LFrontline Learning Research

An official journal of EARLI

Frontline Learning Research Vol. 11 no. 2 (2023) 1-30
ISSN 2295-3159

Assessing Students’ Interpretations of Histograms Before and After
Interpreting Dotplots: A Gaze-Based Machine Learning Analysis

Lonneke Boels'?", Alex Lyford®, Arthur Bakker! & Paul Drijvers!

tUtrecht University, The Netherlands
2University of Applied Science Utrecht, the Netherlands
3Middlebury College, Middlebury, VT, USA
*These authors share first authorship

Article received 25 July 2022/ revised 22 June 2023/ accepted 27 June 2023/ available online 5 September
2023

Abstract

Many students persistently misinterpret histograms. Literature suggests that having
students solve dotplot items may prepare for interpreting histograms, as interpreting
dotplots can help students realize that the statistical variable is presented on the
horizontal axis. In this study, we explore a special case of this suggestion, namely, how
students” histogram interpretations alter during an assessment. The research question
is: In what way do secondary school students’ histogram interpretations change after
solving dotplot items? Two histogram items were solved before solving dotplot items
and two after. Students were asked to estimate or compare arithmetic means. Students’
gaze data, answers, and cued retrospective verbal reports were collected. We used
students’ gaze data on four histogram items as inputs for a machine learning algorithm
(MLA; random forest). Results show that the MLA can quite accurately classify whether
students’ gaze data belonged to an item solved before or after the dotplot items.
Moreover, the direction (e.g., almost vertical) and length of students’ saccades were
different on the before and after items. These changes can indicate a change in
strategies. A plausible explanation is that solving dotplot items creates readiness for
learning and that reflecting on the solution strategy during recall then brings new
insights. This study has implications for assessments and homework. Novel in the study
is its use of spatial gaze data and its use of an MLA for finding differences in gazes that
are relevant for changes in students’ task-specific strategies.
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1. Introduction

Statistical literacy includes “people’s ability to interpret and critically evaluate statistical information, data-
related arguments [...], which they may encounter in diverse contexts, and when relevant” (Gal, 2002, p. 4;
emphasis in original). As data consumers, citizens should be able to correctly interpret various graphical
displays. This is particularly important in this era of vague and fake news “that place interpretive and evaluative
demands on a reader or viewer” (Gal & Geiger, 2022, p. 2). In this study, we specifically focus on the graphical
representation of histograms.

Histograms can reveal particular aspects of the distribution of the data often hidden in other graphs (e.g.,
Pastore et al., 2017). Furthermore, as histograms are ubiquitous in research and education, they need to be
learned (cf. Garfield & Ben-Zvi, 2008). For example, searching for ‘histogram’ in Google Scholar resulted in
more than 3.2 million hits (June 13, 2023). Therefore, the guidelines for assessment and instruction in statistics
education Il (GAISE Il) for all Grades up to Grade 12 contain several examples of histograms and dotplots
(for levels A, B, and C), with levels B and C roughly corresponding to middle and high school (Bargagliotti et
al., 2020). Moreover, some alternatives for histograms, such as boxplots, are even more complex (e.g., Bakker
et al., 2004).

However, many people persistently misinterpret histograms (e.g., Cooper, 2018; Kaplan, 2014). For example,
Bakker (2004a) found that secondary school students (Grades 7-8) considered the individual heights of bars
in a histogram to be the heights of individual people, rather than aggregations of data. Students’ conceptual
difficulties with histograms are well documented (e.g., Boels, Bakker, Van Dooren & Drijvers, 2019), but it is
unclear how to support students in learning to interpret histograms.

Figure 1. Example of dotplot Item17 that required students to compare two datasets regarding their mean.
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Several studies suggest that having students solve dotplot items can scaffold this learning (e.g., delMas & Liu,
2005; Garfield & Ben-Zvi, 2008; Makar & Confrey, 2004). In most of these studies, students’ answers and
verbal reports were the main sources of information. Dotplots have the advantage that they show all individual
data points as well as their distribution (Figures 1, 2). In addition, the absence of a vertical scale in dotplots
can turn students’ attention toward the horizontal scale, which is where the variable is presented in both graphs.
However, little is known about whether solving dotplot items allows students to become aware of aspects of
graph representation and statistical variables that are useful for interpreting histograms. The aim of this study
is, therefore, to explore how solving dotplot items influences secondary school students’ thinking on a detailed
level when they interpret histograms. Our overall research question is: In what way do secondary school
students ” histogram interpretations change after solving dotplot items? In the Theoretical Background section,
we will specify this overall question with three sub-questions.

As we elaborate further in the Theoretical Background section, gaze data can reveal students’ strategies in
real-time, and in more detail, compared to concurrent thinking aloud (verbal reports) and without the risk of
influencing the thinking process (Van Gog et al., 2005; Van Gog & Jarodzka, 2013). We use students’ gaze
data when solving four items with histograms before and after solving similar items with dotplots, as well as
their answers on these items. The four histogram items were taken from a larger sequence with 25 digital items
in total. Furthermore, we examined transcripts from stimulated recall (Lyle, 2003) verbal reports about
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students’ strategies (for more details see section 3.3.2). In the next section, we elaborate on difficulties with
histograms and dotplots and discuss how gaze data can be used.

Figure 2. Example of a dotplot (left) and a histogram (right) depicting the same distribution.
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Note. The dotplot was part of Item16. The histogram was part of Item05, not further discussed here (for more
details, see Boels, Bakker, et al., 2022).

2. Theoretical Background

2.1 Review of Statistics Education Literature

In this section, we review statistics education literature on the problem (many students persistently misinterpret
histograms), a gap in this literature (the variation in results on students’ interpretations of dotplots), and graphs
that are suggested for supporting students in learning to interpret histograms.

Figure 3. An example of a histogram.

Weight packages postman René

Frequency

Weight (kg)

Note. The measured variable (weight) is along the horizontal axis. The weights of 67 packages (sum of
frequencies) are depicted in this histogram. The arithmetic mean weight is 3.3 kg.

2.1.1 Histograms are Persistently Misinterpreted

Many people persistently misinterpret histograms (e.g., Cohen, 1996; Setiawan & Sukoco, 2021). Researchers
and teachers think that there is no difference between bar graphs and histograms (e.g., Clayden & Croft, 1990;
Tiefenbruck, 2007). Dabos (2014) found that some college teachers did not see when students incorrectly
counted the number of bars in a histogram to get the total frequency instead of adding the bars’ heights. First-
year university students in educational sciences had difficulties finding or interpreting the mean, median,
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variation, and skewness in histograms (Lem et al., 2013). College students interpreted the horizontal salary
scale in a histogram as a timescale (Meletiou, 2000). Middle school students used unequal intervals in a
histogram with frequency on the vertical axis—instead of density—hence, not correcting the frequencies for
unequal bin widths (McGatha et al., 2002). Other middle school students thought that bars in histograms are
connected for easier comparison (e.g., Capraro et al., 2005). Students in Grades 6-12 answered histogram
items 17% to 53% correctly on average (Whitaker & Jacobbe, 2017). Many students mistakenly took bars’
heights as the measured value. Such students possibly think that only nine packages are depicted in the
histogram in Figure 3 (the number of bars) instead of 67 (the actual number).

2.1.2 Dotplots are not always Correctly Interpreted

Generally, dotplots are interpreted better than histograms (e.g., delMas et al., 2005), although stacked dotplots
(in the early days also called line plots; e.g., Tiefenbruck, 2007) might still confuse students (e.g., Lyford,
2017). Lem et al. (2013) found that university students understood dotplots slightly better than histograms (on
average, 55% correct responses for dotplots versus 51% for histograms). However, in that study, two dotplot
items scored worse. University students taking introductory statistics explored variability and standard
deviation through a kind of stacked dotplots (delMas & Liu, 2005). Most of these students did not fully
understand how standard deviation was related to the distribution of data in a histogram.

