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This study examines students’ visual behaviors when they tackle two types of synthesis problems,
sequential and simultaneous problems. Sequential synthesis tasks can be solved by applying pertinent
concepts consecutively, whereas simultaneous synthesis tasks require concurrent application of multiple
concepts. Twenty-two students from an introductory calculus-based physics course participated in the
study. We used an eye-tracker to record the students’ eye movements when they silently reflected on how to
solve the problems and subsequently when they talked aloud their problem-solving strategies. We found
that the students made more gaze transitions between text and diagram for the simultaneous problems than
for the sequential ones. However, they spent more time looking at the diagram and making within-diagram
eye transitions in the sequential tasks than in the simultaneous tasks. Further, most students invoked two
concepts to solve the sequential tasks but only one for the simultaneous tasks. These findings indicate that
the students made less effort to link text and diagram in solving sequential problems but frequently
attempted to integrate information within each diagram. The pattern for the simultaneous problems
appeared to be reversed. Our results suggest that different types of synthesis (i.e., sequential and
simultaneous) may differentially influence the ways students handle tasks. As suggested by the eye-tracker
data and confirmed by the participants’ verbal explanations, students tend to divide the situation in
sequential problems into subtasks but treat simultaneous problems as a single-step task.
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I. INTRODUCTION

Although research on physics problem solving abounds
[1,2], it has been mostly limited to single-concept problems
[3–8] involving oversimplified situations with little bearing
on the real world [9]. Such problems require students to
apply what is being currently taught to devise a solution
[10] thereby promoting algorithmic use of concepts. Also,
they are mainly quantitative end-of-chapter exercises and
only train students to manipulate equations in a rote
manner. Overall, single-concept problems may not support
students in qualitative analysis of the tasks.

A. Sequential and simultaneous synthesis problems

In this study, we use synthesis problems that require
students to integrate two or more distinct concepts

typically taught at different time points and in different
chapters [10–12]. We distinguish two types of synthesis
problems, namely, sequential and simultaneous synthesis
problems. Sequential synthesis problems (see Fig. 1)
involve a series of chronologically occurring events and
require consecutive applications of corresponding princi-
ples [13,14]. For example, Q1 in Fig. 1 involves two
consecutive events: a block is first propelled by a spring
and then undergoes a trajectory to land on an inclined
surface. In this case, two fundamental principles, conser-
vation of energy and projectile motion, need to be applied
for the two events respectively. As another example, Q3 in
Fig. 1 depicts a sequence of two phenomena, a rollercoaster
descending on a track and then going onto a circular
hill. Correspondingly, it requires application of two perti-
nent concepts, respectively, conservation of energy and
Newton’s second law.
Simultaneous problems (see Fig. 2) contain a series of

phenomena that require concurrent applications of multiple
principles [13,14]. For example, in Q2 (see Fig. 2) a bullet
hitting a rod results in both translational and rotational
motions of the system. In Q4 (see Fig. 2), after a clay blob
hits a disk and sticks to it, the whole clay blob-disk system
begins to rotate and translate simultaneously. In both cases,
two concepts are needed to solve the problem; they are
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conservation of linear momentum and conservation of
angular momentum.
We use synthesis problems for the following consid-

erations. They may help to channel students’ attention
away from novicelike approaches to problem solving [10].
Synthesis problems cannot be easily solved by manipu-
lating equations; instead they emphasize conceptual
analysis. When handling tasks involving multiple phe-
nomena, students need to perform qualitative sensemak-
ing to identify appropriate concepts, understand
connections thereof, and reflect on suitable solution
strategies. In terms of using equations, synthesis problems
may also support students’ understandings of the link
between multiple equations they generate before quanti-
tative calculations [13,14]. However, there is a lack of

research that directly investigates how students solve
multiconcept problems. Previous studies have mainly
explored the effectiveness of using interventions, involv-
ing multiconcept tasks, to develop expertlike problem-
solving approaches among students [9,15–17].

B. Purpose of study and eye-tracking
methodology

Our work is novel in that we classify synthesis problems
into two types, namely, sequential and simultaneous tasks.
Each possesses unique features (as described above) that
may differentially influence students’ problem-solving
patterns. Based on this hypothesis, we aim at gaining
insights into how students unpack the two types of
synthesis tasks by looking specifically into the ways that

FIG. 2. Two simultaneous synthesis problems.

