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Typical physics textbook problems often include supportive diagrams that visualize the physical
situation although the potential benefits of providing such diagrams is not yet fully established. We used
eye tracking to explore the role of supportive diagrams in problem solving. Including a supportive diagram
with the text of the problem improved students’ percentage of correct answer in one of the six problems
used in the study. Eye-tracking data showed that students typically spent less time on the text of the problem
if they were presented with a diagram, but the total viewing time did not change. When a diagram was
presented students split their attention between the diagram and the text without speeding up problem
solving. Cognitive load theory and dual coding theory suggest that giving information in two formats
(verbal and visual) might reduce extraneous cognitive load and leave more cognitive resources available for
further steps in problem solving. However, this does not necessarily lead to a higher percentage of correct
answers to the problem, because supportive diagrams influence only one step of the complex process of
problem solving. In addition to the role of diagrams, we evaluated different eye-tracking measures as
measures of visual attention during physics problem solving. It seems that the fixation duration is rather
constant, and not always sensitive to the manipulation in the task. On the other hand, dwell time and the
number of fixations show more variability across problems and participants, so they seem to be appropriate
measures of the visual attention. Since dwell time and fixation number are dependent measures, and they
show a similar pattern of responses, in most cases it seems sufficient to report only one of them.

DOI: 10.1103/PhysRevPhysEducRes.15.013101

Introduction.—Teaching and learning physics prob-
lem solving is an important physics education research
(PER) area. Various problem-solving strategies have been
proposed, and all of them include some form of drawing
diagrams. For example, the PER group at the University of
Minnesota suggests sketching a picture in the first step of
understanding and visualizing the problem [1]. In the next
step of describing the physics of the problem, students
are asked to draw a diagram or a graph that helps in
understanding the problem (e.g., a free-body diagram).
Nevertheless, reports on the role of diagrams in problem

solving are disparate. It has been shown that students who
draw diagrams are more successful in problem solving [2].
A reasonable inference would be to prompt students to
draw diagrams or to include diagrams in problems as a
scaffolding. Some reports suggested that students whowere
given a diagram describing a physical situation were less
likely to draw additional, expertlike diagrams (e.g., to draw
vectors) and were less successful in problem solving than
those who were prompted to draw the diagrams [3–5]. On
the other hand, prompting novice students to draw force
diagrams may result in lower success in problem solving
[6]. More research is needed to determine the role of
diagrams in problem solving. A recent large-scale study on
usefulness of supportive diagrams has shown their small
positive effect on students’ scores [7].
In this study, we use eye tracking to explore the role of

supportive diagrams in problem solving. Measurement
of eye movements provides detailed information on the
underlying cognitive processes during problem solving than
conventional assessment methods which provide only
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participants’ score. Eye tracking also gives insight into the
role of visual attention during problem solving in math-
ematics and science [8,9]. However, there is a limited
number of PER studies that have used eye tracking
[10–22]. In addition to information on spatial and temporal
characteristics of visual attention, eye-tracking data may
provide information on cognitive load. The cognitive load
theory was developed to facilitate learning and problem
solving [23]. Cognitive load theory specifies three types of
cognitive load: intrinsic, extraneous, and germane [24,25].
Intrinsic cognitive load is related to the specific material or
skill being learned whereas extraneous cognitive load is
associated with theway the material or skill is presented to a
learner. Germane cognitive load is produced by the con-
struction of schemas, i.e., permanent stores of knowledge,
and is desirable because it supports learning of newmaterials
or skills. According to the dual-coding theory, both visual
and verbal representations are used to represent informa-
tion [26].
The cognitive load theory [23] and the dual-coding

theory [26] suggest that the supportive diagrams could
be useful in the initial phase of problem solving because
presenting the physical situation in two formats (verbal and
visual) might reduce the extraneous cognitive load and
leave more cognitive resources for further steps in problem
solving. Previous non-PER studies showed that various
eye-tracking measures can be used as correlates of work
load during different tasks [27,28]. However, tasks in PER
studies are complex and different from the typical visual
search or memory tasks, and the advantages and disadvan-
tages of different eye-tracking measures in PER tasks
should be explored. A recent PER study used eye tracking
to investigate the effect of intrinsic, extraneous, and
germane cognitive load on different eye-tracking measures
during multimedia lessons [29]. The results provided
insight into the complex interrelations among different
eye-tracking measures. In this study, our goal is to further
evaluate application of eye-tracking measures during
physics problem solving.
We aim to answer the following research questions:
(i) Do diagrams help students in problem solving?
(ii) What can eye-tracking reveal about the role of

diagrams in problem solving?
(iii) Which eye-tracking parameters are appropriate mea-

sures of visual attention during physics problem
solving?