Figure 4. Example of a double dotplot.

Weight packages postal worker Frans Weight packages postal worker Angela

Weight (kg) Weight (kg)

Note. This was Item14 in the original sequence of 25 digital items. The question was: ‘Which postal worker
delivers the heaviest packages on average?’ with three answer options: (a) Frans delivers the heaviest packages
on average, (b) Angela delivers the heaviest packages on average, and (c) The mean weight for both is
approximately the same. The correct answer here is (c).

A local instruction theory in statistics education suggests that dotplots are suitable for supporting students’
learning of distribution and variability in data represented in histograms (e.g., Bakker & Gravemeijer, 2004;
Garfield, 2002). Garfield & Ben-Zvi (2008) stated: “studies [that] suggest a sequence of activities that leads
students from [...] dotplots [...] to histograms” can support students in “developing the concept of distribution
as an entity” (p. 175). An advantage of dotplots over histograms is that dotplots show the distribution of data
in a disaggregated form. In addition, dotplots can draw students’ attention to the variable being depicted along
the horizontal axis—similar to histograms—, as dotplots have only this axis. A possible disadvantage of
dotplots for teaching students to interpret histograms (aggregated data) is that dotplots might invite them to
see the data as individual cases (Konold et al., 2015) instead of looking at aggregated measures (including
arithmetic mean).

One explanation for dotplots sometimes being misinterpreted is that students do not understand where the
measured values are depicted in stacked dotplots due to the countable height of the stack. Hence, students
confuse frequency—the height of the bar or stack—with the measured value (e.g., Cooper & Shore, 2008;
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Cooper 2018, Kaplan et al., 2014), similar to histograms. For stacked dotplots, a vertical axis is possible but
not necessary, which might induce this same height misinterpretation (e.g., Lyford, 2017). Some of the
previously described persistent misinterpretations with histograms are related to the data in a histogram; more
specifically:

e where the measured variable is depicted—most often along the horizontal axis,
e how many variables are measured—only one,
e which variable is measured—the one along the horizontal axis (in a regular histogram).

In non-stacked dotplots, no variable is represented in the vertical direction (see Figures 1, 2, and 4). Therefore,
non-stacked dotplots have the potential to raise students’ awareness of the variable (here: weight) being
depicted along the horizontal axis in dotplots and histograms. Nevertheless, abstract dotplots without context
or numbers along the horizontal axis can lead to misinterpretations of variability (Kaplan et al., 2014). The
same may hold for axis titles that are missing (such as in Lem et al., 2013). Thus, we use context, an axis title,
and numbers in our dotplots. We conjecture that these non-stacked (‘messy’) dotplots support students’
histogram interpretations. Therefore, as stated in the introduction, our overall research question is: In what
way do secondary school students ” histogram interpretations change after solving dotplot items?

2.2 Review of Literature on Eye-Tracking in Education

In this section, we review what is already known from gaze data in education and what measures are most
suitable for our aim. In addition, we elaborate on how gaze data can be connected to students’ strategies. We
end each section with a sub-question.

2.2.1 Use of Spatial Gaze Measures to Reveal Students’ Strategies for Interpreting Histograms

The use of gaze data for studying learning is not new (e.g., Strohmaier et al., 2020). For example, Garcia
Moreno-Esteva et al. (2018) and Khalil (2005) studied students’ visual cognitive behaviors on statistical
graphs. A main advantage of eye-tracking “is that it can provide detailed information about the time-course of
processing” (Kaakinen, 2021, p. 170). Most studies neglect this level of detail by using gaze data measures
that are temporal (e.g., total fixation duration, reaction times), count (fixation count, number of saccades
between relevant or irrelevant parts of the stimuli), or both (e.g., Kaakinen, 2021; Lai et al., 2013). Traditional
time measures, for example, can hide visual scanning patterns (Goldberg & Helfman, 2010). A similar
argumentation can be made for count measures such as the percent of fixations on specific parts of the screen
(Godau et al., 2014).

Spatial measures, such as a sequence of Areas of Interest (AQls, e.g., Garcia Moreno-Esteva et al., 2018, 2020)
can disclose the kind of detailed information Kaakinen (2021) refers to. Spatial measures, such as scanpaths,
seem better suited for providing detailed information about students’ thinking (Hydna, 2010). Dewhurst et al.
(2018) were one of the first who studied (simplified) scanpaths using vectors in (scene) viewing tasks. Their
vectors include the direction and magnitude of saccades.

In a previous study, we qualitatively analyzed students’ scanpath patterns (sequence of fixations and saccades)
when students estimated the mean from histograms (Boels, Bakker & Drijvers, 2019). After qualitatively
coding 300 videos with students’ gazes and verbal reports of 25 students in that study, we found that the
perceptual form of students’ scanpath patterns within one AOl—the graph area—was most relevant for
students’ task-specific strategies on these items, see Figure 5. This perceptual form can be captured by the
direction (angle) and magnitude (length) of students’ saccades.

In that study, we found several scanpath patterns that were indicative of students’ task-specific strategies. All
patterns were found on the graph area only. In one pattern, the perceptual form of that pattern was identified
as vertical if successive saccades on the graph area were vertical and roughly aligned with each other (Figure
5). This vertical scanpath pattern indicates that this student (correctly) tried to find the balancing point of the
graph as an estimation of the mean. Another scanpath pattern was a horizontal gaze pattern indicating that this
student (incorrectly) tried to make all bars equally high which resulted in the mean of the frequencies instead
of the mean weight. In total, five different scanpath patterns were found for students estimating and comparing
means of histograms, each related to a specific strategy (Boels, Bakker, et al., 2022). Other AOIs did not
emerge as relevant to these students’ task-specific strategies.
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Figure 5. Example of a vertical scanpath on I1tem20.
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Note. Circles indicate fixations (positions on the screen where students look longer), and thin lines between
the circles indicate saccades (fast transitions between two fixations). A vertical line segment—indicating a
scanpath—is superimposed for the reader’s convenience. A scanpath is a sequence of fixations and saccades.
“A fixation is a period of time during which a specific part of [the computer screen] is looked at and thereby
projected to a relatively constant location on the retina. This is operationalized as a relatively still gaze position
in the eye-tracker signal implemented using the [Tobii] algorithm.” (Hessels et al., 2018, p. 22). (The figure
has been translated into English.)

As the overall research question for this study indicates, we want to explore in what way secondary school
students learn from dotplot items. Given that the scanpath patterns on the graph area indicate students’
strategies, we examine differences in these patterns on histogram items before and after students solved items
with dotplots. We only address the main differences, those being differences relevant to students’ task-specific
strategies. The first sub-question for the present study is, therefore:

1) What are the main differences in students’ gaze patterns on histogram items before and after
solving dotplot items?

2.2.2 Connecting Gaze Data to Students’ Strategies

Although scanpaths can reveal students’ strategies on a detailed level, there is no simple relation between eye
movements and strategies (e.g., Orquin & Holmaqvist, 2017; Russo, 2010) as not every eye movement is part
of a task-specific strategy (e.g., Schindler & Lilienthal, 2019). Therefore, it is often needed to also ask at least
some students what approach they took to solve the items.