FIG. 1. Two sequential synthesis problems.
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the students connect text and diagram as well as the
various components within each diagram to tackle the
problems. We gathered evidence from the students’ visual
data and verbal responses to achieve this goal.
We use an eye tracker to record students’ visual

attention and gaze transitions during synthesis problem
solving. Visual attention relates directly to the location
at which a person’s eyes are fixated [18] and gaze
transitions refer to shifts in visual attention between
various regions [19]. Prior research using eye tracker
to explore students’ problem solving across various
disciplines has mainly used single-concept problems.
These studies have often relied on fixation-based metrics
such as the number and duration of fixations to compare
the visual behaviors between novice students and
experts (successful and unsuccessful problem solvers)
[20–27]. In physics education research (PER), few
studies have incorporated measures of eye movements
such as the number of gaze transitions [4]. Our work
differs from prior eye-tracking studies in PER in at least
two ways. First, we use synthesis problems to inves-
tigate how the different characteristics of sequential and
simultaneous problems may influence students’ visual
behaviors. We are interested in how students make sense
of a diagram and connect it to the text for the two types
of synthesis. It is important to emphasize that it is not
our intent to compare successful and unsuccessful
problem solvers. Instead, we hope to explore how
different synthesis types influence the ways students
process information. Second, we examine both eye
fixation and transition to conclude about students’ visual
behaviors. Here we look at (i) students’ fixation duration
on problem text and diagram, and (ii) the number of
gaze transitions between problem text and diagram, and
between different components of a diagram. To sum-
marize, our research question is as follows: How do
students’ fixation durations and gaze transitions com-
pare when they handle sequential and simultaneous
synthesis problems?
Eye tracker allows us to gather direct evidence of

students’ visual attention [28,29]. Most importantly, it
provides a measure of students’ cognitive processes in
real time [18,30]. Studies using eye-tracking methodol-
ogy are based on the “eye-mind assumption” [31,32].
According to Just and Carpenter [31], to process the
meaning of a word one needs to fixate on it. The
fixation continues until the processing is over. Hence,
the fixation duration is directly related to the processing
of the word. Moreover, Irwin [32] suggested that
cognitive processing occurs both during eye movements
(such as gaze transitions) and when the eyes are fixated
at a location. Research exploring students’ problem-
solving processes has provided evidence of the con-
nection between visual attention and cognitive mecha-
nisms [20,27,33,34]. Of particular interest are the

studies examining students’ gaze transitions to under-
stand how text and mathematics or text and pictures are
used for learning [4,28,35–38]. In their research explor-
ing how students study worked-out examples in
mechanics, Smith, Mestre, and Ross [4] interpreted
gaze transitions between corresponding textual and
mathematical information as students’ combining infor-
mation from both sources. Johnson and Mayer [30]
additionally highlighted the role of cognition
in gaze transitions. According to them, gaze transitions
between text and diagram reflect cognitive attempts to
integrate and process information between two repre-
sentations to comprehend a task. They argued that for
meaningful learning to occur students need to integrate
the words and picture elements in their working
memory. According to the cognitive theory of multime-
dia learning [39], when handling tasks with pictures and
texts, students need to process both in the working
memory. They also need to build a mental representation
of the situation by organizing and combining picture
and text with their prior knowledge from the long-term
memory. Overall, more gaze transitions and fixation
durations mean greater integrative processing of infor-
mation and hence deeper learning [40,41].
In our study, a core requirement for solving synthesis

problems is to link multiple events and concepts to
make sense of the situations. By focusing on students’
gaze transitions and fixation durations, we can study the
extent to which they attempt to process and integrate
information when tackling the two types of synthesis
problems.

II. METHOD

A. Synthesis problems and areas
of interests (AOIs)

The four problems used in this study (Figs. 1 and 2)
were taken from previously published work [10,13,
14,42,43]. These problems contain two types of areas
of interests (AOIs), text (problem statement) and
diagram. The latter was further divided into different
regions, depicting entities and labels in the diagram. The
AOIs in the diagram for the four synthesis problems are
shown in the Appendix. Table I shows the number of
AOIs in the diagram for the four problems. Overall, the
difference in the number across the four synthesis tasks
is small.

