and skills that
moderate ability and high ability students would use to solve each item
correctly, developed by K.M.
Appendix B — Cognitive models (flowchart) of the knowledge and skills that
moderate ability and high ability students would use to solve each item

correctly, developed by H.R.
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Appendix A — Cognitive models (flowchart) of the knowledge and skills that

moderate ability and high ability students would use to solve each item correctly
developed by K.M.
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Appendix B — Cognitive models (flowchart) of the knowledge and skills that

moderate ability and high ability students would use to solve each item correctly,

developed by H.R

O

High Ability Coanitive Model # .= <

{
g
High Ability

Would ion di
not solve tfhi quzs}lon differently than a moderate student, ¢ zhswsl /
Sl g —+he posrioad n-u‘m}l(j‘/"fof e a—ﬂ-!z,
;. gead and understand the question o
- Recognizes that this is an ellipse wh is (3, -
3 Gt p ose center is (3, -2)
a. Plots center
b. Sketches the endpoints of th hori i i i
i . € horizontal axis 2 units on either
4. Knowledge of domain
a. Determines that the domain is 1 < x =5
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Moderate Ability Cognitive Model =+ = ' =

31E
Moderate
1. Read and understand the question
2. Knowledge of binomial probability
a. oCep(1-p)™*
b. where n=10, k=3, p=0.15
3. Mathematical skills
a. 10C3(.15)%(.85)
b. 0.129833....
c. 0.13

Q
O-6
o
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High Ability Cognitive Model = . =

31E
High Ability

1. Read and understand the question
2. Knowledge of binomial probability
a. Cep'(1-p)"™
b. where n=10, k=3, p=0.15
3. Knowledge of calculator skills
a. Use the calculator feature: bicdf(10, 0.15,3)
b. 0.13
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Moderate Ability Cognitive Model =~ = *

27E

Moderate
1. Read and understand the question
2. Knowledge that Pascal’s Triangle can be used to solve this pathway
a. Assign to each vertex the numbers in Pascal’s Triangle
b. Check to make sure each diagonal set of values adds to equal
value of vertex below and between

1 2 3 4 4 4
1 3 ] LU T ¢  F
18 36
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High Ability Cognitive Model ™ = "=
27E

High Ability
A high ability student would use the same model as moderate unless they

were not shown that Pascal’s Triangle method works for this type of question.
An alternate method could be to :

1. Read and understand the question

2. Knowledge to break up the diagram into parts

3. Knowledge of permutations and arrangement of like elements

a. The number of pathways through R, but not S
!

. 4 y
i —3—me x2=16 pathways
b. The number of pathways through S but not R

. 4 .
i Ez—!x 1 x2 =12 pathways
c. The number of pathways through S and R
r

. 4 _
i. ﬁxlxz =8 pathways

<

A total of 36 pathways




Consistency of Verbal Reports on Cognitive Models 125

Moderate Ability Cognitive Model = EhE
O

SE

Moderate
1. Read and understand the question
a. Simplifies the question by eliminating choices
2. Knowledge of transformations
a. Recognizes that 3 units Jeft limits the choices to B or C
3. Graphing skills that a horizontal stretch of 2 implies f(—; x)

a. Therefore the selection is B

Solution “B”

©
O

(3

«
AN

®
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High Ability Cognitive Model 5

SE

High Ability
1. Read and understand the question
2. Knowledge of transformations
a. A reflection in x axis, impliesy = — f{x)
i Every selection is reflected in x axis
b. Horizontally stretched by a factor of 2, implies y = f{

i. Selection A or B
¢. Translated 3 units left, implies y = fix+3)
d. Checks that choice B js translation down by 1 unit

0

1
2%
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Moderate Ability Cognitive Model - =

4E

Moderate

1. Read and understand the question
2. Knowledge of inverse notation

a. Recognize that x=Ry) is inverse notation
3. Knowledge of ordered pairs

a. Select key points on the graph such as (-4, -1), (1,-2), (0,-1),
(2’ '3) and (41 '1)
4. Knowledge of inverse points

a. Inverse points are (-1, -4), (-2, 1), (-1, 0), (-3,2) and t-l; 4)
5. Graphing skills A

a. Graph the inverse points by plotting the inverse points on a
coordinate plane.

Q

%

@

<

w

X
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High Ability Cognitive Model + =~

4E
High Ability

This student would probably solve this question the same as a moderate student,
however probabl)/r‘ not choose as many points on the graph o
woutd

1. Read and understand the question
2. Knowledge of inverse notation
a. Recognize that x=f{y) is inverse notation
3. Knowledge that inverse is a mirror image along the line y=x
4. Knowledge that “horizontal’ images become “vertical” in the inverse
a. So narrow the choices to B or D
a. Select a key points such as (0, -1)
5. Knowledge of inverse points
a. Inverse points is (-1, 0), therefore answer is “D”

©
)
® ®
N
G
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O

29M

Moderate

Moderate Ability Cognitive Model # =7 4!