Instead of concurrent think-aloud protocols, recalls (retrospective reports) are preferred for complex items
(e.g., Van Gog et al., 2005) as concurrent thinking aloud may influence both eye movements and students’
thinking (Van Gog & Jarodzka, 2013). The disadvantage of such retrospective think-aloud reports, however,
is that students may have forgotten their strategy after completing all items. This risk can be reduced by having
students look back at their eye movements (e.g., Guan et al., 2006; Kragten et al., 2015; Van Gog et al., 2005).
Therefore, in the stimulated recall (cued retrospective reports), we individually cued each student with their
own gazes. How we did that, is explained in the data collection section. The second sub-question for the present
study is:

2) What indications can be found in students’ verbalizations during stimulated recall that
changes in their approaches to histograms occurred?
2.3 Learning from a Series of Items: the Practice Effect

Students learning from a sequence of tasks is known as the practice, test-retest, or retesting effect in assessment
theories (e.g., Heilbronner et al., 2010; Scharfen et al., 2018). The practice effect refers to improved
performance (often scores or answers) due to repeated assessment with the same or similar, equally difficult
items. The time interval between two assessments can be very short—5 or 10 minutes—to find such an effect
(e.g., Catron, 1978; Falleti et al., 2006). The practice effect was found for several general cognitive function
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assessments for items that required memorization (e.g., of numbers), change detection (e.g., of changed colors
between two items), and matching (e.g., what parts of items are alike). In addition, familiarity with test
requirements can cause differences between the test and retest results (e.g., Falleti et al., 2006) and reduce
anxiety (e.g., Catron, 1978). Furthermore, regression to the mean can cause extreme results—high and low
performance scores—to come closer to the mean, resulting in both under- and overestimation of improvement
(e.g., Temkin et al., 1999). For achievement or knowledge tests, such as formative assessments in secondary
education, the practice effect is also associated with actual or true learning as opposed to most cognitive tests,
for example, 1Q tests, for which learning is unlikely to occur (e.g., Lievens et al., 2007; Scharfen et al., 2018).
Lumsden suggested that the practice effect can also be found within a sequence of items (1976). In addition,
gaze data have been used to examine the practice effect (e.g., Guerra-Carrillo & Bunge, 2018; Ptomecka et al.,
2020). Although this is not the focus of our study, to the best of our knowledge, our study is the first that looks
at a within-a-sequence-of-items practice effect.

Most research investigating the practice effect uses scores on standardized tests (e.g., in this meta-analysis:
Hinton-Bayre, 2010). However, standardized tests often lack instructional relevance (e.g., Hohn, 1992).
Practitioners, such as mathematics teachers, are more interested in knowing whether students learn from a low-
stake sequence of items. Moreover, teachers are interested in students’ strategies, hence “gaining qualitative
insight into student understanding” (Bennett, 2011, p. 6). In this study, we, therefore, examine students’
changes in strategies during solving items as an indication of potential learning. To exclude several other
possible influencing factors—such as peers’ or teachers’ interventions—we use items from one sequence of
items with statistical graphs.

For some items, students verbally reported their answer (estimation of the arithmetic mean), while for other
items, they chose one of three answer options (comparing means, Figure 4). If a change in students’ strategies
occurred toward a correct instead of an incorrect strategy, we would also expect a difference in students’
answers, including answer correctness. Therefore, the third sub-question for this research is:

3) What are the differences in students’ answers on histogram items before and after solving
dotplot items?

2.4 Rationale for Using a Machine Learning Algorithm

For very small data sets or very short sequences of tasks, the first sub-research question could theoretically be
answered through the careful, manual study of gaze data. Our study, however, seeks to use machine learning
to both augment the effectiveness of identifying differences in students’ gaze patterns between items and to
identify these differences at a scale that would be impractical to do by hand. To build an analytical model of
the gazes, a non-ML approach could be used. The ones we tried (e.g., logistic regression) performed relatively
poorly (see also Lyford & Boels, 2022). Instead, we use supervised learning, a subset of MLAS that use training
data and pattern recognition to predict a well-defined output (Friedman et al., 2001). In particular, the present
study uses the random forests algorithm (Breiman, 2001), which will allow us to effectively and efficiently
identify systemic differences in gazes between our two hundred student-item pairings. These random forests
can not only be efficiently trained and used to identify patterns in students’ gaze data, but they are also likely
to identify systematic differences in gaze data that are unnoticeable upon manual inspection (James et al.,
2013). In addition, through assessing the importance of specific variables (Figure 15), random forests allow
for some interpretability so that researchers can better understand what some of the differences in gazes might
be (e.g., proportionally more vertical instead of more horizontal gazes could indicate a change from an
incorrect to a correct strategy), and postulate about possible mechanisms.

3. Materials and Methods

Details on participants, the eye-tracking method, and two items (Item02 and Item11) were reported previously
in a qualitative study (Boels, Bakker, et al., 2022). Two items were used previously in a machine learning
analysis (Item02 and Item20; Boels, Garcia Moreno-Esteva, et al., accepted) but with a different aim, namely,
to examine how a machine learning algorithm (MLA) could identify students that used a correct or incorrect
strategy—for solving the item—purely based on their gaze data on the graph area of this item. For the reader’s
convenience, we here summarize all information relevant to the present study.
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3.1 Participants: Pre-University Track Students Grades 10-12

Participants were 50 Grades 10—12 pre-university track students from a Dutch public secondary school [15—
19 years old; mean = 16.31 years]; 23 males, 27 females (more details in Table 1). In the Netherlands,
secondary school students are in a pre-vocational, pre-college, or pre-university track. Generally speaking, the
pre-university track implies mostly high-performing students. All participants had statistics in their
mathematics curriculum. Each student individually solved the items in a separate room in their school.
Participation was voluntary; permission from the Utrecht University ethical committee was obtained, and
informed consent was signed. Participants received a small gift for their participation.

Table 1

Grade level and age of participants. One participant did not provide details on grade, and another one did
not provide age (see also Boels, Bakker, et al., 2022)

Grade Number of participants Age Number of participants
10 20 15 12
11 17 16 19
12 12 17 10
Unknown 1 18 7
Total 50 19 1
Unknown 1
Total 50

Note. Due to legislation, data on ethnicity cannot be collected. In the Netherlands, there is hardly any difference
between public and private schools, nor between city, suburban, and rural schools. Private schools are rare.

3.2 Materials: Histogram and Dotplot Items requiring Comparing and Estimating Means

3.2.1 Estimating and Comparing Arithmetic Means Reveals Students’ Knowledge

To reveal strengths and flaws in students’ knowledge about data in graphs such as histograms, Gal (1995)
advises asking students to compute or estimate means from data in graphs. We, therefore, designed histogram
and dotplot items that required students to estimate the arithmetic mean. This mean can be estimated from a
histogram and dotplot by finding the equilibrium or balancing point from the graph (e.g., Mokros & Russell,
1995; O’Dell, 2012; see also Figure 5). In statistics, the mean is often used for comparing the data for two
groups (e.g., Gal, 1995; Konold & Pollatsek, 2002). We, therefore, added items for which a comparison of
means was needed (see Figure 4 for an example of a dotplot item that was used between the before and after
histogram items).

