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P.I. Rebello: Learned the methods of research in cognitive psychology, particularly visual cognition research, by participating in the group
meetings with the Loschky group, attending the Cognitive Science Brownbag series and presenting there.

P.I. Loschky: Learned about the issues pertaining to physics education research, particularly problems solving. Also, realized the potential
applications of hisresearch on visual cognitin to problem solving in STEM education.

Graduate Student Larson: Learned about the issues pertaining to physics education research, particularly problems solving. Also, realized the
potential applications of his research on visual cognition to problem solving in STEM education.

Graduate Student Madsen: Learned the methods of research in cognitive psychology, particularly visual cognition research, by participating in
the group meetings with the Loschky group, attending the Cognitive Science Brownbag series and presenting there.
Work done on this project contributes in substantial part to Ms. Madsen's Ph.D. dissertation.

Graduate Student Rouinfar: Learned the methods of research in cognitive psychology, particularly visual cognition research, by participating in

the group meetings with the Loschky group, attending the Cognitive Science Brownbag series and presenting there.
Work done on this project contributes in substantial part to Ms. Rouinfar's Ph.D. dissertation.
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physics problems*, PHY SICAL REVIEW SPECIAL TOPICS-PHY SICS EDUCATION RESEARCH, p., vol. 8, (2012). Published,
10.1103/PhysRevSTPER.8.01012
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Exploring Visual Cueing to Facilitate Problem Solving in Physics

PI: N. Sanjay Rebello
Co-PI: Lester C. Loschky
Kansas State University

Project Award Number: 1138697

Annual Report for Year I: 2011-2012

PROJECT FINDINGS

During the first year of this grant we made the following findings:
e STUDY 1 Findings: See details below.
e STUDY 2 (PILOT) Findings: See details below.
e Met with the Advisory Board via Skype: See attached...
o Executive summary provided to committee prior to meeting.
o Report on themes of the conversation at the meeting, prepared after the meeting.
e Also attached:
o Journal Paper: Physical Review Special Topics — Physics Education Research
o Conference Papers:
=  National Association for Research in Science Teaching (NARST 2012)
= American Educational Research Association (AERA 2012)
= Eye Tracking Research & Applications (ETRA 2012)
o Conference Posters & Talks:
= Talk at Eye Tracking Research & Applications (ETRA 2012)
=  Poster at Eye Tracking Research & Applications (ETRA 2012)

STUDY 1: Differences in visual attention between those who correctly and incorrectly answer physics
problems

FINDINGS
STUDY 1A: INTERVIEWS TO DETERMINE NOVICE LIKE AREAS OF PROBLEMS

The six problems included in this analysis showed consistent incorrect reasoning patterns. These answer
patterns align well with previous findings in the literature. This gave us confidence that the definitions of
novice-like areas of interest, for each physics problem, do indeed represent the most common novice-
like answers of the larger population of introductory physics students.

STUDY 1B: DETERMINING DIFFERENCES IN VISUAL SELECTIVE ATTENTION BASED ON CORRECTNESS OF
PROBLEM SOLUTION

Results from Area of Interest (AOI) Analysis
Mixed factorial 2 x 6 ANOVAs with proportion of time in each AOI type as the dependent variable and

problem number and correctness of answer as independent variables were conducted for all three AOI
types.



Full trial period: We found a significant main effect for correctness of answer as well as for problem
number for all three AOI types. We were looking for a main effect of correctness, as this would indicate
there are differences in percentage of time spent in an AOI between those who answered correctly and
those who answered incorrectly. The main effect of correctness addresses our research questions and
will be further analyzed below. The main effect of problem number indicates there is at least one
difference in proportion of time in each AOI type between different problems. We were not interested
in how the proportion of time spent fixating varies between problems, as this is not relevant to our
research questions, so the effect of problem number will not be further analyzed. We found a significant
interaction between problem number and correctness of answer in the perceptually salient AOI. This
means the relationship between correctness and time spent in the perceptually salient area is different
across problems. This interaction is not relevant to our research question and will not be further
investigated

First Two Seconds After Leaving Problem Statement: We found that on five out of six problems used in
Study 1B, those who answered the problem correctly spent a higher percentage of total viewing time
fixating on thematically relevant areas in the problem diagram. Those who answered correctly likely had
the domain knowledge needed to solve each problem, and therefore spent more time viewing the
relevant areas in each diagram. This result is consistent with previous findings where those with high
levels of domain knowledge in a discipline, such as identifying fish locomotion, art, and chess, spend
more time looking at areas of diagrams and pictures relevant to a task. Our finding is evidence for top-
down processes playing a key role in guiding visual attention when solving physics problems correctly.

We also found that on five out of six problems, those who answered the problem incorrectly spent a
higher percentage of total viewing time looking at areas of the diagram consistent with a novice-like
response. Furthermore, on the one problem that did not quite reach statistical significance (p = .058) the
effect was in the same direction as the other five problems. These novice-like AOIs were determined
through individual interviews described in Study 1A, and were consistent with the physics education
literature describing common student misconceptions. Importantly, the finding that incorrect solvers
spent more time fixating on novice-like areas is evidence for their visual attention being guided by top-
down processes. However, instead of attention being guided by scientifically correct domain
knowledge, incorrect problem solvers’ attention was guided by novice-like misconceptions. Thus, when
solving physics problems, top-down processing plays a key role in guiding visual selective attention
either to thematically relevant areas, or novice-like areas, depending upon the scientific correctness of a
student’s physics knowledge.

Concerning the effects of bottom-up processes in guiding attention during physics problem solving, we
found that those who answered incorrectly spent more time in perceptually salient areas during the full
problem period on only two of the six problems. Nevertheless, for five of the six problems the effect was
in the predicted direction, such that incorrect problem solvers spent a higher percentage of total time
fixating on the perceptually salient AOIs than the correct problem solvers. However, four of those
effects were not statistically significant. A likely explanation for this result is that in these two problems,
the perceptually salient AOI partially or completely overlapped with the novice-like AOI, which was not
the case for the other four problems. We have already shown that those who answered the problem
incorrectly spent significantly more time fixating on the novice-like AOls on two of the six problems than
those who answered the problem correctly. So the significant result for these problems for the
perceptually salient AOI is likely due to this AOI overlapping with the novice-like AOI. This result also
seems to indicate that attending to the perceptually salient area is not necessarily a good predictor of
correctness. These results appear to be consistent with a study of change blindness that found that



problem solvers seldom notice changes in color, even though color is most perceptually salient. Thus,
when considering the full time period of problem solving, perceptual salience appears to have played a
minimal role in guiding the attention of incorrect physics problem solvers. Nevertheless, previous vision
research has suggested that the effects of bottom-up perceptual salience on eye movements are limited
to the first two seconds of viewing a stimulus. Thus, this seeming null result could be argued to have
resulted from diluting the effect of saliency by including eye-movement data from the entire duration of
the trial, rather than only the first two seconds.

To reanalyze the data including only the first two seconds of viewing a diagram, we completed a mixed
factorial 2 x 6 ANOVA with proportion of time in each AOI type as the dependent variable and problem
number and correctness of answer as independent variables for all three AOI types for the first two
seconds of viewing the diagram. We were looking for a main effect of correctness, as this would indicate
there are differences in percentage of time spent in an AOI between those who answered correctly and
those who answered incorrectly. For the first two seconds after leaving the problem statement, we
found no main effect for correctness of answer for any of the AOI types. So, there are no significant
differences in proportion of time spent fixating in the AOI types between those who answered correctly
and those who answered incorrectly for any of the problems and no further analysis was conducted.

We did find a main effect for problem number for the novice-like and perceptually salient AOIs. This
means for each of these AOIs, there is at least one difference in proportion of time between the
different problems when considering the data for all participants. We were not interested in how the
proportion of time spent fixating varies between problems, as this is not relevant to our research
guestions. We also found a significant interaction between problem number and correctness of answer
in the thematically relevant AOI. This means the relationship between correctness and time spent in the
thematically relevant area is different across problems. This interaction also does not address our
research questions, and is not analyzed further.

The reanalysis of the data for the first two seconds of viewing the diagram found no statistically
significant differences between correct and incorrect solvers on any of the problems for the perceptually
salient AOI. Indeed, there were no statistically significant differences between correct and incorrect
solvers in time spent in the thematically relevant or novice-like AOls. In sum, we found no support for
the hypothesis that perceptual salience influences visual selective attention more for incorrect problem
solvers during the first two seconds of diagram viewing. This result is consistent with previous studies
that have shown that top-down influences on visual attention tend to dominate bottom-up influences
when a viewer is given a specific goal or task. Nevertheless, such null results for the effects of bottom-up
saliency on visual attention are consistent with our own results, which considered both the full problem
solving time period, and only the first two seconds, and found little if any effects.

However, before completely rejecting the hypothesis that bottom-up saliency affects attentional
selection during physics problem solving, we must consider two observations that provide partial
support for it. First, it may be that the early effect of perceptual salience on eye movements was
present; however, the data lacked sufficient statistical power to detect it. Some support for this
explanation is shown by comparing the mean difference for the correct versus incorrect problem solvers
for the perceptually salient AOIs for the first two seconds of viewing the diagram. Specifically, the
percentage of time spent looking in the perceptually salient AOI is higher for incorrect solvers than
correct problem solvers on five of the six problems, though not statistically significantly so. Thus, it is
possible that a larger study with more observations might show this effect to be statistically significant.
Secondly, the perceptual salience model proposed by Itti and Koch predicted that early in scene viewing



eye movements are more influenced by bottom-up perceptual information than top-down knowledge.
Therefore, the saliency model would predict that early in viewing a physics problem, correct and
incorrect problem solvers would not have had sufficient amount time to apply their (correct or
incorrect) top-down knowledge to guide their attention to thematically relevant or novice-like areas of
the diagram. If so, during the first two seconds of viewing the diagram, there should be no difference
between correct and incorrect problems solvers’ percentage of total fixation time in either the
thematically relevant or novice-like AOls. The data supports this hypothesis, which shows that there is
no significant difference in viewing time for thematically relevant AOls between correct and incorrect
problem solvers. In sum, the data showed essentially no influence by top-down domain knowledge
during the first two seconds of diagram viewing, though such effects were statistically significant later in
time, when considering the full problem solving time period. Thus, based on the above two
observations, we must withhold complete rejection of the hypothesis that bottom-up salience affects
the visual selective attention of incorrect physics problem solvers. Even so, such an interpretation of the
data should be made cautiously since it is based on null effects. Future studies will be required in order
to explicitly test the effects of bottom-up and top-down information on early and late visual selective
attention processes in eye movements.

Results from Scan Path Analysis

We did not find significant differences in ScanMatch scores be-tween those in the C-C comparisons and
those in the I-I compari-sons on five of the six problems analyzed in this study. This evi-dence is
consistent with the hypothesis that the attention of incorrect solvers is primarily directed by top-down
naive theories and not the relative perceptual salience of the elements. This finding aligns well with our
previous findings [Madsen et al. 2011] that showed no significant difference in the percentage of
fixation time in the perceptually salient areas of the diagram during the full problem period, or the first
two seconds of viewing the diagram, when the effects of perceptual salience should be most
pronounced. It also aligns well with the findings showing significant differences in the percentage of
time incorrect solvers spent in the novice-like areas of the diagram and the percentage of time correct
solvers spent in the thematically-relevant areas of the diagram.

We found significant differences between the I-I and C-I compari-sons on three of the six problems.
These differences were expected as we have previously seen that correct solvers and incorrect solvers
spend different amounts of time looking at thematically-relevant and novice-like elements in the
problem, so their scan paths scores are likely to be different. It is curious that we did not find that the I-I
comparison and the C-C comparison had higher ScanMatch scores than the C-1 comparison on all of the
problems. The problems used in the study included a text problem statement, diagram, and multiple-
choice answers. The hypotheses set forward in this study assumed a similar reading pattern of the
problem statement and answer choices for all participants. The hypotheses were formed assuming only
differences in how the participants looked at the diagram. Differences in reading the problem statement
and answer choices may have overwhelmed small differences in diagram viewing, resulting in no
difference in the ScanMatch scores of the C-C and I-| comparisons compared to the C-I comparison.

These findings may have implications for educational interventions aimed at helping novices learn to
answer such conceptual questions correctly. Researchers in physics education have devoted much
attention to addressing these consistent wrong answer patterns by changing the way students think
about how the world works. If it were true that this problem had an underlying perceptual component,
these interventions would need to instead help students learn how to ignore salient elements and focus
instead on thematically-relevant elements. The results of this study suggest that wrong answers have



roots in the incorrect ways students think about how the world works, not how a problem diagram
looks. So it seems that the educational interventions used to improve student understanding are on the
right track.

STUDY 2 (PILOT): Using Dynamic Cues to Influence Reasoning (NOTE: This is the pilot for a more
detailed STUDY 2 to be conducted in the second year of the grant.)

FINDINGS

In this study we find some evidence that viewing a physics problem overlaid with short duration visual
cues can indeed help students correctly answer and reason about problems they were previously unable
to. Of the four problem sets used, we found on one of these problem sets significantly more students
changed to a correct answer after seeing cues. It is not enough though, to provide visual cues to help
students answer a given set of problems. In looking at transfer problem performance, we found nearly
significant differences on the ball and graph transfer problems with the cue group outperforming the no
cue group. Thus, we find some evidence that repeatedly showing novices visual cues on related
problems may help them to properly apply the factual knowledge on similar future problems viewed
without cues.

We also found some differences in eye movements of those who changed to a correct answer on a
similar problem and those who did not. Those who changed to a correct answer on a similar problem for
the rollercoaster problem followed the visual cues more closely than those who did not change to a
correct answer. Thus, there may be a relationship between how well a participant follows the visual
cues with their eyes, and how helpful these cues are. This suggests that following the cues closely is
related to changing to a correct answer. Further, we looked for evidence that seeing cues changes the
way in which one views future problems with no cues and found no evidence for this on the ball transfer
problem.

While we did find some results that point to the usefulness of cueing, we also saw no difference
between cue and no cue groups in the number of similar problems answered correctly on three of the
four problem sets tested. There are many reasons that the cueing may have failed. First, we have
previously discussed how the cue pattern may have been too complex on these three problems. In the
future, we can use simple repetitive cues as well as increase the time the cues are seen. We can also
change the type of cue we are using, for example instead of moving colored shapes modeling correct
solvers’ eye movements, we could use lines or bars to illustrate comparisons in the diagram that correct
solvers make. Additionally, there may be only certain types of problems that lend themselves to
improvement through visual cueing. We have only explored four problems in this study. There are a
plethora of problems that can be categorized in a variety of ways and tested in future studies. It could
also be that the order in which the problems are presented influences the usefulness of the cue. The
roller coaster problem was presented first each time and was the only problem the cues were found to
influence. In future studies, the order of cue problems will be randomized to balance out any order
effects.

We also found differences between the cue and no cue groups on two of the four transfer problems
tested. As mentioned earlier it may be that the two transfer problems that showed no difference were
too difficult for this level of student, as very few students in either group answered these problems
correctly. It is also possible that the researchers viewed the transfer problems as closely related to the
similar problems, though the students did not view them this way, and thus were unable to apply what



they gained from the cues to the transfer problems. In other words, the transfer problems, though
deemed to be near transfer problems by the researchers, were perceived to be far transfer problems by
the participants in our study. A problem may be perceived as near or far transfer depending upon
whether the problem solver perceives the two problems to be different in surface feature or deep
structure. So, it seems that although the ‘similar’ and ‘transfer’ problems were deemed to differ only in
surface feature by the researchers, the participants in our study appear to have perceived them as being
different in deep structure as well.

Previous studies with visual cues in several domains have also found mixed results on the effectiveness
of cueing. There is much work to be done to understand the factors that lead to helpful cues. This study
offers some hope that cueing can potentially serve as effective conceptual scaffolding for novice physics
students, but much work is necessary to perfect this method.



Visual Cueing in Physics Problem Solving
Advisory Board Meeting
March 16, 2012

SUMMARY REPORT TO ADVISORY COMMITTEE

The overarching goal is to explore and possibly exploit the link between cognition
and eye movements in the context of physics problem solving. Several studies have
shown consistent incorrect answer patterns for some conceptual physics problems
(see Docktor & Mestre, 2011 for a review). Until recently, several cognitive top-
down explanations were provided, including misconceptions or misapplication of
conceptual resources. Alternatively, Heckler (2011) has suggested a bottom-up
perceptual basis for incorrect answers. Perceptually salient and plausibly relevant
features in a problem capture students’ attention through bottom-up processes,
leading to incorrect answers, while less salient, albeit thematically relevant features
are not considered by the student.

Our first study (Madsen et. al, 2011) found that incorrect solvers spend statistically
significantly larger percentage of their dwell time in the ‘novice-like’ areas of a
problem than the correct solvers, but found no such difference in ‘perceptually
salient’ areas. A subsequent analysis (Madsen, et. al.,, 2012) showed that on most
problems the scan paths (Cristino et al. 2010) of incorrect solvers were no more
similar to each other than the scan paths of correct solvers. These results appear to
be consistent with the top-down basis for incorrect answer patterns.

Our second study explored the possibility of using visual cues to facilitate problem
solving in physics. Prior research (Thomas & Lleras, 2006; Grant & Spivey, 2003)
shows that visually cueing attention in a way that embodies the problem solution
can improve problem solving performance. We found some evidence that viewing a
physics problem overlaid with short duration visual cues can indeed help students
correctly answer and reason about problems they were previously unable to. We
also found some evidence that repeatedly showing novices visual cues on related
problems may help improve their performance on transfer problems viewed
without cues. Finally, we also found that participants who changed their answer to
a correct answer after cueing had a significantly higher percentage of saccades that
closely followed the visual cues than those that did not follow the cues. This result
suggests that following the cues closely is related to changing to a correct answer.
However, we found no evidence that seeing cues changes participants’ eye
movements on the transfer problem. Given the small number of participants in this
study, we are continuing to collect data on this study.

Our most recent (current) study revisits the issue of salience that we had begun to
explore in the first study. Many of the problems in the first study had the novice-like
areas overlapping with the perceptually salient areas. Thus, it was difficult to
distinguish whether top-down or bottom-up processes were driving the answer
patterns. In the current study we have controlled for perceptual salience by



creating three versions of each problem - one in which the novice-like region has
the highest salience, another in which the thematically relevant region has the
highest salience, and yet another in which the two areas have equal salience. This
study will enable us to test whether it is the top-down or bottom-up processes that
drive students’ eye movements and answer patterns to these problems.

Based on the studies so far, we plan to investigate the following research questions
going forward:
e What factors of a cue (e.g. duration, cue strength should we experiment with?
o Should we increase cue duration?
= Could this depend on what experts do?
= [f so, would this be arbitrary or non-generalizable to different
contexts and problems?
o Should we increase cue strength? If so how do we do this? Some
possibilities are:
* Increasing cueing strength based on bottom-up cueing (e.g.
multiple cues presented on the same figure)
= Increasing the strength of the cue by perceptually grouping the
conceptual information needed to answer the problem.
o Should we use both exogenous and endogenous cues?
=  We assume, the impact of the perceptual salience in the first
two seconds is affecting cognition after the first two seconds.
However, this is just the first step in the processes regarding
thinking about the problem. So we:

e First use an exogenous cue to attract attention. This
may get people thinking about the appropriate
construct.

e Next, provide a stronger cue that could be either
perceptually salient or it could represent the conceptual
information needed to solve the problem.

= In this way, the concept (top-down) is primed by salient
information (bottom-up)

e Do we need to tell people that the cue will help them?
o Innormal instruction, teachers give students explicit instruction. But
the use of cues seems an inherently implicit instructional strategy.
= How does this relate to the distinction between explicit
declarative knowledge (e.g., of a principle or concept from a
lecture or textbook) versus implicit procedural knowledge
(e.g., used when solving a problem)?

e How many times should we repeat the cueing in similar problems without
making the students aggravated?

We hope to gain insights and advice from the Advisory Committee on these
questions.



FIRE Visual Cueing Project Advisory Board Meeting
Friday March 16, 2012

Themes of Conversation

Present:

Advisory Board: David Irwin, Jose Mestre, Brian Ross, Eric Wiebe

KSU Visual Cueing Project Group: Adrian Madsen, Adam Larson, Amy Rouinfar,
Lester Loschky, N. Sanjay Rebello

Below is a bulleted list of the main themes that seemed to emerge from the
conversation during the Advisory Board Meeting.

Explicit Versus Implicit Cues
e General agreement that explicit cues are preferable.
o Tell students what you are going to do with the cues--what you will
illustrate--and then give the cues.
o If students see cues “cold” may not know what to do with them.
e Thomas and Lleras used implicit cueing to show interesting effectin a
problem where there was a single new thing the participant needed to
think about. In education, we want the strongest effect and its likely
explicitly telling students that cues are helpful will lead to this.
e The goal is transfer, telling students that cues are helpful gives a better
chance of seeing transfer.

Duration of Cues
e Time scale of problem solving in physics is very slow, so repeat the cues
every few seconds rather than increase the duration, i.e., present for 4
seconds, wait for 2 second, present again for 4 seconds, etc. Maybe
increase the intensity of the cues as you repeat them.
¢ Repeating them with increasing emphasis might help avoid adaptation.

