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Executive Summary

The purpose of this final report is to summarize several studies regarding a
new measure of problem solving. It is assumed that the reader is familiar with the
International Life Skills Survey project.

Baker (1997), citing Mayer and Wittrock (1996), described CRESST’s approach
to measuring problem solving as “cognitive processing directed at achieving a goal
when no solution method is obvious to the problem solver” (p. 47). This definition
can be further analyzed into components suggested by the expertise literature, that
is, content understanding or domain knowledge (measured by a knowledge map),
domain-specific problem-solving strategies (measured by response to a
troubleshooting prompt), and self-regulation (measured by a trait self-report
survey). To be a successful problem solver, one must know something (content
knowledge), possess intellectual tricks (problem-solving strategies), be able to plan
and monitor one’s progress towards solving the problem (metacognition), and be
motivated to perform (effort and self-efficacy).

In three separate studies, CRESST has administered knowledge maps to
measure content understanding, short-answer questions to measure problem-
solving strategies, and self-report questionnaires to measure self-regulation traits.
This set of measures constitute our new measure of problem solving.

This report focuses on CRESST data collection efforts described in Proposal for
Concept Map Variables: Problem-Solving Study (Baker, 1997). The work presented here
summarizes several issues in our research, including measurement of problem
solving, and investigation of the impact of providing content information (Yes/No)
and scoring criteria (Yes/No) for knowledge mapping tasks. Reliability and validity
issues related to the use of knowledge maps for measuring content understanding,
domain-specific problem-solving prompts for measuring participants’ problem-
solving strategies, and self-regulation questionnaires for measuring levels of
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participants’ metacognition and motivation are presented within the larger context
of measuring problem solving. There were two pilot studies and a main study.

Two pilot studies (one in a Taiwan high school and one in a southern California
university) were conducted to assess the feasibility of our approach to measuring
problem solving across different contexts, and to try out and refine measures and
procedures for the main study. The main study was conducted in southern
California. For the main study, 129 adults were recruited from two different
temporary employment agencies in Los Angeles, CA, and paid to participate in
CRESST and Statistics Canada’s problem-solving study.

Data analyses performed on main study data showed that providing scoring
instructions to participants did not significantly affect their performance on
knowledge mapping tasks, including measures of content understanding, number of
terms of used, and number of links constructed. There were no gender effects found
for knowledge mapping measures for the bicycle tire pump task. However, there
were significant effects found for two knowledge mapping task measures for the
respiratory system task, where males constructed significantly greater numbers of
links and achieved significantly higher content understanding scores. Finally, there
was an impact of providing content information. Its provision resulted in higher
performance scores. In general there was sufficient reliability and validity to use
these new measures of problem solving for the International Life Skills Survey.
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This final report for problem solving summarizes several issues: our theoretical
framework of problem solving, a way of measuring the construct, and a focused
discussion of a series of research studies on the reliability/validity of our new

problem-solving measures.

Our definition of problem solving is based on Mayer (Mayer & Wittrock, 1996;
see also Mayer, 1992): “Problem-solving is cognitive processing directed at achieving
a goal when no solution method is obvious to the problem solver” (p. 47) As may be
seen in Figure 1, this definition can be further analyzed into components suggested
by the expertise literature, that is, content understanding or domain knowledge
(which can be measured by a knowledge map), domain-specific problem-solving

Problem Solving

Content Domain-Dependent Self-Regulation
Understanding Problem-Solving
Strategies
Metacognition Motivation
Planning Self- Effort Self-
Monitoring Efficacy

Figure 1. CRESST model of problem solving.
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strategies (measured by response to a troubleshooting prompt), and self-
regulation (measured by a trait self-report survey). In summary, to be a successful
problem solver, one must know something (content knowledge), possess intellectual
tricks (problem-solving strategies), be able to plan and monitor one’s progress
towards solving the problem (metacognition), and be motivated to perform (effort
and self-efficacy).

Our approach to measuring problem solving is to use paper-and-pencil
knowledge maps to assess content understanding (Herl, Baker, & Niemi, 1996),
explanation lists to assess domain-dependent problem-solving strategies, and finally
a questionnaire to measure self-regulation (see Table 1). All of these facets of
problem solving would eventually be measured in 30 minutes.

Prior CRESST Research in Problem Solving

Currently, the ideal assessment of problem solving is based on think-aloud
protocols (Ericsson & Simon, 1993; Voss & Post, 1988; Voss, Tyler, & Yengo, 1983) or
performance assessments that require extensive human rater scoring (Baxter, Elder,
& Glaser, 1996). However, such assessments are expensive and time consuming and

Table 1
Measurement of Problem Solving

Issues Approach

Definition “Problem solving is cognitive processing directed at achieving a goal
when no solution method is obvious to the problem solver.” (Mayer,
1992; Mayer & Wittrock, 1996)

Task area Troubleshooting (e.g., bicycle tire pump, respiratory system)
Facets of definition
Content understanding Measure with knowledge map (concept map)
Problem-solving strategies Measure with prompt to elicit troubleshooting responses

Self-regulation Measure with trait metacognition scale (planning, self-monitoring)
Measure with trait motivation scale (effort, self-efficacy)
Rubrics
Content understanding Score knowledge (concept) map with existing CRESST software

—e.g., content score, number of concepts, links

Problem-solving strategies Rubric for an explanation list based on Mayer’s (1992)
framework—i.e., compare agreement with expert list of
problems/solutions

Self-regulation Rubric exists (see O’Neil & Herl, 1998)




result in delayed (up to months/years) reporting to parents, students, and teachers.
In our work, we have taken a different approach to measuring exploratory problem-
solving processes and outcomes. Instead of conducting interviews, naturalistic
observation or think-aloud protocols while students problem solve, our prior R&D
in problem solving focused on the feasibility of using computer-based technology
for assessment of student problem solving. For example, for problem-solving
strategies and measurement we rely on server access logs that automatically record
all information-seeking and retrieval behaviors the student engages in. Expert
problem-solving performance was collected and analyzed to infer the criteria used
for scoring students’ knowledge maps. Our approach is to computerize the
administration, scoring, and reporting of problem solving, thus facilitating timely
reporting and potentially increasing reliability and validity (Herl, O’Neil, Chung, &
Dennis, 1997; Martinez, 1993; O’Neil, Chung, & Brown, 1997; Schacter et al., 1997).