3.2.2 Four Histogram Items—Dotplots Items in between

In the present study, we analyze students’ gaze data on four items from a sequence of items on a computer
screen with several statistical graphs (Datasetl). We chose two item pairs from this sequence that are suitable
for analysis with a machine learning algorithm, as these items are very similar, see Figure 6 (Dataset1, 5). Two
items were given before a sequence of six dotplot items, and the other two afterward. Note that the after items
are mirrored versions of the before items. The first pair of items we examine—before Item02 and after
Item20—require students to estimate the mean of the data in one histogram. We will henceforth refer to these
as ‘single-histogram’ items. The question for both items was: What is, approximately, the mean weight of the
packages that [Anton/Mo] delivers? The second pair of items—before Item1l and after Item21—require
students to compare the mean of the data in two histograms. We will henceforth refer to these as ‘double-
histogram’ items. The question for both items was: Which postal worker delivers the heaviest packages on
average? For each item, three answer options were given: (a) [Ellen/Elizabeth] delivers the heaviest packages
on average, (b) [Titia/Monsif] delivers the heaviest packages on average, and (c) The mean weights for both
are approximately the same. The correct answer for both items is (c).
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Figure 6. Graphs of single-histogram items (left) and double-histogram items (middle and right) in the
before (top row) and after (bottom row) versions.
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Note. Translated into English and numbering added. The numbering of the items (e.g., Item11) refers to the
numbering in the original sequence of 25 digital items (Datasetl, Boels, Bakker, et al., 2022). Each after item
(bottom row) is a mirrored version of the before item (top row).

Six of the items between the items before and after were non-stacked dotplots that were specifically designed
to scaffold students (Items13-18 from the original data collection, e.g., Figures 1, 2, and 4, Datasetl, 5). As
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described in the Theoretical Background section, we used dotplots to draw students’ attention to specific
features of the histograms that are important but might have been misunderstood.

3.3 Data Collection Methods: Eye-Tracking, Stimulated Recall

Data from a previous qualitative study is re-used for this study (Boels, Bakker, et al., 2022). Data collection
included students’ answers on each item, x- and y-coordinates of gaze data on the items through an eye tracker,
and stimulated recall verbal reports. The collection of the gaze data and stimulated recall are briefly described
in the following section. For more details, interested readers are referred to the original study.

3.3.1 Data Collection with an Eye Tracker

A Tobii X11-60 (sampling rate: 60 Hz) was placed on an HP-ProBook-6360b laptop between the 13-inch screen
(refresh rate 59 Hz) and the keyboard, see Figure 7. Participants used a chin rest. Gaze data were recorded and
processed with Tobii Studio software version 3.4.5 (Tobii, n.d.). Tobii software’s calibration procedure
consisted of a 9-point calibration. As this software has no built-in validation procedure, we included a
validation screen in the set-up at the beginning, after each item, and at the end (more details in Dataset1). We
collected the raw data of the eye movements on each item (e.g., x- and y-coordinates of the eyes on the screen
for each time stamp as well as to which AOI these coordinates belong, see Datasetl, 5, and Figure 8) through
the Tobii software. We also collected students’ answers (verbal answers for single graph items, clicked
multiple-choice option for double graph items).

Figure 7. Set-up of the experiment.

Note. For each participant, a chin rest was used. The eye tracker was placed on the laptop (see the red oval
below the screen, copied into the figure for the convenience of the reader).

Figure 8. AOIs of before Item11 (left) and Item0Q2 (right).
‘ \

Note. Left: the graph area consists of the yellow and green areas named It1lb graph L Ellen and
Itllb_graph_r Titia. Right: the graph area is the light blue area named It2_graph.

No students were excluded from the data set, as the data loss per trial (averaged over all 50 participants) and
the data loss per participant (averaged over all 25 items from the original Dataset1) were below the exclusion
point (34% or more). The mean accuracy is 56.6 pixels (1.16°) with the highest accuracy on the most relevant
part for our study: the graph area (middle of the screen; 13.4 pixels or 0.27°). The average precision (0.58°) is
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considered good. More details on accuracy, precision, and the eye tracker can be found in Dataset3 and Boels,
Bakker, et al. (2022) in line with advice from Holmqvist et al. (2022). The design of the complete sequence of
items (25 items in total), including files used in the Tobii Studio software, AOI sizes, and output, are available
from a data repository (Datasetl).

3.3.2 Data Collection through Stimulated Recall Verbal Reports

Stimulated recall (Lyle, 2003) is also known as “cued retrospective reporting” (Van Gog et al., 2005, p. 273).
It is called retrospective “own-perspective video think-aloud with eye-tracking” (Mcintyre, 2022, p.4) when
used with a head-mounted eye tracker. The first part of the verbal reports consisted of cued retrospective think-
aloud. This means that students watched videos of their own gazes laid over the items, while they explained
their thinking when they solved the items. The stimulated recall took place after the students had solved all
items of the sequence of 25 items (Dataset 1). During the second part of the verbal reports, clarifying questions
were asked such as why they stated that their previously given answer was incorrect. In this second part,
participants were also confronted with inconsistencies in their reports, such as differences between the answer
given during recall and the answer during item solving. Time constraints influenced how many items could be
guestioned when students reported verbally. During this stimulated recall, we illuminated the location where
students looked—through a kind of spotlight—and made the rest of the graph darker (see also Boels, Bakker,
etal., 2022). We preferred this method over having students look back at their fixations (e.g., red dots) for two
reasons. First, it prevents students from making different eye movements when looking back—and describing
the corresponding strategy—instead of the strategy they initially used. Second, this makes visible the exact
information that the learner has looked at, instead of the information being covered by, for example, a red dot
(the fixation; e.g., Jarodzka et al., 2013).

3.4 Data Analysis through a Machine Learning Algorithm

We used different methods for analyzing our data. For the first sub-question about differences in gaze data,
we analyzed our data through a machine learning algorithm (MLA). For the second sub-question about changes
in students’ strategies, we coded transcripts of verbal reports (for the codebooks see, Boels, Bakker, et al.,
2022). For the third sub-question about students’ answers, we explored changes in answers and answer
correctness. In the remainder of this section, we elaborate on the analysis with a machine learning algorithm.

Studies usually only report on successful approaches. As a result, other researchers keep reinventing the wheel.
For the first sub-question, we, therefore, decided to report both the MLA approaches we tried: our failed
attempt to use time metrics as inputs for the MLA and a successful approach with spatial metrics. Before
applying a machine learning algorithm, we first wanted to get a better understanding of the underlying data.
Therefore, first, we plotted a graph using the time metric total fixation time per AOI (also known as total dwell
time or total fixation duration). Next, we used this same time metric as input for training our MLA. This
approach failed to produce an accurate MLA. Moreover, although this time metric is commonly used, recent
literature strongly advises against using total dwell time (Orquin & Holmgvist, 2017). Second, we examined
saccade directions and magnitudes (spatial metrics). Finally, using these spatial metrics as inputs for our MLA
was successful, which is in line with the results of previous studies (Boels, Bakker, et al., 2022; Boels, Garcia
Moreno-Esteva, et al., accepted). In the next section, we first describe how the MLA we used (random forest)
works for those not familiar with MLAs and wanting to roughly understand these. Next, we describe how we
applied the MLA in a failing approach using total dwell time (3.4.2), and in a successful approach using
saccade direction and magnitude (3.4.3).

3.4.1 Gaze-Data Analysis through a Machine Learning Algorithm (Random Forest)

A machine learning algorithm (MLA) learns from input data without explicitly being programmed to use
certain characteristics of the data. Supervised learning algorithms (see Figure 9) are a subset of machine
learning algorithms whose training data contain known output values—in our case whether a student’s gaze
data belonged to a before or after item. Supervised MLAs are broadly used for pattern recognition and for
making predictions (Friedman et al., 2001). Specifically, our work focuses on the use of random forests to
identify whether student gaze patterns change substantially between similar items across our sequence of items.
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Figure 9. Training and identification cycles of a supervised MLA.
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A random forest is a combination of many small decision trees (also known as classification trees). These trees
are constructed in unique ways (Friedman et al., 2001). The basic structure of any single decision tree in a
random forest begins with a central node and two branches (Rokach & Maimon, 2008, see Figure 10). Then,
a tree-building algorithm (we use CART, Breiman et al., 1984/2017) iterates through all variables in the
training set to identify one that can split the data as homogeneously as possible. In our case, this involves
identifying a variable—typically a saccade magnitude (length)—whose presence indicates belonging to one
class, and whose general absence indicates belonging to another class. In short, variables that differentiate
between output classes are selected for use in the tree-building process, and variables that do not help
differentiate between output classes are not selected, and the CART algorithm determines how to best employ
the useful variables. This variable selection process repeats until a stopping criterion—typically a maximum
tree depth (in Figure 10, this depth is one) or a minimum node size (number of squares in Figure 10)—is
reached. To learn more about decision trees, see, for example, Breiman et al. (1984/2017). Figure 10 shows an
example of a possible split in a tree that uses the direction and magnitude of a saccade.