Cue Design
e Don’t design cues based on what experts do. There may be cues that are
more pedagogically salient/effective for novices.
e Instead, do a task analysis to determine the steps for a novice to
successfully solve the problem.

o This is in fact what we did when we developed the pilot study on
cueing. However, we need to do it more formally now, with an eye
to eventually generating a generalizable theoretical framework
within which we do it.

e Relate the steps from the task analysis to the three types of cues:
selection, organization and integration.

o Go beyond selection, use cues to compare heights on skier
problem, don'’t just have participants attend to heights.



o There are several cognitive steps needed to solve many of the
example problems and the number of steps varies in each problem.
For example on distance time graph, we can highlight slope but
students need to know how to relate slope of d vs t graph to
velocity. It also takes more steps to pick the slopes as the right
answer than it does to pick the crossing point (wrong answer)
e Cues could explicitly show how to transfer from one problem to another.
e Ultimately want a general model of cueing
o Want a general model of how to design cues that can be applied to
any problem, by anyone. Need general principles to create this
model.
o Start with cues that work for sets of problems (and cues that don't)
and a general theory can emerge from this.

Purpose of Cues

¢ Need to make the purpose of the cues more explicit. Are we trying to
improve transfer? Make minimalistic cues?

e Cues should scaffold novices understanding and help them pull pieces
together and make sense of material.

e Cues should relay the purpose and procedure needed to extract
necessary information from the diagram.

e Cues can help student’s abstract information from problems into a general
model that will be useful for transfer. The visual support should help with
the abstraction.

o May need a visual intermediary to help with abstraction of
concepts. Visually link to an intermediate abstraction.

Cueing in Reading vs. Physics

e Poor readers make dysfunctional eye movements compared to good
readers. At one point it was thought that training poor readers to make
better eye movements would improve their reading but this failed. Poor
readers are poor because of top-down reasons, not because they make
poor eye movements.

¢ In physics, novices don’t even know what to look at, but looking in itself is
not adequate. Need to think about top down organization and integration.
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Differences in visual attention between those who correctly and incorrectly
answer physics problems
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This study investigated how visual attention differed between those who correctly versus incorrectly
answered introductory physics problems. We recorded eye movements of 24 individuals on six different
conceptual physics problems where the necessary information to solve the problem was contained in a
diagram. The problems also contained areas consistent with a novicelike response and areas of high
perceptual salience. Participants ranged from those who had only taken one high school physics course to
those who had completed a Physics Ph.D. We found that participants who answered correctly spent a
higher percentage of time looking at the relevant areas of the diagram, and those who answered incorrectly
spent a higher percentage of time looking in areas of the diagram consistent with a novicelike answer.
Thus, when solving physics problems, top-down processing plays a key role in guiding visual selective
attention either to thematically relevant areas or novicelike areas depending on the accuracy of a student’s
physics knowledge. This result has implications for the use of visual cues to redirect individuals’ attention
to relevant portions of the diagrams and may potentially influence the way they reason about these

problems.

DOI: 10.1103/PhysRevSTPER.8.010122

I. INTRODUCTION

Often diagrams in physics problems contain information
that is both relevant to the solution of the problem and
information that is irrelevant. Students commonly use this
irrelevant information as they reason their way to an in-
correct answer, when, in fact, they should simply ignore it.
The use of irrelevant information in student answers has
been observed in many studies, such as those by
McDermott looking at common student difficulties in
understanding motion [1,2].

A convenient way of measuring what learners pay at-
tention to is to measure their eye movements. In the current
study, we measure students’ saccades (i.e., when eyes are
in motion) and fixations (i.e., when eyes are stationary at a
specific spatial location) to measure where they attend in
physics problems. Attention is guided by two sources of
information, one internal and the other external, referred to
as top-down and bottom-up information, respectively.
Bottom-up information is based on the physical character-
istics of stimuli on which a person fixates, and the visual
processes that work on such information tend to be very
fast and involve primitive brain areas early in the visual
stream [3,4]. The influence of bottom-up information on
attention is generally explained in terms of the relative
perceptual salience of elements of the visual stimuli
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[5-7]. Perceptually salient regions of an image tend to be
those with relatively greater contrast in terms of color,
orientation, intensity, or motion compared to the other
image elements. Perceptually salient elements are argued
to automatically capture attention through primitive visual
mechanisms [8,9]. Itti, Koch, and Niebur [5,6] have created
a computational algorithm to produce a salience map of a
scene or diagram, using contrasts of light intensity, orien-
tation (e.g., of lines), and color. Such salience maps have
been found to predict significantly greater than chance
where people will fixate as they view images [10,11]
though top-down factors (described below) have been
shown to have even larger effects on where people fixate
[12-14]. Models of the effects of saliency on eye move-
ments argue that one’s attention first selects the location
with highest salience, this location is then fixated, and after
the information there has been sufficiently processed, one’s
attention moves to the next most salient spatial location.
Carmi and Itti [7] studied the effects of saliency as a
function of viewing time and found that their perceptual
salience model best predicted the first six or seven fixations
when viewing a scene (see also Parkhurst, Law, and Niebur
[10]). For the average viewer, this is equivalent to about the
first 2 sec of viewing. This suggests that bottom-up
processes are more dominant in the first 2 sec of viewing,
with top-down processes exerting a greater influence on
eye movements thereafter.

In the domain of physics, it has been proposed by
Heckler [15] that the consistent wrong answer pattern by
novices on introductory physics problems is in part a result
of their attention being directed to the most perceptually

Published by the American Physical Society



MADSEN et al.

PHYS. REV. ST PHYS. EDUC. RES. 8, 010122 (2012)

salient and plausibly relevant features in a problem. He
explains that the most salient features capture attention
through perceptual processes and less salient features
have little opportunity to be considered, leading to an
incorrect answer. Student answer patterns are cited as
evidence for these perceptually driven responses; however,
no eye-movement data supporting this hypothesis are
provided.

However, some researchers [13] have found that percep-
tual saliency, as assessed by Itti’s model, did poorly in
accounting for the paths that viewers’ eyes took when
given a search task. For instance, in the study by
Hegarty, Canham, and Fabrikant [16], university students
viewed weather maps and were tasked to determine wind
direction. The researchers found no evidence to indicate
that over the full trial period participants looked at the
perceptually salient areas of the weather maps based on
Itti’s algorithm. However, the researchers did not limit their
analysis to only the first 2 sec of viewing, when the effect
of saliency driven bottom-up processes should be most
pronounced.

Top-down information and the processes that act upon it
are based on the viewer’s prior knowledge, task goals, and
expectancies. Top-down effects on attention tend to be
mediated by higher brain areas and occur later in the
time course of vision [17,18]. Most importantly for the
current study, it has been observed that experts in a domain
attend to task-relevant portions of a diagram more than
novices in that domain. Thus, the expertise of these indi-
viduals helps to guide their visual attention in the diagram.
Jarodzka et al. [19] studied the visual attention of both
novices and experts who viewed videos of unfamiliar fish
swimming and classified the type of locomotion. The
authors found that experts spent significantly more time
fixating on relevant areas of the video than biology stu-
dents, who had the necessary background knowledge for
differentiating types of locomotion but little practice in this
classification task. The authors also found that novices
spent more time than experts fixating on areas irrelevant
for determining locomotion. Similar studies have mea-
sured eye movements of experts when viewing art [20]
and playing chess [21], and have shown that the increased
domain knowledge in these fields affects where people
fixate while performing domain-relevant visual tasks.
Thus, important differences in the eye movements of
experts, who possess the necessary domain knowledge,
versus novices, who do not possess such knowledge, can
be seen by tracking their eye movements while they are
carrying out domain-relevant tasks [22-24].

Visual attention allocation in the discipline of physics
may work somewhat differently than the previously dis-
cussed disciplines as our everyday interactions with the
physical world may help us develop ideas about how it
works without any formal instruction. Thus, novice rea-
soning may be influenced by top-down knowledge, which

may be based on either correct or incorrect representations
of the physical world. Physics education research has
cataloged a pattern of consistently incorrect answers to
many common physics questions. These patterns, called
misconceptions [25,26], may be a result of stable mental
entities built up through years of interaction with the
physical world and through schooling. These consistently
incorrect answer patterns have also been explained in terms
of a misapplication of small chunks of information,
referred to as resources [27], which students develop
through their experience with the world. In a physics class,
they may bring together groups of resources to answer
questions, and may apply inappropriate resources to a
given situation. Conversely, these consistently incorrect
answer patterns may be the result of students categorizing
scientific ideas into inappropriate ontological categories
[28]. However, while the precise cognitive processes that
lead to these consistently incorrect answer patterns are still
being debated, all the proposed explanations rely in some
way on ‘“‘domain knowledge” about how the world works.
Thus, for the purposes of this paper, we will refer to the
cognitive underpinnings of these consistently incorrect
answer patterns in physics as novicelike misconceptions.
Therefore, a key question addressed in the current study is
whether both experts’ scientifically correct domain knowl-
edge and beginners’ novicelike misconceptions exert top-
down influences on visual attention when viewing physics
problems. If novicelike conceptions do influence eye
movements when answering physics problems, then par-
ticipants who provide incorrect answers should spend more
time fixating on irrelevant areas of a diagram than the
relevant or perceptually salient areas of the diagram.

The interaction between perceptual salience and level of
domain knowledge is also important to consider. A study
by Lowe [29] found that the written responses of meteo-
rology students who studied animated weather maps and
recorded generalizations about them primarily contained
information extracted from perceptually salient areas of the
weather maps. However, a more recent study by Hegarty,
Canham, and Fabrikant [16] showed an interesting inter-
action between bottom-up salience and top-down knowl-
edge in guiding attention while looking at weather maps.
The authors investigated this interaction by recording par-
ticipants’ eye movements as they viewed static weather
maps in which the relative salience of task-relevant and
task-irrelevant information had been manipulated. Before
instruction, participants spent more time fixating on task-
irrelevant areas when they were the most perceptually
salient elements on the map. However, after instruction,
there was no difference in the time spent fixating on task-
irrelevant information regardless of which elements had
been made most perceptually salient. Thus, while both of
these studies show that novice learners are strongly influ-
enced by areas of a diagram that are perceptually salient,
the study by Hegarty, Canham, and Fabrikant shows that
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the effect of perceptual salience on attention decreases as
domain knowledge increases.

Previous research has shown that there is competition
for attention between bottom-up and top-down processes
as people view visual stimuli. The key question addressed
in the current study is how these processes interact when
answering physics problems. We use eye-movement data
to infer the extent to which bottom-up and top-down pro-
cesses influence people’s attention as they answer intro-
ductory conceptual physics questions containing diagrams.

We hypothesize that those with adequate domain knowl-
edge to correctly answer a problem will spend more time
fixating on thematically relevant areas of a diagram that
provide the solution to the problem than on irrelevant areas
of the diagram. Conversely, we predict that those who
answer incorrectly will spend more time fixating elsewhere
in the diagram. More specifically, based on previous re-
search in physics education concerning novicelike miscon-
ceptions, which consistently lead to incorrect answers, we
hypothesize that those answering the problem incorrectly
will spend more time fixating on areas of the diagram
consistent with a novicelike misconception. These partic-
ipants will initially attend to perceptually salient areas of
the diagram, but will quickly disengage their attention
from these areas and instead attend to novicelike areas.
Such effects would suggest a strong role for top-down
factors in guiding attention while solving physics problems
involving diagrams.

Alternatively, it has been shown that perceptual salience
has a larger influence on novice learners’ eye movements
than those with more domain knowledge. Based on this
finding, we could predict that the fixated locations of those
who answer incorrectly are more likely to be influenced by
perceptual salience than those who have adequate domain
knowledge. Such effects would suggest a strong role for
bottom-up factors in guiding attention during physics prob-
lem solving with diagrams. Thus, a key question is whether
the attention of people who answer physics problems in-
correctly is more influenced by the top-down factor of
novicelike misconceptions or by the bottom-up factor of
the perceptually salient areas of the diagram.

Specifically, we examine the following three-part re-
search question:

How does the correctness or incorrectness of one’s an-
swer to a physics problem involving a diagram relate to the
time spent looking at those areas of the diagram that are

(a) thematically relevant to the problem’s solution?

(b) consistent with novicelike misconceptions? Or

(c) perceptually salient?

II. STUDY 1: INTERVIEWS TO DETERMINE
NOVICELIKE AREAS OF INTEREST

A. Study 1: Methodology

In order to define areas of a physics problem diagram
that contain visual information related to a novicelike

misconception, we conducted individual interviews with
students enrolled in an introductory psychology course. We
specifically looked at the interview segments where
participants provided incorrect answers to the physics
problems and observed the areas of the diagram that
students identified and discussed while giving their
verbal explanation. This information was used to define
“novicelike” areas of interest (AOI), or specific areas of
the diagram in which a participant who answered incor-
rectly would use to come to their answer. These areas of
interest will be used in the analysis for study 2.

1. Participants

The participants were 13 students (eight females) en-
rolled in an introductory psychology course. All of the
students had taken at least one physics course in high
school, though some had taken an introductory physics
course at the university level as well. They were given
course credit for participation.

2. Materials

The materials consisted of 10 multiple-choice concep-
tual physics problems covering various topics in introduc-
tory physics including energy, kinematics, and graphing of
motion (see the Appendix for a list of problems). Each
problem contained a diagram that had a thematically rele-
vant visual component that students needed to attend to in
order to correctly answer the question. For example, in
problem 4 (see the Appendix), to compare the speeds of
ball A and ball B, one must attend to the distances between
the balls at each time interval and ignore the point where
the balls are aligned spatially. So, the distance between
balls at 2 and 3 sec is the relevant area to attend to. These
problems were chosen based on prior experience of the
researchers which indicated that these problems could be
answered using common naive conceptions documented in
physics education literature [1,2,30].

3. Procedure

Each participant took part in an individual session which
was between 20 and 40 min long. At the beginning of the
session, participants were given a short explanation of the
goal of the interview and the purpose of the research.
Further, they were instructed to think aloud and explain
their reasoning process as they answered each question.
They were told they might be asked additional clarifying
questions during their explanations. Participants were given
one problem at a time, each printed on an 8 1/2 X 11 sheet
of paper. They were allowed to write or draw on the prob-
lems as they deemed necessary. If a participant’s answer
was not clear, the interviewer asked questions to clarify the
meaning of the explanation. Participants’ verbal explana-
tions, gestures, and writing on the paper were recorded with
a Flip video camera.
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B. Study 1: Analysis

The purpose of these interviews was to determine which
portion of each diagram was attended to by incorrect
problem solvers. Therefore, only the interview segments
where the participant gave a final incorrect answer were
included in the analysis. A phenomenological approach
was used to code the interviews [31]. Table I contains the
answers and reasoning provided by participants who an-
swered the problems incorrectly. Four of the 10 problems
used in the interviews showed no consistent answering
patterns among incorrect solvers after a first pass analysis.
These problems are not included here, as there were no
identifiable novicelike areas to be utilized in study 2.

C. Study 1: Results and conclusion

The six problems included in this analysis (see the
Appendix) showed consistent incorrect reasoning patterns.
These answer patterns align well with previous findings
in the literature. Student difficulties with distance
versus time graphs were studied extensively by
McDermott, Rosenquist, and van Zee [2] and Beichner
[32]. McDermott, Rosenquist, and van Zee interviewed
students at all levels of introductory college physics as
well as high school physics and physical science students.

They found when students responded to a problem very
similar to problem 2 used in our study, they often selected
the point where the graph crossed the x axis because “the
position was going from positive to negative,” instead of
correctly choosing the point on the graph where the slope
was zero. In a similar study, Trowbridge and McDermott
[33] found that a common student misconception is the
idea that when two objects have reached the same spatial
position they have the same speed. In their study,
Trowbridge and McDermott used a problem very similar
to problem 4 in our study, and found that a substantial
number of students chose the instant when the balls passed
each other as the time when they were moving at the same
speed. In problem 4 in our study, this instant of the balls
passing is at 1 sec, which is the most common incorrect
answer we observed. Conflating position and speed is also
observed in problems 3 and 7 in our study. In problem 7,
we observed students incorrectly choosing the point where
the graphs of two objects crossed as the point when the
objects were moving at the same speed. This crossing point
is the place where the objects have the same position, but
not the same speed. In problem 3, we observed students
choosing the points where the graph crosses the x axis as
the place where the object’s speed is zero. These crossing
points are the places where the object has a zero position

TABLE I. Number of students providing each answer and reasoning on conceptual physics questions with a diagram.
Question no. No. of
and description Answer Reasoning responses
Q1. Roller coaster Final speed B > Compares drops and climbs on tracks A and B 2

final speed A Height of initial drop on track A > height of initial drop on track B 2
Final speed A > Compares drops and climbs on tracks A and B 5
final speed B
Q2. Distance time graph 1 Point C Distance changes from positive to negative 5
Q3. Distance time graph 2 Point A Distance is zero 2
Distance and time are zero 2
Points A and C Distance and time are zero 1
Point C Distance goes from negative to positive 1
Q4. Balls on tracks 1 second Balls at the same position at same time 5
1.5 seconds The balls are the same and have same acceleration 1
Comparing distances between balls on track B 1
Q7. Distance time graph 3 Points A and E At point A objects have traveled zero distance at = 0 seconds, at 2
point E objects are at same position at same time
Point E Objects traveled same distance in same time 3
That is the point where the lines cross 2
Q10. Skier on slope B>C=A Steepness of slope influences speed 1
B>C>A 1
A>B>C Steepness of slopes influences speed, kinetic energy and potential 2
energy
Steepness of slope directly related to change in potential energy 1
B>C>A Relates slope, height and width of segment to change in potential 1

energy
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relative to the origin, but not a zero speed. So the incorrect
answers we observed on problems 3 and 7 align well with
this documented student difficulty. Viennot [1,34] also
investigated student difficulties with force and motion.
She surveyed about 2000 university and high school stu-
dents in France, Belgium, and Britain and found that
students often attempted to account for differences present
in a diagram that may or may not be related to the problem
solution. This is consistent with our findings in problems 1
and 10. In problem 1, tracks A and B are different, though
one only needs to notice that the initial and final heights are
the same, so the final speeds will be the same. Students
who answered incorrectly in our study discussed the dif-
ferences between the tracks to explain their answers. On
problem 10, one needs to notice that the heights of each
slope are the same. Those who answered incorrectly in our
study primarily reasoned using the fact that the slopes were
changing.

In sum, there was strong agreement between our
interview findings and documented student difficulties
in the literature. This gave us confidence that the defi-
nitions of novicelike areas of interest, for each physics
problem, do indeed represent the most common novice-
like answers of the larger population of introductory
physics students.

III. STUDY 2: DETERMINING DIFFERENCES IN
VISUAL SELECTIVE ATTENTION BASED ON
CORRECTNESS OF PROBLEM SOLUTION

A. Study 2: Methodology
1. Participants

There were 24 participants in the study (three females,
two were graduate students and one was a psychology
student) with two different levels of experience in physics.
Ten participants were first-year through fifth-year Ph.D.
students in physics who had either taught an introductory
physics course or had been a teaching assistant for an
introductory physics lab. One participant was a postdoc-
toral candidate in physics who had received his Ph.D.
within the last two years and had teaching experience.
Thirteen participants were enrolled in an introductory
psychology course and had taken at least one physics
course in high school, though some had also taken an
introductory physics course at the university level. The
Ph.D. students and postdoctoral candidate participated as
volunteers and the psychology students received course
credit for their participation. Because we were looking to
compare those who answered the physics problems cor-
rectly to those who answered incorrectly, we selected
participants with a broad range of experience. We ex-
pected that the Ph.D. students would answer correctly,
while the psychology students might answer incorrectly,
though we knew that this might not always be the case
since there is a wide distribution of expertise among

introductory physics students

students [35].

and physics graduate

2. Materials

The materials consisted of the six multiple-choice intro-
ductory physics problems analyzed in study 1 (see the
Appendix).

3. Apparatus

Participants were presented with physics problems on a
computer screen viewed at a distance of 24 in. using a chin
and forehead rest to minimize participants’ extraneous
head movements. The resolution of the computer screen
was set to 1024 X 768 pixels with a refresh rate of 85 Hz.
Each physics problem subtended 33.3° X 25.5° of visual
angle. Eye movements were recorded with an EyeLink
1000 desktop mounted eye-tracking system [36], which
had an accuracy of less than 0.50° of visual angle. An
eye movement was classified as a saccade (i.e., in motion)
if the eye’s acceleration exceeded 8500° /s> and the veloc-
ity exceeded 30°/s. Otherwise, the eye was considered to
be in a fixation (i.e., stationary at a specific spatial loca-
tion). A nine-point calibration and validation procedure
was used at the beginning of the experiment.

