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Eye tracking can provide valuable insights into how students use different
representations to solve problems and can be a useful tool for measuring
the integration of information from multiple representations. In this study,
we measured the eye movements of 60 university students while solving two
PISA items that contain graphs taken from mathematics and science assessments
with the aim of studying the difference in visual attention between students who
correctly and incorrectly identify graphs from a verbal description. We were
particularly interested in the differences in the integration of information from
different representations (text, graphs, and picture) between students who were
successful or unsuccessful in solving items. The results suggest that students who
solved the items correctly tend to solve the items longer than their counterparts
who did not solve the items correctly. Analysis of eye tracking data suggests that
students who solved science item correctly analyzed the graph for significantly
longer time and had significantly longer average fixation time. This finding
suggests that a careful analysis of graphs is crucial for the correct solution of PISA
items used in this study. Furthermore, the results showed that students who solved
the mathematics item correctly had significantly higher number of transitions
between graphs and picture, which indicates a greater integration of information
from two different representations. This indicates that these types of items require
a lot of time and effort to complete, probably because solving them requires a lot
of steps, which is cognitively demanding. We also found that the average fixation
durations for different representations may vary for different items, indicating that
it is not always equally difficult to extract necessary information from different
types of representations. The results of this study suggest that instructors may
be able to improve their teaching methods by considering the importance of
individual representations (e.g., texts, graphs, and pictures) and the integration of
information from multiple sources.
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1. Introduction

There is a wealth of research in the field of education that supports
the idea that using multiple representations in teaching and learning
can be beneficial for students. One early theory that contributed to
this understanding is Paivio’s dual coding theory (Paivio, 1971), which
assumes that verbal and pictorial information are processed in distinct
cognitive systems. This was confirmed by functional brain imaging
studies and led to the development of the well-known multimedia
learning theory (Mayer, 1997). This theory suggests that presenting
information in different representations (e.g., words and pictures) is
more advantageous for learning than using single representations
(e.g., words alone).

Another theory that helps to explain the benefits of using multiple
representations is the cognitive load theory (Sweller, 1988). This
theory suggests that students have a limited capacity for processing
information in their working memory and that presenting information
in multiple representations can help to reduce the cognitive load and
make understanding easier. For example, presenting the same
information using multiple representations can reduce cognitive load
by making it easier for learners to extract the key information and
understand the relationships between different concepts. Namely, a
graph can provide a visual representation of the same information that
was presented in the text, making it easier for learners to understand
and remember.

However, it is important to consider that excess information that
does not scaffold the learner can have a negative effect on learning.
When developing instructional methods and materials, it is important
to carefully consider the use of multiple representations. For example,
research has shown that the inclusion of pictures in a text can
be helpful for students in some cases, but it can also have negative
effects on learning (Schnotz and Bannert, 2003). The use of multiple
representations can be an effective way to engage students and
facilitate learning, but it is crucial to consider the specific needs and
abilities of the learners and to use them in a targeted and effective
manner. Some researchers developed conceptual frameworks for
learning with multiple representations based on constructivist theories
of education and research findings on learning and teaching with
different representational formats (Ainsworth, 2006; Airy and
Linder, 2017).

Eye tracking is a research method that is commonly used in
education research to study how people learn and process information.
In recent years, there have been numerous eye-tracking studies
conducted in the field of physics education, and a review by Hahn and
Klein (2022) provides an overview of the main topics and findings
from these studies. For example, eye-tracking was used to investigate
students’ visual attention while taking standard tests such as the Force
Concept Inventory (FCI; Han et al., 2017; Kekule and Viiri, 2018).
Kiichemann et al. (2020) showed that eye tracking can be used for the
identification of preconceptions related to rotating frames of reference.
Different strategies in the interpretation of the divergence of the
graphical vector field were also explored by using eye tracking (Klein
et al,, 2018, 2019¢). Hoyer and Girwidz (2020) compared the eye
movements of students to assess the effect of animation and
interactivity in a computer-based physics experiment.