Figure 10. Example of a decision tree. ESE means east-south-east direction of the saccade.

At least one ESE saccade of
large magnitude

yes/ \10

Iltem02 Item20

The uniqueness of decision trees in a random forest is that each tree is only given access to a random subset
of the data sampled with replacement and each split in the tree is only given access to a random subset of the
variables. That is, each tree only uses a random sample of participants’ data—with the possibility of sampling
the same participant’s data multiple times—and each split in the tree uses a small subset of the total number
of variables. The exact size of each sample is part of the tuning process and our final values can be seen in the
supplementary R-code (Dataset5). Allowing each tree to be built on only a subset of data and variables
typically leads to a worse-performing tree than if all data were available (Dzeroski & Zenko, 2004). However,
the risk of building one (the best) tree only, is that this tree might work perfectly for exactly the given data set,
but not on data sets that are similar but slightly different. This is called overfitting. Building many trees using
independently sampled data and variables stops any individual tree from drastically overfitting the training
data and leads to trees that are relatively uncorrelated (Hansen & Salamon, 1990). These uncorrelated trees are
then used together in an ensemble to make classifications, known as the random forest. Each tree predicts the
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class of the given data—in our case whether the user is seeing the item for the first or second time—and then
the votes are totaled. Whichever class receives the most votes is the resulting classification of the random
forest (Breiman, 2001).

This technique of simultaneously combining multiple machine learning algorithms—the trees in a random
forest—together is known as ensemble learning. This approach is effective since the combined knowledge of
many algorithms is often more accurate than any single algorithm (Dzeroski & Zenko, 2004). Here, we train
our ensemble using gaze data as inputs and a binary output indicating whether the user is seeing the item for
the first time or the second time. We use the randomForest package in R (Liaw & Wiener, 2002) to implement
our random forest. Our final, fully-tuned model utilized the following hyperparameters: 1,000 trees, 5 variables
considered at each split, a minimum node size of 1, and a maximum tree depth of 5. We identified these optimal
hyperparameters using a grid search of size 3*5 (we tried all combinations of three different values for each
hyperparameter). Our nested resampling scheme utilized both an outer resampling and an inner resampling of
5-fold cross-validation. The reported best hyperparameters are the average values used across each of our outer
resamplings. We likewise evaluated our model using 5-fold cross-validation. To ensure no students’ data were
part of both the training and testing data when evaluating our model, we split the data into five groups, each
group containing 10 students. We then used the 10 students’ data (yielding a total of 20 student-item pairings)
as testing data, and trained our random forest on the remaining 40 students’ data (80 student-item pairings).
This process was repeated five times until all students’ data have been separately used as training and testing
data. The software used for this data analysis is RStudio (RRID:SCR_000432; SciCrunch Registry). The full
reproducible code to build our random forest as used in RStudio as well as the processed data are available
through a data repository (Dataset 5). The original data can be found in Dataset 1.

3.4.2 A failed MLA—Using Dwell Time on AOIs

As described at the beginning of section 3.4, we first plotted the data before we analyzed it with an MLA. This
plotting is considered part of the data analysis, as the plots can provide indications of what features might be
relevant as inputs for the MLA. Differences in where and how long participants looked—fixated—were
explored over time throughout each of the four items of interest. As an example, figure 11 shows the fixations
for two selected, archetypical participants, LO1 and L05, who progressed very differently through the same
item (here, the double-histogram Item11). The x-axis, time, has been rescaled from 0 to 1 so fixations could
be compared between participants who spent different amounts of time on each item. A time of 0.5, for
example, indicates the time at which the given participant is halfway through completing Item11. In this figure,
points are jittered (shifted a slight amount in a random direction) to better display the density of points in a
given AOI at a given time.

Participant LO1, like many participants, fixated on several different AOIls throughout their time working on
Item11, often moving back and forth between the graphing area and the corresponding axis. Participant LO5,
however, spent most of their time fixating on the graph area of both the left and right graphs—stopping briefly
to look at the right graph’s vertical axis and label after having spent a considerable amount of time looking at
the graphing area. In addition to these two main archetypes, the remaining gaze patterns varied widely between
each of the four items and between participants on a given item.

To quantify the differences between student approaches to the before and after items, we began by identifying
features (variables) for training our series of random forest models. If the random forest algorithm can
consistently differentiate between gaze data from the before and after item in each pairing, then some
combination of features must exist that is more prevalent in one item when compared to the other, indicating
a difference in gaze patterns between the paired items.

For each of the two item pairings (pairing Item02 and Item20, pairing Item11 and Item21), we began by
treating each participant-item combination as our unit of observation, yielding a total of 200 data points (50
participants’ gaze patterns across two items in each of two pairings). For each data point, we calculated the
proportional time spent in each AOI. We identified the path each participant took through the AOIls and
converted this information into features for our random forest model.
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Figure 11. Distribution of gazes of participants LO1(left) and LO5 (right) over AOIs for Item11.
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Note. The horizontal axis shows time, which is rescaled from 0 to 1 for each participant individually.

In short, this initial approach was unsuccessful. To prevent readers from scrolling back and forth, we provide
a short description of these results here. There were no discernable differences at the individual level between
each pairing of before and after items. Participants spent roughly the same proportion of time looking at each
of the AOIs when they saw the before items as when they saw the corresponding after item. Though the order
in which participants progressed through each of the AOIs differed between before and after items, no
discernable pattern emerged, and the correspondingly trained random forest algorithms were unable to
accurately predict whether a participant was viewing a before item or an after item in a given pairing. We,
therefore, do not further elaborate on this approach in the Results section.

3.4.3 A Successful Approach—Exploring Saccade Direction and Magnitude

Based on previous qualitative work (Boels, Bakker, et al., 2022) we then used directional movements—
saccades—first by, again, visually investigating whether differences appeared in saccade patterns between
before items and after items. We noticed a clear difference in the pattern of saccades due to the mirrored
orientation of the otherwise-identical graphs in Item11 and Item21. Thus, our subsequent analysis focused on
mirrored versions of the after items, Item21 and Item20, so that the graph area is made identical to their before
counterparts. In other words, we took the gaze coordinates for the mirrored after items and adjusted them to
match the corresponding coordinate of the unmirrored before items. Without this un-mirroring, the random
forest algorithm could have easily differentiated between gaze data from the before and after items in each
pair. Figure 12 shows the patterns of saccades for the same two selected archetypical participants—L01 and
L05—on one particular pairing, Item11 and mirrored-Item21. In this figure, all saccades are centered at the
origin and radiate outward based on the direction and magnitude of the saccade. Only saccades of magnitudes
greater than 200 pixels are shown since these are the saccades used in our final model. Saccades of less than
200 pixels were generally eye movements that are not indicative of students moving from one fixation point
to another.