4. Procedure

Each participant took part in an individual session last-
ing 20-40 min. At the beginning of the session, partici-
pants were given a short explanation of what to expect in
the study. After calibrating the eye-tracking system, if the
validation’s mean error was = 0.50° of visual angle, the
experiment began, otherwise the calibration and validation
was repeated until successful. Next, the participant was
instructed to silently answer 10 multiple-choice questions
while their eye movements were recorded. Participants
indicated their answer to each question using number
keys on the keyboard. Between questions, a calibration
drift correction procedure was done to ensure proper
calibration throughout the experiment. This procedure re-
quired the participant to fixate on a small white dot in the
middle of a gray screen and press a key. Pressing the key
caused the screen to advance to the next problem when the
participant’s fixation was within a predefined area around
the white dot. Finally, each participant was asked to pro-
vide a cued verbal retrospective report [37] for which they
were shown a replay of their eye movements on each
problem and asked to explain their thought processes
(either after watching the replay of their eye movements
or concurrently while watching them). This method has
been found to produce more in-depth explanations than
without viewing one’s eye movements. If a participant’s
explanation was unclear, they were asked follow-up ques-
tions. Participants were given unlimited time to answer the
questions and provide retrospective verbal reports. Verbal
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explanations and gestures were recorded with a Flip video
camcorder.

B. Study 2: Analysis

To analyze participants’ eye fixations, we defined areas
of interest (AOIs) for specified areas of each diagram.
These AOIs were used to determine the total fixation
time (i.e., the total amount of time the participant spent
fixating on a given AOI). There were three different types
of AOIs identified for each physics problem analyzed in
study 1. These types were thematically relevant AOls,
perceptually salient AOIs, and novicelike AOIs. The
definition for the thematically relevant AOI came from
three independent raters, one physics professor and two
Ph.D. students in physics, who indicated, on each of the
problems, the area which contained visual information
necessary to answer the problem. The definition for the
perceptually salient AOI in each problem was determined
using an implementation of the Itti, Koch, and Niebur
saliency map algorithm in MATLAB [38]. This MATLAB
toolbox produced a heat map representation of relative
saliency over the entire diagram for each problem (see
Fig. 1). The area on the diagram with the highest rating
of saliency was used to define the perceptually salient AOIL.
If there were several portions of the diagram with the
highest level of perceptual salience, according to the sa-
lience map, then all of these areas were used when defining
the perceptually salient AOL.

The novicelike AOI was defined based on the interviews
described above in study 1. Figure 2 shows the themati-
cally relevant, novicelike and perceptually salient areas of
the problem whose heat map is shown in Fig. 1.

The areas of the diagram referred to by the majority of
the interviewees from study 1 who answered the problem

Two balls roll along the paths shown below. The position of the
bals is shown at equal tme intervals ot one second each. When
does Ball B have the same speed as Ball A?

Ball A t=0s 0 =T =2e txdg tads

rE 5 o o &5 &

Ba“B T=0% =135 1=25 t=2 o b=y
. o o 4NN
{1)t=10sec  (2Jt=15sec (3)t=2.0sec
{4)t=25sec  (5)t=3.0sec

FIG. 1 (color online). Heat map of perceptual salience created
using the Itti, Koch, and Niebur salience algorithm. Red indi-
cates area of highest perceptual salience.

Two balls roll along the paths shown below. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Ball A t=0s [t=1s t=2s  t=3s| t=4s
® ®
Ball B t=0s t=1s t=2s H
8 o)
(1) t=1.0sec  (2)t=15sec (3)t=2.0sec
(4)t=25sec (5)t=3.0sec

FIG. 2 (color online). Thematically relevant AOI is the dis-
tance between balls at 2-3 sec. Novicelike AOI is when the balls
are at the same position, at 1 sec. Perceptually salient AOI is oval
around ball B at 3 and 4 sec.

incorrectly were defined as the novicelike AOI for each of
the problems. These areas are listed in Table II.

These thematically relevant, perceptually salient, and
novicelike AOIs were applied to the problems analyzed
in study 1. Additionally, an AOI containing the entire
diagram was applied to each of the problems. The total
amount of time each participant spent fixating on each AOI
was determined (total fixation time), as well as the total
time spent looking at the entire diagram. To account for
differences in total viewing time on each problem, the
percentage of time spent in each respective AOI was
determined by dividing the total viewing time, for each
participant, in a specified AOI by the total time spent
viewing the entire diagram [39]. The percentage of time
spent in each type of interest area was compared between
students who answered the problem correctly and those
who answered incorrectly for the entire problem set. There
were a few instances where the eye-movement data file
were corrupted for a participant on a single problem. In this
case, the participant’s data were not included in the
analysis.

We were also interested in determining if perceptual
salience played a greater role in influencing eye

TABLE II. Novicelike AOIs defined based on the most com-
mon incorrect student responses in study 1.

Problem Novicelike AOI

Roller coaster tracks
Point where graph crosses x-axis
Origin of graph
Point where balls A and B line up spatially
Point where graphs of two objects cross
0 Slopes A, B and C

— 3 B~ W=
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movements in the first two seconds of viewing the problem
diagram. To do this, we determined the first time the
participant’s eye left the problem statement to look else-
where. Applying the same AOIs described previously, we
selected 2 sec of fixation data immediately following the
transition from reading the problem statement to looking
elsewhere in the problem. It should be noted that not all
participants read the problem statement, viewed the dia-
gram, and then the answer choices. Some participants
looked from the problem statement to the diagram very
briefly and then continued reading and some went from the
problem statement to the answer choices. Thus, the first
2 sec of fixation data represents many different patterns of
viewing. We then converted the fixation time from the first
two seconds to a percentage and compared the percentage
of time spent in each type of interest area between students
who answered the problems correctly versus those who
answered incorrectly.

TABLE III.
effects of problem number and correctness of answer.

C. Study 2: Results and discussion

Mixed factorial 2 X 6 ANOVAs (analysis of variance)
with proportion of time in each AOI type as the dependent
variable and problem number and correctness of answer as
independent variables were conducted for all three AOI
types. Results for the full trial period are reported in
Table III. Results for the first 2 sec of viewing the diagram
are reported in Table V.

1. Full trial period

For the full trial period, we found a significant main
effect for correctness of answer as well as for problem
number for all three AOI types. We were looking for a main
effect of correctness, as this would indicate there are
differences in percentage of time spent in an AOI between
those who answered correctly and those who answered
incorrectly. The main effect of correctness addresses our
research questions and will be further analyzed below. The

Results of mixed factorial ANOVA for all three AOI types for full problem period. * indicates an interaction of the

Thematically relevant AOIL

Novicelike AOI Perceptually salient AOIL

Effect F p F p F p

Problem no. F(5,128) = 8.9 <0.001 F(5,128) = 14.1 <0.001 F(5,128) = 18.5 <0.001
Correctness of answer F(1,128) = 48.8 <0.001 F(1,28) =34.0 <0.001 F(1,128 =26.3 <0.001
Problem no. * correctness of answer  F(5, 128) = 0.88 0.500  F(5,128) = 0.58 0.716  F(5,128) = 4.6 0.001

TABLE IV. Mean percentage time spent (£ standard error) and results of one-way ANOVA during entire problem period for
thematically relevant, novicelike, and perceptually salient AOIs for participants who answered the question correctly or incorrectly.

AOI Type Problem Answered correctly Answered incorrectly F p
Thematically relevant 1 46.6 (+5.5) (n = 11) 332 (+5.7) (n = 11) F(1,20) = 2.9 0.107
2% 24.4 (+2.9) (n = 13) 11.6 (%3.3) (n = 10) F(1,21) = 8.6 0.008
3% 28.5 (+4.1) (n = 18) 8.9 (£2.3) (n = 6) F(1,22) ="17.1 0.014
4 49.8 (+3.9) (n = 14) 25.5(x4.1) (n =19) F(1,21) =17.5 <0.001
7* 36.7 (£5.5) (n = 15) 10.3 (£2.1) (n=9) F(1,22) = 13.1 0.002
10° 29.0 (+5.0) (n = 11) 15.1 (£2.7) (n = 13) F(1,22) = 6.6 0018
Novicelike 1 22.3 (£4.5) (n = 11) 43.5 (£7.3) (n = 11) F(1,20) = 6.0 0.020
2 12.7 (+3.3) (n = 13) 27.2 (+4.8) (n = 10) F(1,21) = 6.6 0.018
3 19.8 (£3.7) (n = 18) 39.4 (+5.4) (n = 6) F(1,22) =175 0.012
4 18.1 (£2.5) (n = 14) 26.8 (+3.9) (n =19) F(1,21) = 4.0 0.058
7* 12.6 (+£2.6) (n = 15) 25.0 (£6.0) (n =9) F(1,22) = 4.7 0.041
10° 41.2 (£6.6) (n = 11) 62.2 (£5.1) (n = 13) F(1,22) = 6.5 0.018
Perceptually salient 1 6.6 (£1.9) (n=11) 13.0 (+£2.5) (n = 11) F(1,20) = 4.1 0.056
2 19.3 (x4.1) (n = 13) 28.2 (+4.9) (n = 10) F(1,21)=1.9 0.179
3% 9.5 (%£2.2) (n = 18) 30.5 (+4.6) (n = 6) F(1,22) = 20.1 0.001
4 11.9 (£1.7) (n = 14) 9.0(*x22) (n=9) F(1,22) = 1.1 0.316
7* 19.1 (+3.0) (n = 15) 39.5 (£5.6) (n=9) F(1,22) =123 0.002
10 42 (£1.1) (n=11) 6.3 (=1.6) (n = 13) F(1,22) = 1.1 0.305

“Indicates significant difference, p < 0.05.
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TABLE V. Results of mixed factorial ANOVA for all three AOI types for first 2 sec of viewing the diagram. * indicates an interaction

of the effects of problem number and correctness of answer.

Thematically relevant AOI
Effect F p

Novicelike AOI Perceptually salient AOIL

Problem no. F(5,128) = 2.10 0.069
Correctness of answer F(1,128) = 0.495 0.483
Problem no. * correctness of answer  F(5, 128) = 2.30 0.048

F p F p
F(5,128) = 6,72 <0.001 F(5,128) = 10.7 <0.001
F(1,28) = 2.03 0.156 F(1,128 = 2.47 0.119

F(5,128) = 0.036 0999  F(5,128) = 0.671 0.646

main effect of problem number indicates there is at least
one difference in proportion of time in each AOI type
between different problems. We were not interested in
how the proportion of time spent fixating varies between
problems, as this is not relevant to our research questions,
so the effect of problem number will not be further ana-
lyzed. We found a significant interaction between problem
number and correctness of answer in the perceptually
salient AOI. This means the relationship between correct-
ness and time spent in the perceptually salient area is
different across problems. This interaction is not relevant
to our research question and will not be further
investigated.

The main effect of correctness was further analyzed for
each of the six different problems using a one-way
ANOVA with percentage of time for all three AOI types
as the dependent variable and correctness of answer as the
independent variable. Results of one-way ANOVAs for
each type of AOI for the full trial period are reported in
Table IV. Mean percentage of fixation time and standard

TABLE VL

error for the correct and incorrect responders for each
question are also shown in Table IV. The footnote indicates
a significant difference at the & = 0.05 level.

We found that on five out of six problems used in study 2,
those who answered the problem correctly spent a higher
percentage of total viewing time fixating on thematically
relevant areas in the problem diagram (Table IV). Those
who answered correctly likely had the domain knowledge
needed to solve each problem, and therefore spent more
time viewing the relevant areas in each diagram. This result
is consistent with previous findings where those with high
levels of domain knowledge in a discipline, such as iden-
tifying fish locomotion [19], art [20], and chess [21], spend
more time looking at areas of diagrams and pictures rele-
vant to a task. Our finding is evidence for top-down pro-
cesses playing a key role in guiding visual attention when
solving physics problems correctly.

We also found that on five out of six problems, those
who answered the problem incorrectly spent a higher
percentage of total viewing time looking at areas of the

Mean percentage fixation time spent (= standard error) during the first 2 sec after

leaving the problem statement for thematically relevant, novicelike, and perceptually salient

AOIs for participants who answered the question

correctly or incorrectly

AOI Type Problem Answered correctly Answered incorrectly
Thematically relevant 1 13.5 (£6.8) (n = 11) 31.1 (£6.3) (n = 11)
2 10.9 (£2.9) (n = 13) 8.6 (£3.4) (n = 10)
3 9.7 (£3.1) (n = 18) 9.7 (£5.0) (n = 6)
4 26.5 (£5.0) (n = 14) 11.9 (%6.5) (n =9)
7 17.6 (%£6.5) (n = 15) 17.6 (£2.4) (n =9)
10 13.0 (£4.2) (n = 11) 9.7 (x4.1) (n=13)
Novicelike 1 26 (£1.4) (n=11) 9.4 (£2.7) (n=11)
2 9.4 (=4.3) (n = 13) 13.0 (%6.2) (n = 10)
3 12.1 (£3.2) (n = 18) 15.2 (£9.0) (n = 6)
4 17.6 (£4.2) (n = 14) 22.3(*£6.1) (n =9)
7 17.4 (=4.7) (n = 15) 20.8 (£7.6) (n =9)
10 30.7 (£7.0) (n = 11) 34.6 (£5.2) (n=13)
Perceptually salient 1 0.7 (£0.7) (n = 11) 2.5(x1.8) (n=11)
2 10.8 (£3.2) (n = 13) 21.8 (=8.1) (n = 10)
3 8.3 (£2.7) (n=18) 9.0 (x4.1) (n = 6)
4 2.5(£2.5) (n=14) 2.3(*£23) (n=9)
7 23.2 (*4.4) (n = 15) 32.5(+8.0) (n =9)
10 10.9 (£4.9) (n = 11) 11.6 (£3.4) (n = 13)
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diagram consistent with a novicelike response (Table V).
Furthermore, on the one problem that did not quite reach
statistical significance (p = 0.058) the effect was in the
same direction as the other five problems. These novicelike
AOIs were determined through individual interviews
described in study 1, and were consistent with the physics
education literature describing common student miscon-
ceptions. Importantly, the finding that incorrect solvers
spent more time fixating on novicelike areas is evidence
for their visual attention being guided by top-down
processes. However, instead of attention being guided by
scientifically correct domain knowledge, incorrect prob-
lem solvers’ attention was guided by novicelike miscon-
ceptions. Thus, when solving physics problems, top-down
processing plays a key role in guiding visual selective
attention either to thematically relevant areas, or novice-
like areas, depending upon the scientific correctness of a
student’s physics knowledge.

Concerning the effects of bottom-up processes in guid-
ing attention during physics problem solving, we found
that those who answered incorrectly spent more time in
perceptually salient areas during the full problem period on
only two of the six problems, namely, problems 3 and 7.
Nevertheless, for five of the six problems the effect was in
the predicted direction, such that incorrect problem solvers
spent a higher percentage of total time fixating on the
perceptually salient AOIs than the correct problem solvers.
However, four of those effects were not statistically
significant. A likely explanation for this result is that in
problems 3 and 7, the perceptually salient AOI partially or
completely overlapped with the novicelike AOI (Figs. 3
and 4), which was not the case for the other four problems.
We have already shown that those who answered the
problem incorrectly spent significantly more time fixating

When is the speed of the object shown in the graph zerg?

distance

,I

’
’ _, ‘C _time

B
(1) Poinits

(2} Point B (3) Point € (4) Point D

(S) Point E_ (6) At all points

FIG. 3 (color online). Itti, Niebur, and Koch saliency map for
problem 3. The perceptually salient AOI overlapped the
novicelike AOI, which was at the origin of the graph.

on the novicelike AOIs on problems 3 and 7 than those who
answered the problem correctly. So the significant result
for problems 3 and 7 for the perceptually salient AOI is
likely due to this AOI overlapping with the novicelike AOI.
This result also seems to indicate that attending to the
perceptually salient area is not necessarily a good predictor
of correctness. These results appear to be consistent with a
study of change blindness that found that problem solvers
seldom notice changes in color, even though color is most
perceptually salient [40]. Thus, when considering the full
time period of problem solving, perceptual salience ap-
pears to have played a minimal role in guiding the attention
of incorrect physics problem solvers. Nevertheless, pre-
vious vision research has suggested that the effects of
bottom-up perceptual salience on eye movements are lim-
ited to the first 2 sec of viewing a stimulus [7]. Thus, this
seemingly null result could be argued to have resulted from
diluting the effect of saliency by including eye-movement
data from the entire duration of the trial, rather than only
the first 2 sec. We therefore reanalyzed the data including
only the first 2 sec that participants spent viewing the
diagram.

2. First 2 sec after leaving problem statement

To reanalyze the data including only the first 2 sec of
viewing a diagram, we completed a mixed factorial 2 X 6
ANOVA with proportion of time in each AOI type as the
dependent variable and problem number and correctness of
answer as independent variables for all three AOI types for
the first 2 sec of viewing the diagram. These results are
reported in Table V. We were looking for a main effect of
correctness, as this would indicate there are differences in
percentage of time spent in an AOI between those who

£

"

time
MPL f:‘.;w- (3) Point € (4)#aint D
(ST*PBINLE _ (6) ATaMpoints

FIG. 4 (color online). Itti, Niebur, and Koch saliency map for
problem 7. The perceptually salient AOI partially overlapped
with the novicelike AOI, which was at the point where the two
lines cross.
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answered correctly and those who answered incorrectly.
For the first 2 sec after leaving the problem statement, we
found no main effect for correctness of answer for any of
the AOI types. So, there are no significant differences in
proportion of time spent fixating in the AOI types between
those who answered correctly and those who answered
incorrectly for any of the problems and no further analysis
was conducted.

We did find a main effect for problem number for the
novicelike and perceptually salient AOIs. This means for
each of these AOIs, there is at least one difference in
proportion of time between the different problems when
considering the data for all participants. We were not
interested in how the proportion of time spent fixating
varies between problems, as this is not relevant to our
research questions. We also found a significant interaction
between problem number and correctness of answer in the
thematically relevant AOI. This means the relationship
between correctness and time spent in the thematically
relevant area is different across problems. This interaction
also does not address our research questions, and is not
analyzed further.

The mean percentage of fixation time spent looking in
thematically relevant, novicelike, and perceptually salient
AOIs for participants who answered the question correctly
and incorrectly for the first 2 sec of viewing the diagram is
displayed in Table VI. As mentioned above, there are no
significant differences between the percentage of fixation
time for correct and incorrect solvers shown in this table.

The reanalysis of the data for the first 2 sec of viewing
the diagram found no statistically significant differences
between correct and incorrect solvers on any of the prob-
lems for the perceptually salient AOI. Indeed, there were
no statistically significant differences between correct and
incorrect solvers in time spent in the thematically relevant
or novicelike AOIs. In sum, we found no support for the
hypothesis that perceptual salience influences visual selec-
tive attention more for incorrect problem solvers during the
first 2 sec of diagram viewing. This result is consistent
with previous studies [e.g., [12,33]] that have shown that
top-down influences on visual attention tend to dominate
bottom-up influences when a viewer is given a specific goal
or task. Nevertheless, such null results for the effects of
bottom-up saliency on visual attention are consistent with
our own results, which considered both the full problem
solving time period and only the first 2 sec, and found little
if any effects.

However, before completely rejecting the hypothesis
that bottom-up saliency affects attentional selection during
physics problem solving, we must consider two observa-
tions that provide partial support for it. First, it may be that
the early effect of perceptual salience on eye movements
was present; however, the data lacked sufficient statistical
power to detect it. Some support for this explanation is
shown by comparing the mean difference for the correct

versus incorrect problem solvers for the perceptually sa-
lient AOIs for the first 2 sec of viewing the diagram
(Table VI). Specifically, the percentage of time spent look-
ing in the perceptually salient AOI is higher for incorrect
solvers than correct problem solvers on five of the six
problems, though not statistically significantly so. Thus,
it is possible that a larger study with more observations
might show this effect to be statistically significant.
Secondly, the perceptual salience model proposed by Itti
and Koch [6] predicted that early in scene viewing eye
movements are more influenced by bottom-up perceptual
information than top-down knowledge. Therefore, the sa-
liency model would predict that early in viewing a physics
problem, correct and incorrect problem solvers would not
have had sufficient amount of time to apply their (correct
or incorrect) top-down knowledge to guide their attention
to thematically relevant or novicelike areas of the diagram.
If so, during the first 2 sec of viewing the diagram, there
should be no difference between correct and incorrect
problem solvers’ percentage of total fixation time in either
the thematically relevant or novicelike AOIs. The data
support this hypothesis, which shows that there is no
significant difference in viewing time for thematically
relevant AOIs between correct and incorrect problem solv-
ers. In sum, the data showed essentially no influence by
top-down domain knowledge during the first 2 sec of
diagram viewing, though such effects were statistically
significant later in time, when considering the full problem
solving time period. Thus, based on the above two
observations, we must withhold complete rejection of the
hypothesis that bottom-up salience affects the visual selec-
tive attention of incorrect physics problem solvers. Even
so, such an interpretation of the data should be made
cautiously since it is based on null effects. Future studies
will be required in order to explicitly test the effects of
bottom-up and top-down information on early and late
visual selective attention processes in eye movements.