In our prior computer-based research, content knowledge was assessed by
knowledge maps. Domain-specific problem-solving strategies were measured on a
search task by looking both at search behavior and at how newly found information
was utilized. Self-regulation (metacognition and motivation) was assessed by a
guestionnaire. The basic design involved having the student (a) create a knowledge
map, (b) receive feedback on it, and then (c) using a simulated Web site, search for
information to improve it, and (d) construct a final knowledge map. The final
knowledge map served as the outcome content understanding measure. Finally,
self-regulation (metacognition and motivation) was assessed by a paper-and-pencil
instrument.

We believe that content understanding and problem-solving strategies are best
assessed domain-specifically whereas metacognition and motivation are best
assessed as domain-independent constructs. We have created measures of trait
metacognition and motivation that can be administered in 10 minutes. Using
constructs from state-trait anxiety theory (Spielberger, 1975) as an analogy, we have
formulated a set of self-report, domain-independent trait and state measures of
metacognition and motivation. We find the state versus trait distinction useful for
both cognitive and affective measurement. Thus, we have generalized the key
constructs from an affective domain (e.g., state and trait anxiety) to a cognitive
domain (e.g., state and trait metacognition).



However, our current computer-based approach to measurement of problem
solving is not feasible for the International Life Skills Survey. Thus, a paper-and-
pencil version was recommended.

Paper-and-Pencil Measurement of Problem Solving

Our approach to the measurement of problem solving for the International Life
Skills Survey was the following: For content understanding, we asked participants
to represent a mechanical system (e.g., a bicycle tire pump) by creating a paper-and-
pencil knowledge map that was scored with software. This item would constitute
the content understanding measure (see Mayer, 1997, for detail on the tire pump
task). For problem-solving strategies, we asked participants to respond with a list to
a prompt regarding domain-specific problem-solving process (e.g., troubleshooting:
Imagine that the tire pump does not pump air to the hose. What could be wrong?).
For self-regulation, we administered a trait self-regulation scale (see O’Neil & Herl,
1998). These items would be summed to create multiple scores, for metacognition
(planning, self-monitoring) and motivation (effort, self-efficacy). Problem solving
would be a profile of three scores (content understanding, problem-solving
strategies, and self-regulation).

Construct Validity Studies for Problem Solving
Critical Issues

Our problem-solving conceptual framework represents a synthesis of research-
based ideas, but the measurement of problem solving in this context is breaking new
ground. Thus, there is limited reliability/validity information. Data collection was
designed in a generalizability theory format (e.g., Shavelson & Webb, 1991).

A major conceptual issue was how critical should prior knowledge be in the
assessment of problem solving. Our definition explicitly makes the measurement of
such knowledge via a knowledge map an essential component of problem-solving
assessment. Thus, if one does not know about the content (e.g., tire pumps), then
one will not be able to exhibit problem-solving strategies in response to a prompt
(e.g., troubleshoot the tire pump). Most definitions of problem solving in
knowledge-rich tasks (e.g., not games) assume such knowledge. However, an
alternative technical approach is to provide some level of information regarding the
content (e.g., a schematic of a tire pump; see Figure 2) and then assess the responses
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Figure 2. Schematic of a tire pump.



to the troubleshooting questions. One would lose information on the representation
of the problem and the degree of content understanding possessed by the
participants. However, one would gain more knowledge from troubleshooting
strategies as some level of content would allow most students to respond to the
prompt.

An additional issue is whether to provide participants with knowledge of how
knowledge maps (our measure of content understanding) are scored—that is,
should we provide test-taking strategies? For example, since knowledge maps will
be new to most participants, should we tell them how such maps are scored? We
were also interested in whether there would be any gender effects.

In summary, as may be seen in Table 2, the major questions of this research
involve reliability issues as well as the impact of gender and whether providing
scoring information influences performance. A critical question is how many topics
and questions to administer to be reliable. Finally, there are two control issues that
should be addressed: (a) Is there any effect of order? and (b) How shall procedural
content knowledge be represented, that is, as one state or two states? We have
collected data for both English-speaking and Chinese-speaking participants.

Table 2
Problem Solving: Assessment Questions

Questions
How many topics do we provide to be reliable?
How many problem-solving strategy questions do we provide to be reliable?
What is the impact of providing scoring information?
What is the role of gender?
How difficult are the topics?
Control issues
What is the effect of counterbalancing?

Should we use a one-state or two-state model?




Method
Design

Two pilot studies were conducted from December 1997 to February 1998, with
different samples, in order to try out and refine the measures and procedures for the
main study and to examine whether there were order effects that needed to be
accommodated in the main study. Data for the first pilot study were collected at a
high school in Taiwan in December 1997; data for the second pilot study were
collected in January 1998 at a university in southern California. The main study was
conducted at CRESST during March, April, and May of 1998.

For the pilot studies, a brief discussion is presented in the Methods,
Administration Procedures, Scoring Procedures, and Analyses sections of this
report; a more thorough presentation is provided for main study results and
discussion.

Pilot Studies

Designs for the pilot studies targeted analyses of content order
(counterbalancing order of tire pump and respiratory system tasks), scoring
instructions (presence and absence of information pertaining to how knowledge
maps would be scored), and the single vs. binary state model (states represented
either as single entities or as one part of a dual state component). We were interested
in content order (i.e., tire pump task given first, then the respiratory task versus
respiratory task first, followed by the tire pump task); because knowledge mapping
would be a relatively novel task for most participants, one might expect better
performance on the second task due to practice in knowledge mapping independent
of content. Such order effects are not desirable in testing. We manipulated scoring
instructions for two reasons: It is common in some countries (e.g., in European
countries) to be explicit about how tests are scored. It is seen as an ethical issue.
Further, given the novelty of knowledge maps, few students would know how they
are scored as compared to multiple-choice tests. Thus, we were interested in
whether the provision of scoring instructions would improve performance.