Given the size of the graph areas (width 489 pixels, height 313 pixels for double graph items, 600 x 335 for
single graph items), the maximum possible saccade magnitude is 687 pixels (diagonal). The maximum speed
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for human saccades is approximately 700 degrees per second (Fuchs, 1967; Oohira et al., 1981) which is 570
pixels per 16.7 ms (a sampling rate of 60 Hz equals to one sample every 16.7 ms). Therefore, the maximum
for long saccades was set at 600 pixels; longer saccades were considered to be artifacts. Furthermore, we
removed ‘saccades’ smaller than 50 pixels. Given the accuracy of the eye tracker (mean 13.4 pixels in the
center of the screen and mean 56.6 pixels over all measures), we consider these small ‘saccades’ part of
fixations or noise. Although this meant removing more than ninety percent of the measurements on the graph
area, the accuracy of our MLA became slightly better.

We defined the beginning of a saccade to be a movement with a velocity greater than 50 pixels per 16.7ms.
We defined the end of the saccade as any two consecutive 16.7ms windows where the participant’s gaze had
not moved more than 50 pixels. Points of fixation were determined by averaging the x- and y-pixel values of
gazes in between two saccades, and each saccade’s direction and magnitude were calculated between these
points of fixation.

Figure 12. Saccades of magnitude 200 pixels or more of participants L0O1 and L05.
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Note. Students’ saccades on the graph area only after mirroring. The number of medium and long saccades
decreased from Item11 to Item21 for these two participants. All saccades are shifted to the origin.

Figure 13 shows all saccades of a magnitude of 200 pixels or more for each of the four items. There is a
discernable difference in the number of vertically oriented saccades between before and after items, especially
in the Item02 and Item20 pairing. The Item11 and Item21 pairing also shows differences in the orientations of
many horizontally facing saccades. Notably, there are several more northwest- and southeast-facing saccades
in Item11 and more northeast and southwest-facing saccades in Item21 (after mirroring).

We examine differences in students’ gaze patterns on histogram items. If the random forest algorithm can
consistently differentiate between gaze data from the before and after item in each pairing, then there must be
some combination of features (variables) that is more prevalent in one item when compared to the other,
indicating a difference in gaze patterns between the paired items. To construct our random forest model, we
tried different sets of features—placing each saccade into mutually exclusive bins depending on the direction,
magnitude, and phase of the saccade, regardless of the point of origin. We tested two different directional
schemes, two magnitude schemes, and three phase adjustment schemes, yielding a total of twelve
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combinations. Here, a phase adjustment is an angle (in radians) at which the direction bins are shifted, where
0 radians is equivalent to 0 degrees in mathematics—a saccade pointed eastward—and pi radians is equivalent
to 180 degrees—a saccade pointed westward. Table 2 shows the details of each scheme. The direction of each
saccade (with no phase shift) was linked to a specific compass rose direction (Figure 14). The direction ESE,
for example, aligns with the direction [7n/4, 27).

Figure 13. Saccades of magnitude 200 pixels or more of all participants on Item11 and Item21 (double-
histograms, top) as well as Item02 and Item20 (single-histogram, bottom).
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Note. Notice the difference in the density of students’ saccade directions between the before items (left) and
after items (right).

We calculated accuracy, sensitivity, and specificity for each combination, seeding our random forest algorithm
to obtain reproducible results. We treated the before items as the positive case, meaning that accuracy is
defined as the total proportion of times the algorithm correctly identified whether the given data point belonged
to the before item or the after item in the pairing. Sensitivity is the proportion of the data points the model
identified as belonging to the before item that actually belonged to the before item. Specificity is the proportion
of after-item data points that were correctly identified as belonging to the after item. Each metric was calculated
using 5-fold cross-validation.

We categorized the features into bins (see Table 2) for two reasons. First, we wanted to extract the variable
importance metrics from our random forest in a way that might better inform us why the model was
differentiating so well. More specifically, we wanted to know which direction or magnitude of a saccade is
more present in one item’s data and not the other’s. If we would have used continuous features, this
interpretation would have been much more convoluted to human beings. Second, we also tried a continuous
features model. That model performed worse. This might be because saccades that are close in direction and
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magnitude are functionally identical. In other words, perhaps a saccade of 25 degrees and a saccade of 5
degrees both imply that a student is scanning from left to right, and the difference in angles is either an artifact
of data error or a meaningless difference between fixation points.

Table 2
Bins that are used to categorize each saccade for use in our MLA

Feature Number  Categories Category name

Direction 1 [0, 7/2); [1/2, T); NE, NW, SW, SE (without phase
[m, 31/2); [3n/2, 27) adjustment; see Figure 14)

Direction 2 [0, w/4); /4, 7/2); ENE, NNE, NNW, WNW, WSW,
[n/2, 3n/4); [3n/4, m); SSW, SSE, ESE (without phase

[n, 5m/4); [5n/4, 3w/2), adjustment)
[37/2, Tn/4); [Tm/4, 27)

Magnitude 1 [50, 300); [300, 600) Medium, long

Magnitude 2 [50, 100); [100, 200); Very short, short, medium, long
[200, 400); [400, 600)

Phase Adjustment 1 0

Phase Adjustment 2 /8

Phase Adjustment 3 /3

Note. For each feature (variable) the specific categories are indicated by a number. In total, there are two times
two times three equals twelve possible combinations.

4. Results

Our overall research question is: In what way do secondary school students ” histogram interpretations change
after solving dotplot items? In this section, we answer this question by answering the following three sub-
questions:

1) What are the main differences in students’ gaze patterns on histogram items before and after
solving dotplot items?

2) What indications can be found in students’ verbalizations during stimulated recall that changes
in their approaches to histograms occurred?

3) What are the differences in students’ answers on histogram items before and after solving
dotplot items?

4.1 Main Changes in Students’ Gaze Patterns on Histograms

The first sub-question is answered by using a random forest model. The twelve combinations of direction,
magnitude, and phase schemes (Table 2) yielded accuracies, sensitivities, and specificities that varied between
55% and 88% (Table 3). The standard deviations for each performance metric are reported in parenthesis using
100 resamples. The most accurate combination for both pairings was direction 2, magnitude 2, and phase
adjustment 1, which corresponded to the most granular direction and magnitude bins and no phase adjustment.
The details of each combination can be seen in Table 2. This best combination yielded a remarkably high 77%
accuracy for the single-histogram items (Table 3) and 86% accuracy for the double-histogram items (Table 4).
We note that accuracy alone can be potentially misleading—in our study attributing scanpath patterns
randomly would yield 50% accuracy. Therefore, an accuracy near 75% is considered good in this low-stake
situation, since it would show gains in accuracy well above random guessing. In addition, accuracy needs to
be judged together with sensitivity and specificity for which values near 75% are also considered good. Note
that this performance may increase if we were to exclude some students for whom we had sparse data for a
specific item (e.g., due to data loss for that specific item).

To better understand which features were driving the accuracy of these models, we calculated the importance
of each variable (Figure 15) for the best models for each pairing. These plots show the estimated average
decrease in accuracy if the given feature was removed from the data set completely. For example, if the number
of ESE short saccades was unknown to the random forest, the model for the single-histogram item would see
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a 15% decrease in absolute accuracy. These metrics are calculated using out-of-bag error estimates (a boot-
strapping method for measuring the prediction error for the random forest where a variable is left out of the
resampling ‘bag’). The ESE, WNW, and WSW saccades were most important to both models’ accuracies, all
being almost horizontal saccades. Almost vertical saccades (e.g., NNW) were less important.

Table 3
Model efficacy on Item02 versus Item20 (single-histogram items)

Boels et al.