Methods.—Participants: Sixtyundergraduate students
from the Department of Physics, University of Zagreb
participated in this study. All participants were senior years
prospective physics teachers. Each participant gave an
informedwritten consent before takingpart in the experiment.
Materials: Six multiple-choice questions on energy

were used in this study (see the Supplemental Material
[30,31]). The questions were always presented in the same
order. In one experimental group, the first, third, and fifth
questions were presented with diagrams, while the

remaining questions were presented without diagrams. In
another experimental group, the second, fourth, and sixth
questions were presented with diagrams.
Procedure: Eye-movement data were recorded as in our

previous study [14].
Data analysis: The recorded eye-movements data

were analyzed using BeGaze software. Saccade dura-
tion and number of regressions are often used eye-
tracking measures, but might be difficult to interpret for
our task because they depend on the spatial layout of the
problem and the related diagram. Thus, we evaluate and
compare the following eye-tracking measures: dwell
time (viewing time), number of fixations, and average
fixation duration. We defined three areas of interest
(AOIs) for each question and calculated the chosen eye-
tracking measures for each AOI. AOIs were rectangles
that included the text of the problem (question), multi-
ple choice answers (multiple choice), and the related
diagram (diagram). In condition “no diagram,” AOI
diagram was an empty rectangle at the same place as the
diagram in “diagram” condition.
Students’ responses were graded as either correct or

incorrect. The χ2 tests, analyses of variance (ANOVAs) and
Bonferroni corrected Student’s t-tests were conducted with
a threshold for significance of p ¼ 0.05.

Results.—Analysis of students’ responses: Students’
percentages of correct answers on all questions presented
with and without diagrams are shown in Fig. 1. The χ2 tests
showed statistically significant differences in percentages of
correct answers between the two conditions (diagram, no
diagram) only for question Q3 [χ2ð1Þ ¼ 6:24, p ¼ 0.01].
Overall, the difference between the percentages of correct
answers on questions with diagram and with no diagramwas
not statistically significant [χ2ð1Þ¼1:63, p > 0.05].
Analysis of eye-tracking data for question Q3: As we

found a positive effect of the supportive diagram on
students’ percentages of correct answers for question Q3,
we further explored eye-tracking data for that question.
We compared three eye-tracking measures (dwell time,
number of fixations, and average fixation duration) for
AOIs question, multiple choice, and diagram (Fig. 2).
Dwell time was longer for the AOI question if a diagram
was not presented [tð58Þ ¼ 4.04,p ¼ 0.0004], but therewas
no difference for the AOI multiple choice [tð58Þ ¼ 0.43,
p > 0.05]. Correspondingly, the fixation number was larger
for the AOI question if a diagram was not presented
[tð58Þ ¼ 3.85, p ¼ 0.0006] and there was no difference
for the AOI multiple choice [tð58Þ ¼ 0.17, p > 0.05].
Average fixation duration was not significantly different
for both AOIs, question and multiple choice [tð58Þ ¼ 2.13,
p > 0.05; tð58Þ ¼ 1.62, p > 0.05, respectively]. As ex-
pected, most participants did not look at the AOI diagram
if the diagram was not presented. Thus, we did not sta-
tistically compare eye-tracking measures for AOI diagram.
When dwell times and fixation numbers were summed

across three AOIs, and fixation duration averaged across
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three AOIs, they did not differ for the two conditions
[tð58Þ ¼ 1.27, p > 0.05; tð58Þ ¼ 1.09, p > 0.05; tð58Þ ¼
0.77, p > 0.05, respectively].
Corresponding analysis was conducted for correct and

incorrect problem solvers (see the Supplemental Material
[30]). The results showed that correct problem solvers had
shorter dwell time and a smaller number of fixations
compared to incorrect problem solvers, whereas no sta-
tistically significant difference was found for the average
fixation duration.
Analysis of eye-tracking data for all six questions:

Since the diagram decreased the dwell time and fixation
number for question Q3, we evaluated its effect on the three
eye-tracking measures in AOI question for all questions
(Fig. 3). Three two-way mixed-design ANOVAs were
conducted on dwell time, number of fixations, and average
fixation duration with factors diagram and question. The
results obtained showed a statistically significant main
effect of both factors on all three eye-tracking measures,
whereas the interaction effect was significant for dwell time
and fixation number (Table I). Dwell time and fixation
number decreased when a diagram was presented in

questions Q1 [tð58Þ ¼ 3.88, p ¼ 0.002; tð58Þ ¼ 3.64,
p ¼ 0.004, respectively], Q3 [tð58Þ ¼ 4.04, p ¼ 0.001;
tð58Þ ¼ 3.85, p ¼ 0.002, respectively] and Q6
[tð58Þ ¼ 3.70, p ¼ 0.003; tð58Þ ¼ 3.56, p ¼ 0.005,

FIG. 1. Comparison of students’ percentages of correct answers
on all questions (Q1–Q6) between the two conditions (diagram,
no diagram). The error bars represent 1 SEM.

FIG. 2. Dwell time, number of fixations, and average fixation duration for three AOIs (question, multiple choice, and diagram)
and all three summed AOIs (shown in green) on question Q3. The error bars represent 1 SEM.

FIG. 3. Dwell time, number of fixations, and average fixation
duration for the AOI question, calculated for the two conditions
(diagram, no diagram) and all questions (Q1–Q6). The error
bars represent 1 SEM.
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respectively]. The presence of a diagram did not sta-
tistically significantly change dwell time and fixation
number in questions Q2 [tð58Þ ¼ 2.05, p > 0.05;
tð58Þ ¼ 1.28, p > 0.05, respectively], Q4 [tð58Þ ¼
−0.88, p > 0.05; tð58Þ ¼ −1.23, p > 0.05, respectively]
and Q5 [tð58Þ ¼ 2.31, p > 0.05; tð58Þ ¼ 2.54, p > 0.05,
respectively].
Furthermore, eye tracking provided data on the time that

a participant spent attending to the diagram. Figure 4 shows
the three eye-tracking measures for all six questions. One-
way ANOVAs revealed that the dwell time, number of
fixations, and average fixation duration were significantly
different across the questions [Fð5; 145Þ ¼ 9.49, p <
0.0001, η2p ¼ 0.247; Fð5; 145Þ ¼ 9.91, p < 0.0001, η2p ¼
0.255; Fð5; 145Þ ¼ 2.88, p ¼ 0.016, η2p ¼ 0.090]. Figure 4
reveals that participants spent the shortest time attending
the diagram in problem Q5.
Regarding our second research question on the evalu-

ation of eye-tracking measures, visual inspection of

Figs. 2, 3, and 4 reveals similar patterns for dwell time
and fixation number whereas fixation duration shows
smaller variation. Roughly, dwell time is proportional to
fixation number multiplied by average fixation duration.
Thus, for rather constant average fixation duration, dwell
time and fixation number have similar patterns. This
conclusion was confirmed by inspecting individual partic-
ipants’ data (see the Supplemental Material [30]). There is
more variability in the total dwell time and total fixation
number compared to average fixation duration. To quantify
the variability in different eye-tracking measures, we
calculated the coefficient of variation (CV) as a ratio of
standard deviation (SD) and mean (Table II). CVof the total
dwell time and total fixation number is about 3 times larger
than CV of average fixation duration.

Discussion.—Supportive diagrams had a positive
effect on students’ percentages of correct answers in one
of the six problems used in the study. This result is in
agreement with the previous studies that reported no effect

FIG. 4. Dwell time, number of fixations, and average fixation duration for the AOI diagram, for all questions (Q1–Q6). The error bars
represent 1 SEM.

TABLE I. Results of two-way ANOVAs conducted on dwell time, fixation number, and fixation duration for the AOI question with
between-subjects factor diagram (diagram vs no diagram) and within-subjects factor question (Q1–Q6).