The final design issue—single versus binary process model—refers to a
knowledge mapping representation of procedural knowledge issue. When one
represents the functioning of a device (e.g., a switch), the switch can be
conceptualized as having two states: It is either on or off. Further, any analogous



information can also be represented in this fashion (i.e., digitally). However, in our
knowledge mapping technique, the switch can be represented in two different ways
(see Figure 3). It can be represented as two distinct objects, that is, switch-on and
switch-off; or it can be represented as one object with two states, on and off. Our
preference was for the two-state version, but we were interested in whether this
variable (one state vs. two states) would affect learning.

Pilot Study Participants

High school in Taiwan. The first pilot study was an initial attempt at assessing
the feasibility of large-scale administration of paper-and-pencil problem-solving
tasks, including knowledge mapping and problem-solving strategy questions. In
December 1997, 143 high school students (50.4% males and 49.6% females) in
Taiwan were selected to participate in the first pilot study on problem solving.

University in southern California. In January 1998, 41 undergraduate
students were selected from a local university in the southern California area to
participate in the second pilot study. Approximately 61% of the participants were
females, and 39% were males.

Main Study

In February 1998, prior to the main study, CRESST personnel contacted a local
temporary agency, requested a group of 9 participants (4 male and 5 female) for a
specific date and time and prepared facilities to serve as a “friendly” environment in
which adults could perform our problem-solving tasks.

VS

Figure 3. Two ways of representing the functioning of items.



Beginning in March 1998, adult participants were recruited from two
temporary employment agencies in Los Angeles, CA. Most participants were
obtained using the agencies’ databases of temporary employees, while the rest were
recruited from agencies’ placement of ads in local newspapers.

Efforts were made to obtain as diverse as possible a sample of the adult
population. Three important criteria for sampling were age, gender, and ethnicity.
Tables 3, 4, and 5 present frequency data for age, education, and gender,
respectively. Table 3 shows that the distribution of age is fairly uniform across
experimental groupings, except for the 56-65 years category, where 9.9% of the
sample was represented. Due to the random group assignment method employed, a
smaller than expected proportion of participants ages 16-25 years were assigned to
experimental group 1 (5.3%), whereas a larger than expected proportion of that age
level were randomly assigned to experimental group 2 (35%). Chi-square analysis
(x* = 19.5, df = 20) revealed no significant differences (p > .05) for age levels across
the six experimental groupings.

There was some variability in the level of educational attainment by
participants (Table 4), where over 40% had achieved either bachelor’s or graduate
degrees. Educational attainment levels were spread across the experimental groups
fairly well, with the lone exception being experimental group 4, where only 20%
possessed bachelor’s or graduate degrees. Analyses revealed a nonsignificant
difference across experimental groups based on the criterion of having at least a
bachelor’s degree.

Table 3

Percentages at Each Age Level by Experimental Grouping

Experimental group

Age 1 2 3 4 5 6 Total
16-25 53 350 9.5 25.0 26.3 18.8 19.8
26-35 211 300 333 375 26.3 25.0 28.8
36-45  42.1 15.0 14.3 18.8 26.3 4338 26.1
46-55  15.8 10.0 28.6 125 10.5 125 15.3
56-65 15.8 10.0 14.3 6.3 10.5 0.0 9.9




Table 4

Percentages at Each Educational Level by Experimental Grouping

Experimental group

Education 1 2 3 4 5 6 Total
High school 33.3 52.6 27.8 60.0 35.3 33.3 404
AA 16.7 105 16.7 20.0 11.8 8.3 14.1
Bachelors 38.9 211 444 13.3 41.2 33.3 32.3
MS, MA, PhD 5.6 10.5 5.6 6.7 5.9 25.0 9.1
Other 5.6 5.3 5.6 0.0 5.9 0.0 4.0

Table 5 shows that more females participated in the study than males. Chi-
square analysis (x*> = 7.4, df = 5) revealed no significant differences (p > .05) for

gender across the six experimental groupings.

Table 6 presents the job titles that participants reported having held in the last
five years of their work experiences. The majority of the participants worked in the
area of administrative support services, where 58% reported having served in that
capacity at some time in the last five years. Respondents also reported that they had
almost 16 years of full-time work experience during their careers, and a little over 4
years of part-time experience. Although we did not collect this information as it
pertains to the last five years, we would assume that the majority of the part-time
work has come more recently, since all of our participants were recruited from

temporary agencies.

Table 5

Percentages of Males and Females by Experimental Grouping

Experimental group

Gender 1 2 3 4 5 6 Total
Male 579 400 476 26.3 56.3 25.0 42.3
Female 42.1 60.0 52.4 73.7 43.8 75.0 57.7

10



Table 6

Percentages of Participants’ Work
Experiences in the Last 5 years

Job title %
Administrator 23
Professional 35
Technician 10
Protective services 10
Administrative support 58
Skilled craft worker 12
Service maintenance 16

Note. Percentages do not add to 100
due to multiple category selection by
participants.

The sample was ethnically diverse, although it was not meant to be
representative of southern California or United States populations. Thirty-six
percent of participants in the sample were Caucasian, 39% were African American,
14% were Latino, 4% were Asian, and 7% were of other ethnic origins.

Measures

There were several different types of tasks administered for this study,
including background information and self-regulation questionnaires, paper folding
tasks, content understanding (knowledge mapping) tasks, and problem-solving
(troubleshooting and design prompts) tasks. The nature of participants’ tasks varied
either slightly or drastically depending on group assignment.

Background and preliminary questionnaires. CRESST researchers presented
an overview of the study approximately two and a half minutes in duration to
participants at each session. After this introduction, participants completed a
background questionnaire (Appendix A), a self-regulation trait questionnaire
(Appendix B), and a paper folding test (Appendix C).