Direction Magnitude Phase Accuracy (SD) Sensitivity Specificity
(SD) (SD)

1 1 1 0.62 (0.024) 0.60 (0.021) 0.64 (0.027)
1 1 2 0.55 (0.025) 0.56 (0.024) 0.54 (0.028)
1 1 3 0.66 (0.018) 0.60 (0.029) 0.72 (0.021)
1 2 1 0.68 (0.014) 0.66 (0.020) 0.70 (0.018)
1 2 2 0.64 (0.016) 0.60 (0.020) 0.68 (0.026)
1 2 3 0.61 (0.011) 0.62 (0.013) 0.60 (0.017)
2 1 1 0.73 (0.008) 0.72 (0.009) 0.74 (0.014)
2 1 2 0.66 (0.016) 0.62 (0.022) 0.70 (0.024)
2 1 3 0.69 (0.008) 0.66 (0.010) 0.72 (0.014)
2 2 1 0.77 (0.015) 0.70 (0.018) 0.84 (0.021)
2 2 2 0.70 (0.016) 0.68 (0.023) 0.72 (0.024)
2 2 3 0.72 (0.014) 0.66 (0.019) 0.78 (0.022)

Note. SD = Standard deviation

Table 4

Model efficacy on Item11 versus Item21 (double-histogram items)
Direction Magnitude Phase Accuracy (SD) Sensitivity Specificity

(SD) (SD)

1 1 1 0.73 (0.006) 0.82 (0.009) 0.64 (0.010)
1 1 2 0.68 (0.010) 0.76 (0.015) 0.60 (0.012)
1 1 3 0.75 (0.011) 0.76 (0.019) 0.74 (0.010)
1 2 1 0.73 (0.012) 0.84 (0.017) 0.62 (0.025)
1 2 2 0.69 (0.012) 0.72 (0.009) 0.66 (0.018)
1 2 3 0.73 (0.011) 0.76 (0.016) 0.70 (0.017)
2 1 1 0.85 (0.007) 0.90 (0.014) 0.80 (0.008)
2 1 2 0.80 (0.009) 0.80 (0.004) 0.80 (0.018)
2 1 3 0.81 (0.007) 0.80 (0.010) 0.82 (0.009)
2 2 1 0.86 (0.013) 0.88 (0.009) 0.84 (0.023)
2 2 2 0.77 (0.011) 0.76 (0.017) 0.78 (0.016)
2 2 3 0.82 (0.007) 0.80 (0.013) 0.84 (0.006)

Note. SD = Standard deviation

Figure 14. Compass rose.
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Phase 1—no phase adjustment—yielded the best model on average. Direction and magnitude had moderate
effects, with more refined bins yielding better-performing models. Both pairings showed a wider variation in
accuracies, with low accuracy for more broad categorization schemes and remarkably high accuracy for more
refined categorization schemes.

Figure 15. Plots showing the importance of variables for single-histogram MLA-model (left) and double-
histogram MLA-model (right).
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4.2 Students’ Post-Activity Verbal Descriptions of Approaches to Histogram Items

The machine learning analysis indicated that there are differences in the gazes of students. To investigate
whether these changes reflect a change in students’ approaches, we analyzed students’ stimulated recall verbal
reports (see Datasetl for the items). Through qualitative coding of the excerpts of these verbal reports, we
answer the second sub-question: What indications can be found in the verbalizations during stimulated recall
that changes in students’ approaches to histograms occurred?

Some students learned from the sequence of items, as we can see for example from the transcript of studentL.20
for single-histogram Item02:

L20: I think 1 did 18 + 8 + 5+ 2 4+ 2 - 4. And then divided all that by nine. [...]

R1: And then you first came up with nine kilos and later you changed it to six kilos. [...]
L20: It is not right.

R1: And why is it not right?

L20: It must be somewhere near the three.

R1: Why?

L20: Because there’s a lot less than one kilogram, and relatively a lot two kilograms. And then after
that, it really expands to nine kilograms but those are all very small numbers. So, then you end up with
three.

R1: Yes. So now that you look at it again you think: I should have given a completely different answer?
L20: Yes.

What this transcript also shows is that this understanding of how to estimate the mean from a histogram took
place sometime after single-histogram Item02, but it is not clear when exactly this understanding occurred.
For some students, it occurred after (at least one item of) the second series of histogram items, as the following
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student excerpt shows. This student reflects on the chosen approach in (left-skewed, single histogram) Item19
in the stimulated recall:

L01: The mean will be about between five and nine because there are a lot of values [measured
weights] there. And then around seven because that’s a little bit more to the left to zero from the middle
between five and nine.

R1: Would you like to look at your eye movements again?

[LO1 looks back eye movements]

R1:[...] You gave the answer ten. And that’s where you looked.
L01: Ten? [sounds astonished]

R1: Yes, look at your eye movements again.

[LO1 looks back eye movements]

LO1: Oh yes, in that case, | misread the axes.

For twenty-six students, there was (almost) no room for improvement because they already gave answers
within or close to the answer range during the before sequence of single-histogram items. Another four to
twelve students seem to have learned specifically from the dotplot items. For example, studentL16 answered
seven (instead of 2.7) for single-histogram Item02 but starts giving answers within or very close to the answer
range for all following single dotplot items, and continues with these correct answers for the second series of
single-histogram items after the dotplot items. During the recall, this student first describes a correct strategy
for finding the mean from Item02 which is not in line with the given answer:

L16: Yes, again looking at frequency and weight, and then we see that the one occurred very often and
the further you get [to the right] actually the less [frequency]. So, then the mean goes much more to
the one than to the high numbers.

R1: Yes, you then said about seven.
L16: Yes, then | looked at it wrong again. Then | got weight and frequency flipped again.
4.3 Differences in Students’ Answers to Histogram Items

At first glance, there seems to be no real difference in answer correctness between Item02 and Item20 (Table
5). Nevertheless, there are two indications in students’ answers that students learned between Item02 and
Item20. First, the answer range chosen for correct answers impacts answer correctness and was set the same
for all items. In this study, students seem to prefer whole and half numbers. Enlarging the answer range to
include the next whole or half numbers would result in (a non-significant) improvement in answer correctness
(see note Table 5). Answer correctness is, therefore, quite sensitive to researchers’ choices. Hence, changes in
students” answers are a better indicator of students’ learning potential.

Second, differences between students’ answers and the actual mean are much lower for Item20 compared to
Item02. We calculated the difference between the actual mean and the estimated mean (= Maix). Mair iS, as
expected, lower for the after item. We explored if this difference was significant through a one-tailed paired-
t-test, as we expected that dotplot items would support students in correctly estimating the mean from
histograms in the after items. The assumptions for a paired t-test, such as the unimodality and rough symmetry
of the paired differences, were checked and met. The results for before Item02 (Mqir = 1.1, SD = 1.8) compared
to after Item20 (Mgir = 0.4, SD = 1.7) indicate that it is possible that dotplots improve students’ performance
on the after Item, t(49)=-1.7, p = 0.0469 < 0.05. We consider this (and the next) p-value significant in the way
the statistician Fisher intended: “in the old-fashioned sense: worthy of a second look” (Nuzzo, 2014, pp. 150—
151). The 95%-confidence interval for the differences in Mqirr is <-Inf, -0.014] and Cohen’s d measure for
effect size is 0.40. Altogether, this points toward an improvement in answers. Note that, on the one hand, effect
sizes tend to be larger in researcher-made tests compared to general (standardized) tests as well as in studies
with small sample sizes. On the other hand, (very) short interventions often have lower effect sizes (e.g.,
Bakker et al., 2019). Furthermore, although students’ answers’ correctness improved for the double-histogram
item after the dotplot items, this improvement is not significant, as p = 0.3428 > 0.05 (e.g., McNemar, 1947).
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Table 5
Answers that are given by the students, N = 50

- % o 2 Answer options (number of students with
b g z g 3 B this answer) =
] = 5 = = = D — D
= L9 D e oo =< c =
e 2 3¢ sz £33 EL 8% ¢ 88
2 < <8 I5 6088 z8 &8 S e 3
Item02 2.7 1.6-3.8** 3.8 1.1 19 38% Itemll Ellen (2) Titia (30)  Same (18) 36%
Item20 6.3 5.2-7.4*** 6.7 0.4 17 34% Item21 Elizabeth (26) Monsif (1) Same (23) 45%

Note. *Experts were also asked to answer these items. Based on these results as well as students’ preference
for whole numbers, the answer range was set to +/-1.1 for all items. **If answers 1.5 and 4 had been included,
27 students (54%) would have answered correctly. ***If answers 5 and 7.5 had been included, 31 students
(62%) would have answered correctly. Correct answers are in bold.