One area that has been explored through eye-tracking research is
how students use different representations during problem solving. It
has been shown that graphical representations of measurement data
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can be particularly helpful for students, as they can assist with
visualizing and understanding the data (Susac et al., 2017). Supportive
diagrams that visualize the physical situation in physics problems can
also be beneficial, as they can reduce cognitive load and free up
cognitive resources for further problem solving (Susac et al., 2019).

Pictorial representations have also been found to be effective in
conveying physics concepts. Chen et al. (2014) found that it is easier
and faster to identify crucial areas in a picture than in text while Chen
and She (2020) found that pictorial representation helped students to
better understand electricity concepts compared to a textual
representation. However, it is worth noting that even pictorial
representations can contain complex information that is not always
easy to understand, as was demonstrated in a study on the recognition
of pictorial representation of interference and diffraction patterns in
wave optics (Susac et al., 2020, 2021). These studies found that this was
a very demanding item for students, not a mere recall of a remembered
pattern, thus indicating that pictorial representations can sometimes
be challenging to grasp.

Eye tracking has been used extensively to investigate student
understanding of graphs in physics. For example, an early study
investigated the link between spatial visualization ability and solving
kinematics problems and interpreting kinematics graphs
(Kozhevnikov et al., 2007). Madsen et al. first analyzed how visual
attention differed between those who answered correctly and
incorrectly introductory physics problems (some of which contained
graphs), and in the subsequent study, they investigated the effects of
visual cueing on students’ eye movements and performance on similar
problems (Madsen et al., 2012, 2013). Kekule (2014) also explored the
differences in the visual attention of students who solved correctly and
incorrectly questions with kinematics graphs. Several studies
examined students’ eye movements while they were solving questions
probing their understanding of graph slope and area under a graph
(Susac et al,, 2018; Klein et al., 2019a,b; Briickner et al., 2020).
Furthermore, the identification of graphs that describe certain
physical phenomena was investigated for students who were divided
by their physics teacher into one of three groups according to their
success in physics classes (Skrabankova et al., 2020). A recent study
explored how students extract information from complex graphical
displays of information such as the Hertzsprung-Russell diagram
(Langendorf et al., 2022).

Research has found that the processing of information conveyed
through graphs is complex and can take a significant amount of time
to extract the necessary information (e.g., Susac et al., 2018; Klein
et al,, 2019a). Eye-tracking studies have also shown that experts and
non-experts have different strategies for solving items that contain
graphs and that students generally struggle with interpreting and
analyzing graphs (e.g., Madsen et al., 2012; Susac et al., 2018; Klein
et al,, 2019a). One area where students have particularly been found
to have difficulties is in conceptual understanding and calculation of
the area under the graph (Susac et al., 2018; Klein et al., 2019a).
Improving students’ understanding and ability to interpret and
analyze graphs is an important area of focus in physics education, and
the use of eye tracking can help researchers and educators better
understand how students approach these items and how they can
be supported in their learning.

In addition to examining the use of individual representations,
such as texts, graphs, pictures, equations, etc., and comparing their
effectiveness, it is also valuable to investigate the use of multiple
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representations in STEM teaching and learning more broadly.
Research in this area can help educators understand how to effectively
integrate different representations to support student learning. Eye
tracking can be a useful tool for studying the integration of
information from different representations, as it allows researchers to
track how students use and process multiple forms of information
while solving problems (Rau, 2017). Multiple representations can
positively affect learning by providing learners with different ways to
approach and understand concepts, but too many representations can
also lead to confusion and hinder the learning process.