Participants required a mean time of a little more than three minutes to
complete the background questionnaire. This questionnaire contained questions
regarding gender, age, ethnicity, education (including major and minor areas of
study, certification, credentialing, and licensing), and numbers of years of part-time
and full-time work experience (including various job titles they may have held).

11



Using constructs from state-trait anxiety theory (Spielberger, 1975) as an
analogy, we have formulated a set of self-report, domain-independent trait and state
measures of metacognition and motivation. The self-regulation trait questionnaire
(O’Neil & Herl, 1998) used in this study contains 32 Likert-scale questions and
provides trait measures of metacognition (planning, self-monitoring) and motivation
(effort, self-efficacy). The metacognition (planning and self-monitoring) and effort
items were written by our research group. The self-efficacy items were adapted from
Pintrich and De Groot’s (1990) intrinsic motivation scale (with Dr. Pintrich’s
permission). Students indicate how they generally think or feel by responding to a 4-
point Likert scale, ranging from almost never, to sometimes, often, and almost always.
We define the constructs as follow: Planning: One must have a goal (either assigned
or self-directed) and a plan to achieve the goal. Self-monitoring or self-checking: One
needs a self-checking mechanism to monitor goal achievement. Self-efficacy is one’s
confidence in being able to accomplish a particular task. Effort is the extent to which
one works hard on a task. In multiple studies, the data indicate acceptable reliability
and validity (O’Neil & Herl, 1998). Participants needed approximately six minutes
on average to complete this measure.

The paper folding test (Ekstrom, French, Harman, & Derman 1976)
administered in this study is a spatial ability test containing 10 problems, and was
the first timed task that participants were asked to complete. Participants were
given two minutes to read the instructions and three minutes to complete the paper
folding test.

Content understanding. Knowledge mapping tasks were designed to measure
one of five learning areas defined by CRESST’s model of learning (Baker, 1995),
namely content understanding. For the research presented in this report, conceptual
and procedural content understanding are represented in the form of knowledge
mapping (Baker et al., 1994; Baker & Niemi, 1991; Baker, Niemi, Gearhart, &
Herman, 1990; Baker, Niemi, Novak, & Herl, 1992; Dansereau & Holley, 1982; Herl,
Baker, & Niemi, 1996; Holley & Dansereau, 1984; Jonassen, 1996; Lambiotte,
Dansereau, Cross, & Reynolds, 1989). Knowledge maps (or concept maps) are
comprised of nodes and links, with nodes representing concepts or their attributes,
and links expressing the semantic relations among those concepts. Our research
indicates that knowledge maps correlate about .70 with essay tests on the same topic
(Herl, 1995). A closed map construction system contains finite sets of nodes and
links, from which constructors must choose in order to construct their maps, and it
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provides the model for the construction system used for these studies. The
knowledge mapping tasks ask examinees to map how the parts of a system are
related.

Content understanding was measured by comparing participants’ knowledge
maps to experts’ maps (Herl, O’Neil, et al., 1996). Knowledge mapping tasks were
constructed for two different kinds of systems: bicycle tire pumps and the human
respiratory system, both of which are types of pressure systems. These knowledge
mapping tasks were designed to measure prior content knowledge for each of these
systems.

Each system’s mapping task had six main components and three links for
representing relationships among those components. The components of the tire
pump were cylinder, handle, hose, inlet valve, outlet valve, and piston. The
components of the human respiratory system were air sacs, bloodstream, chest
cavity, diaphragm, lungs, and rib muscles. These components were characterized to
have a binary state design to represent their functions. For example, for the tire
pump knowledge map task, handles and pistons were represented as being either up
or down; inlet and outlet valves were either open or closed; cylinders were either high
pressure or low pressure; and hoses had airflow or no airflow. For the human
respiratory task, air sacs had oxygen in or carbon dioxide out; the bloodstream had
either increased oxygen or decreased carbon dioxide; chest cavities were either expanded
or reduced; diaphragms were either up or down; lungs were either expanded or
contracted; and rib muscles were either relaxed or contracted.

Initially, knowledge mapping tasks were designed to fit our existing models of
knowledge mapping, where a “term,” or concept, is represented by a single entity.
Even though the systems were designed to contain binary state entities, a 1-state
design was also included in the early pilot studies. The 2-state design definitely fit
the particular nature of these systems, and results from pilot study data analyses
supported its eventual inclusion in the main study design. Appendices D and E
contain the mapping task label sheets for the 1-state and 2-state bicycle tire pump
and human respiratory system tasks. Appendix F contains instruction sheets for the
knowledge mapping tasks that were used in the main study. The first four pages of
Appendix F comprise instructions for experimental groups mapping onto diagrams
of the systems; the last four pages of this appendix were used for groups mapping
onto blank sheets.

13



The inclusion of a 2-state mapping task allowed CRESST researchers to design
a new measure for the main study. Reproductions of the diagrams used for the
problem-solving questions (see Problem-Solving Tasks in this section) were
employed to provide a measure of system component identification in the
knowledge mapping task. The texts in the diagrams were removed and only the
picture elements were overlaid onto the mapping sheet. Map constructors were
asked first to look at the mapping page and correctly identify each part of the
system, and then to place each component label on the mapping page in order to
correctly identify each part of the system. There were no distractors captioned in the
diagrams; therefore, each system’s diagram had six possible areas where
participants could place labels. Appendix G contains knowledge mapping sheets
with tire pump and human respiratory system diagrams, respectively. Participants
in experimental groups 1 and 2 were asked to perform the same knowledge
mapping task as those in groups 3 and 4, except they mapped onto pictures of a tire
pump or the human respiratory system.

Knowledge Map Construction Training Sessions

Knowledge map training sessions were modeled after those of previous studies
(Baker et al., 1990; Baker & Niemi, 1991; Herl, 1995; Herl, O’Neil, et al., 1996)
employing knowledge mapping tasks. The training sessions emphasized both the
conceptual and procedural skills necessary for constructing knowledge maps. Each
group of participants received a sheet of mapping labels containing both terms and
links for the training and actual tasks. Training sessions were tailored to the
different types of experimental groups. Participants were asked to read silently a
sheet containing written instructions as the administrator read the instructions aloud
to the group.