IV. FUTURE DIRECTIONS AND LIMITATIONS

Overall, these findings motivate the use of visual cues to
redirect individuals’ attention to relevant portions of the
diagrams and potentially influence the way they reason
about these questions. The problems used in study 2 all
contained AOIs consistent with novicelike misconceptions.
Those who answered incorrectly spent more time looking
at these novicelike AOIs. One way to help incorrect prob-
lem solvers pay attention to the relevant areas of a problem
diagram is to overlay dynamic visual cues on it. These cues
should have very high perceptual salience, perhaps using
color or motion cues, in order to reliably attract the prob-
lem solver’s attention. Visual cues have been found to
facilitate comprehension in several contexts, such as in-
sight problems [41] and educational animations [42]. Grant
and Spivey [41] studied an insight problem where one must
determine how to use lasers to kill an inoperable tumor
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without harming the healthy tissue surrounding the tumor.
To solve this problem, one must use several weak lasers at
different spatial positions surrounding the tumor, so as not
to damage the healthy tissue, but at the point at which the
lasers converged, it would have a high enough intensity to
kill the tumor cells. They found more participants correctly
solved the problem when the task-relevant information in
the diagram, namely, the healthy tissue, was made more
perceptually salient by increasing and decreasing its width.
Many studies using visual cues to focus viewers’ attention
on relevant information have been conducted using anima-
tions. In one of these studies, de Koning et. al. [43] used a
spotlight cueing technique to focus learners’ attention on
the valves of the heart in an animation of the cardiovascular
system. He found those who viewed the animation with the
cues had higher comprehension and transfer scores on
post-test questions about heart valves and the cardiovascu-
lar system. These examples and many others suggest that
visual cues overlaid on physics problems such as those in
the current study may help students to ignore the novice-
like AOIs of diagrams and instead pay attention to the
thematically relevant AOIs in order to reason in a scien-
tifically correct manner about the problem.

This study describes only a limited number of introduc-
tory physics problems. To increase the generalizability of
our conclusions, the study should be repeated with more
problems from other areas of introductory physics and with
students having a wider range of prior knowledge of
physics. Additionally, the study could be improved by
using a larger number of participants, which would in-
crease the statistical power of the study and enable us to
more thoroughly test the perceptual saliency hypothesis.
Furthermore, the conclusions we have drawn about the
influence of perceptual salience on visual attention must
remain tentative as we only used one computational model
of visual salience (albeit the most famous one) and in some
of the problems the perceptually salient AOI overlapped
the novicelike AOL In future work several different models
of saliency will be used and only problems where the
perceptually salient AOI does not overlap any other AOI
will be used. Thus, future research should include similar
studies using the suggestions discussed above as well as
studying the influence that visual cues overlaid on such
problems have on students’ visual attention and the cor-
rectness of their problem answers.
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APPENDIX

Various problems used in studies 1 and 2 are shown in
Figs. 5-10.

If frictional effects can be ignored, how does the final speed of roller
coaster cart A compare to the final speed of roller coaster cart B, if
the mass of the carts is the same and they both start at rest?

Tnitial A Final Tnitial B Final

w

(1) The cart A is moving faster at the final position

(2) The cart B is moving faster at the final position
(3) Carts A and B have the same speed at the final position

(4) There is not enough information to decide

FIG. 5. Problem 1 used in studies 1 and 2.

At which point on the graph is the object turning around
(moving away then coming back)?

B
distance

(A (2B (3)C (4D (5)E (6)F

FIG. 6. Problem 2 used in studies 1 and 2.

When is the speed of the object shown in the graph zero?

distance
D
A C time
B
(1) Point A (2) PointB  (3) PointC  (4) Point D
(5) Point E  (6) At all points

FIG. 7. Problem 3 used in studies 1 and 2.
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Two balls roll along the paths shown below. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Ball A t=0s t=1s t=2s t=3s t=4s
[ e
BallB -9 t=1s t=2s  t=3s t=4s
() e o
(1) t=1.0sec (2)t=15sec (3)t=2.0sec
(4)t=2.5sec (5)t=3.0sec

FIG. 8. Problem 4 used in studies 1 and 2.

The motion of two objects is represented in the graph below.
When are the two objects moving with the same speed?

distance
E
D
C
B
A time

(1) PointA  (2) PointB  (3)PointC  (4) PointD
(5) PointE  (6) Atall points

FIG. 9. Problem 7 used in studies 1 and 2.

Rank the changes in potential energy during the skier's descent
down each slope from greatest to least.

(1) APE, > OPE, > APE.  (4)OPE, = OPE, > APE,
(2) APE. > APEg > APE,

(3) OPE, = APE, = APE,

(S) APE, > APE. = APE,

FIG. 10. Problem 10 used in studies 1 and 2.
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COMPARING THE EFFECTS OF SEQUENCE 2

Abstract
To maximize learning one must ensure most of the learner's cognitive resources are spent on
relevant tasks and avoid instructional environments that facilitate focusing on the irrelevant. To
help novice learners focus on elements relevant for learning it may be helpful to give them
insight into the way experts allocate their visual attention, for example, by using visual cues. To
design appropriate cues, we must first understand how those who solve problems correctly
allocate their visual attention by recording their eye movements. In Study 1, we record eye
movements of introductory and graduate physics students while answering conceptual physics
problems containing a diagram to determine differences in visual attention. We use the eye
movements of those who answer these questions correctly to design visual cues for Study 2. In
Study 2, we overlay these dynamic visual cues onto the same physics problems and find
evidence of increased conceptual understanding in novices who view the problems overlaid with

cucs.
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Guiding Attention on Physics Problems Using Visual Cues Modeled After Experts’ Eye
Movements
Introduction

To maximize learning one must ensure most of the learner’s cognitive resources are spent on
relevant tasks and avoid instructional environments that facilitate focusing on the irrelevant.
Mayer’s cognitive theory of multimedia learning (2001) explains that learning occurs when
relevant information is successfully selected and organized into a coherent representation and
integrated into the existing knowledge base. All of these processes occur in one’s working
memory. Often learners are faced with learning environments that impose a high cognitive load
and max out the limited capacity of working memory. To help alleviate this problem, visual cues
can be used. de Koning, Tabers, Rikers and Paas (2009) has devised a framework to describe
three specific functions of cueing which include guiding learners’ attention to essential
information, emphasizing organization, and making the relations between elements more salient
to foster their integration. There exists a large body of research which utilizes visual cues in a
variety of contexts to increase learning in animations and static problems (de Koning, Tabers,
Rikers & Paas, 2007, Grant & Spivey, 2003, Kriz & Hegarty, 2007, Mautone & Mayer, 2001,
Ozcelik, Arslan-Ari & Cagiltay, 2007).

The first function of cueing is especially interesting to us as it works to ensure that cognitive
resources are spent appropriately by helping the learner to focus primarily on relevant elements.
This frees up working memory and allows for real learning to occur. In physics classes, students
are often faced with diagrams or animations of the real world which contain elements relevant to
the task at hand as well as elements which are present in the real world, but not useful for

answering the given question. To help students select the relevant and ignore the irrelevant, we
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study the use of dynamic visual cues overlaid on static physics problems containing a diagram.
But before we can design cues to guide learners’ attention, we must first understand where
learners who answer questions incorrectly and correctly look when viewing physics problems
containing diagrams. We need this information to determine what information in the diagrams is
relevant for the correct answer and what should be ignored.

Research in many disciplines has used eye-tracking technology to investigate the differences
in the visual attention of experts and novices. It has been observed that experts in a domain
attend to task-relevant portions of a diagram more than novices in that domain. Jarodzka,
Scheiter, Gerjets, & van Gog (2009) studied the visual attention of both novices and experts when
viewing videos of unfamiliar fish swimming and classifying the type of locomotion. The authors
found that experts spent significantly more time fixating on relevant areas of the video than
biology students, who had the necessary background knowledge for differentiating types of
locomotion but little practice in this classification task. The authors also found that novices
spent more time than experts fixating on areas irrelevant for determining locomotion. Similar
studies have measured eye movements of experts when viewing art (Antes & Kristjanson, 1991)
and playing chess (Charness, Reingold, Pomplun, & Stampe, 2001), and have shown that the
increased domain knowledge in these fields affects where people fixate while performing
domain-relevant visual tasks. Based on these studies and other previous research, we conclude
that novice and expert learners, who differ in their domain specific knowledge, allocate visual
attention differently. Experts’ knowledge drives them to attend to thematically relevant areas, or
those portions of the diagram relevant to the task at hand, while novices lack of knowledge

leaves them to view irrelevant areas of a diagram.
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Here we report on two different studies. Study 1 investigates the differences in eye
movements of those who answer physics problems correctly and incorrectly, where the critical
information needed to answer the problem is contained in a diagram. Study 2 uses the results of
Study 1 to design visual cues based on eye movements of those who answered the questions
correctly. These visual cues are overlaid on the physics problems and shown to introductory
physics students. We compare the eye movements and reasoning of students who saw visual
cues and those who did not.

Study 1: Comparison of Eye Movements of Correct and Incorrect Solvers

Method

There were 24 participants in the study (3 females) with two different levels of experience in
physics. Ten participants were first-year through fifth-year PhD students in physics who had
taught an introductory physics course or been a teaching assistant for an introductory physics lab.
One participant was a postdoctoral candidate in physics who had received his PhD within the last
two years and had teaching experience. Thirteen participants were enrolled in an introductory
psychology course and had taken at least one physics course in high school, though some had
also taken an introductory physics course at the university level. The PhD students and post-doc
participated as volunteers and the psychology students received course credit for their
participation. As we were looking to compare those who answered the physics problems
correctly to those who answered incorrectly, we selected participants with a broad range of
experience. We expected that the PhD students would answer correctly, while the psychology
students might answer incorrectly, though we knew that this might not always be the case since
there is a wide distribution of expertise among introductory physics students and physics

graduate students (Mason & Singh, 2011). The participants viewed 10 multiple-choice
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introductory physics problems. Participants were presented with physics problems on a
computer screen viewed at a distance of 24 inches using a chin and forehead rest to minimize
participants’ extraneous head movements. The resolution of the computer screen was set to
1024 x 768 pixels with a refresh rate of 85 Hz. Each physics problem subtended 33.3° x 25.5° of
visual angle. Eye movements were recorded with an EyeLink 1000 desktop mounted eye-
tracking system (http://www.sr-research.com), which had an accuracy of less than 0.50° of visual
angle. An eye movement was classified as a saccade (i.e., in motion) if the eye’s acceleration
exceeded 8,500°/s” and the velocity exceeded 30°/s. Otherwise, the eye was considered to be in
a fixation (i.e., stationary at a specific spatial location). A nine-point calibration and validation
procedure was used at the beginning of the experiment. Participants’ verbal explanations and
gestures were recorded with a Flip video camcorder.

Each participant took part in an individual session lasting 20-40 minutes. At the beginning of
the session, participants were given a short explanation of what to expect in the study. After
calibrating the eye tracking system, if the validation’s mean error was < 0.50° of visual angle, the
experiment began—otherwise the calibration and validation was repeated until successful. Next,
the participant was instructed to silently answer 10 multiple-choice questions while their eye
movements were recorded. Between questions, a calibration drift correction procedure was done
to ensure proper calibration throughout the experiment. Participants indicated their answer to
each question using number keys on the keyboard. Finally, each participant was asked to
provide a cued verbal retrospective report (van Gog, Paas, van Merri€nboer & Witte, 2005) for
which they were shown a replay of their eye movements on each problem and asked to explain
their thought processes (either after watching the replay of their eye movements or concurrently

while watching them). This method has been found to produce more in-depth explanations than
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without viewing one’s eye movements. If a participant’s explanation was unclear, they were
asked follow up questions. Participants were given unlimited time to answer the questions and
provide retrospective verbal reports.
Analysis and Results

To analyze participants’ eye movements, we created areas of interest (AOIs) which specified
areas of the diagram that were used to determine the fixation time i.e., the total amount of time
the participant spent looking at a given region (see Figure 1). There were two types of AOIs
defined for a subset of the problems, these types being novice-like AOIs and thematically
relevant AOIs. The thematically relevant AOIs are those which one would need to attend to in
order to correctly answer the physics problem. The thematically relevant AOIs were defined by
three independent raters, one physics professor and two physics graduate students. The AOI
definitions were compared and any discrepancies were resolved through discussion. The
definition for the novice-like AOIs comes from a previous interview study (Madsen, Larson,
Loschky & Rebello, 2012) where 13 students (eight females) enrolled in an introductory
psychology course participated in individual think aloud interviews. All of the participants had
taken at least one physics course in high school, though some had taken an introductory physics
course at the university level as well. The students were shown a set of 10 conceptual physics
problems with a diagram and asked to explain the reasoning, which led them to their answer.
The answers and reasoning of those who answered incorrectly were coded and analyzed to
produce the definitions for the novice-like AOI. On four of the problems, there was not a
consistent area those who answered incorrectly cited for their answer, so these four problems

were not included in this analysis.
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The fixation time in the AOI for each participant on each problem was determined from eye
tracking data. To account for any differences in the total viewing time on each problem, the
fixation time in each AOI was divided by the total viewing time for the diagram on a given
problem to get the percentage of time an individual spent in a particular AOI. For each problem,
the percentage of time spent in each type of interest area was compared between participants
who answered the problem correctly and those who did not using a one-way ANOVA with
percentage of time for all three AOI types as the dependent variable and correctness of answer as
the independent variable. Mean percentage of fixation duration and standard error for the correct
and incorrect responders for each question are shown in Table 1. We found that on five out of
six problems analyzed, participants who correctly answered the question spent significantly more
time looking at the thematically relevant areas of the diagrams than those who answered the
same question incorrectly. There were also five problems where there was a significant
difference between the correct and incorrect responders in the percentage of fixation time in the
novice-like portions of the diagrams. Thus, we have identified several problems which are good
candidates for visual cueing, as these problem diagrams contain areas which correct solvers
spend more time looking at as well as areas that incorrect solvers spend more time looking at.
These findings are also consistent with previous findings (Jarodzka et. al, 2009; Antes &
Kristjanson, 1991; Charness et. al, 2001) that experts spend more time looking at relevant visual
elements while novices spend more time looking at irrelevant visual elements. It should be noted
that in our study we compared the visual attention of those who answered the problems correctly
to those who answered incorrectly, where previous studies compared participants’ eye

movements based on expertise.
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Study 2: Using Dynamic Visual Cues to Influence Reasoning
Method

Participants in the study were 55 individuals concurrently enrolled in an introductory algebra-
based physics course. To ensure sufficient prerequisite knowledge, each completed a pre-test,
which consisted of four open-ended questions gauging their understanding of speed and potential
energy. The pre-tests were scored as correct or incorrect by one of the researchers. When a
participant’s answer was unclear, two researchers discussed the answer and agreed on a
conclusion.

Participants took part in individual sessions lasting between 30 and 60 minutes. They were
first given an explanation of what to expect and the eye tracker was calibrated. Next,
participants were instructed to spend as much time as needed on each question and answer with a
verbal explanation of their reasoning when ready. Participants in the cued condition were told
that colored shapes may appear on some of the problems and when these appeared, they should
follow them with their eyes.

Participants were presented with physics problems on a computer screen viewed at a distance
of 24 inches using a chin and forehead rest to minimize participants’ extraneous head
movements. The resolution of the computer screen was set to 1024 x 768 pixels with a refresh
rate of 85 Hz. Each physics problem subtended 33.3° x 25.5° of visual angle. Eye movements
were recorded with an EyeLink 1000 desktop mounted eye-tracking system which had an
accuracy of less than 0.50° of visual angle. A nine-point calibration and validation procedure
was used at the beginning of the experiment. Participants’ verbal explanations and gestures were

recorded with a Flip video camcorder.
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The materials consisted of four sets of conceptual physics problems covering energy and
kinematics, which were found to have significant differences in the way correct and incorrect
solvers answered them in Study 1 (See Figure 1). It should be noted that these four specific
problems were chosen from the six problems analyzed in Study 1 because they tested distinct
concepts in physics. There were three problems in Study 1 that tested a similar physics concept,
so only one of these problems was included in Study 2.

Within each problem set, there was an “initial” problem, four “similar” problems and a
“transfer” problem. All problems were open-ended and contained a diagram with the necessary
information needed to answer the problem. First, students answered the initial problem to
demonstrate their current level of understanding. If they answered incorrectly, they saw a series
of “similar” problems, which contained the same problem statement as the initial problem and
tested the same concept and contained a diagram with similar surface features. When the student
answered a similar problem correctly, they saw the transfer problem. The surface features of the
transfer problems were different than the initial and similar problems, though the concept tested
was the same. All participants viewed the four sets of problems in the same order.

Whenever a student was ready to answer a problem, they indicated this by pressing any key
on a keyboard, at which point the problem displayed on the computer would become slightly
smaller in size (this was so that the student knew they had successfully pressed a key). The
participant then explained their answer and reasoning to the experimenter and were able to point
to areas on the computer screen if necessary. The experimenter used a pre-defined rubric to
determine if the given answer and explanation were correct or incorrect. If the answer and/or
reasoning were vague, the experimenter would ask for clarification. Once the experimenter had

sufficient information to determine the correctness of the answer, the experiment would proceed.
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Participants in the cued group saw colored shapes overlaid on the similar problems appear
four seconds after the problem was initially seen. Colored shapes were used because color is
known to capture one’s attention because of its high visual salience. Each colored shape
appeared for 500 ms at 12 different positions in the diagram for a total cueing time of six
seconds. The visual cues were designed to mimic the eye movements of those who answered the
same problems correctly in Study 1. There is a large variation in eye movements from one
individual to another while viewing the diagrams in these physics problems, so the visual cues
could not mimic the eye movements of correct solvers exactly. Instead, video playback of the
correct solvers’ eye movements was viewed repeatedly and special attention was paid to the eye
movements in and around the thematically relevant area of interest. Similarities between
participants were observed, and visual cues modeled after these patterns. Further, the cues could
have remained static and simply drawn participants’ attention to the relevant areas of the
problem, but we hoped by modeling the way in which correct solvers viewed the thematically
relevant areas and compared elements within these areas, the cues would give the participants
more insight into how to correctly answer the problems.

Analysis and Findings

In order to determine if these visual cues had a positive influence on participants’ answers
and reasoning, we compared the number of students who answered the “initial” problem
incorrectly and then changed to a correct answer and reasoning on a “similar” problem. We used
a Mann-Whitney U test to compare the number of participants in the cue and no cue groups who
changed to a correct answer on any of the four similar problems seen in a problem set. We found
a significant difference on the roller coaster problem (p =.002) where six students in the cued

group (N = 18) changed to the correct answer while zero students in the no cue group (N = 14)
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made this change. There were no significant differences found between the cue and no cue
groups in the number of changes to a correct answer on the “ball,” “skier,” or “graph” similar
problems. It is interesting that only one of the four problems sets studied seemed to show a
difference between the cue and no cue groups. There are many possible reasons for this
difference. One is the design of the cues themselves. The rollercoaster problems used repetitive
simple cues while the cue patterns on the other three problems were more complex. It is possible
that in the short six second cueing period, the participants couldn’t draw meaning from the more
complex cue patterns, and thus they were ineffective. This hypothesis will be tested in future
studies.

To determine if visual cueing is useful for learning beyond the problem being cued, we
compared the correctness of the answer and reasoning on transfer problems between the cue
group and no cue group for each problem set. Figure 3 shows the percentage of participants who
answered the transfer problem correctly after answering the initial problem incorrectly. We
compared the cue and no cue groups’ performances on the transfer problems using the Mann-
Whitney U test. We found that there is a nearly significant difference for the ball transfer
problem (p = .06) and the graph transfer problem (p = .054). There was no difference found for
the roller coaster and skier transfer problems. These results suggest the visual cues in the ball
and graph problem sets positively influenced performance on some of the related transfer
problems.

It is curious that there is no difference between the cue and no cue groups on the transfer
problem from the rollercoaster problem set, though we did find a difference in the number of
students who answered similar problems correctly after answering the initial problem incorrectly.

It seems that this transfer problem may have been difficult for this level of student as only one
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out of 14 students in the no cue group answered correctly while two out of 18 students in the cue
group answered correctly. A similar explanation could account for no difference between the
cue and no cue groups on the skier problem. It is also possible that the students did not view the
concept tested in the transfer problem to be similar to that tested in the similar problems, even
though the researchers did see these similarities. In other words, from the point of view of our
students, the transfer task can be interpreted as primarily a far transfer task, while the similar
problems constituted near transfer and thus were not as challenging for the students. These
interpretations from students’ perspectives may be expected given that the similar problems
shared the same surface features with each other, rather than the transfer task which had different
surface features, and only shared the deep structure with the training problems.

Discussion and Conclusion

In this study we find some evidence that viewing a physics problem overlaid with short
duration visual cues can indeed help students correctly answer and reason about problems they
were previously unable to. Of the four problem sets used, we found on one of these problem sets
significantly more students changed to a correct answer after seeing cues. It is not enough
though, to provide visual cues to help students answer a given set of problems. In looking at
transfer problem performance, we found nearly significant differences on the ball and graph
transfer problems with the cue group outperforming the no cue group. Thus, we find some
evidence that repeatedly showing novices visual cues on related problems may help them to

properly apply the factual knowledge on similar future problems viewed without cues.