In a recent study, Wu and Liu (2021) found that students with
higher prior knowledge had a greater number of eye-movement
transitions between representations compared to those with lower
prior knowledge. Van Gog et al. (2005) reported some expertise-
related differences in electrical circuit-troubleshooting performance
while Kekule and Viiri (2018) found differences in the way that
students who solved items correctly and incorrectly used different
representations. These differences depended on the specific type of
representation and the item at hand. For example, students who
correctly solved items involving graph representations tended to
look at the entire area of the graphs, while those working with
motion map representations focused on individual points. Motion
map representations depict the motion of an object over time, with
each mark on a horizontal line indicating the position of the object
at a specific point in time. Ibrahim and Ding (2021) also found that
the integration of information from a diagram and text depended
on the type of problem being addressed. Overall, the use of multiple
representations in physics teaching and learning can be beneficial,
and eye tracking can provide valuable insights into how students
process and integrate information from different forms
of representation.

Multiple representations have also been investigated in other
STEM education disciplines such as mathematics and chemistry. For
example, Ott et al. (2018) studied the use of different combinations of
representations in mathematics problem solving and found that the
combination of text and formula was as effective as other combinations
containing more representations. In this study, text representation was
found to be the most attended to and can be regarded as the
reference representation.

Similarly, Stieff et al. (2011) found that students struggle with
multiple representations in molecular mechanics and tend to attend
more to visual-spatial representations (ball-and-stick model of the
molecular system) than mathematical representations (equations).
O’Keefe etal. (2014) also explored the integration of information from
multiple representations in a multimedia simulation of the ideal gas
law and found that transitions between different simulation elements
were related to different learning outcomes. The authors emphasized
the importance of making conceptual connections between specific
representations in the learning process.

In this study, we decided to use Program for International Student
Assessment (PISA) items that contain graphs because graphs are often
used in PISA items to present information about scientific phenomena
or to prompt students to interpret and analyze data. Thus, students
need to extract and integrate information from text and graphs to
solve the items. In addition, PISA items are designed to evaluate the
general knowledge and skills of 15-year-old students in different
countries, i.e., they measure “the ability to complete tasks relating to
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real life, depending on a broad understanding of key concepts, rather
than limiting the assessment to the understanding of subject-specific
knowledge” (OECD, 2007).

The focus on general knowledge and skills in PISA items is
intended to measure students’ ability to think critically and creatively
about scientific issues and to use scientific knowledge and skills to
solve problems. These are important skills for success in higher
education, and PISA items provide a useful way to assess students’
progress in these areas. While the items are designed specifically for
15-year-old students, it is expected that older students should also
be able to solve these general items, as they do not require very specific
knowledge. The OECD (2018) emphasizes the importance of these
skills and the value of PISA items in measuring them.

There have been several previous eye-tracking studies that have
used PISA items. For example, Krstic¢ et al. (2018) analyzed the eye
movements of 15-year-old students while they were solving PISA
reading items. Hu et al. (2017) investigated how high-performing and
low-performing students solve different types of PISA problems.
Tothova and Rusek (2022) compared how chemistry students and
chemistry experts solve chemistry and general PISA science items and
found that the experts were more efficient, needed less time, and
focused on relevant parts of the items more than the students.
Thomaneck et al. (2022) used PISA mathematics items in a study on
the use of the eye-mind hypothesis in the domain of functions.
Lundgren (2022) developed a computational model that simulates
different strategies for solving a PISA problem-solving item. The study
showed that simulations can be useful in understanding how changing
a problem’s properties affects our ability to infer problem-
solving strategies.

These studies demonstrate the usefulness of PISA items in
eye-tracking research, as they provide a standard way to measure
student knowledge and skills and allow for comparisons between
different groups of students or experts. PISA items are widely used in
education research, and the use of eye tracking in studying these items
can provide valuable insights into how students attend to and process
different forms of information.

In this study, we aim to answer the following research
questions:

RQ1. What is the difference in the visual attention between students
who correctly and incorrectly identify graphs from a
verbal description?

Visual attention refers to the extent to which participants focus on
a specific representation (text, graphs, or picture) and can
be operationalized through eye-tracking measures, such as dwell time
and average fixation duration.

RQ2. What is the difference in the integration of information from
multiple representations between students who correctly and
incorrectly answer questions?