Instructions and a demonstration were given to participants concerning the
method for constructing knowledge maps. After the instructions were read, a brief
demonstration was conducted using a simple cause-and-effect model (Appendix H),
so that the group could participate in developing a knowledge map. Participants
were allowed to construct several links using the demonstration labels on their
mapping task sheets.

After the 10-minute hands-on training session was completed, participants
were allowed to begin constructing their knowledge maps. Ten minutes were given
to participants in order to construct knowledge maps. Considering it was the first

14



time that any of these individuals had constructed a knowledge map, up to three
minutes of extra time was allotted. For the second knowledge mapping task, very
little instructional time was necessary (less than a minute to answer one or two
guestions), and participants completed the second map in an average of 10 min 44
sec. Recording of actual start and stop times by CRESST researchers also enabled us
to reevaluate estimated times and project administration times for future studies.

Problem-Solving Strategy Questions

The problem-solving strategy task consisted of a diagram of a bicycle tire pump
(Appendix I) or the human respiratory system (Appendix J) annotated with text,
accompanied by two short-answer troubleshooting questions, and one short-answer
design question for a particular system. These questions were used, or were similar
to those used, in previous research (Mayer & Gallini, 1990, Mayer & Sims, 1994).
Appendix K contains the three troubleshooting and design questions for the bicycle
tire pump task, and Appendix L contains the three troubleshooting and design
guestions for the human respiratory task.

Participants were given two and a half minutes to examine the diagram. For
each question, participants were given two and a half minutes to read the question
and write down as many answers as they could think of to answer that particular
guestion. One of the bicycle tire pump troubleshooting questions was “Suppose you
push down and pull up on the handle several times but no air comes out of the
bicycle pump. What could be wrong?” This type of question is designed to elicit all
possible responses as to why no air comes out of the hose. A second troubleshooting
guestion was included in the main study, and was similar in nature to the first
troubleshooting question. In essence, participants were asked to pinpoint potential
causes of faults in the system.

Design questions, on the other hand, required participants to present
alternative designs to create more efficient systems. One of the tire pump design
guestions was “How can you increase the efficiency of the bicycle pump? That is,
how can you move more air through the pump?” The respiratory system design
guestion was “Suppose you are a scientist trying to improve the human respiratory
system. How could you get more oxygen into the bloodstream faster?”” Participants’
suggestions for the respiratory system design question turned out to be much more
difficult to score than the suggestions for the tire pump task design question.
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Administration Procedures

For all studies, participants completed the background questionnaire, self-
regulation trait questionnaire, and paper folding test (collected as information for
another CRESST study and reported elsewhere). Between 15 and 20 minutes were
required for participants to complete these tasks. Because each pilot study was
designed to address specific problem-solving issues, different designs were
employed for content understanding and problem-solving questions.

High school in Taiwan. After the materials were constructed in English, they
were translated into Chinese, and used in Taiwan for the first pilot study. This pilot
study comprised a 2 x 2 x 2 x 2 experimental mixed model design, where effects of
scoring instructions (see Appendix F for examples from the main study), number of
states (one vs. two), and task order (first vs. second) were tested as between-subjects
variables. The within-subjects part of the design tested for the effects of type of task
(bicycle tire pump task vs. respiratory system task). System diagrams were not used
with the knowledge mapping tasks for this study. Only two problem-solving
guestions (one troubleshooting and one design) were given to students during this
study. A complete description of the method, procedures, and results can be found
in Lee (1998).

University in southern California. The design for the second pilot study
replicated the first pilot study on a smaller scale. Because interactions were not
important in this design, the sample size was adequate for testing simple main
effects.

Main study. For the main study, participants were randomly assigned to one of
six experimental groups. Six to 12 people were tested at a time depending on
participant availability. The design for these groups included two research criteria:
presence or absence of scoring instructions, and presence or absence of diagrams for
knowledge mapping tasks. Participants in experimental groups 5 and 6 were
included in the design to obtain generalizability coefficients for problem-solving
guestions with and without accompanying illustrations. Table 7 displays a
representation of the design showing which measures members of each
experimental group completed.
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Table 7
Order of Tasks by Experimental Group

Group| 1 2 3 4 5 6 7
1 BQ | SR | PF |Map  Picture Scoring DQQQ |Map  Picture Scoring DQQQ
given instructions given instructions
given given
2 BQ | SR | PF [Map Picture  No scoring DQQQ [Map  Picture No scoring DQQQ
given instructions given instructions
given given
3 BQ | SR | PF [Map No Scoring DQQQ [(Map No Scoring DQQQ
picture instructions picture instructions
given given given given
4 BQ | SR | PF |Map No No scoring [DQQQ [Map No No scoring [DQQQ
picture  instructions picture instructions
given given given given
5 BQ | SR | PF |DQQQ DQQQ [Map  Picture Scoring
given instructions
given
6 | BQ | SR | PF |QQQ QQQ

Note. BQ = background questionnaire. SR = self-regulation trait questionnaire. PF = paper folding task. D
= diagram for problem solving tasks. Q = problem-solving question.

Table 8 displays the estimated and actual administration times for each of the
tasks in the study. Despite unfamiliarity with the knowledge mapping task on the
part of most participants, the average time needed for training sessions was only
slightly more than the estimated time. For the second mapping task, only a brief
overview was required to refresh participants’ memories as to the important parts of
the task.