Diagram Question Interaction

F (df) p ηp
2 F (df) p ηp

2 F (df) p ηp
2

Dwell time 20.14 (1, 58) <10−4 0.258 9.25 (5, 290) <10−4 0.137 3.28 (5, 290) 0.007 0.530
Fixation number 14.53 (1, 58) <10−4 0.200 7.03 (5, 290) <10−4 0.108 4.23 (5, 290) 0.001 0.068
Fixation duration 6.89 (1, 58) 0.01 0.106 9.94 (5, 290) <10−4 0.146 0.45 (5, 290) >0.05 0.008

TABLE II. Mean, standard deviation (SD) and coefficient of variation (CV) of total dwell time, total fixation
number, and average fixation duration for each problem.

Dwell time (s) Fixation number Fixation duration (ms)

Question Mean� SD CV Mean� SD CV Mean� SD CV

Q1 33� 11 0.33 120� 41 0.34 240� 33 0.14
Q2 40� 16 0.40 142� 54 0.38 250� 38 0.15
Q3 35� 18 0.51 130� 60 0.46 237� 36 0.15
Q4 45� 26 0.58 158� 96 0.61 255� 43 0.17
Q5 43� 29 0.67 144� 85 0.59 260� 47 0.18
Q6 40� 19 0.48 140� 62 0.44 250� 45 0.18
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or a small positive effect of supportive diagrams on
problem solving [7]. The reason why the diagram in
question Q3 had a positive effect on students’ percentages
of correct answers could be that it emphasized the initial
equal elevations of the bricks (see the Supplemental
Material [30]). Although this diagram does not provide
any additional information that is not present in the text, it
could have influenced student reasoning similarly as visual
cues in Madsen et al. [16]. One interpretation may be that a
diagram might be beneficial if it highlights some informa-
tion for problem solving. Overall, our results suggest that,
while diagrams can help students in problem solving, the
effect is small and rarely statistically significant.
Analysis of eye-tracking data showed that students who

were presented with a supportive diagram usually spent
less time reading the text of the problem, but the total
viewing time was the same for the two conditions (diagram,
no diagram). When a diagram was presented students split
their attention between the diagram and the text without
speeding up problem solving, which was in agreement with
our previous findings [12]. Cognitive load theory combined
with the dual coding theory implies that information in both
formats (verbal and visual) reduces extraneous cognitive
load and helps students to better understand the physical
situation described in the text. However, better under-
standing of the physical situation does not necessarily lead
to more efficient problem solving. Even if diagrams were
useful in the initial phase of problem visualization, they
would not guarantee more efficient implementation of the
subsequent phases in problem solving. Eye-tracking data
do not seem to agree with the hypothesis that presenting
information in both formats significantly improves the
overall efficiency in problem solving. Further studies are

needed to assess the effect of presenting information in both
formats on different steps in problem solving.
One goal of this study was to determine which eye-

tracking parameters are appropriate measures of visual
attention during physics problem solving. Our results show
that fixation duration is rather constant across questions
and participants, suggesting that it might not be sensitive
enough to reveal all differences in visual attention caused by
some task manipulation. Although fixation duration is used
as a measure of the visual attention, it is possible that it is not
so suitable for physics problem solving. On the other hand,
dwell time and fixation number show larger variance and
sensitivity to task manipulation and therefore seem more
appropriate eye-tracking measures for exploring physics
problems solving. Similar results are reported in a previous
study of website complexity [28] and PER study on
kinematic graphs [20]. Patterns of dwell time and fixation
number show analogous effects of taskmanipulation because
these two measures are dependent, therefore it might be
adequate to report only one of these two measures. In this
study,we compared themost used eye-trackingparameters in
the PER studies. In future studies, other eye-tracking
measures should also be evaluated.
We found that dwell timewas sensitive to extraneous load

that corroborates the results from Zu et al. [29]. However,
Zu et al. reported significant sensitivity of the mean fixation
duration to extraneous load that was not found in our study.
A possible explanation for this discrepancy could include
differences in the design of the study and corresponding data
analysis. Further research with different study designs is
needed to explore the relationship between eye-tracking
measures and cognitive load.
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