Integration of information refers to the extent to which
participants are able to combine and put together information from
multiple representations (such as text, graphs, or picture) to answer a
question and can be operationalized through the number of transitions
between representations. Participants who correctly answer questions
are expected to show greater integration of information from multiple
representations than those who do not.
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2. Materials and methods
2.1. Participants

Participants in this study were 60 (34 female and 26 male)
undergraduate university students in different years of study. They had
diverse backgrounds (science, engineering, humanities, etc.) and their
mean age was (23 £ 3) years. We used convenient sampling; voluntary
participants who were prepared to come to the university for
eye-tracking measurement and to answer some mathematics and
physics questions. All participants gave informed written consent
before taking part in the study.

2.2. Materials

Students answered nine PISA mathematics and science items that
were released in 2006 (OECD, 2006a,b) and that were selected so that
each item contained a graph in question stem or in multiple-choice
options. Since the goal of this study was to investigate the differences
in visual attention and integration of information from multiple
representations between students who correctly and incorrectly
answer questions, we will report results on only two PISA items Q1
and Q2. For these two items, students’ scores were 52 and 48%, i.e., the
numbers of students who answered correctly and incorrectly were
comparable. For other PISA items, students’ scores were considerably
higher, so the numbers of students who answered correctly and
incorrectly were not comparable, so we did not analyze them further.

In PISA science item Q1 (S§529Q02; OECD, 2006b), four working
conditions of electricity generation in a wind farm are described and
students are asked which of the given graphs best represents the
relationship between wind speed and electric power output
(Figure 1A). In PISA mathematics item Q2 (M465Q01; OECD,
2006a), it is described that water is poured into the water tank whose
picture is shown. Students should answer which of the given graphs
shows how the height of the water surface changes over time
(Figure 1B).

10.3389/feduc.2023.1141896

2.3. Procedure

Eye movements were recorded using the SMI iView Hi-Speed
system with a sample rate of 500 Hz and the SMI screen-based RED-m
system with a sample rate of 120Hz (SensoMotoric Instruments
G.m.b.H.). The eye-tracking system was calibrated for each participant
before the data recording using a 13-point calibration algorithm.
Questions were presented on a monitor at a distance of 50 cm from
the participants’ eyes. By choosing the answer, participants advanced
to the next question. There was no time limit to answer the questions.

After the measurement of eye movements, students solved the
same questions using a paper-and-pencil test and gave explanations
for their answers. We asked the participants to provide an explanation
afterward to make sure they did not choose the correct answer by
chance or for the wrong reason. The whole procedure, including
eye-movement calibration, recording, and paper-and-pencil testing
lasted around 40 min.

2.4. Data analysis

Students’ responses to the nine PISA items were scored correct or
incorrect. In addition, these scores were corrected, considering
students’ answers and explanations in the paper-and-pencil test. If a
correct answer during the eye-tracking measurement was given with
a correct explanation in the paper-and-pencil test, the student was
awarded one point. If a correct answer was given with a wrong
explanation, the student was awarded 0 points. A correct answer
without a correct explanation indicated that the correct answer was
probably selected by chance or for a wrong reason. The correction of
students’ responses given during the eye-tracking measurement was
rare, it happened in only 2.4% of all questions. Students’ scores after
the correction are reported in this paper.

The recorded eye movements data were analyzed using BeGaze
software which allows evaluation of the eye fixations and saccades.
Fixation is the state in which the eye is stationary over a period of
time, while saccade is the rapid eye movement between fixations.

Q1

Sto je jaci vietar, lopatice vietrenjaCe se brze vrte i veca je proizvodnja elektricne energije.
No, ne postoji izravna veza izmedu brzine vietra u i elektricne energije u realnoj situaciji
Navedena su Getiri radna uvjeta za proizvodnju elektricne energije u realnoj vjetroelektrani

+ Lopatice vjetrenjate pocinju se vrtjeti kada brzina vietra dosegne V;
+ Proizvodnja elektricne energ AOI text 1 (W) kada je brzina vietra V2

« Zbog sigumosnih razloga, o 2 lopatice vrte brZe nego to to ine
kada je brzina vjetra V.