Table 8
Time Requirement for Activities

Estimated

Activity time (min)  Actual time
Background questionnaire 3 3 min 14 sec
Self-regulation trait questionnaire 8 5 min 49 sec
Paper folding test 5 5 min 08 sec
Knowledge mapping task training session 10 12 min 30 sec
Knowledge mapping task 10 12 min 52 sec
Problem-solving questions 10 10 min 05 sec
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Scoring Procedures

Self-regulation trait questionnaire. The 32-question trait self-regulation
guestionnaire consists of four subscales (Appendix B). The responses are summed to
provide subscale measures for planning, self-checking, effort, and self-efficacy. The
range of possible scores for each subscale is 8-32. Planning and self-checking
subscale scores can be summed to form a trait metacognition scale, and effort and
self-efficacy subscale scores can be summed to form a trait motivation scale. The
metacognition and motivation scales have a range of possible scores from 16-64. The
scoring key for the trait self-regulation questionnaire is found in Appendix M.

Paper folding test. Participants received one point for each correct answer they
circled on the paper folding test. The range of scores for this measure is 0-10.

Knowledge mapping tasks. There are three descriptive statistics associated
with the knowledge maps presented here: (a) semantic content score, (b) number of
terms used, and (c) number of links. Semantic content score was computed using the
experts’ knowledge maps as sources of criteria; number of terms used and number
of links were calculated using the participants’ maps. A term was considered to be
used in a knowledge map when there was at least one link connected to it. The
number of links is also a countable statistic and is defined as the number of links
constructed.

Composite knowledge maps were constructed a priori for both the tire pump
and human respiratory system by CRESST personnel. For the tire pump (Appendix
N), 12 relationships were theorized to represent the two main processes of the
system (pulling the handle up to start the first process, and pushing the handle
down to start the second process). For the respiratory system (Appendix O), 10
relationships were theorized to represent three processes of respiration, namely,
breathing in (diaphragm down to start this process), breathing out (diaphragm up to
start this process), and exchange (involving the exchange of oxygen and carbon
dioxide).

These two a priori knowledge maps were used to decide how the scoring
instructions would be constructed. For each of the two systems, participants
received scoring instructions informing them of the correct number of relationships,
and that they should construct no more than that number. Unfortunately, there was
a clerical error and slightly different scoring instructions were given for each map.
The respiratory map had, as intended, the following additional sentence, “There is
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no penalty for guessing.” The tire pump map scoring instructions did not have this
sentence. Thus, the two maps differed unintentionally in scoring instructions. Ten of
77 (13%) maps constructed by participants receiving scoring instructions contained
more than the maximum number of links. For each of these maps, the total number
of relationships was randomly reduced so that all participants receiving scoring
instructions would have tire pump and respiratory maps with at most 12 and 10
links, respectively.

During the main study data collection period, 21 journeymen with expertise in
air conditioning system repair were asked to construct knowledge maps about
bicycle tire pumps in order to test the hypothesis that 12 links could reasonably
represent a model to explain the operation of a tire pump. Table 9 displays
descriptive statistics for the main study and expert participants on the bicycle tire
pump knowledge mapping task. Six of these experts’ tire pump knowledge maps
were not used because other responsibilities prevented these experts from finishing
their maps. The table shows that the average number of terms used and the number

Table 9

Means and Standard Deviations for Knowledge Mapping Task Measures
for Tire Pump System for Adults and Experts

Measure Adults? ExpertsP ModelC®

Number of terms used

M 10.41 12.00 12.00
SD 2.03 0.00

Number of links
M 8.39 12.23 12.00
SD 4.09 3.78

Number of CAUSES links
M 443 431 10.00
SD 3.02 2.50

Number of CONTRIBUTES links
M 2.64 7.00 2.00
SD 2.24 3.44

Number of PRIOR TO links
M 1.32 0.92
SD 1.64 1.44

an=76. Pn=15 Cn=1.
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of links constructed are close to those of the model scoring rubric created by project
personnel. One major difference is the average frequency of causes links used by
experts compared with our model. The experts (M = 4.31) did not use the CAUSES
link nearly as often as we did in the model (10). Instead, experts (M = 7.00) used
CONTRIBUTES much more often than we had anticipated (2).

We had theorized that the operation of a bicycle tire pump system contained
more direct causal events than the experts indicated. Experts’ maps showed that
they thought influences (by using CONTRIBUTES) on system processes described the
operation of the pump more accurately than direct causal (CAUSES) relationships. On
average, experts (M = 0.92) constructed few PRIOR TO links, and 10 of the 15 experts
did not construct any PRIOR TO links in their maps.

The 15 journeymen’s tire pump maps were used as expert criteria to compute
tire pump map scores for main study participants. The correlation between those
map scores and map scores calculated using our a priori model was .90 (p = <.01).
The model did not contain any PRIOR TO links because, for the most part, experts did
not construct important links using PRIOR TO. For example, two experts’ maps
contained the INLET VALVE-closed prior to OUTLET VALVE-open link, but these terms
were not seen as having a causal relationship by other experts. Based on this kind of
analysis, we decided to use the a priori pump model to score tire pump knowledge
maps. However, we were not able to collect respiratory system maps from experts,
so we could not perform similar analyses for that topic. Because we decided to use
the a priori pump model to score participants’ tire pump maps, the choice to use the
a priori respiratory system model was also adopted to score the participants’
respiratory system maps.

We modified our a priori models to categorize CAUSES and CONTRIBUTES as one
entity. One point was awarded if a link in the participant’s map matched the link in
the model’s map. For example, HANDLE-up causes PISTON-up and HANDLE-uUp
contributes pISTON-up links were awarded 1 point, but HANDLE-up prior to PISTON-
up was scored as incorrect. This scoring method provided map scores for both
systems with a range of 0-12.

Participants constructing knowledge maps onto system diagrams were given
scores for correct identification of system components. One point was awarded for
every component correctly identified, resulting in a range of scores from 0-6.
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Problem-solving strategy tasks. The rubrics used to score participants’
responses to problem-solving questions had been used in previous research (Mayer
& Gallini, 1990, Mayer & Sims, 1994). Rubrics were constructed for the new
troubleshooting questions added to the main study. A small selection (n = 10) of
participants’ answers was randomly sampled for each of the six problem-solving
guestions. Pairs of raters scored them, disagreements in scoring were discussed and
resolved, and minor adjustments were made to the rubrics when necessary. All
problem-solving question responses were subsequently scored by at least two raters.
One point was awarded for each answer that agreed with possible answers in the
rubrics. Appendix P contains the scoring rubrics for the bicycle tire pump and
human respiratory system questions.