TABLE I. Number of AOIs in the diagram for the sequential
and simultaneous synthesis tasks.

Sequential tasks Simultaneous tasks

AOIs Q1 Q3 Q2 Q4
Diagram 10 11 9 11
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B. Administration of tasks

Our sample comprises 22 students enrolled in an
introductory calculus-based physics class. These students
had not been extensively exposed to synthesis problems in
their physics courses. At the time of the study they had
learned the relevant topics in class.
Each student participated in a session that lasted for a

maximum of one hour. Each session comprised a thinking
phase and a talking phase, where we recorded the
students’ eye movements by using EyeLink-1000.
During the thinking phase, the students were given a
maximum of 10 min to silently think of each task and
reflect on how they would tackle the problem. They
moved to the next question once they reported that they
understood the problem and could solve it. They repeated
the process for each of the four tasks. On average, the
students spent 6 min thinking silently on each problem.
During the talking phase, the students saw the same four
problems but were asked to verbalize their thoughts in
response to the following prompts: (i) Tell me, in your
words, what is going on in this situation. (ii) Tell me, how
you will solve this problem. We are not looking for
formulae that you will use but the general strategy that
you will use to solve the problem. (iii) Is there anything
else you want to add? Overall, the students spent a
maximum of 6 min on each problem talking aloud their
thoughts. Their verbal responses were audio taped and
transcribed.

C. Analysis

For students’ visual patterns in each task, we calcu-
lated the percentages of fixation durations on diagram
and text. We also studied the number of gaze transitions
between text and diagram, and between the different
AOIs in diagram. We conducted a Kolmogorov-Smirnov
test and a chi squared test on our datasets and found no

evidence for violation of normal distribution with equal
variance (thinking phase, all p > 0.22; talking phase, all
p > 0.59). Hence, we used the parametric statistics
multiway repeated ANOVA to compare (i) the mean
percentages of fixation durations on diagram and text,
and (ii) the mean percentages of gaze transitions
between text and diagram, and between the different
AOIs in diagram.
Regarding the verbal data, we coded the number of

concepts identified by the students for each task and the
relevancy thereof. This information was gathered by con-
sidering whether the students explicitly or implicitly
referred to the concept(s) while describing their strategies
to solve each problem. The verbal responses were coded
independently by two researchers. An interreliability rate of
87% was reached across the four tasks.

III. RESULTS

A. Students’ eye fixation duration

We calculated the mean percentages of students’ eye
fixation durations on diagram and text, respectively,
when they solved the two types of synthesis pro-
blems during both the thinking and talking phases
(see Fig. 3). As seen, the students had a longer fixation
duration on each of the sequential diagrams than they
did on each simultaneous diagram. Conversely, the
pattern for fixation on text is reversed. These results
were found to be statistically significant [thinking phase:
Fð3; 84Þ ¼ 51.6, p < 0.001; talking phase: Fð3; 84Þ ¼
32.9, p < 0.001; Bonferroni pairwise comparisons error
rate α < 0.0083.]

B. Students’ gaze transitions

Figure 4 shows the mean percentages of gaze tran-
sitions within the diagram, and between text and diagram

(a) (b)

FIG. 3. Mean percentages fixation durations (� standard error) on diagram and text for (a) the thinking phase and (b) the talking phase
across the four problems.
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for the two types of synthesis problems during both the
thinking and talking phases. Overall, the students made
more within-diagram gaze transitions for the sequential
problems than for the simultaneous ones. Conversely,
their text-diagram transitions in the sequential problems
were less frequent than in the simultaneous problems.
These results were statistically significant [thinking
phase: Fð3; 84Þ ¼ 18.7, p < 0.001; talking phase:
Fð3; 84Þ ¼ 26.7, p < 0.001, Bonferroni pairwise com-
parisons error rate α < 0.0083].