1. Readand understand the question

2. Knowledge of Pathways
umber of different pathways

a. Physically count the i

Solutionis C

@

y

&)
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High Ability Cognitive Model #29 &7

29M
High Ability
1. Read and understand the question
2. Knowledge of Pathways
a. Recognize that it you have two cubes 1x1x1
\
b. The number of pathways from AtoBis 4 g
i
3l
¢. The number of pathways fomBto Cis ==~ 6
!
d. The number of pathways from AtoCis 6% 6=136
Solutionis C

S
@

elo

s
\ ¢

24

\,

By
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O

O

Moderate Ability Cognitive Model 25 F

28M
Moderate

1. Read and understand the question
2. Knowledge of combinations
a. Constructa sample space of outcomes
i, Team 1 vs 9 other teams = 9 games
ii. Team 2 vs 8 other teams= § games
{ii. Team 3 vs 7 other teams = 7 games
iv. Team 4 vs 6 other teams = 6 games
v. Team 5vs5 other teams = 5 games
vi. Team 6 vs 4 other teams = 4 games
vii. Team7vs3 other teams = 3 games
viii. Team 8 vs 2 other teams =7 games
ix. Team 9 vs 1 otherteam= 1 games

Total 45 games
Conclude that 10C2 is equivalent to 45
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O High Ability Cognitive Model = = o i

=7 1

28M

High Ability
1. Read and understand the question
2. Knowledge of combinations

3. Recognize that it takes 2 teams to play a game and that you
choose from.

4, 1oC2 =45 games

have 10 teams t0

Lo Hoart

S
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oanitive Model 217

Moderate Ability Cog

1™

Moderate (ks
This student would " use degrees for their sketch rather than radians and then
convert into radian measure

1. Read and understand the question

2. Apply graphing skills to knowledge of reciprocal trigonometric
a. Relate the graph of csc 70 tosin 26 by using a sketch

o _

o5~ [2 [ asar PLM

functions

riod, range, and asymptotes from the graph.

i. Period is 180° or @
-1

i, Asymptotes are 0,90°, 180° or 0:%1‘:

Solution is A
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High Ability Cognitive Model =+ i

1™
High Ability

This student would likely use their calculator 10 sketch the graph or simply would be
able to visualize what the graph 100KS like.

1. Read and understand the question
2. Knowledge of reciprocal txigonometric functions and transformations

c. Recognize the asymptotes of €5 g =0xnm
d. Recognize the asymptotes arc 2 compression by 8 factor of 2 so

csc20 = 1—(0ztmt)= 0xon
2 2

e Recognize that the range ofcsc20is y=1 orys-1

>
N
b (2¢ A

Solution is A
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pr NG
~ i,

Moderate Ability Cognitive Model +

16M

Moderate

1. Read and understand the question
2. Graphing skills
a. Draw an angle in standard position, complete

b. Label the sides

q ®

the triangle

Pl23)
1

3. Knowledge of trigonometric functions

a. Solve for x using tan” |- ;)

b. X=563"
4. Knowledge of the CAST rule and supplementary angles

a. Tan functionis negative in second q
b. Recognize that 6 and x are supplementary angles

c. B=180-563= 123.7°

(D
© &%0\)@ ®
™ ‘ ,./ O

“t

Solution is C

ol o~

0,

PN
® ®®
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®

High Ability Cognitive Model ## /2 /"

A gt 22 Mwﬁ



Consi
istency of Verbal Reports on Cognitive Models 137

O

O

Moderate Ability Cognitive Model # 3/

M

Moderate.
1. Read and understand the question
2. Knowledge of conic > functions
a. Recognize the function is a parabola with a vertex (0, 3)

3. Graphing skills
a. Sketch the parabola
b. Knowledge of range and domain
i, the domain s xERandyz3.

4. Knowledge of transformations ‘
a. Recognize that the parabola is translated 4 units right and 2 units up
5, Graphing skills
a. Sketch the translated parabola
b. Knowledge of range and domain
i. the domain is xE Randy=5.

Solution is C



Consi
onsistency of Verbal Reports on Cognitive Models

138

O

M

High Ability

High Ability Cognitive Model # 2

1. Read and understand the question
2. Knowledge of conic functions
a. Recognize the function is a parabola with a vertex 0,3)
- 3. Knowledge of domain and range

a. V

that the domain and range are xERandy=3.