For each system, scores obtained by participants on the first and third
guestions were added together to form a troubleshooting scale. The second question
for each of the two systems was used to form a one-item design scale.

Analyses

This section presents descriptive statistics for content understanding and
problem-solving strategy tasks, and results for reliability analyses of each measure.

Descriptive Statistics

Knowledge mapping task. There are three descriptive statistics associated with
knowledge maps reported here: (a) content understanding, (b) number of terms
used, and (c) number of links. The first statistic was computed using a priori model
maps as the source of scoring criteria; the second and third statistics were generated
solely from student performance on the mapping task. For the knowledge mapping
tasks used in this study, a term is defined as a component and its associated binary
state (e.g., handle up and handle down are considered to be different terms). A term
was considered to be used in the knowledge map when there was at least one link
connected to it. Therefore, for both the tire pump and respiratory system tasks, there
are 12 terms that can be used. The number of links is a countable statistic and is
defined as the number of valid links constructed.

Pilot studies. Table 10 displays the descriptive statistics computed for the pilot
study knowledge mapping tasks. Inspection of the means shows that university
students scored higher on the knowledge mapping tasks than high school students,
and this finding is certainly not a surprise.
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Table 10

Means and Standard Deviations for Knowledge Mapping Task Measures for Tire Pump
and Respiratory System for High School and University Students, Pilot Studies

Tire pump Respiratory system
Measure High school®  University®  High School®  Universityd

Content understanding

M 3.14 452 2.09 3.10

SD 2.30 3.42 1.89 2.13
Number of terms used

M 10.58 11.52 9.52 11.71

SD 2.90 1.21 1.54 1.13
Number of links

M 9.16 10.81 8.45 10.74

SD 3.45 3.13 2.78 2.83

an=107. bn=41. Ch=105. dn=141

As stated previously, one purpose of the pilot studies was to test specific
hypotheses concerning format (1-state vs. 2-state) of the knowledge mapping tasks.
In the Taiwanese high school sample, students performed significantly better on the
1-state map. In the university sample, 16 students scored higher on semantic content
for both the 2-state tire pump task (M = 4.93) and the 2-state respiratory system task
(M = 3.80) than 15 other university students constructing 1-state representations on
the tire pump task (M = 4.13) and the respiratory system task (M = 2.44). Although
these differences were not significant, trends in the analyses led us to believe that
the 2-state model would provide a more intuitive context for U.S. students in which
to construct knowledge maps about these systems.

Results were inconclusive when examining differences in knowledge map task
performance based on task order and provision of scoring instruction criteria. On
the second task, the Taiwanese high school students who did not receive scoring
instructions performed better that those who did receive scoring instructions, but
there were no significant differences on the first task. Groups of university students
scored slightly higher on the tire pump knowledge mapping task and slightly lower
on the respiratory system knowledge mapping task when scoring instructions were
provided than their respective counterparts not receiving the scoring instructions.
High school and university males performed at a higher level than high school and
university females on both knowledge mapping tasks; however, these differences
proved to be nonsignificant.
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Generalizability analyses were performed for both pilot studies. Results
showed that the generalizability coefficient for the two knowledge mapping tasks
was lower for Taiwanese high school students (g = .34) than for university students
(g = .65).

Main study. Groups 1 through 4 (see Table 7) were designed to contain the
experimental conditions for the knowledge mapping tasks and therefore were used
to test for differences concerning provision of scoring instructions, mapping onto
system diagrams, and gender effects. Table 11 presents overall descriptive statistics
for knowledge mapping tasks for groups 1 to 4.

Table 12 displays the descriptive statistics computed for the knowledge
mapping task for groups either receiving scoring instructions or not receiving
scoring instructions. It appears that providing scoring instructions to participants
did not affect their performance on the knowledge mapping task. It should be noted
that the overall performance levels are very low. Thus, these participants may not
have had sufficient knowledge to use our provision of the scoring instructions to
improve their performance. Examination of the statistics in Tables 11 and 12 shows
that participants were able to use more terms and construct more links when
constructing tire pump knowledge maps than when constructing respiratory system
knowledge maps, regardless of whether scoring instructions were given or whether
participants mapped onto a diagram. However, these additional links did not

Table 11

Means and Standard Deviations for Knowledge Mapping
Task Measures for Tire Pump and Respiratory System

Respiratory
Measure Tire pump?@ systemb

Content understanding

M 2.53 2.15

SD 2.28 1.98
Number of terms used

M 10.41 10.00

SD 2.03 2.61
Number of links

M 8.39 6.79

SD 4.09 4.03

an=76. bn=73
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Table 12

Means and Standard Deviations for Knowledge Mapping Task Measures for Tire
Pump and Respiratory System by Scoring Instructions Provided

Tire pump Respiratory system
Scoring No scoring Scoring No scoring
Measure instructions?  instructions® instructions®  instructionsd

Content understanding

M 2.53 2.53 2.43 1.86

SD 2.17 2.42 2.42 1.36
Number of terms used

M 10.12 10.72 9.86 10.14

SD 2.03 2.01 2.20 3.00
Number of links

M 8.50 8.28 6.65 6.94

SD 4.10 4.12 2.43 3.82

an=40. bn=36 Cn=40. 9n=3s.

produce higher content scores for either tire pump or respiratory system tasks when
scoring instructions were given. Respiratory map constructors receiving scoring
instructions achieved higher content scores (M = 2.43) than those not receiving
scoring instructions (M = 1.86); however, this difference is not significant (p > .05).