* Lopatice se prestanu vrtjeti kada brzina vjetra dosegne V.

Koji od sliedecih grafova najbolje prikazuje vezu izmedu brzine vietra i proizvodnje elekricne
energije pod ovim radnim uvjetima?

A 4 B

e e AQ| graphs
D

Elektri¢na energija -
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Brzina vietra

/L

0

(e}
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FIGURE 1

(A) Definition of areas of interest (AQOls) for item Q1. (B) Definition of areas of interest (AQIs) for item Q2.

Q2 —10m
Spremnik za vodu ima oblik i dimenzije kao $to je prikazano na slici.
Na pocetku je spremnik prazan. Zatim se puni vodom brzinom od
jedne litre u sekundi 15m .
J[ AOI picture
Koji od sliede¢ih grafova pokazuje kako se visina povrsine vode B
mijenja tijekom vremena? . J_
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BeGaze used the identification by dispersion-threshold (IDT)
algorithm to determine fixations with a maximum dispersion value
100 px and minimum fixation duration 80 ms.

The appropriate number of areas of interest (AOIs) was defined for
each item. Figure 1 shows AOIs for items QI and Q2. AOIs text
included the introduction text and question, and AOIs graphs multiple-
choice answers given as graphical representations. Item Q2 also
contained an AOI picture, a pictorial representation of a water tank.
We evaluated the dwell time, the number of fixations, the number of
revisits, and the average fixation duration for each AOIL As
we previously reported, these eye-tracking measures are dependent,
and usually show a similar pattern of responses (Susac et al., 2019);
thus, we will report results on dwell time and average fixation duration.
In addition, we evaluated transitions between AOIs as a measure of the
integration of information from multiple representations.

Reaction time refers to the amount of time it takes for a person to
respond to a PISA item. Dwell time starts at the moment the AOI is
fixated and ends at the moment the last fixation on the AOI ends.
Fixation duration refers to the average duration of single eye fixations
and it typically ranges from 100 to 600 ms (Hahn and Klein, 2022).

Student’s t-test and several two-way ANOVAs were conducted in
the analysis of eye-tracking data. A threshold of p=0.05 was used for
determining the level of effect significance within all conducted tests.

3. Results

3.1. Linking information from text and
graphs (Q1)

Students who correctly answered item Q1 had the mean reaction
time (RT) and standard deviation (80 +22) s whereas their peers who
incorrectly answered the same item needed (68 +21) s to respond. The
difference was statistically significant (#(58)=2.18, p=0.03).

To compare the distribution of visual attention of students who
answered item Q1 correctly and incorrectly, we conducted two-way
ANOVAs with repeated measures on factor AOI (text vs. graphs),
while the between-subjects factor was Group (correct vs. incorrect).
For dwell time, the results showed a statistically significant main effect
of both factors, AOI [F(1,58)=150.41, p<0.0001, ;1p2: 0.72] and
Group [F(1,58)=5.79, p=0.02, ;1P2 =0.09], whereas interaction effect
was not statistically significant [F(1,58)=0.15, p>0.05, 7,>=0.003].
Students had a significantly longer dwell time for AOI text [(47 +16)
s] than AOI graphs [(22+9) s]. Students who correctly answered the
question had mean dwell time (37 + 15) s that was significantly longer
than the dwell time (31+13) s of their peers who gave an incorrect
answer (Figure 2A). In particular, the dwell time for AOI graphs was
(24+9) s for correct solvers, and it was significantly longer than
(19£8) s for incorrect solvers [#(58) =2.38, p=0.02].