C. Students’ verbal responses

From the students’ verbal responses, we identified the
number and types of concepts they used to tackle the
problems (see Table II). For the sequential synthesis
tasks, most students identified two concepts, regardless
of correctness (Q1: 95%, Q3: 83%). In contrast, for the
simultaneous synthesis tasks, most students identified
only one concept (Q2: 73%, Q4: 69%).
Typical responses for the sequential (Q1 and Q3) and

simultaneous (Q2 and Q4) synthesis tasks are shown in
Table III. For example, a student invoked two concepts
to solve Q1, one irrelevant (Newton’s second law) and

one relevant (projectile motion). The student directly
stated using projectile motion but only hinted at
Newton’s second law by referring to its corresponding
mathematical equation. For Q3, one student identified two
pertinent concepts. He explicitly mentioned conservation
of energy but alluded to Newton’s second law by identify-
ing the forces acting on the rollercoaster and the presence of
centripetal acceleration.
For simultaneous problems, most students only iden-

tified one concept. For example, a student explicitly
identified conservation of mechanical energy (an irrel-
evant concept) for Q2. For Q4, a student explicitly
invoked conservation of angular momentum (a relevant
concept).
We also conducted an ad hoc analysis to see whether

there is a difference in the mean percentage of within-
diagram gaze transitions between those students who
identified all the relevant concepts and those who did
not. No significant difference was detected, and the
results hold for both types of synthesis problems in the
thinking phase (all p > 0.10) and in the talking phase
(all p > 0.14). Details of the statistical results are shown
in Table IV.

(a) (b)

FIG. 4. Mean percentages of gaze transitions (� standard error) within diagram, and between text and diagram for the (a) thinking
phase and (b) talking phase.

TABLE II. Number and types of concepts students identified for the sequential and simultaneous problems
(N ¼ 22).

Sequential tasks Simultaneous tasks

Number and types of concepts Q1 Q3 Q2 Q4

Two concepts Both relevant 68% 64% 27% 27%
One relevant and one irrelevant 22% 14% 0% 4%
Both irrelevant 5% 5% 0% 0%

One concept Relevant 5% 0% 23% 14%
Irrelevant 0% 17% 50% 55%
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IV. CONCLUSIONS AND DISCUSSIONS

Our findings show that there are noticeable differences in
how students handle the two types of synthesis problems. For
simultaneous synthesis tasks, the students fixated heavily on
the text and made frequent gaze transitions between text and
diagram. From the vantage point of the eye-mind assumption
[31] as well as the cognitive theory of multimedia learning
[39] and the work by Johnson and Mayer [30], this suggests
that perhaps the diagrams alone in the simultaneous problems
are not self-explanatory enough for the students tomake sense
of the situation; therefore, they had to repeatedly rely on both
text and diagram to integrate information in order to under-
stand the tasks. However, the students made fewer gaze
transitions within the diagram for each simultaneous task,
indicating less cognitive effort beingmade to link information
between different components in a diagram. A possible
reason for these outcomes is that perhaps the students did
not realize each static diagram impliedmultiple events, and as
a result they treated it as a single event. Our findings from

student verbal data indeed showed that they mostly invoked
one concept to solve the simultaneous tasks.
In contrast, our results show that the students spent more

time looking at the diagram for the sequential tasks than for
the simultaneous ones. Moreover, they made fewer gaze
transitions between text and diagram in the sequential tasks
compared to those in the simultaneous ones. Drawing again
on the cognitive theory of multimedia learning [39] and the
work by Johnson and Mayer [30], we can infer that the
students made greater cognitive attempts to process diagrams
than to perform text-diagram integration. Overall, these
outcomes suggest that the sequential diagrams may be fairly
self-explanatory. Hence, the students did not need to
frequently refer back to the text to understand the situation.
However, their eyes shifted greatly among various parts of
each diagram, revealing their mental effort to dovetail
different pieces into a whole. In other words, the students
might have recognized multiple events in each sequential
problem and were actively seeking to piece them together for
a solution. This seemed to be consistent with our findings
from the students’ verbal responses showing that they mostly
identified two concepts to solve the sequential tasks.
The differences in students’ visual reactions to sequential

and simultaneous tasks as evidenced in our study are largely
associated with the distinct characteristics of the two types of
synthesis. As mentioned above, we did not detect any
meaningful difference in the visual patterns between those
who correctly identified relevant concepts and those who did
not. Therefore, our findings about the influences of synthesis
types on students’ visual behaviors were independent of their
success in solving the problems. Instead, the differences in
student visual patterns seemed largely to originate from the
different synthesis types. In each of the simultaneous
synthesis problems, multiple events take place concurrently
such that it is necessary to account for all of them at the same

TABLE IV. Statistical results from one-way ANOVA compar-
ing within-diagram gaze transitions between students who
identified all the correct concepts and those who did not.