Analyses of descriptive statistics found in Table 13 revealed that there are
differences when considering whether or not map constructors constructed their
relationships onto map sheets containing a diagram of the system. Participants
mapping onto diagrams of tire pumps (M = 3.00) scored significantly higher (p < .05)
than those mapping onto blank mapping sheets (M = 2.03), regardless of whether
they received scoring instructions or not. It is very interesting that tire pump map
constructors mapping onto a diagram actually constructed fewer links on average
(M = 7.90) than those not receiving the diagram (M = 8.92), yet the diagram group
achieved significantly higher content scores. Interestingly, participants mapping
onto a picture of the human respiratory system (M = 2.05) scored lower than those
mapping onto a blank sheet, although the difference is nonsignificant (p = .68).

Appendices Q and R contain examples of high-scoring knowledge maps
constructed by main study participants for the bicycle tire pump and respiratory
system, respectively.
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Table 13

Means and Standard Deviations for Knowledge Mapping Task for Tire Pump and
Respiratory System by Diagram or No Diagram

Tire pump Respiratory system
No No
Diagram diagram Diagram diagram
Measure provided@ provided?®  provided® providedd

Content understanding

M 3.00 2.03 2.05 2.27

SD 2.43 2.02 2.16 1.75
Number of terms used

M 10.33 10.49 9.43 10.70

SD 1.98 2.10 2.88 2.07

Number of links
M 7.90 8.92 6.45 7.21
SD 3.76 4.39 4.41 3.53

an=39. Pn=37. Ch=390. dn=37.

Table 14 presents the descriptive statistics for knowledge mapping tasks for
males and females. Surprisingly, there were no gender effects found at all for the
bicycle tire pump content understanding measure. There were some significant

Table 14

Means and Standard Deviations for Knowledge Mapping Task for Tire Pump and
Respiratory System by Gender

Tire pump Respiratory system
Measure Males& FemalesP MalesC Femalesd

Content understanding

M 2.97 2.19 2.84 1.63

SD 2.36 2.17 2.57 1.13
Number of terms used

M 10.79 10.12 10.13 9.90

SD 171 2.22 2.78 2.53
Number of links

M 9.33 7.67 8.00 5.85

SD 5.18 2.86 4.68 3.24

an=33 bn=43 Ch=33 dn=43
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effects for the respiratory system knowledge mapping tasks. Although males and
females used approximately the same number of terms in their maps, females (M =
5.85) constructed significantly (p <.05) fewer links than males (M = 8.00).

Table 15 presents the mean number of components identified correctly on the
knowledge mapping tasks for the tire pump and the respiratory system. Analyses
showed that participants identified bicycle tire pump components better than they
identified respiratory system components. Overall, participants correctly identified
4.70 tire pump components and 3.97 respiratory system components out of 6. The
difference between males (M = 5.11) and females (M = 4.32) was nonsignificant for
the bicycle tire pump task. The difference between males (M = 4.00) and females (M
= 3.95) was negligible for the respiratory system task.

Problem-solving strategy questions. Due to time constraints, only two
problem-solving questions were administered for the pilot studies—one
troubleshooting question and one design question. For the main study, a second
troubleshooting question was added; therefore, troubleshooting was measured by
two questions instead of one.

Pilot studies. Table 16 displays descriptive statistics for troubleshooting and
design problem-solving questions for both pilot studies. Once again, the trends for
scores on problem-solving questions are the same as they are for knowledge
mapping scores. Table 16 also shows that university students scored higher on both
troubleshooting and design measures, which again is not surprising.

It was surprising to find that the generalizability coefficient for problem-
solving questions was much lower for university students (g = .09) than for
Taiwanese high school students (g = .57). There is no clear explanation as to why the

Table 15

Means and Standard Deviations for Number of Components Correctly
Identified for Tire Pump and Respiratory System by Gender

Tire pump Respiratory system

Measure Males& FemalesP Males® Femalesd
M 511 4.32 4.00 3.95
SD 1.45 1.77 1.91 1.90

an=18. Pn=19. ¢h=19. dn=19.
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Table 16

Means and Standard Deviations for Knowledge Mapping Task Measures for Tire Pump
and Respiratory System for High School and University Students

Tire pump Respiratory system
Measure High school®  University®  High school®  Universityd
Troubleshooting
M 1.53 242 1.68 2.61
SD 1.12 1.24 1.03 1.26
Design
M 1.10 2.02 1.43 2.22
SD 0.72 0.90 0.91 111

an=107. bn=41. Ch=105. dn=141

generalizability coefficient was so low for that sample. Examination of the two
topics separately revealed correlations of .37 and .71 for the two tire pump and two
respiratory system questions, respectively. However, analyses showed that scores
for tire pump questions and respiratory system questions did not correlate
significantly (p > .05). It appears that for university students, the problem-solving
guestions for the two tasks measured completely different things.

Main study. Table 17 displays descriptive statistics for troubleshooting and
design problem-solving questions for main study participants. Table 17 shows
that averages for the second troubleshooting questions for both the bicycle tire
pump task and respiratory system task were much lower than those for the first
troubleshooting questions (which were the only troubleshooting questions used in
pilot studies). Possible explanations for the lower performance on these questions
are that (a) participants experienced more fatigue when responding to more
guestions, and (b) the second troubleshooting questions are much more difficult
than the first troubleshooting questions.

It was hypothesized that the conditions under which participants were asked to
construct knowledge maps would have little or no effect on participants’
performances on the problem-solving questions. Analyses supported this
hypothesis, revealing no significant differences between knowledge map testing
conditions on results for problem-solving questions. This finding is important
because analysis would be problematic if the knowledge mapping experimental
groupings contaminated the reliability of problem-solving strategy questions.
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Table 17

Means and Standard Deviations for Problem Solving
Questions for Tire Pump and Respiratory System

Respiratory
Measure Tire pump? systemP

Troubleshooting Q1

M 1.37 1.18

SD 113 0.99
Troubleshooting Q2

M 0.64 0.56

SD 0.75 0.80
Design

M 1.04 0.27

SD 0.93 0.40

an=76. bn=76

Participants in experimental groups 5 and 6 (see Table 7) completed t