While we did find some results that point to the usefulness of cueing, we also saw no
difference between cue and no cue groups in the number of similar problems answered correctly

on three of the four problem sets tested. There are many reasons that the cueing may have failed.
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First, we have previously discussed how the cue pattern may have been too complex on these
three problems. In the future, we can use simple repetitive cues as well as increase the time the
cues are seen. We can also change the type of cue we are using, for example instead of moving
colored shapes modeling correct solvers’ eye movements, we could use lines or bars to illustrate
comparisons in the diagram that correct solvers make. Additionally, there may be only certain
types of problems that lend themselves to improvement through visual cueing. We have only
explored four problems in this study. There are a plethora of problems that can be categorized in
a variety of ways and tested in future studies. It could also be that the order in which the
problems are presented influences the usefulness of the cue. The roller coaster problem was
presented first each time and was the only problem the cues were found to influence. In future

studies, the order of cued problems will be randomized to balance out any order effects.

We also found differences between the cue and no cue groups on two of the four transfer
problems tested. As mentioned earlier it may be that the two transfer problems that showed no
difference were too difficult for this level of student, as very few students in either group
answered these problems correctly. It is also possible that the researchers viewed the transfer
problems as closely related to the similar problems, though the students did not view them this

way, and thus were not able to apply what they gained from the cues to the transfer problems.

Previous studies with visual cues in several domains have also found mixed results on the
effectiveness of cueing. There is much work to be done to understand the factors that lead to
helpful cues. This study offers some hope that cueing can potentially serve as effective
conceptual scaffolding for novice physics students, but much work is necessary to perfect this

method.
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Table 1

Mean percentage time spent (£ std err) during entire problem period for thematically-relevant
and novice-like AOIs for participants who answered the question correctly/incorrectly (*
indicates a significant difference, p < .05).

Thematically Relevant AOI
Problem # Answered Correctly ~ Answered Incorrectly

1 46.6 (£5.5) 332 (£5.7)
(n=11) (n=11)
% 24.4 (£2.9) 11.6 (+3.3)
(n=13) (n=10)
3 28.5 (+4.1) 8.9 (+2.3)
(n=18) (n=16)
4% 49.8 (+£3.9) 25.5(£4.1)
(n=14) (n=9)
7 36.7 (£5.5) 10.3 (£2.1)
(n=15) (n=9)
10% 29.0 (+5.0) 15.1 (£2.7)
(n=11) (n=13)
Novice-Like AOI
Answered Correctly ~ Answered Incorrectly
1* 22.3 (£4.5) 43.5 (£ 7.3)
(n=11) (n=11)
% 12.7 (£ 3.3) 27.2 (£4.8)
(n=13) (n=10)
3 19.8 (£ 3.7) 394 (£54)
(n=18) (n=06)
4 18.1 (£ 2.5) 26.8 (£3.9)
(p=.058) (n=14) (n=9)
75 12.6 (+2.6) 25 (£6.0)
(n=15) (n=9)
10* 41.2 (£6.6) 62.2 (£5.1)
(n=11) (n=13)
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Table 2

18

Number of students in cued and no cue group who answered a similar problem correctly after
answering the initial problem incorrectly (* indicates a significant difference, p<.05).

Rollercoaster

Ball Problem Skier Problem Graph Problem
Problem*
Changed | Cued No Cue Cued No Cue Cued No Cue Cued No Cue
to (N=18) | (N=14) | (N=10) | (N=14) | (N=11) (N=7 (N=17) | (N=22)
Correct 6 0 6 4 2 2 4 1
Answer
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Rank the changes in potential energy during the skier's descent
down each slope from greatest to least.

Slope A d

Slope B

Slope C

Figure 1. Problem 10 used in Study 1. Novice-like AOI along slope. Thematically relevant AOI
along height of hill.
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Assume frictional effects can be ignored. How does the final speed of
roller coaster cart A compare to the final speed of roller coaster cart
B, if the mass of the carts is the same and they both start at rest?

. A . e B .
Initial Final Initial Final

135 2,46 7,911 8,10, 12

Two balls roll along the paths shown above. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Ball A t=0s =1s t=2s t=3s

---_-_-_

Ball B

t=0s t=1s t=2s
-I I o I—I—
8 11

Figure 2. Problems 1 and 2 used in Study 2. Colored shapes are visual cues overlaid on the

20

problem diagram. Numbers in italics show the sequence of animated cues (the numbers were not

seen by study participants).
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Rank the changes in potential energy during the skier's descent
down each slope from greatest to least.

13 Slope A

2,4,5,7

Slope B

6,8,9,11 Slope C
10,12

The motion of two objects is represented in the graph below.
When are the two objects moving with the same speed?

A

distance

Figure 3. Problems 3 and 4 used in Study 2. Colored shapes are visual cues overlaid on the
problem diagram. Numbers in italics show the sequence of animated cues (the numbers were not
seen by study participants).
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Percentage of Students Who Answered Transfer Problem
Correctly After Answering Initial Problem Incorrectly
0.7 T
® No Cue
06 7 —
g ' ® Cued
@ 05 1
2
P 04 1
g0
c
z .
e 02
&
0.1 .
0+ =
Roller coaster Ball Skier Graph

Figure 4. Percentage of students in “cued” and “no cue” conditions who answered initial
problem incorrectly, but answered transfer problem correctly.
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Visual cues overlaid on diagrams and animations can reduce cognitive load by drawing
attention to relevant areas. Additionally, cues can increase speed and accuracy by causing
learners to view a diagram in a pattern related to a problem’s solution. We investigate the
effects of visual cueing on students’ eye movements and reasoning on introductory physics
problems with a diagram. Students in the treatment group were shown an initial problem, and if
they answered that incorrectly, they were shown a series of problems each with moving shapes
cueing the correct solution. Students in the control group were also provided a series of
problems, but without any visual cues. Students in both groups were asked to verbally explain
their reasoning after each question, and were provided a transfer problem without cues at the
end. We report on students’ eye movements while answering the questions and verbal reasoning
for their answers.

Introduction

To maximize learning one must ensure most of the learner’s cognitive resources are spent on
relevant tasks and avoid instructional environments that facilitate focusing on the irrelevant.
Mayer’s cognitive theory of multimedia learning (2001) explains that learning occurs when
relevant information is successfully selected and organized into a coherent representation and
integrated into the existing knowledge base. All of these processes occur in one’s working
memory. Often learners are faced with learning environments that impose a high cognitive load
and max out the limited capacity of working memory. To help alleviate this problem, visual cues
can be used. de Koning, Tabers, Rikers and Paas (2009) have devised a framework to describe
three specific functions of cueing which include guiding learners’ attention to essential
information, emphasizing organization, and making the relations between elements more salient
to foster their integration. There exists a large body of research which utilizes visual cues in a
variety of contexts to increase learning in animations and static problems (de Koning, Tabers,
Rikers & Paas, 2007, Grant & Spivey, 2003, Kriz & Hegarty, 2007, Mautone & Mayer, 2001,
Ozcelik, Arslan-Ari & Cagiltay, 2007).

The first function of cueing is especially interesting to us as it works to ensure that cognitive
resources are spent appropriately by helping the learner focus primarily on relevant elements.
This frees up working memory and allows for real learning to occur. In physics classes, students
are often faced with diagrams or animations of the real world which contain elements relevant to
the task at hand as well as elements which are present in the real world, but not useful for
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answering the given question. To help students select the relevant and ignore the irrelevant, we
study the use of dynamic visual cues overlaid on static physics problems containing a diagram.

This study builds on previous research that investigated where learners who answer questions
incorrectly and correctly look when viewing physics problems containing diagrams (Madsen,
Larson, Loschky & Rebello, 2012). In this study, Madsen et al. recorded eye movements of 24
individuals on six different conceptual physics problems where the necessary information to
solve the problem was contained in a diagram. The problems also contained areas consistent with
a novice-like response. Participants ranged from those who had only taken one high school
physics course to those who had completed a Physics PhD. They found that participants who
answered correctly spent a higher percentage of time looking at the relevant areas of the diagram,
and those who answered incorrectly spent a higher percentage of time looking in areas of the
diagram consistent with a novice-like answer. Thus, there is a significant difference in the way
correct and incorrect solvers of these physics problems view the diagram. This lays the
foundation for the current study, as it confirms the need for visual cues to redirect the attention of
incorrect solvers from irrelevant areas of the diagram to relevant areas of the diagram.

In the current study, we use a subset of the physics problems used in Madsen et al. (2012) as
well as the eye movements of those who responded correctly to design the visual cues. We aim
to answer the following research questions:

1. Do dynamic visual cues patterned after experts’ eye movements scaffold students’

understanding of physics concepts?

2. Does students’ ability to apply a given concept to a new problem improve after seeing

visual cues on similar problems?

3. Do students’ eye movements change on current and subsequent problems a result of

seeing dynamic visual cues?

Methodology

Participants in the study were 55 individuals concurrently enrolled in an introductory algebra-
based physics course. To ensure sufficient prerequisite knowledge, each completed a pre-test,
which consisted of four open-ended questions gauging their understanding of speed and potential
energy. The pre-tests were scored as correct or incorrect by one of the researchers. When a
participant’s answer was unclear, two researchers discussed the answer and agreed on a
conclusion.

Participants took part in individual sessions lasting between 30 and 60 minutes. They were
first given an explanation of what to expect and the eye tracker was calibrated. Next,
participants were instructed to spend as much time as needed on each question and answer with a
verbal explanation of their reasoning when ready. Participants in the cue condition were told that
colored shapes may appear on some of the problems and when these appeared, they should
follow them with their eyes.

Participants were presented with physics problems on a computer screen viewed at a distance
of 24 inches using a chin and forehead rest to minimize their extraneous head movements. The
resolution of the computer screen was set to 1024 x 768 pixels with a refresh rate of 85 Hz. Each
physics problem subtended 33.3° x 25.5° of visual angle. Eye movements were recorded with an
EyeLink 1000 desktop mounted eye-tracking system which had an accuracy of less than 0.50° of
visual angle. A nine-point calibration and validation procedure was used at the beginning of the
experiment. Participants’ verbal explanations and gestures were recorded with a Flip video
camcorder.



The materials consisted of four sets of conceptual physics problems covering energy and
kinematics, which were found to have significant differences in the way correct and incorrect
solvers answered them (Madsen et al. 2012). It should be noted that these four specific problems
were chosen from the six problems analyzed because they tested distinct concepts in physics. We
refer to these problems as the roller coaster (Figures 1 and 2), ball (Figure 3), skier (Figure 4)
and graph (Figure 5) problems

The research design is shown in Figure 6. Within each problem set, there was an “initial”
problem, four “similar” problems, and a “transfer” problem. All problems were open-ended and
contained a diagram with the necessary information to answer the problem. First, students
answered the initial problem to demonstrate their current level of understanding. If they
answered incorrectly, they saw a series of “similar” problems, which contained the same
problem statement as the initial problem and tested the same concept and contained a diagram
with similar surface features. When the student answered a similar problem correctly, they saw
the transfer problem. This process continued until a maximum of four similar problems had been
viewed by the participant, after which the participant was presented the transfer problem
regardless of whether he/she answered the similar problem correctly or incorrectly. The surface
features of the transfer problems were different than the initial and similar problems, though the
concept tested was the same. All participants viewed the four sets of problems in the same order.

Whenever a student was ready to answer a problem, they indicated this by pressing any key
on a keyboard, at which point the problem displayed on the computer would become slightly
smaller in size (this was so that the student knew they had successfully pressed a key). The
participants then explained their answer and reasoning to the experimenter and were able to point
to areas on the computer screen if necessary. The experimenter used a pre-defined rubric to
determine if the given answer and explanation were correct or incorrect. If the answer and/or
reasoning were vague, the experimenter would ask for clarification. Once the experimenter had
sufficient information to determine the correctness of the answer, the experiment would proceed.

Participants in the cue group saw colored shapes overlaid on the similar problems appear four
seconds after the problem was initially seen. Colored shapes were used because color is known
to capture one’s attention because of its high visual salience. The cues used for the roller
coaster, ball, skier, and graph problems are shown in Figures 2, 3, 4 and 5 respectively. Each
colored shape appeared for 500 ms at 12 different positions in the diagram for a total cueing time
of six seconds. The visual cues were designed to mimic the eye movements of those who
answered the same problems correctly in Madsen et al. (2012). There was a large variation in
eye movements from one individual to another while viewing the diagrams in these physics
problems, so the visual cues could not mimic the eye movements of correct solvers exactly.
Instead, video playback of the correct solvers’ eye movements was viewed repeatedly and
special attention was paid to the eye movements in and around the thematically relevant area of
interest. Similarities between participants were observed, and visual cues were modeled after
these patterns. Further, the cues could have remained static and simply drawn participants’
attention to the relevant areas of the problem, but we hoped by modeling the way in which
correct solvers viewed the thematically relevant areas and compared elements within these areas,
the cues would give the participants more insight into how to correctly answer the problems.

Results

Changes to Correct Answer on Similar Problems



Table 1 shows the number of students who answered the initial problem incorrectly and then
changed to a correct answer and reasoning on a similar problem. Using a Mann-Whitney U test
to compare the number of participants in the cue and no cue groups who changed to a correct
answer, we found a significant difference on the roller coaster problem (p=.002) where six
students in the cue group (N=18) changed to the correct answer while zero students in the no cue
group (N=14) made this change. There were no significant differences between groups on the
ball, skier, or graph problems. The particular aspects of each problem and associated cues will be
further analyzed to determine where the differences in effectiveness originate.

Transfer Problem Correctness

To determine if visual cueing is useful for learning beyond the problem being cue,
participants answered a transfer problem for each problem set. Figure 7 shows the percentage of
participants who answered the transfer problem correctly after answering the initial problem
incorrectly. We compared the cue and no cue groups performances on the transfer problems
using the Mann-Whitney U test. We found that there is a nearly significant difference for the ball
transfer problem (p=.06) and the graph transfer problem (p=.054). There was no difference found
for the roller coaster and skier transfer problems. These results suggest the visual cues in the ball
and graph problem sets positively influenced performance on the related transfer problems.

Eye Movements on Roller Coaster Problem

To further investigate the positive effect of the visual cues on the problems, we looked at the
eye movements of the students. First, we investigated how well students in the cue group
followed the visual cues with their eyes. To do this, we created four interest areas where the cues
began and ended (around the roller coaster carts). We then counted the number of saccades each
participant made between these interest areas and the total number of saccades made within the
diagram during the four seconds that the cues appeared. On the roller coaster problem, 52.6% of
the saccades of those in the cue group followed the cues. In the no cue group only 0.96% of the
saccades were in a pattern similar to the cues (though the no cue group did not see any cues, and
we did not expect their eyes to move in the pattern of the cues spontaneously).

Next we looked for a correlation between following the cues closely with the eyes and
changing to the correct answer on a similar problem. We counted saccades between the same
areas of interest described above for those in the cue group only. Using a one-way ANOVA, we
found a significant difference in the percentage of saccades that correctly followed the cues
between those who changed to a correct answer on a similar problem and those who did not
(F(1,14)=10.8, p=.005). Students who answered a similar problem correctly made 85.5% of their
saccades in a manner that followed the cues. Students who did not answer any of the similar
problems correctly made only 46.4% of their saccades in a manner that followed the cues. This
suggests a relationship between closely following the visual cues and coming to the correct
answer on the roller coaster similar problems.

Eye Movements on Ball Problem

On the ball problem, we found a nearly significant difference in transfer problem
performance between groups. In the cue group, 60% of students answered the transfer problem
correctly while in the no cue group, 23.1% answered correctly. This suggests that seeing the
visual cues positively influenced performance on the transfer problem. To further investigate this
finding, we looked at the eye movements on this problem.



The visual cues used in the similar ball problems had the students compare the distances
between balls at each time interval. If the visual cues influenced how students look at the transfer
problem, we anticipate that the cue group would show a greater number of saccades comparing
the distance between balls. In the case of the transfer problem, these would be vertical saccades
within interest areas 1 and 2 (Figure 8). We found that for those in the cue group, 23.0% of their
saccades were within interest areas 1 and 2. For those in the no cue group, 24.1% of their
saccades were within interest areas 1 and 2. Thus, no differences were found between the way
those in the cue and no cue groups look at the distances between the balls on the ball transfer
problem. This suggests that this difference in performance on the transfer problem is not
reflected in the participants’ eye movements. We further looked at the percentage of saccades
within interest areas 1 and 2 of those in each group who answered correctly versus incorrectly.
We anticipated that those who answered correctly would display more saccades within the
interest areas. These results are displayed in Table 2. Once again, we find no differences between
the cue and no cue groups in this analysis. This suggests that the visual cues are not changing the
way participants view the ball transfer problem.

Conclusion

In this study we find some evidence that viewing a physics problem overlaid with short
duration visual cues can indeed help students correctly answer and reason about problems they
were previously unable to. Of the four problem sets used, we found on one of these problem sets
significantly more students changed to a correct answer after seeing cues. It is not enough
though, to provide visual cues to help students answer a given set of problems. In looking at
transfer problem performance, we found nearly significant differences on the ball and graph
transfer problems with the cue group outperforming the no cue group. Thus, we find some
evidence that repeatedly showing novices visual cues on related problems may help them to
properly apply the factual knowledge on similar future problems viewed without cues.

We also found some differences in eye movements of those who changed to a correct answer
on a similar problem and those who did not. Those who changed to a correct answer on a similar
problem for the rollercoaster problem followed the visual cues more closely than those who did
not change to a correct answer. Thus, there may be a relationship between how well a participant
follows the visual cues with their eyes, and how helpful these cues are. This suggests that
following the cues closely is related to changing to a correct answer. Further, we looked for
evidence that seeing cues changes the way in which one views future problems with no cues and
found no evidence for this on the ball transfer problem.

While we did find some results that point to the usefulness of cueing, we also saw no
difference between cue and no cue groups in the number of similar problems answered correctly
on three of the four problem sets tested. There are many reasons that the cueing may have failed.
First, we have previously discussed how the cue pattern may have been too complex on these
three problems. In the future, we can use simple repetitive cues as well as increase the time the
cues are seen. We can also change the type of cue we are using, for example instead of moving
colored shapes modeling correct solvers’ eye movements, we could use lines or bars to illustrate
comparisons in the diagram that correct solvers make. Additionally, there may be only certain
types of problems that lend themselves to improvement through visual cueing. We have only
explored four problems in this study. There are a plethora of problems that can be categorized in
a variety of ways and tested in future studies. It could also be that the order in which the
problems are presented influences the usefulness of the cue. The roller coaster problem was
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presented first each time and was the only problem the cues were found to influence. In future
studies, the order of cue problems will be randomized to balance out any order effects.

We also found differences between the cue and no cue groups on two of the four transfer
problems tested. As mentioned earlier it may be that the two transfer problems that showed no
difference were too difficult for this level of student, as very few students in either group
answered these problems correctly. It is also possible that the researchers viewed the transfer
problems as closely related to the similar problems, though the students did not view them this
way, and thus were unable to apply what they gained from the cues to the transfer problems. In
other words, the transfer problems, though deemed to be near transfer problems by the
researchers, were perceived to be far transfer problems by the participants in our study. A
problem may be perceived as near or far transfer depending upon whether the problem solver
perceives the two problems to be different in surface feature or deep structure. So, it seems that
although the ‘similar’ and ‘transfer’ problems were deemed to differ only in surface feature by
the researchers, the participants in our study appear to have perceived them as being different in
deep structure as well.

Previous studies with visual cues in several domains have also found mixed results on the
effectiveness of cueing. There is much work to be done to understand the factors that lead to
helpful cues. This study offers some hope that cueing can potentially serve as effective
conceptual scaffolding for novice physics students, but much work is necessary to perfect this
method.
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Figure 1. Example of initial problem (top), similar problem (middle), and transfer problem
(bottom) used in study.
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Assume frictional effects can be ignored. How does the final speed of
roller coaster cart A compare to the final speed of roller coaster cart
B, if the mass of the carts is the same and they both start at rest?

. A ) . B )
Initial Final Initial Final

135 2,46 7,911 8 10, 12

Figure 2. Problem 1 used in study. Blue circles are the visual cues overlaid on the diagram.
Numbers in italics show sequence of animated cues (the numbers were not seen by study
participants).

10



Two balls roll along the paths shown above. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Ball A t=0s t=1s t=2s t=3s t=4s
1

2,5 6,9 10

Ball B t=0s t=1s t=2s t=3s t=4s
3 4,7 8 11 12

Figure 3. Problem 2 used in study. Red squares are the visual cues overlaid on the diagram.

Numbers in italics show sequence of animated cues (the numbers were not seen by study
participants).
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Rank the changes in potential energy during the skier's descent
down each slope from greatest to least.

13 Slope A

2,4,5,7

Slope B

618/9/11 Slope C
10,12

Figure 4. Problem 3 used in study. Blue squares are the visual cues overlaid on the diagram.
Numbers in italics show sequence of animated cues (the numbers were not seen by study
participants).

12



The motion of two objects is represented in the graph below.
When are the two objects moving with the same speed?