For average fixation duration, a significant main effect of AOI
[F(1,58)=6.15, p=0.02, ;71,2 =0.10] was found, whereas the effects of
Group [F(1,58)=0.06, p>0.05, 1,°=0.001] and interaction effect
[F(1,58)=0.01, p>0.05, 5,°=0.0002] were not significant. Figure 2B
illustrates that the average fixation duration was significantly longer
for AOI graphs [(235+33) ms] than for AOI text [(223 £43) ms].

To quantify the integration of information from text and graphs,
we evaluated the number of transitions between AOI text and AOI
graphs (Figure 3). The mean number of transitions and standard
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deviation for students who answered item Q1 correctly was 2011,
compared to 17+14 for students who answered incorrectly. The
difference was not statistically significant [#(58)=0.67, p>0.05].

Furthermore, we created a sequence chart to visualize the
distribution of fixations on AOI text and AOI graphs for students who
correctly and incorrectly answered item Q1 (Figure 4). The sequences
of eye movements show how often and how long the students attended
each AOI. Although Figure 4 shows differences in the visual attention
of the participants while they were solving item Q1, they mostly read
the text of the task first and then looked at the graphs, occasionally
returning to the text. Some participants switched attention from one
AOI to another frequently, while others had a much smaller number
of transitions between the AQOIs.

3.2. Linking information from text, picture,
and graphs (Q2)

Mean RT and standard deviation were (51 +23) s for students who
correctly answered item Q2 and (43+15) s for students who
incorrectly answered the same item. The difference was not statistically
significant [#(58) =1.63, p>0.05].

To compare the students’ dwell time and average fixation duration,
we conducted a two-way mixed design ANOVA with a between-
subjects factor Group (correct vs. incorrect) and within-subjects factor
AOI (text vs. graphs vs. picture). For dwell time, we found a significant
main effect of AOI [F(2,116) =44.46, p <0.0001, ’7p2 =0.43], whereas
the effect of Group [F(1,58) =2.79, p>0.05, 17,°=0.04] and interaction
effect [F(2,116) =2.87, p>0.05, 7,°=0.05] were not significant. A priori
planned comparison of dwell time for two groups (correct and
incorrect) on each AOI with Bonferroni-corrected p-values revealed
statistically significant difference only for AOI graphs [#(58)=2.76,
p=0.02]. Students who correctly answered item Q2 had dwell time
(18+9) s for AOI graphs that was significantly longer than the dwell
time (13 £5) s of students who answered incorrectly (Figure 5A).

For average fixation duration, a significant main effect of AOI
[F(2,116)=47.32, p<0.0001, ;71,2 =0.45] was found, whereas the effect
of Group [F(1,58)=3.76, p=0.06, 1,°=0.06] and interaction effect
[F(2,116)=0.16, p>0.05, 17,>=0.003] were not significant. Figure 5B
indicates that the average fixation duration was the longest for the AOI
picture. Although Figure 5B shows a trend that students who answered
the question correctly have a longer average fixation time, no a priori
planned comparison of average fixation time for two groups on each
AOI with Bonferroni-corrected p values reached a statistically
significant difference. In fact, if we did not correct the p-values for
multiple comparisons, we would get the outcome that students who
correctly answered question Q2 had a longer average fixation duration
for AOI graphs than their peers who failed to do so. Their mean
fixation durations were (245+47) and (221 + 35) ms, respectively, and
they were not statistically significantly different.

Again, we used a number of transitions as a measure of the
integration of information from text, graphs, and picture. Figure 6
shows the number of transitions between text and picture, text and
graphs, and graphs and picture. A two-way mixed-design ANOVA
was performed with a between-subjects factor Group (correct vs.
incorrect) and within-subjects factor Type of transition (text <
picture vs. text <> graphs vs. graphs < picture). The results revealed a

statistically significant main effect of Type of transition
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(A) Dwell time of students who correctly and incorrectly answered item Q1 for AOI text and AOI graphs. A box and whisker chart shows median,
distribution of data into quartiles, and outliers. (B) Average fixation duration of students who correctly and incorrectly answered item Q1 for AOI text
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FIGURE 3
Number of transitions between AOI text and AOI graphs of students
who correctly and incorrectly answered item Q1.