4. Knowledge of transformations
a. Recognize that the parabola is translated 4 units right and 2 units up
5. Knowledge of domain and range
a. Visualizes that the domain and range are x-4ERandy-223 and
therefore x € Rand 'y 25.

Solutionis C

D
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Moderate Ability Cognitive Model =

7

o v

13D
Moderate

1. Read and understand the question
2. Knowledge that the Trig equation can be solved as a system
3. Knowledge of graphing using a graphing calculator
a. Y=1
b. Y=tan(3x)
4. Knowledge that the intersection points of the two graphs are the
solutions
a. Using degrees, the intersection points are 15, 75°, 135%, etc

b. Converting to radians: x=152-+%, nel’

Solutionis D

EXOO
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High Ability Cognitive Mode! s

13D

High Ability

1. Read and understand the question
2. Knowledge of the unit circle
a. Tan(3x)=
x Sm 9n 130
b. 3X=—
44 4 4

' 2'12'12°12 °

3, Knowledge of general solution
a. x-£+ﬂ,n61
12. 3

Solutionis D

Q0
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Moderate Ability Cognitive Model £7iD

11D
Moderate
1. Read and understand the question
2. Knowledge of transformation
3. Knowledge of vertically stretches
a. Point G (0,3)is 2 units away from the line y = 1,applya vertical
stretch by a factor of S to G gives you G thatis 1 unit formy =1
thus G(0,2) i
b. Only choice B has a point G(0,2)
¢. Check if new vertex is V(2,0)
i PointV(2,-1)is 2 units away from the line y =1, apply 2
vertical stretch by a factor of 12 1oV gives you V thatis 1
unit form y = 1 thus V'(2,0)
Solutionis B '

O
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High Ability Cognitive Model # /i D

11D

High Ability
1. Read and understand the question
2. Knowledge of transformation

3. Knowledge of vertically stretches
a. Point G (0,3) is 2 units away

stretch by a factor of > to G gives you
thus G'(0,2)

from the line y = 1, apply 2 vertical
G that is 1 unit formy =1

Only choice B has a point G(0,2)
would probably not check using the extra point.

O

4

e

v

®

This type of student
Solution is B
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O Moderate Ability Cognitive Model #2D

8D

Moderate

1. Read and understand the question
2. Knowledge of permutations
3. Using the fundamental counting principle
a. The first position on bottom row can
students
b. The second position on the bottom row can be filled
students etc
c 10x9x8x7x6x5x4x3x2x1

be filled with 10 different
with 9 different

Solution is D
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O High Ability Cognitive Model -# <=

8D
High Ability
1. Read and understand the question
2. Knowledge of permutations
a. Breakintoa simpler problem
i. Bottom row 10P4
ii. 3™ Row ¢P3
fii. 2™ Row 3Pz
iv. TDP Row 1P1

Solution is D
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6D

Moderate Ability Cognitive Model # &2

Moderate

1. Read and understand the question
2. Replacea & b with arbitrary numbers €g a=10,b=2

3. Evaluate log,(10° x2)-1ogm(10x2) =3

a. Check answers C&Dby gubstituting 8 = 10.

Answer is A

©,0.9,
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High Ability Cognitive Model 7 =7~

6D
High Ability
1. Read and understand the qm?stion
2. Knowledge of laws of logarithms
a. Combine into a single log
at _
i log|l—|=*
g. ab
3, Knowledge of exponents
a, Simplify exponents
g log_(a’) =X
4. Knowledge of how to change
. a8 =a
b. x=3

from log form 10 exponential form

=
?
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O Moderate Ability Cognitive Model # 45

4D

Moderate

A moderate student would have difficulty geting this question correct.

This question is not well constructed because the choices are 2 3-1 split, so A is
probably eliminated as @ possible answer.

1. Read and understand the question
2. Knowledge that identities can be proven using verification
a. Let®=15"
3. Mathematical skill of substitution
L The value of 185221 +3.11(e0e (20)) is 1854.90... (Slee)
b. The value of choice A: (185532 - 6.22 cos’0) is 1849.5...
<. The value of choice B: (1849.10 +6.22 cog*0) is 1854.90...

Iherefore the answer is B

%
JO®
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Q High Ability Cognitive Model HA4D

1. Read and understand the question
2. Knowledge of Double Angles Trignnometric Identities
a. Cos20=cos'0- sin’@
3. Mathematical skills
a. Cos20= cos’® - (1- cos’0)
b. Cos20=2c0s'0-1
c. Substitute: 185221+ 3.11(2c0s’0 - 1)
d. Expand: 185221+ 622 cos’0 - 3.11
e. Collect like terms: 1849.10 + 6.22 cos'®

.
§Q

¥

Solution is B.
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