A

distance

time

Figure 5. Problem 4 used in study. Blue dots are the visual cues overlaid on the diagram.
Numbers in italics show sequence of animated cues (the numbers were not seen by study
participants).
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Correct? Correct? Correct?

Y

Initial Similar Similar Similar Similar
Question | | Question #1 || Question #2 | | Question #3 | | Question #4

Correct?

f Transfer 1
‘L Question J‘

Figure 6. Flow chart showing how the initial problem, similar problems, and transfer problems
were administered to students in each problem set.
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Percentage of Students Who Answered Transfer Problem
Correctly After Answering Initial Problem Incorrectly

m No Cue Conditon
= Cue Condition

Percentage of Students

Roller coaster Ball Skier Graph

Figure 7. Percentage of students in “cue” and “no cue” conditions who answered initial problem
incorrectly, but answered transfer problem correctly.
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Ball A begins riding downward in an elevator at the same time Ball B
is dropped from the roof of an adjacent building. The position of

the balls is shown at equal time intervals of one second. When does
Ball B have the same speed as Ball A?

Ball A

t=1ls

t=2s

t=3s%

t=4s

Interest

© o o 00

=Ds

=1s

=25

r;ns

Areal

Interest
Area 2

BallB

Figure 8. In the ball transfer problem the leftmost blue rectangle is interest area 1 and rightmost
blue rectangle is interest area 2. These interest areas were used when analyzing eye movements.
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Table 1. Number of students in cue and no cue group who answered a similar problem correctly
after answering the initial problem incorrectly (* indicates a significant difference, p<.05).

Rollercoaster Ball Skier Graph
Problem* Problem Problem Problem

Cue No Cue Cue No Cue Cue No Cue Cue No Cue
(N=18) (N=14) (N=10) (N=14) (N=11) (N=7) (N=17) (N=22)

Number
Changing to 6 0 6 4 2 2 4 1
Correct Answer
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Table 2. Comparison of participants who answered correctly versus incorrectly in the cue and no
cue groups on the ball transfer problem (Figure 8). We compared the percentage of saccades
made vertically within interest area 1 or interest area 2.

% Saccades Within
Interest Areas 1 and 2
Correct 18.2%
Answer
Cue .
ncorrect 26.1%
Answer
Correct 17.4%
Answer
No Cue
Incorrect 28 6%
Answer
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Abstract

Using a ScanMatch algorithm we investigate scan path differ-
ences between subjects who answer physics problems correctly
and incorrectly. This algorithm bins a saccade sequence spatially
and temporally, recodes this information to create a sequence of
letters representing fixation location, duration and order, and
compares two sequences to generate a similarity score. We re-
corded eye movements of 24 individuals on six physics problems
containing diagrams with areas consistent with a novice-like re-
sponse and areas of high perceptual salience. We calculated aver-
age ScanMatch similarity scores comparing correct solvers to one
another (C-C), incorrect solvers to one another (I-I), and correct
solvers to incorrect solvers (C-I). We found statistically signifi-
cant differences between the C-C and I-I comparisons on only one
of the problems. This seems to imply that top down processes
relying on incorrect domain knowledge, rather than bottom up
processes driven by perceptual salience, determine the eye move-
ments of incorrect solvers.

CR Categories: J.2 [Computer Applications]: Physical Science
and Engineering — Physics

Keywords: eye movements, attention, scan path, ScanMatch,
problem solving, physics

1 Introduction

Researchers have found consistent patterns of wrong answers to
many simple conceptual physics questions [Trowbridge and
McDermott 1980; McDermott et. al 1987]. Several cognitive top-
down explanations have been provided, including misconceptions
formed through interactions with the natural world or misapplica-
tion of conceptual resources [Docktor and Mestre 2011]. How-
ever, recent claims by Heckler [2011] have suggested a perceptual
basis for students’ incorrect answers, which are based on attention
being directed to the most perceptually salient and plausibly rele-
vant features in a problem. The most salient features capture at-
tention through perceptual processes and less salient features have
little opportunity to be considered. Heckler shows some evidence
for perceptually-driven responses; however, no eye movement
data supporting this hypothesis is provided. Further, he does not
provide a specific definition of salience. Therefore, incorrect an-
swers may be governed either by top-down processes relying on
incorrectly learned or applied information, or by bottom-up per-
ceptual processes resulting in certain elements capturing attention

Lester Loschky N. Sanjay Rebello
Kansas State University Kansas State University
loschky@ksu.edu srebello@ksu.edu

and leading to activation of reasoning resources based on these
elements.

An eye-movement study was used to test these competing hy-
potheses. Introductory and graduate physics students answered
conceptual physics problems regarding a diagram [Madsen et al.,
2011]. Three areas of interest (AOIs) were defined for each dia-
gram. First, thematically-relevant AOIs that contained informa-
tion necessary to correctly answer the question were determined
by experts in physics. Second, novice-like AOIs were defined
based on coded interview data from novices [Madsen et al. 2011],
and third, perceptually salient AOIs were defined as the area(s) on
the diagram with the highest saliency rating according to the sali-
ence maps produced by a computational algorithm [Itti 2000]. For
each problem, the percentage of time spent in each type of interest
area was compared between students who answered the problem
correctly and those who answered the problem incorrectly.

If top-down cognitive processes utilizing naive theories or misap-
plied information were directing attention in physics problems,
then those who answer the problems incorrectly should spend
more time looking at the novice-like AOIs than those who answer
correctly. If perceptual salience captures attention and leads stu-
dents to an incorrect answer, then more time should be spent look-
ing at perceptually salient AOIs. We found that in five of six
problems, those who answered incorrectly spent significantly
more time looking at the novice-like AOI than those who an-
swered correctly. No differences were found between correct and
incorrect solvers in the perceptually salient AOIs. However, it is
important to note that Carmi and Itti [2006] studied the effects of
perceptual saliency as a function of viewing time. They found that
their model of perceptual salience performed best on the first six
to seven fixations when viewing a scene. For the average viewer,
this is equivalent to about the first two seconds of viewing. In
light of this finding, we also compared the amount of time spent
in the perceptually salient AOI during the first two seconds of
viewing the diagram for those who answered correctly versus
incorrectly. No significant differences were found between those
who answered correctly versus incorrectly, although the data were
in the predicted direction (i.e., the raw percentage of time spent in
the perceptually salient AOI was higher for those who answered
incorrectly on five of the six problems analyzed). Thus, it may be
either that the small number of fixations observed in the first two
seconds of diagram viewing lacked the statistical power to find an
effect, or there may simply be no effect between those who an-
swer correctly versus incorrectly on the viewing time of perceptu-
ally salient elements of the diagram.

In this paper, we will expand on our previous work [Madsen et al.
2011] to further investigate the role of perceptual salience in guid-
ing the attention of those who incorrectly answer conceptual phys-
ics questions containing a diagram. A scan path analysis was per-
formed using an algorithm called ScanMatch [Cristino et al.
2010], which is based on the Needleman-Wunsch algorithm used
to compare DNA sequences. ScanMatch bins a saccade sequence
both spatially and temporally and then recodes this information to



create a sequence of letters which represents the location, dura-
tion, and order of the fixations. The letter sequences of two sets of
eye movements are then compared to each other to calculate a
similarity score. A similarity score near one represents two se-
quences of eye movements that are very similar spatially and
temporally. The ScanMatch analysis requires no decisions to be
made about the data a priori, for example, one does not have to
define AOIs based on an experimenter’s definition or rating.
Therefore, it is possible that differences exist in sets of eye
movement data that are not detected by looking at fixation dura-
tions in AOls.

We will compare the average ScanMatch scores produced by
comparing the correct solvers to one another (C-C comparison),
the incorrect solvers to one another (I-I comparison), and the cor-
rect solvers to the incorrect solvers (C-I1 comparison).

We hypothesize that if the incorrect solvers are being primarily
led by the perceptual salience of the elements in the diagram, then
it is likely that they will attend to the same elements in a similar
order. For example, attention would be first guided to the most
perceptually salient region, followed by the next most salient
region, and so on [Itti 2000]. Thus, the I-I comparison would have
higher ScanMatch scores than the C-C comparison, who might
attend to perceptually salient areas early on in diagram viewing;
however, the variable onset of top-down processes on eye move-
ments would result in greater temporal and spatial variability of
gaze towards thematically-relevant elements in the diagram, re-
sulting in lower ScanMatch scores. The I-I and C-C groups would
also have higher ScanMatch scores than the C-I group, since the
correct solvers and incorrect solvers are known to spend different
amounts of times looking at thematically-relevant and novice-like
elements [Madsen et al. 2011; Carmichael et al. 2010].

Conversely, if top-down processes are directing the attention of
incorrect solvers, namely some form of naive theory, the Scan-
Match score of the I-I comparison should be similar to that of the
C-C comparison. The domain knowledge possessed by those in
both comparison groups, whether correct or incorrect knowledge,
guides their attention to look at certain elements of the problem,
but not in a particular order. Once again, the I-I comparison and
the C-C comparison should have higher ScanMatch scores than
the C-I comparison.

In summary:

Hypothesis 1: If perceptual salience is primarily influencing the
attention of incorrect solvers, the I-I comparison will have higher
ScanMatch scores than the C-C comparison.

Hypothesis 2: If top-down processes utilizing naive theories are
primarily influencing the attention of incorrect solvers, the I-I
comparison and the C-C comparison will have similar ScanMatch
scores, and these will both be higher than the C-1 comparison.

2 Methodology

There were 24 participants (three females), with two different
levels of experience in physics. Ten participants were PhD stu-
dents in physics and one was a postdoctoral researcher in physics;
all had taught an introductory physics course. Thirteen partici-
pants were introductory psychology students who had taken at
least one physics course in high school, though some had also
taken a physics course at the university. The PhD students and
post-doc voluntarily participated while the psychology students
received course credit. Since we sought to compare those who

answered the physics problems correctly versus incorrectly, we
selected participants with a broad range of experience. We ex-
pected the PhD students to answer correctly, while the psychology
students might answer incorrectly, though we know that this may
not always be the case as it has been shown there is a wide distri-
bution of expertise among introductory physics students and phys-
ics graduate students [Mason and Singh, 2011]. The materials
consisted of 10 multiple-choice conceptual physics problems cov-
ering various topics in introductory physics. For an example, see
Figure 1. Each problem contained a diagram with a thematically-
relevant visual component that students needed to attend to in
order to answer correctly. These problems also contained areas
consistent with naive conceptions documented in physics educa-
tion literature [McDermott and Redish 1999].

Two balls roll along the paths shown below. The position of
the balls is shown at equal time intervals of one second each.
When does Ball B have the same speed as Ball A.

BallA t=0s t=1s t=2s t=3s  t=ds

BallB

) ( ]
(1) t=1.0sec (2)t=15sec (3)t=2.0sec
(4)t=2.5sec (5)t=3.0sec

Figure 1. Problem 4 used in this study. Thematically-
relevant area is distance between balls between 2 and
3 seconds. Novice-like area is area where balls are
lined up spatially at 1 second.

The physics problems were presented to participants on a com-
puter screen. Participants used a chin and forehead rest that was
24 inches from the screen. The screen had a resolution of 1024 by
768 pixels and a refresh rate of 85 Hz. Eye movements were re-
corded with an EyeLink 1000 desktop mounted eye-tracking sys-
tem, which had an accuracy of less than 0.50° of visual angle. The
images subtended 33.3° x 25.5° of visual angle. An eye move-
ment was classified as a saccade if acceleration exceeded
8,500°/s> and velocity exceeded 30°/s. Participants’ verbal expla-
nations and gestures were recorded with a Flip video camera.
Each participant took part in an individual session, lasting 20-40
minutes. At the beginning of the session, participants were given a
short explanation of the experiment. The eye tracking system was
calibrated to the individual using a nine-point calibration and
validation procedure, with a threshold agreement of 0.50° visual
angle required to begin the experiment. Next, the participant was
instructed to silently answer 10 multiple-choice questions, with
their head on a headrest, while their eye movements were re-
corded. Between questions, drift correction was carried out using
the central fixation point to ensure proper calibration. Participants
indicated their answer to each question using number keys on the
keyboard. Finally, each participant was asked to provide a verbal
cued retrospective report [Van Gog 2005] for which they were
shown a replay of their eye movements on each problem and they
were asked to explain their thought processes. This method has
been found to produce more depth of explanation than a retro-
spective report without viewing one’s eye movements. If a par-
ticipant’s explanation was unclear, follow-up questions were
asked of him/her. Participants were not given any time limits.



3  Analysis and Results

We used the ScanMatch toolbox for MatLab [Cristino et. al 2010]
to compare the scan paths of our participants based on the cor-
rectness of their answers given for each problem. The ScanMatch
algorithm compares the sequence and durations of fixations in a
pair-wise fashion and produces a numerical score representing the
similarity of the scan paths both spatially and temporally. A score
of one indicates that the scan paths being compared are identical
while a score of zero represents no relationship between the scan
paths. We calculated ScanMatch scores for three different com-
parisons of participants’ scan paths. The correct-correct compari-
son (C-C) contained scores comparing each participant who an-
swered a question correctly to one another. The incorrect-
incorrect comparison (I-I) contained scores comparing each par-
ticipant who answered a question incorrectly to one another. Fi-
nally, the correct-incorrect comparison (C-I) contained scores
comparing those who answered correctly to those who answered
incorrectly. We then completed a one-way ANOVA' comparing
the ScanMatch scores of the C-C comparison, I-I comparison, and
C-I comparison for each problem. When we obtained a significant
result, we used post-hoc contrasts to determine which compari-
sons contained a significant difference. We then referenced the
mean score values for each comparison to determine the direction
of this difference. When homogeneity of variance was violated,
we used the Games-Howell test for the post-hoc contrasts, other-
wise we used Tukey’s HSD test for the contrasts. In the previous
study [Madsen et al. 2011] for which this analysis is a follow-up,
the eye movements of only six of the 10 problems participants
viewed were analyzed. This is because we found that four of the
problems did not contain a consistent novice-like area of interest.
On those four problems, participants who answered incorrectly
reasoned from a wide variety of areas in the problem diagram.
Without a precise definition for the novice-like area of interest,
these problems could not be included in the original analysis. This
scan path analysis is a follow-up on the previous analysis, so we
analyze only those six problems included in the original study.

We found statistically significant main effects on three of the six
problems tested (Table 1). On problem 1, the ANOVA showed a
statistically ~ significant main  effect of  comparison,
F(2,220)=7.324, p=.001. The contrasts revealed that the I-I com-
parison had significantly higher ScanMatch scores than the C-I
comparison (p<.001). Problem 2 also showed significant main
effect of comparison, F(2,250)=6.308, p=.002. The contrasts
showed that the I-I comparison (p<.001) had a higher ScanMatch
score than the C-I comparison. Further, the I-I comparison had a
significantly higher score than the C-C comparison (p=.005). A
significant main effect was also found for problem 10,
F(2,273)=3.583, p=.029. On this problem, the I-I comparison had
a significantly higher ScanMatch score than the C-I comparison
(p=.05). There were no differences found between comparisons
on problems 3, 4 and 7.

: When using the one-way ANOVA, we recognize there may be
issues with the homogeneity of variance because of the unequal
sample sizes between correct and incorrect responders. For this
reason, we used corrected post-hoc contrasts (Games-Howell test)
when this assumption was violated. Further, we employed a non-
parametric procedure [Feusner and Lukoff, 2008] to confirm the
ANOVA results and found general agreement.

Problem Comparison Mean SD (+/-)

1% C-C (n=47) 396 .068

(n=11 correct I-I (n=55) 414 .056
n=11 incorrect) C-I (n=121) 370 .080
2% C-C (n=90) 330 151
(n=14 correct I-I (n=36) 413 .047
n=10 incorrect) C-1 (n=127) 371 119
3 C-C (n=137) 351 .093

(n=17 correct I-I (n=21) 400 .108
n=7 incorrect) C-I(n=119) 364 .100
4 C-C (n=90) 379 .088

(n=14 correct I-I (n=35) .398 .055
n=9 incorrect) C-I (n=126) 362 .088
7 C-C (n=105) 312 125

(n=15 correct I-I (n=36) 311 119
n=9 incorrect) C-I (n=135) 298 112
10* C-C (n=55) 333 .086
(n=11 correct I-I (n=78) .368 .091
n=13 incorrect) C-I (n=143) 340 .078
*this indicates a significant difference at the p=.05 level

Table 1. Mean ScanMatch score for C-C, I-I, and C-I com-
parison for each problem used in the study.

Figure 2 shows a box and whiskers plot comparing the ScanMatch
scores of each group averaged over the problems in Table 1.

COMPARISON OF GROUPS

SCAN MATCH SCORE

c-C I-1 C-l
Figure 2. Box and whiskers plot showing the me-
dian, max, min and 1% and 3™ quartile of the
ScanMatch scores for each group.

4 Conclusion

We did not find significant differences in ScanMatch scores be-
tween those in the C-C comparisons and those in the I-I compari-
sons on five of the six problems analyzed in this study. This evi-
dence is consistent with the hypothesis that the attention of incor-
rect solvers is primarily directed by top-down naive theories and
not the relative perceptual salience of the elements. This finding
aligns well with our previous findings [Madsen et al. 2011] that
showed no significant difference in the percentage of fixation time
in the perceptually salient areas of the diagram during the full
problem period, or the first two seconds of viewing the diagram,
when the effects of perceptual salience should be most pro-
nounced. It also aligns well with the findings showing significant
differences in the percentage of time incorrect solvers spent in the
novice-like areas of the diagram and the percentage of time cor-



rect solvers spent in the thematically-relevant areas of the dia-
gram.

We found significant differences between the I-I and C-1 compari-
sons on three of the six problems. These differences were ex-
pected as we have previously seen that correct solvers and incor-
rect solvers spend different amounts of time looking at themati-
cally-relevant and novice-like elements in the problem, so their
scan paths scores are likely to be different. It is curious that we
did not find that the I-I comparison and the C-C comparison had
higher ScanMatch scores than the C-I comparison on all of the
problems. The problems used in the study included a text problem
statement, diagram, and multiple-choice answers. The hypotheses
set forward in this study assumed a similar reading pattern of the
problem statement and answer choices for all participants. The
hypotheses were formed assuming only differences in how the
participants looked at the diagram. Differences in reading the
problem statement and answer choices may have overwhelmed
small differences in diagram viewing, resulting in no difference in
the ScanMatch scores of the C-C and I-I comparisons compared
to the C-I comparison.

These findings may have implications for educational interven-
tions aimed at helping novices learn to answer such conceptual
questions correctly. Researchers in physics education have de-
voted much attention to addressing these consistent wrong answer
patterns by changing the way students think about how the world
works. If it were true that this problem had an underlying percep-
tual component, these interventions would need to instead help
students learn how to ignore salient elements and focus instead on
thematically-relevant elements. The results of this study suggest
that wrong answers have roots in the incorrect ways students think
about how the world works, not how a problem diagram looks. So
it seems that the educational interventions used to improve student
understanding are on the right track.

5 Limitations and Future Work

The manner in which participants read the problem statement and
answer choices may be interfering with our goal of looking for
differences in scan paths while viewing the diagram specifically.
To address this issue, this work will be repeated with the text and
diagram on two separate slides, which can be toggled between by
pressing a button on the keyboard. In this new setup, the scan
paths of the participants’ first view the diagram can be compared
to one another to look for influences of visual salience or naive
theories. Additionally, further studies will not use multiple-choice
problems, as we have seen some participants rely on a strategy of
eliminating distracter answer choices instead of reasoning through
the problem on their own. Instead, participants will indicate when
they are ready to answer and will give a verbal explanation of
their answer and reasoning. Further, the physics topics covered in
these problems are limited. It would be useful to expand the num-
ber of topics covered by using a larger variety of problems. This
will allow us to determine if the conclusions drawn from this
work are context-dependent or generalizable to a wider range of
physics problems.

More importantly, follow-up studies will explore the hypothesis
that cueing students’ while they look at physics problems will
improve their accuracy in solving them. Because our previous
work [Madsen et al. 2011] has shown that those who answer such
questions correctly look at the thematically-relevant AOIs more
than the novice-like AOIs, we can test the hypothesis that cueing
students to look at the thematically-relevant areas will improve

the accuracy of their answers, and that doing this repeatedly will
improve their accuracy on conceptually similar transfer problems.
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Relevant Literature 3 Hp.

Visual Attention

Influencing Factors : Top-down and bottom-up processes
- Top-down processes
® require mental effort and rely ones’ goals as well as
knowledge

® dominate in learners with higher domain knowledge

- Bottom-up processes

® faster, more primitive mechanism that drives attention
based on the features of the stimuli

® those with lower domain knowledge may respond more to
perceptual salience

Overview of Studies 5 Hp.

Overview

Study 1: Determine visual attention differences
between correct and incorrect solvers

M

Correct solvers’ eye movements

\Z

Study 2: Explore the use of attentional cueing to
improve problem solving

7/10/2012

- [

Research Goals

* Understand differences in visual attention between
successful and unsuccessful physics problem solvers.

¢ Use the attentional patterns of successful solvers to
design visual cues for unsuccessful solvers.