[F(2,116)=22.99, p<0.0001, 1, =0.28] while the effect of Group did
not reach statistical significance [F(1,58)=3.92, p=0.05, 1,>=0.06].
The interaction effect of these two factors was statistically significant
[F(2,116)=4.65, p=0.01, 5,°=0.07]. A priori planned comparison of
the number of transitions for two groups (correct and incorrect) on
each pair of AOIs with Bonferroni-corrected p-values showed
statistically significant difference only for transitions between AOI
graphs and AOI picture [¢(58) =2.74, p=0.02]. Students who correctly
answered item Q2 had a significantly larger number of transitions
graphs < picture than their peers who answered incorrectly (12+9
and 7 + 6, respectively).

To visualize the distribution of fixations at particular AOIs in
time, we created a sequence chart. Figure 7 shows that students mostly
first read the text, occasionally looking at the AOI picture, and then
mostly looked at the graphs, sometimes returning to the AOI picture
and/or AOI text. There is also a trend that students who correctly
solved item Q2 spent more time paying attention to the AOI graphs
than their peers who did not solve the task correctly.

Frontiers in Education

4. Discussion

The results of this study suggest that students who correctly solved
the two PISA items containing graphs took a longer time to do so than
their peers who did not give correct answers. This indicates that some
complex PISA items require a longer time to be understood and
solved. This is not very surprising, considering that it is unlikely, given
the usual types of tasks related to graphs used in mathematics and
physics teaching in Croatia, that students are familiar with PISA kind
of problems, and it is generally expected that it will take longer to solve
unfamiliar problems than familiar ones. Similar results were obtained
by Tothova and Rusek (2022) who found that the student who was
successful in solving the PISA item took the longest to do so.

To investigate this further, we compared the dwell times of
students who correctly and incorrectly solved items for different
representations (text, graph, and picture). For item QI, which
contained text and graphs, students who solved the item correctly had
a longer dwell time for AOI graphs. In this item, the text of the task is
quite long, and the students attended the text more than the graphs.
Item Q2 contained text, graphs and a picture and students spent the
least amount of time looking at the picture. This may be because the
picture included relatively less relevant information for completing the
task, which could have led students to spend less time on it compared
to the text and graphs. The only statistically significant difference
between the dwell times of students who correctly and incorrectly
solved the item was found for AOI graphs. Students who solved the
item correctly analyzed the graph for a longer time. This suggests that
graph analysis is essential for the correct solution of this item.

Furthermore, different average fixation duration for different
representations indicate that it is not always equally difficult to extract
the necessary information from text, graphs, and pictures. For
question Q1, the average fixation duration for AOI graphs was longer
compared to the average fixation duration for AOI text. On the other
hand, for question Q2, the average fixation duration was the longest
for AOI picture. Again, a trend was shown that the difference between
the two groups of students (those who solved the item correctly and
incorrectly) appeared for AOI graphs. Again, the key to solving
problems correctly seems to be the ability to extract relevant
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information from the graphs. Also, students who possess prior
conceptual knowledge related to the task (e.g., understanding the
slope of the graph) may have an advantage in identifying and
interpreting relevant information from the graphs, which could lead
to more accurate problem-solving outcomes.

Overall, the answer to our RQ1 is that the main difference between
students who correctly and incorrectly identify graphs from a verbal
description lies in their examination of the offered graphs and

extraction of relevant information. These results are consistent with
the results of previous eye-tracking studies on students’ understanding
of graphs that have shown that understanding graphs and obtaining
the required information is challenging for students, especially if it is
very likely that they are not familiar with this type of tasks (Susac et al.,
2018; Klein et al., 2019a,b).