F statistic p value

Thinking phase Sequential tasks Q1 2.82 0.10
Q3 0.01 0.91

Simultaneous tasks Q2 0.17 0.68
Q4 2.76 0.12

Talking phase Sequential tasks Q1 0.16 0.69
Q3 1.27 0.27

Simultaneous tasks Q2 0.10 0.76
Q4 2.33 0.14

TABLE III. Examples of interview responses.

Question
number Interview excerpt

Q1 For the [spring] force I’ll multiply 3000 N=m by 0.1 m. I have the angle of projection. I would take the vertical and
horizontal components of that force and divide each force component by the mass to get acceleration of the block. I
will then use projectile motion, horizontal and vertical motion equations to get the time […].

Q3 You’ll use conservation of energy to find the velocity of the rollercoaster at the top of the hill. Then, you do a force
diagram. The forces acting on it [the rollercoaster] are the normal force and gravity. Then, you set the forces equal to
mv2=R […] to find the normal force.

Q2 The final kinetic energy is the same as the initial since there is no loss in energy in the system. I need to calculate the
change in energy of the bullet as it passes through the rod. Its initial velocity is 300 ½m=s� and final velocity is
100 ½m=s�. I have the mass. I can find the initial and final kinetic energy […]. By conservation of energy, the total
before and after of the system should be the same.

Q4 We know the velocity of the clay blob, its mass, the radius, and we know the amount of initial angular momentum,
MVR. When the clay blob impacts the disk, there is MVR and angular momentum of the disk. The moment of inertia
for the clay blob is MR2 and moment of inertia of disk is 1=2MR2ω. The equation will be
MVR ¼ 1=2MR2ωþMR2. We can find ω. To find the total kinetic energy of the system, it is the rotational kinetic
energy 1=2Iω2.
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time in order to make sense of the situation. This unique
feature inevitably creates a high demand on the cognitive
resources [44] needed at a time for solving the simultaneous
tasks. As a result, students fail to recognize multiple events
and instead treat the situation as one indivisible whole.
However, for sequential problems where multiple events
occur consecutively, it is possible to consider one at a time,
thereby circumventing the otherwise increased cognitive
burden of handling multiple concepts all at once.
Our work provides useful implications for physics instruc-

tion. Since synthesis tasks differ from single-concept ques-
tions in demand for linking multiple events and concepts
[45], it follows that students must comprehend diagrams and
analyze situations qualitatively by connecting information
from various sources, including problem text and diagram.
As mentioned above, the act of making connections indi-
cates that students are mentally processing and integrating
information [30,39], a key factor in deep learning [40,41].
Synthesis problems demand in-depth conceptual insights
[46] such that students must structure their mental repre-
sentations of the situation and formulate appropriate
strategies to allow for meaningful synthesis to happen.
Overall, synthesis problems may encourage students’ deep

engagement with the tasks and result in enhanced cognitive
activities. Therefore, they can be a useful format to help
maximize problem solving as a learning tool for instruction.
Our study adds a new dimension to the literature on

physics problem solving by exploring the influence of
synthesis types on problem solvers’ visual attention. Most
of the earlier eye-tracking studies in PER have used single-
concept problems and focused predominantly on comparing
between experts and novice students or between successful
and unsuccessful problem solvers. However, they treated all
physics problems as one unitary, single category. As shown
in our study, problem solvers, be they successful or
unsuccessful, can demonstrate different visual behaviors
associated with the type of problems used. In that sense,
our study contributes to the literature by highlighting the
importance of taking this factor into consideration for future
eye-tracking research in physics problem solving.
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APPENDIX: AREAS OF INTERESTS FOR THE FOUR SYNTHESIS PROBLEMS

The areas of interests (AOIs) for the four synthesis problems are shown in Fig. 5.

Q1

Q3 Q4

Q2

FIG. 5. AOIs for the sequential (Q1 and Q3) and simultaneous (Q2 and Q4) synthesis problems.
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