Rank the charges in potential energy during the skier's descent  Rank the changes in potential energy during the skier's descent
down each slope from greatest to least down each slope from greatest to least

Relevant Literature 4 H&’"

Attentional Cueing

® Framework for Attentional Cueing (deKoning, et. al. 2009)
» Visual cueing can facilitate selection, organization and
integration of information contained in visualizations.

® Grounded in:
» Cognitive Theory of Multimedia Learning (Mayer, 1997, 2001)
- Selection, Organization and Integration (SOI) involved in
meaningful learning with multiple modalities.

» Cognitive Load Theory (Sweller, 1988, 1989)
- Working memory is limited.
- Cueing can reduce extraneous cognitive load, direct

attention to relevant areas, free up mental resources
(Britton, 1982)

Study 1: Research Questions 6 H&’"

Study 1: Research Questions

How does the correctness or incorrectness of ones’
answer to a physics problem involving a diagram
relate to the time spent looking at those areas of the
diagram that are:

® thematically relevant to the problem’s solution?

® consistent with novice-like misconceptions?
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Study 1: Determine visual attention differences
between correct and incorrect solvers

® 10 Ph.D. physics students and 14 intro psychology
students who have taken at least high school physics
® Six introductory physics problems with diagram

Ranik the changes in potential energy during the skier's descent
down each slope from greatest to least

Novice-like areas from
interviews (confirmed by
previous research)

Thematically relevant
areas defined by experts

[1)4PE, > BPE, > OPE.  (4)0PE, = OPE, > AP
[2)84PE; > OPE, > OPE,  [S)APE, > OPE. » APE,
[3)4PE, = APE, = APE,

1Itti, 2000; 2Harel, 2011
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Study 1: Results

Differences in % of Fixation Time

Thematically Relevant AOI Novice-Like AOI
Prob 1 Correct = Incorrect Prob 1 Incorrect > Correct
Prob 2 Correct > Incorrect Prob 2 Incorrect > Correct
Prob 3 Correct > Incorrect Prob 3 Incorrect > Correct
Prob 4 Correct > Incorrect Prob 4 Incorrect = Correct (p=.058)
Prob 7 Correct > Incorrect Prob 7 Incorrect > Correct
Prob 10 Correct > Incorrect Prob 10 Incorrect > Correct

One-way ANOVA o =.05

Study 2: Overview 1 H‘,ﬂ

Study 2: Explore the Use of Attentional Cueing to
Improve Problem Solving

Hypothesis

Visual cues based on expert eye movements can
improve problem solving in physics

7/10/2012

Study 1: Analysis 8 H‘m

Study 1: Analysis

® Determined fixation time (total time spent) in each
area of interest (AOI) for each participant.

® % of total viewing time in diagram calculated for
each AOI.

® Compared % fixation time for correct vs. incorrect
solvers for novice-like and thematically relevant
AQl’s.

11tti, 2000; 2Harel, 2011; 3Cristino et al., 2010
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Study 1: Conclusions

% of fixation time of ...

v' correct solvers > incorrect solvers in thematically relevant
areas for five of six problems.

v" Incorrect solvers > correct solvers in novice-like areas for
five of six problems.

* Incorrect solvers are attending to irrelevant elements in the
problems’ diagrams.

« Can visual cues can help direct attention to thematically
relevant areas?

» Have record of correct solvers’ eye movements to use when
designing visual cues.

Study 2 : Research Questions 12 H‘m

Study 2: Research Questions

® Can a six-second visual cue
modeled after expert eye i
movements really help
students answer physics
questions?
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Study 2: Research Questions

® Can a 6-second visual cue
modeled after expert eye
movements really help
students answer physics
questions?

® Does students’ ability to
answer transfer problems
improve after seeing visual
cues?

Study 2: Method 15 H‘,ﬂ

Study 2: Method

¢ 1st and 2" semester algebra-based physics students
* Cued group (N=22) and No Cue group (N=23)
¢ Online pre-test

¢ Dynamic cues modeled after experts’ eye movements.

Initial
Question

Similar Similar Similar Similar
Question #1 || Question #2 || Question #3 || Question #4
Correct? Corricﬂ Correct?

Transfer
Question

Correct?

Study 2 : Results 17 H‘,“

Study 2: Results — Answers on Similar Problems

* Assume brictionsl e¥ects can be igroted. How does the final ipeed of

e Tl
& Falw

&
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F
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1
a:-l - - - *Mann-Whitney U Test, p=.002

Changed to Correct Ans. : Ball Problem

Twa balls rol alang the paths shown abave. The pas i the
No Gue Gondion (N=14) balls i5 shown a1 eaual tiene intervals of one secand each. When
does Ball B have the same speed as Ball A7

Cued Conditon (N=10)

£

2
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Study 2: Research Questions

® Can a 6-second visual cue
modeled after expert eye . ;
movements really help 4 =
students answer physics
questions?

» Eye movements during cues
® Does students’ ability to

answer transfer problems i
improve after seeing visual
cues?

Do cues influence students’
eye movements on current and
subsequent problems?

Eye movements after cues
have ended

Study 2 : Results 16 H&’"

Study 2: Results — Answers on Similar Problems

Changed to Correct Ans.: Roller Coaster Problem it oaad of

No Cue Conditon (N=14) B i mass of the carts is the saeme and they both start at rest?
s Cued Conditon (N=18) A o - . "
Q@ ©06
: .Y o PR T N = Rmn
s
i

sim1 sim2 sm3 sim4

*Mann-Whitney U Test, p=.002

Changed to Correct Ans. : Ball Problem
Twa bl rofl alang the paths sherwn above. The pasitson of the
No Cue Conditon (N=14) balls i5 shown a1 eaual tiena intervals of e secand each. When

:
Cued Condiion (N=10) does Ball B have the same speed as Ball A;

H Bk o TR 1
¢ N Em mE -
s
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£
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Study 2: Results — Answers on Similar Problems (cont’d)
Changed to Correct Ans. : Skier Problem Hark the changis in polential snengy durag the ikier's descent
down each slope from greatest to keast
§ s Contn e
H 24570 i
The motion of two objects is represented in the graph below,
Changed to Correct Ans. : Graph Problem When are the twa nb_le'.n manving with the same speed?
. .
'Cued Condition (N=17) |
g i
5 &
7 L
. T,
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Study 2: Results — Answers on Transfer Problem

% of Students Who Answered Transfer Problem
Correctly After Answering Initial Problem Incorrectly

When does Ball B have th
same speed as Ball A?
* No Cue Conditon

Cued Condition

Ball transfer problem.

Roller coaster Ball Skier Graph

Study 2 : Results Al H‘,ﬂ

Study 2: Results — Eye Movements During Cues

% of Saccades in Pattern Similar to Cues: During Cues

Cued Correct | Cued Incorrect

86% 46%
. '-::
’ B -"lﬁ - ! i ! -\..I
v
[
Epa Fervarsents g cime
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Study 2: Conclusions

® In one case, short duration visual cues helped students answer
conceptual physics problems they were previously unable to.

® Visual cues can influence transfer problem performance.

+ Those who saw visual cues answered ball and graph
transfer problems more correctly.

Following cues closely with eyes is related to getting correct
answer in one problem.

® Seeing visual cues does not seem to influence eye movements
after cues cease (roller coaster) or on transfer problem (ball).

7/10/2012
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Study 2: Results — Answers on Transfer Problem

% of Students Who Answered Transfer Problem

Correctly After Answering Initial Problem Incorrectly When does Ball B have the

same speed as Ball A?
* No Cue Conditon

Cued Condition

Percentage of Students

Roller coaster Ball Skier Grap,

When are the two objects
moving with the same speed?

Graph transfer problem.

Study 2 : Results 22 H‘m

Study 2: Results — Eye Movements After Cues

After cues ceased: no difference VO difference lzetween cued
between cued and no cued in % of and no cued in % of saccades
saccades similar to cues on transfer prob.

. E et
= = wi | TaRaL
| Bl —— 7 aew
. = Sk . 0 | - -
i - -

v | i
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Future Studies
¢ Increase number of similar problems: Six (instead of four) per set.
¢ Increase cue duration: 50 seconds (Boucheix, 2010)

¢ Assure participant looking at first step of cue before cues begin to
move : Gaze contingent cues

* Have an additional condition: cued and told that cue will be useful

¢ One no cue group + Three cued groups:
* Selection cued,
¢ Organization cued, and
¢ Integration cued

1Boucheix, 2010
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Future Studies (cont’d)

One no-cue group + Three cued groups, 15-20 participants per group

* Selection

nitial and final

Future Studies 29 H‘,ﬂ

Future Studies (cont’d)

One no-cue group + Three cued groups, 15-20 participants per group

¢ Selection

¢ Organization

ndicate the

7/10/2012
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Future Studies (cont’d)

One no-cue group + Three cued groups, 15-20 participants per group

* Selection

The motion of two objects is represented in the graph below.
When are the two objects moving with the same speed?

distance

time
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Future Studies (cont’d)

One no-cue group + Three cued groups, 15-20 participants per group

* Selection
Lo The motion af twa objects i represented in the graph below
. Organ|zat|on When are the two objects maving with the same speed?

Future Studies 30 H‘m

Future Studies (cont’d)

One no-cue group + Three cued groups, 15-20 participants per group

* Selection

¢ Organization

poving with the same speed?

* Integration distance 1
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Future Studies (cont’d)

One no-cue group + Three cued groups, 15-20 participants per group

¢ Selection

¢ Organization

¢ Integration




Influence of Visual Cues on Eye Movements and Reasoning in Physics Problems

Adrian Madsen, Adam Larson, Amy Rouinfar, Allison Coy, Lester Loschky & N. Sanjay Rebello, Kansas State University

Can a 6-second visual cue modeled after experts’ eye movements overlaid
on a physics question really help students come to the right answer?

RESEARCH QUESTIONS

1. Do visual cues modeled after
experts’ eye movements help
students answer physics questions?

! B, if the mass of the c

2. Does students’ ability to answer

Assume frictional effects can be ignored. How does the final speed of
roller coaster cart A compare to the final speed of roller coaster car

Initial Final Initial Final

Assume frictional effects can be ighored. How does the final speed of
t N roller coaster cart A compare to the final speed of roller coaster cart

arts is the same and they both start at rest? cB, if the mass of the carts is the same and they both start at rest?

nnnnnn

transfer problems improve after
seeing visual cues?

A

3. Do cues influence students’ eye
movements on current and
subsequent problems?

Assume frictional effects can be ignored. How does the final speed of
m roller coaster cart A compare to the final speed of roller coaster cart
c B, if the mass of the carts is the same and they both start at rest?

Assume frictignal effects:can besignored. How does the ﬁggagggs)agggg of
roller coaste? cart Acompare to the finakspeed of rolles coaster car
B, if mg‘mass of the E‘)artss;so the sameand tb_%y\Boztsbpsta‘rz\sfeitnrséé‘??

had O h (&) ) &

Final Initial

METHOD

Online pre-test (4 Instructions &
open-ended questions Pt calibration of -»

on kinematics & energy) eye tracker

Initial . Similar
Question | | Question

IN Similar I Similar IN Similar
#1 | | Question #2 | | Question #3 | | Question #4

Correct? Correct? Correct?
Students in cued group saw visual Correct? Y
cues on “similar” problems. | Transfer
Question

Assume frictional effects can be ighored. How does the final speed of
roller coaster cart A compare to the final speed of roller coaster cart
B, if the mass of the carts is the same and they both start at rest?

A B

Initial Final Initial Final

2,4,6 7,9, .11 8,-10,.12

Problem 1: “Roller coaster” problem

1:'9; 5

Rank the changes in potential energy during the skier's descent
down each slope from greatest to least.

Problem 3: “Skier” problem

Colored shapes appeared for 500 ms each, for a total cueing
order in which cues appeared.

Two balls roll along the paths shown above. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Two balls roll along the paths shown above. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Ball A = = = = .
e e SN e G Ball A t=0s  t=1s t=2s t=3s  t=4ds

Ball B
Ball B t=0s t=1s t=2ss t=3s

Two balls roll along the paths shown above. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Two balls roll along the paths shown above. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Ball A =0s t=1s t=2s t=3s t=4s Ball A t=0st=1s t=2s t=3s t=4s

Ball B
t=0s =1 s t=2s t=3s t=4s Ball B t=0s t=1s t=2s t=3s t=4s

Four “similar” problems for ball problem set. Similar problems
have the same problem statement, but different diagrams.

Two balls roll along the paths shown above. The position of the
balls is shown at equal time intervals of one second each. When
does Ball B have the same speed as Ball A?

Ball A

Ball B

8,11 12

Problem 2: “Ball” problem

The motion of two objects is represented in the graph below.
When are the two objects moving with the same speed?

A

distance

N

1

0 <
2 100 11

Problem 4: “Graph” problem

time

time of 6 seconds. Numbers in italics represent

e

- -:'

Eye tracker used for study.

RESULTS

Correctness of Similar Problems

e Students who answered initial problem
incorrectly saw up to four similar problems.

o Graphs to the right show number of
students who answered one of similar
problems correctly.

e Significant difference between number of
students in each group who answered roller
coaster “similar” problems correctly.
(Mann-Whitney U test p=.002)

Correctness of Transfer Problems

o After giving correct answer on similar
problem, students saw transfer problem
without cues.

o Graph below shows % of students who
answered transfer correctly after
answering initial incorrectly.

oNearly significant difference on ball
transfer problem (p=.06) and graph
transfer problem (p=.054).

% Changed to Correct Answer: Roller Coaster Problem

Changed to Correct Answer: Ball Problem

4

w

No Cue Conditon (N=14)
Cued Condition (N=18)
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Number of Students
Number of Students

=

[EEY

o
o

Sim 1 Sim 2 Sim 3 Sim4

No Cue Conditon (N=14)
Cued Condition (N=10)

Sim 1 Sim 2 Sim 3 Sim4

Changed to Correct Answer: Skier Problem

2

N

No Cue Conditon (N=11)
Cued Condition (N=7)

Number of Students
Number Students

o

Sim 1 Sim 2 Sim 3 Sim4

Changed to Correct Answer: Graph Problem

No Cue Conditon (N=22)
Cued Condition (N=17)

Sim 1 Sim 2 Sim 3 Sim4

Eyve Movements: Roller Coaster Problem

e Determined number of horizontal saccades
between roller coaster carts while viewing
cues and after cues ended.

e Significant difference in % of saccades
following cues for those in cued group who
answered correctly versus incorrectly
(F(1,14)=10.8, p=.005).

Percentage of Students Who Answered Transfer Problem
Correctly After Answering Initial Problem Incorrectly
70%
% " No Cue Conditon
2 o | Cued Condition
Q
50%
E *
L 40% - —
o
Q
2 30% T
=
3 20%
g
10% ‘ F——1 —1 —1 —
0% ‘
Roller coaster Ball Skier Graph

oNo difference in horizontal saccades
between carts after cues ended hetween
groups.

Cued No Cue
59 6% 0.96%"
Percentage of (Did not see cues)
Saccades in Cued: Cued:
Pattern Similarto | Correct Incorrect
Cues: During Cues
85.5% 46.4%"

CONCLUSIONS

Assume frictional effects can be ignored. How does the final spgeti’of
reller cog%ters@a@sﬁﬁgmpa re to the final speed of roller coaster cart
104/ = p o2 TI00 il .

B; if the mass of the carts is the same and they both start at rest?

Initial A Final Initial B Final

o —
(N
g

Assume frictig_;{w_\al effectsz@%n bezignored. How dgjesglhg f;i,@\aél@%gggl of
roller cqgsté?-qég Ascompare to thefi nai;s%pe'e;;jﬁdf roliegpfc\oaitgfr" cart

B, if the mass of the carts.is the same and they both start at rest?
.,-:@ 178 S 2 e 20 253 o 286, 125,

Initial Final Initial,
353 251 e T

Cued |No Cue
Percentage of
Saccades in Pattern o o
Similar to Cues: 2.1% | 1.0%
After Viewing Cues

® [n some cases, short duration visual cues can help students answer conceptual physics questions
that they were previously unable to answer (roller coaster problems).

e Visual cues can influence transfer problem performance. Those who saw visual cues answered ball
and graph transfer problems more correctly.

® Following cues closely with eyes is related to getting correct answer on roller coaster problems.
® Seeing visual cues doesn’t seem to influence eye movements after cues cease on roller coaster

problems.

*This work is supported by KSU NSF GK-12 Program under NSF DGE-0841414.
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Using Scan Match Scores to Understand Differences in Eye Movements Between

Correct and Incorrect Solvers in Physics

Adrian Madsen, Adam Larson, Lester Loschky & N. Sanjay Rebello, Kansas State University

OBJECTIVE ANALYSIS: ScanMatch

Understand how tOP'dOwn and bOttOm'UP processes influence ® ScanMatch: scan path analysis based on Needleman-Wunsch algorithm  ® Letter sequence binned temporally.
: - - g 6 . .
incorrect problem solvers in physics. used for DNA sequencing Flements in cach sequence compared & scored based

e Algorithm converts scan path to letter sequence and compares pairs

of sequences, seeking optimal alignment by maximizing similarity * Gaps (& gap penalties) included to maximize score.

. N . S lized t ’ f one.
PROBLEM: Consistent Wrong Answer Patterns in Physics score. el °tTa:'m‘:Tl "
e Higher score indicates scan paths with strong similarity temporally heh £k A o 2 p A 2D aD aD dA
Two explanations types for consistent wrong answer patterns in physics: cognitive and perceptual. and spatially. doicpft *
Cognitive Perceptual d e Calculated ScanMatch score comparing: C aA cB

e Mi i o ion initi The motion of t

Mlusconcept.lonls based on Attention |n|t|al.ly caught F)y € motion of two i - Correct solvers to one another (CC) | 1 |

naive theories perceptually salient, plausible objects is represented in aK aB dE
» Misapplication of resources? & relevant elements. Ehe grEPh.zNhen are thti - Incorrect solvers to one another (ll) T LT d7s

WO ODj|ECTS mMoVving Wi .
* Miscategorized ontology? ~ * Studentanswers basedon ' nie cpeed? 5 - Correct to incorrect solvers (Cl) o eanboims e
perceptually salient elements.
Top-down Processes  Bottom-up Processes t HYPOTHESES
Hypothesis |: If bottom-up processes based on Hypothesis 2: If top-down processes utilizing

METHOD perceptual salience of primarily influence attention naive theories primarily influence attention of

of incorrect solvers: incorrect solvers:
Participants: 10 PhD students in physics with teaching experience and 14 introductory psychology students who

have taken a physics course. ” > CC > CI ” — CC, ” & CC > CI

Eye Tracker: Eye Link 1000 desktop mounted eye tracker. distance

* Salience models predict order
& location of fixations =
higher ScanMatch scores

Incorrect solvers fixate
most in novice-like AOI.

distance

Instructions and calibration of eye Answer |0 multiple-choice questions Explain reasoning for answers while
tracker while eye movements recorded watching playback of eye movements

Correct solvers fixate most

‘[/ in thematically relevant AOI.

Both attend to other
elements in varying order.

e Correct solvers attend to
3 similar regions of diagram in
varying order = lower

)‘ ScanMatch scores

BACKGROUND: Areas of Interest Analysis of Eye Movements
Example scan path if perceptual A time

Determined % fixation time for novice-like, thematically relevant and perceptually salience areas of salience is primary influence.
interest (AOI) for full problem duration. Compared for correct and incorrect solvers.

Two balls roll along the paths shown above. The position of the ] ] _ \alls rofl ve TH
balls is shown at equal time intervals of one second each. When Novice-like areas m?a ::v::?';ﬂ::::fniﬂ:bﬂ:e 5:2:;5:?': u::'t:; R E s U LTS
does Ball B have the same speed as Ball A. from interviews does Ball B have the same speed as Ball A, . .
(confirmed by g sy | Completed one-way ANOVA comparing ScanMatch scores of CC, || & Cl comparisons for each problem.
BallA =05 [ t-1s _Lt'z e e previous research) Bl [__.i e "8 o o¥F If significant result obtained, used post-hoc contrasts to determine statistically significant comparisons.
| i
Thematically Lt o, | Summary of Significant Differences ScanMatch Score Comparison
BallB (-0 t=1s ‘ t=2s  t=3eltczds relevant areas [ X ® e ._;; 0.6
e 1 \ defined by experts | EEEE—— Problem | Comparison | | |
Areas of high (1)t=10sec  (2t=15sec (3)t=20sec ‘ ‘ \
()t=10sec  {2Jt=13sec  (3)t=20sec perceptual @)t-25sec (S)t=30sec | | 1> Cl (p<.001) 0.4
(4)t=25sec  (5)t=3.0sec salience!-2 Saliency map produced by Itti, Koch and Il > C] (P< 00 |) %
Niebur algorithm.’ c_>c>’ 03 -
Results of AOI Analysis (full problem duration) - : 1> €€ (p=00)) £ o
% Further Analysis of Perceptually Salient AOI £ 1
o 5 ..
/::Of F'Xit'lon Time o C.ompared % fixation time for first 2 seconds of viewing no significant differences o
Thematically Relevant AOI c;rr?cét nbclorrect diagram. ‘ | 0
(5 of 6 problems) - Effects of perceptual salience most pronounced < 2 sec. cC I C|

Novice-Like AOI In(csog;e;;;;:r:::;t * No statistically significant differences, but raw % of Il > Cl (p=.05) Box and whiskers plot with median, max, min and 1%t and 3

fixation time > for incorrect solvers on 5 of 6 problems. quartile of the ScanMatch scores for each comparison

Perceptually Salient AOI No differences found * No effect or lacking statistical power?