To answer the research question RQ2 about the difference in the
integration of information from multiple representations between
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students who correctly and incorrectly answer questions, we compared
their number of transitions between different representations. The
results show a trend of a higher number of transitions for students
who solved the items correctly. However, the only statistically
significant difference was found for transitions between AOI graphs
and AOI picture in question Q2. This indicates that in that item it was
crucial to connect the information from the picture and the graphs.
So, the answer to RQ2 is that students who were able to correctly
answer the questions tended to have more transitions between
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FIGURE 6
Number of transitions between AOI pairs (text < picture, text <
graphs, and graphs < picture) of students who correctly and
incorrectly answered item Q2.

10.3389/feduc.2023.1141896

representations, especially between those that were important for
solving the items. This suggests that it is important for students to
be able to link information from multiple representations in order to
understand and answer PISA items that contain graphs.

Sequence charts for Q1 and Q2 also illustrate that students who
correctly solved these two PISA items spent more time analyzing the
graphs than their peers who did not correctly solve the items.
Furthermore, they show that students who are successful in solving
items have a higher number of transitions between AOIs, which
indicates a greater integration of information from different
representations. Sequence charts also show high interindividual
variability in measured data that could be a contributing factor to the
failure to reach the statistical significance of some observed trends in
eye-tracking measures for Q1 and Q2.

Our findings are consistent with those of a previous study by Mason
et al. (2013), which identified three levels of integration of text and
pictures and found that the greater the integrative processing of the
illustrated text, the higher the learning performance. Ho et al. (2014) also
found similar results in a study on how prior knowledge affects the
processing of science texts containing graphs. They found that students
with high prior knowledge had more regressions on the graphs, indicating
that they were more able to integrate text and graphic information and
effectively inspect scientific data. This ability to integrate multiple
representations and examine data is essential for inquiry-based learning,
and these results suggest that students with high prior knowledge may
be better equipped to engage in this type of learning.
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The results of our study provided insight into students’ visual
attention during answering questions that required them to integrate
information from different types of representations (such as text,
graphs, and pictures). This information may be helpful for instructors
in creating more effective teaching methods. By understanding how
students are paying attention to and interacting with different
representations, instructors can tailor their methods to better address
the needs of their students, including the importance of carefully
considering individual representations (especially graphs) and the
need to integrate information from multiple sources.

When interpreting the results of this study, it is important to
acknowledge that there are some limitations to consider. First,
we analyzed students’ eye movements while they were solving only
two PISA items. The reason for this was that in other questions, the
students had very high scores or the main cause of their difficulties
was of a mathematical nature (e.g., problems with calculating
percentages). In future studies, it would be needed to analyze the data
for more different items to obtain more solid outcomes.

There are several reasons for such high scores of students on PISA
items used in this study. University students were solving items
intended for 15-year-olds. In addition, participants in our study did
not represent the general student population, since we used
convenience sampling. Only students who were ready to come to the
university for research related to mathematics and physics participated
in our study. In addition, our results showed that on some questions
(e.g., M159 containing the graph of the speed of the racing car),
students give correct answers because they easily eliminate other
options, but it is not certain that they understand why the chosen
option is correct. In future research, we plan to further investigate the
observed problems with some PISA questions.

Furthermore, it would be desirable if we had an even larger sample
of participants, although 60 participants is a fairly standard number
of participants in eye-tracking studies. There are large differences
between participants and the way they allocate their visual attention
(Mason et al., 2013). Due to this great variability in the data, in order
to obtain statistically significant differences in the results, it is
necessary to have a larger number of participants. This is probably the
cause of another limitation of this study, which is that some trends can
be seen in the data, but they do not always reach statistical significance.
Therefore, in future research, more different items with multiple
representations should be used and a larger number of participants
should be tested.

5. Conclusion

The results of the study suggest that students who are able to
correctly solve PISA items that involve the integration of information
from multiple representations (such as text, graphs, and pictures) tend
to take longer to do so and make more transitions between these
different representations than students who are not able to give correct
answers. This indicates that these types of items require more time and
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