. o . . CONCLUSION
Evidence for top-down processes primarily influencing attention of
correct and incorrect solvers. * Found evidence for top-down naive theories primarily influencing attention of

incorrect solvers.
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Consistent Wrong Answer Pattern in

B ~ Physics ,
Cognitive Explanations ~ Perceptual Explanations
*Attention is initially caught by
perceptually salient and
plausible elements.

*Student answers are based on
perceptually salient elements.*

*Misconceptions'?2
*Misapplication of resources?®

Top-down Bottom-up
processes processes
1Trowbr\dge and McDermott 1980; 2McDermott et. al 1987; 3Hammer. 2000; 4Heck|er, H -

Study Design

* 10 Ph.D. physics students and 14 intro
psychology students who have taken at least
high school physics

* Six infrndiictorvy nhvsjogopteblepsaaith dizarams
Twes B foll Jloag the paths shown sbave. The periion of th e g 1
bals 5 shown at equal time intervals of one second each, When | @reas from | =t = 3
does Ball B have the same speed a5 Ball A imervieWS
aslA I . (confirmed R
s |eo (le o o by previous | &t
research) -
Bl e o'l | s’ GATES Themmaticaity] EEEE S i
— relevant P =
(1) t=10sec (2)t=15s5ec (3 t=2.0s%ec d ?readsb Areas Of hlgh
- - . efined by : 1-2
P - pert perceptual salience

7/10/2012

2

Consistent Wrong Answer Pattern in
Physics )

Perceptual Explanations
*Attention is initially caught by
perceptually salient and
plausible elements.
*Student answers are based on
perceptually salient elements.*

¢ Cognitive
Explanations

* Misconceptions™2

#4 Misapplication pf

resources?®

The motion of two
objects is represented in
the graph. When are the
two objects moving with
the same speed?

1mebridge and McDermott 1980; 2McDermon et. al 1987; 3Hammer, 2000; 4Heckler,
2011 I&“

4

Consistent Wrong Answer Pattern in
Physics

influence incorrect problem solvers in

ohyucicc?D
pPryoroo

"Itti, 2000; 2Harel, 2011 H pen

Area of Interest (AOI) Analysis

® Determined percentage of fixation time novice-
like, thematically relevant and perceptually
salience AOlIs for full problem duration.

=Compared for correct and incorrect solvers.

% of Fixation Time

Thematically Relevant Correct > Incorrect
AOI (5 of 6 problems)

Incorrect > Correct

(5 of 6 problems)

Novice-Like AOI

Perceptually Salient AOI No differences found




Area of Interest (AOI) Analysis

Evidence for dominance of
~“top-down processes

ScanMatch Analysis

¢ Algorithm seeks optimal alignment of letter
sequences by maximizing similarity score.

aC aAcB aC aAcB
cD &K 'aB! ol

Simitarity viatrix;
predefined matrix of
scores based on

dictancn
oottt

ICristino, Mathot, Theeuwes, Gilchrist, 2010 H FER

Similarity Score Comparisons

Incorrect Solvers
The maotion of two objects is represented in the graph below.
When are the two objects moving with the same speed?

* If InC distance ly
influe 1 s, I >
CC1-2

(1) Point A (2} PointB  (3)Point C (4] Point D

7/10/2012

ScanMatch Analysis

® Scan path analysis based on Needleman-Wunsch
algorithm.

Normal Sequence:
aAaD dA

Temporal binning
(50 ms bins):
aAaAaD aD aD dA

1Cristino, Mathot, Theeuwes, Gilchrist, 2010 H :E.

Similarity Score Comparisons

Incorrect solvers
to all other | I
incorrect solvers

Correct solvers
to all other
correct solvers

¢ If incorrect solvers are more heavily
influenced by bottom-up processes, Il >
CC1—2

® |f top-down processes are dominant for
incorrect solvers, CC = Il

"Hegarty, Canham, Fabrikant, 2010; 2 Itti, 2000 E’i

(5) PointE (6] Atall points
'Hegarty, Canham, Fabrikant, 2010; 2 Itti, 2000 E’i

Similarity Score Comparisons
® If top-down processes are dominant for
incorrect solvers, CC = lI

Correct Solvers Incorrect Solvers

The metion of twe objects i represanted in the graph below The motion of two obijects i reprasented in the graph below
When are the Two objects movieg with the same speed? When are th two objects maving with the same speed?

tance

sstance @
¥
E @

. B . -8
A time A time

(1) PointA  [2) PointB (3} PointC  (4) Poiet D [1) Point & [2) PointB (3} PointC |3 Point D

(5) Poit £ (6) At all points (5) Poimt £ (6) At all points

'Hegarty, Canham, Fabrikant, 2010; 2 Itti, 2000 E’i




Evidence for Dominance of
Top-Down Processes

® Found no significant differences between CC
and Il on 5 of 6 problems.

¢ Consistent with previous findings that incorrect
solvers spend more % of time in novice-like AOI.

7/10/2012

Future Work :

Current Study The motion of two
- objects is represented in
Whemars tha g st evn i e et the graph below. When
sutance are the two objects
fe moving with the same
fo speed?
— P
. 8 .
" . distance
[1) Pir A (2] PoistB  (3)PointC (4] PontD
(5] Posnt £ (6] At al posnts !

Thank you.

adrianc@ksu.edu

At which point on the graph is the object turning around
(moving away then coming back)?

B

distance /.\
#

(A (2)B (3)C (4D (5)E (B)F

If frictional effects can be ignored, how does the final speed of roller
coaster cart A compare to the final speed of roller coaster cart B, if
the mass of the carts is the same and they both start at rest?

Inisisl A Finsl

Initial B Final

(1) The cart A is moving faster at the final position
(2) The cart B is moving faster at the final position
(3) Carts Aand B have the same speed at the final position

(4) There is not enough information to decide

When is the speed of the object shown in the graph zero?

distance

(1) Point A (2) PointB (3) PointC  (4) Point D
(5) Point E  (6) At all points
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Two balls roll along the paths shown above. The position of the

The motion of two objects is represented in the graph below. balls is shown at equal time intervals of one second each. When
When are the two objects moving with the same speed? does Ball B have the same speed as Ball A.

distance |
|
e Ball A t=0s t=1s t=2s t=3s  t=4s
] e e
/o
Ball B t=0s t=1s t=2s t=3s t=4s
c [ ] ] ] e &

time

(1) PointA  (2) PointB  (3)PointC  (4) PointD (1) t=10sec  (2)t=15sec (1=20sec

(5) PointE (6} Atall points (4)t=25sec  (5)t=3.0sec

Rank the changes in potential energy during the skier's descent
down each slope from greatest to least.

Slope A d

Slope B

(1)APE, > APE, > APE.  (4)OPE, = APE, > APE,
(2) APE. > APE, > OPE,  (5)APE, > APE. = APE,
(3)APE, = APE, = APE

K.




Exploring Visual Cueing to Facilitate Problem Solving in Physics

PI: N. Sanjay Rebello
Co-PI: Lester C. Loschky
Kansas State University

Project Award Number: 1138697

Annual Report for Year I: 2011-2012

PROJECT ACTIVITIES

During the first year of this grant we completed the following project activities:
e Completed STUDY 1
o For METHODOLOGY see below.
o For Results of Study 1 see FINDINGS.
e Completed STUDY 2 (PILOT)
o For METHODOLOGY see below.
o For Results of Study 2 see FINDINGS.
e Met with the Advisory Board via Skype: See details in FINDINGS.
e Published the findings of STUDY 1: See reprint of journal paper in FINDINGS.
e Presented the findings of STUDY 1&2 at Conferences: See details in FINDINGS.

STUDY 1: Differences in visual attention between those who correctly and incorrectly answer physics
problems

METHODOLOGY

In order to define areas of a physics problem diagram that contain visual information related to a
novice-like misconception, we conducted individual interviews (STUDY 1A) with students enrolled in an
introductory psychology course. We specifically looked at the interview segments where participants
provided incorrect answers to the physics problems and observed the areas of the diagram that
students identified and discussed while giving their verbal explanation. This information was used to
define “novice-like” areas of interest (AOl), or specific areas of the diagram in which a participant who
answered incorrectly would use to come to their answer. These areas of interest were used in the
analysis for STUDY 1B in which we tracked students eyes as they solved the problems.

STUDY 1A: INTERVIEWS TO DETERMINE NOVICE LIKE AREAS OF PROBLEMS

Participants: The participants were 13 students (eight females) enrolled in an introductory psychology
course. All of the students had taken at least one physics course in high school, though some had taken
an introductory physics course at the university level as well. They were given course credit for
participation.

Materials: The materials consisted of 10 multiple-choice conceptual physics problems covering various
topics in introductory physics including energy, kinematics, and graphing of motion. Each problem
contained a diagram that had a thematically relevant visual component that students needed to attend
to in order to correctly answer the question. For example, in Problem 4 (see Appendix), to compare the
speeds of ball A and ball B, one must attend to the distances between the balls at each time interval and



ignore the point where the balls are aligned spatially. So, the distance between balls at two seconds and
three seconds is the relevant area to attend to. These problems were chosen based on prior experience
of the researchers which indicated that these problems could be answered using common naive
conceptions documented in physics education literature.

Procedure: Each participant took part in an individual session which was between 20 and 40 minutes
long. At the beginning of the session, participants were given a short explanation of the goal of the
interview and the purpose of the research. Further, they were instructed to think aloud and explain
their reasoning process as they answered each question. They were told they might be asked additional
clarifying questions during their explanations. Participants were given one problem at a time, each
printed on an 8 1/2 x 11 sheet of paper. They were allowed to write or draw on the problems as they
deemed necessary. If a participant’s answer was not clear, the interviewer asked questions to clarify the
meaning of the explanation. Participants’ verbal explanations, gestures, and writing on the paper were
recorded with a Flip video camera.

Analysis: The purpose of these interviews was to determine which portion of each diagram was
attended to by incorrect problem solvers. Therefore, only the interview segments where the participant
gave a final incorrect answer were included in the analysis. A phenomenological approach was used to
code the interviews. Four of the 10 problems used in the interviews showed no consistent answering
patterns among incorrect solvers after a first pass analysis. These problems are not included here, as
there were no identifiable novice-like areas to be utilized in Study 1B.

STUDY 1B: DETERMINING DIFFERENCES IN VISUAL SELECTIVE ATTENTION BASED ON CORRECTNESS OF
PROBLEM SOLUTION

Participants: There were 24 participants in the study (three females, two were graduate students and
one was a psychology student) with two different levels of experience in physics. Ten participants were
first-year through fifth-year PhD students in physics who had either taught an introductory physics
course or been a teaching assistant for an introductory physics lab. One participant was a postdoctoral
candidate in physics who had received his PhD within the last two years and had teaching experience.
Thirteen participants were enrolled in an introductory psychology course and had taken at least one
physics course in high school, though some had also taken an introductory physics course at the
university level. The PhD students and post-doc participated as volunteers and the psychology students
received course credit for their participation. Because we were looking to compare those who answered
the physics problems correctly to those who answered incorrectly, we selected participants with a broad
range of experience. We expected that the PhD students would answer correctly, while the psychology
students might answer incorrectly, though we knew that this might not always be the case since there is
a wide distribution of expertise among introductory physics students and physics graduate students.

Materials: The materials consisted of the six multiple-choice introductory physics problems analyzed in
Study 1A.

Apparatus: Participants were presented with physics problems on a computer screen viewed at a
distance of 24 inches using a chin and forehead rest to minimize participants’ extraneous head
movements. The resolution of the computer screen was set to 1024 x 768 pixels with a refresh rate of
85 Hz. Each physics problem subtended 33.3 x 25.5 of visual angle. Eye movements were recorded with
an Eyelink 1000 desktop mounted eye-tracking system (http://www.sr-research.com ), which had an




accuracy of less than 0.500f visual angle. An eye movement was classified as a saccade (i.e., in motion) if
the eye’s acceleration exceeded 8,500°/s* and the velocity exceeded 30°/s. Otherwise, the eye was
considered to be in a fixation (i.e., stationary at a specific spatial location). A nine-point calibration and
validation procedure was used at the beginning of the experiment.

Procedure: Each participant took part in an individual session lasting 20-40 minutes. At the beginning of
the session, participants were given a short explanation of what to expect in the study. After calibrating
the eye tracking system, if the validation’s mean error was < 0.50 of visual angle, the experiment began,
otherwise the calibration and validation was repeated until successful. Next, the participant was
instructed to silently answer 10 multiple-choice questions while their eye movements were recorded.
Participants indicated their answer to each question using number keys on the keyboard. Between
guestions, a calibration drift correction procedure was done to ensure proper calibration throughout the
experiment. This procedure required the participant to fixate on a small white dot in the middle of a
gray screen and press a key. Pressing the key caused the screen to advance to the next problem when
the participant’s fixation was within a pre-defined area around the white dot. Finally, each participant
was asked to provide a cued verbal retrospective report for which they were shown a replay of their eye
movements on each problem and asked to explain their thought processes (either after watching the
replay of their eye movements or concurrently while watching them). This method has been found to
produce more in-depth explanations than without viewing one’s eye movements. If a participant’s
explanation was unclear, they were asked follow-up questions. Participants were given unlimited time
to answer the questions and provide retrospective verbal reports. Verbal explanations and gestures
were recorded with a Flip video camcorder.

Analysis: Two kinds of analyses were conducted:

AOI Analysis: To analyze participants’ eye fixations, we defined areas of interest (AOls) for specified
areas of each diagram. These AOIs were used to determine the total fixation time, (i.e., the total amount
of time the participant spent fixating on a given AOI). There were three different types of AQOIs identified
for each physics problem analyzed in Study 1A. These types were thematically relevant AOls,
perceptually salient AOls, and novice-like AOls. The definition for the thematically relevant AOI came
from three independent raters, one physics professor, and two PhD students in physics, who indicated,
on each of the problems, the area which contained visual information necessary to answer the problem.
The definition for the perceptually salient AOl in each problem was determined using an
implementation of the Itti, Koch and Niebur saliency map algorithm in MATLAB. This MATLAB toolbox
produced a heat map representation of relative saliency over the entire diagram for each problem. The
area on the diagram with the highest rating of saliency was used to define the perceptually salient AOI.
If there were several portions of the diagram with the highest level of perceptual salience, according to
the salience map, then all of these areas were used when defining the perceptually salient AOI.

Scan Path Analysis: We expanded on our previous analysis to further investigate the role of perceptual
salience in guiding the attention of those who incorrectly answer conceptual physics questions
containing a diagram. A scan path analysis was per-formed using an algorithm called ScanMatch
(Cristino et al. 2010) which is based on the Needleman-Wunsch algorithm used to compare DNA
sequences. ScanMatch bins a saccade sequence both spatially and temporally and then recodes this
information to create a sequence of letters which represents the location, duration, and order of the
fixations. The letter sequences of two sets of eye movements are then compared to each other to
calculate a similarity score. A similarity score near one represents two sequences of eye movements that
are very similar spatially and temporally. The ScanMatch analysis requires no decisions to be made




about the data a priori, for example, one does not have to define AOIs based on an experimenter’s
definition or rating. Therefore, it is possible that differences exist in sets of eye movement data that are
not detected by looking at fixation durations in AOls.

We compared compare the average ScanMatch scores produced by comparing the correct solvers to
one another (C-C comparison), the incorrect solvers to one another (I-1 comparison), and the correct
solvers to the incorrect solvers (C-I comparison).

We hypothesize that if the incorrect solvers are being primarily led by the perceptual salience of the
elements in the diagram, then it is likely that they will attend to the same elements in a similar order.
For example, attention would be first guided to the most perceptually salient region, followed by the
next most salient region, and so on. Thus, the I-| comparison would have higher ScanMatch scores than
the C-C comparison, who might attend to perceptually salient areas early on in diagram viewing;
however, the variable onset of top-down processes on eye move-ments would result in greater
temporal and spatial variability of gaze towards thematically-relevant elements in the diagram, re-
sulting in lower ScanMatch scores. The I-I and C-C groups would also have higher ScanMatch scores than
the C-I group, since the correct solvers and incorrect solvers are known to spend different amounts of
times looking at thematically-relevant and novice-like elements.

Conversely, if top-down processes are directing the attention of incorrect solvers, namely some form of
naive theory, the ScanMatch score of the |-l comparison should be similar to that of the C-C comparison.
The domain knowledge possessed by those in both comparison groups, whether correct or incorrect
knowledge, guides their attention to look at certain elements of the problem, but not in a particular
order. Once again, the |-l comparison and the C-C comparison should have higher ScanMatch scores
than the C-1 comparison.

STUDY 2 (PILOT): Using Dynamic Cues to Influence Reasoning (NOTE: This is the pilot for a more
detailed STUDY 2 to be conducted in the second year of the grant)

METHODOLOGY

Participants in the study were 55 individuals concurrently enrolled in an introductory algebra-based
physics course. To ensure sufficient prerequisite knowledge, each completed a pre-test, which
consisted of four open-ended questions gauging their understanding of speed and potential energy. The
pre-tests were scored as correct or incorrect by one of the researchers. When a participant’s answer
was unclear, two researchers discussed the answer and agreed on a conclusion.

Participants took part in individual sessions lasting between 30 and 60 minutes. They were first given an
explanation of what to expect and the eye tracker was calibrated. Next, participants were instructed to
spend as much time as needed on each question and answer with a verbal explanation of their
reasoning when ready. Participants in the cue condition were told that colored shapes may appear on
some of the problems and when these appeared, they should follow them with their eyes.

Participants were presented with physics problems on a computer screen viewed at a distance of 24
inches using a chin and forehead rest to minimize their extraneous head movements. The resolution of
the computer screen was set to 1024 x 768 pixels with a refresh rate of 85 Hz. Each physics problem
subtended 33.3° x 25.5°0f visual angle. Eye movements were recorded with an Eyelink 1000 desktop



mounted eye-tracking system which had an accuracy of less than 0.50° of visual angle. A nine-point
calibration and validation procedure was used at the beginning of the experiment. Participants’ verbal
explanations and gestures were recorded with a Flip video camcorder.

The materials consisted of four sets of conceptual physics problems covering energy and kinematics,
which were found to have significant differences in the way correct and incorrect solvers answered
them (Madsen et al. 2012). It should be noted that these four specific problems were chosen from the
six problems analyzed because they tested distinct concepts in physics. We refer to these problems as
the roller coaster, ball, skier and graph problems
Within each problem set, there was an “initial” problem, four “similar” problems, and a “transfer”
problem. All problems were open-ended and contained a diagram with the necessary information to
answer the problem. First, students answered the initial problem to demonstrate their current level of
understanding. If they answered incorrectly, they saw a series of “similar” problems, which contained
the same problem statement as the initial problem and tested the same concept and contained a
diagram with similar surface features. When the student answered a similar problem correctly, they
saw the transfer problem. This process continued until a maximum of four similar problems had been
viewed by the participant, after which the participant was presented the transfer problem regardless of
whether he/she answered the similar problem correctly or incorrectly. The surface features of the
transfer problems were different than the initial and similar problems, though the concept tested was
the same. All participants viewed the four sets of problems in the same order.

Whenever a student was ready to answer a problem, they indicated this by pressing any key on a
keyboard, at which point the problem displayed on the computer would become slightly smaller in size
(this was so that the student knew they had successfully pressed a key). The participants then explained
their answer and reasoning to the experimenter and were able to point to areas on the computer screen
if necessary. The experimenter used a pre-defined rubric to determine if the given answer and
explanation were correct or incorrect. If the answer and/or reasoning were vague, the experimenter
would ask for clarification. Once the experimenter had sufficient information to determine the
correctness of the answer, the experiment would proceed.

Participants in the cue group saw colored shapes overlaid on the similar problems appear four seconds
after the problem was initially seen. Colored shapes were used because color is known to capture one’s
attention because of its high visual salience. Each colored shape appeared for 500 ms at 12 different
positions in the diagram for a total cueing time of six seconds. The visual cues were designed to mimic
the eye movements of those who answered the same problems correctly in Madsen et al. (2012). There
was a large variation in eye movements from one individual to another while viewing the diagrams in
these physics problems, so the visual cues could not mimic the eye movements of correct solvers
exactly. Instead, video playback of the correct solvers’ eye movements was viewed repeatedly and
special attention was paid to the eye movements in and around the thematically relevant area of
interest. Similarities between participants were observed, and visual cues were modeled after these
patterns. Further, the cues could have remained static and simply drawn participants’ attention to the
relevant areas of the problem, but we hoped by modeling the way in which correct solvers viewed the
thematically relevant areas and compared elements within these areas, the cues would give the
participants more insight into how to correctly answer the problems.