Instead of attributing the smaller Mgz —for single histogram items——to the solving of dotplot items, one
alternative explanation is that the mean of I1tem20 (M = 6.3) compared to Item02 (M = 2.7) is closer to the
mean of the frequencies (M = 4.9 for both). Nevertheless, we do not expect that this is the case, as for another
left skewed item of this sequence of items (Item06, not further reported here, see Boels, Garcia Moreno-Esteva,
et al., accepted) the mean of the frequencies (M = 7.1) was also close to the mean of this item (M = 5.7), but
the difference between actual and students” mean (Mg = 1.2) was similar to before Item02. To further exclude
this alternative explanation, we suggest enlarging the difference between the actual mean and the mean of
frequencies by adding more data (e.g., 50 packages) to the graphs. This number of added packages should not
be too high to avoid students guessing from the size of the numbers what the weights are, as may have played
arole in an item with SAT scores according to Kaplan et al. (2014).

5. Conclusions and Discussion

In this study, we answer the main research question of in what way secondary school students’ histogram
interpretations change after solving dotplot items. More specifically, we look at students’ estimations and
comparisons of means from histograms. We expected that solving dotplot items would focus students’
attention on the measured variable (weight) being depicted along the horizontal axis. In turn, that would invite
students to estimate the mean of the weights (along the horizontal axis) instead of the mean of the frequencies
(along the vertical axis) in the histograms. We examined three indications that taken together can suggest
detailed-level changes in students’ histograms interpretations: a change in students’ gaze patterns, a shift in
students’ strategy for solving the histogram items, and an improvement in students’ answers. If the changes
are for the better, the relevance of knowing them is that they could underpin the learning potential of using
dotplot items before solving histogram items—a hypothesis put forward by researchers in statistics education.

For the first indicator—a change in students’ eye movements—we looked at differences in students’ gaze or
scanpath patterns on the graph area through a machine learning algorithm. Two main differences—on the
student level—between scanpath patterns on before and after items were found. First, there were proportionally
fewer horizontal directions (ESE/WNW) in the gaze patterns on the after items than on the before items.
Second, proportionally more vertical directions (NNW/NNE) were found in the after items. A horizontal gaze
pattern is associated with an incorrect strategy while a vertical gaze pattern is associated with a correct strategy.
Our best implementations of random forests were able to accurately classify (roughly 80% of the instances)
whether it was the first (before) or second (after) time a participant had seen an item in one of two pairings.
What we can attest to, is a significant, discernable difference in the way participants looked at the before items
and when viewing the mirrored after versions, even after accounting for mirroring in the graphs. As we could
not identify other confounding factors, it seems reasonable to conclude that our findings exhibit evidence that
students changed the way they approached an item when seeing its mirrored version later in this sequence of
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items. The results of our MLA are in line with the results of previous studies (Boels, Bakker, et al., 2022;
Boels, Garcia Moreno-Esteva, et al., accepted).

We cannot be certain whether the observed differences in gazes indicate a change in strategies. Although
scanpaths can disclose students’ strategies at a detailed level, the relationship between eye movements and
strategies is task-dependent (e.g., Orquin & Holmgvist, 2017; Russo, 2010). In addition, not every eye
movement is part of a task-specific strategy (e.g., Schindler & Lilienthal, 2019). Therefore, other data—such
as our second and third indicators—are often needed to support or refute conjectures about the association
between scanpath patterns and strategies.

The second indicator of changes in students’ histograms interpretations—a shift in students’ strategy for
solving the items—was evaluated by coding students’ stimulated recall verbal reports. The excerpts provide
evidence that at least some students changed their strategies, from an incorrect approach for estimating and
comparing means from histograms to a correct approach, during or after solving the dotplot items.

The third indicator—improvement in students’ answers—was explored through both answer correctness, the
difference between students’ estimation of the mean and the actual mean for single-histogram items, and the
changes in students’ answers on the double-histogram multiple-choice items. Answer correctness did not
change significantly on either item type. Nevertheless, the difference in students’ estimation of the mean
compared to the actual mean was significantly smaller for the after item compared to the before item. We use
‘significantly’ here in the sense Fisher intended: worthy of further investigation. Data collection with new and
more participants—from the same population (Dutch Grades 1012 pre-university track students)—is needed
to investigate the hypothesis that this difference becomes smaller, that there is a change in multiple-choice
answers, and that both are due to solving the dotplot items.

The three indicators taken together suggest that at least some students changed their strategy during or after
solving the sequence of dotplot items. A change in gaze behavior was observable through our machine learning
analysis with random forests. Depending on how learning is defined, this change could point to a learning
effect of solving dotplot items.

Interpreting the results, we abductively arrived at the following explanations for our results. First, the change
toward proportionally more vertical gazes on the after items is in line with the conjecture that the absence of a
vertical scale in dotplots can turn students’ attention toward the horizontal scale which is where the variable is
presented in both histograms and dotplots. These students possibly figured out that the mean can be estimated
from the measured values along the horizontal axis. However, we cannot rule out that factors other than solving
dotplot items could have contributed to this change.

Second, we consider the most likely explanation for the mixed results that solving dotplot items promoted
readiness for learning (Church & Goldin-Meadow, 1986) about histograms. Having students reflect on their
previous strategy while they were cued with their own gazes during retrospective verbal reporting then might
have given them new insights. After solving the dotplot items, histogram items seem to lie within the region
of sensitivity for learning, hence within students’ zone of proximal development (Vygotsky, 1978). It is
possible that the questions asked by the researcher (an adult), which were intended to figure out how students
solved the items, unintentionally stimulated students’ thinking by asking them to explain—hence, reflect on—
their strategies. Further research is needed to check this explanation. An alternative explanation for the results
would be that other items after the second series of histogram items induced students’ thinking. Although we
cannot exclude this alternative, we regard this to be less likely.

Further discussing the results, we note that this study is novel in the following ways. First, to the best of our
knowledge, our study is the first in education that combined a quantitative analysis of the scanpath patterns
found in spatial gaze data with insights from a previous qualitative study about what part of the scanpath
pattern is relevant for students’ strategies (namely, the scanpath on the graph area only). The use of qualitative
insights contributes to the validity of the study while the quantitative approach through machine learning
analysis contributes to the reliability of it. Most eye-tracking studies that use spatial measures investigate the
sequence of AOIs (Garcia Moreno-Esteva et al., 2020) and the same holds for those combining it with MLAS
(e.g., Garcia Moreno-Esteva et al., 2018). Instead, we used vectors (i.e., direction and magnitude) of saccades.
Studies in education that utilize vectors are rare (e.g., Dewhurst et al., 2018). Second, novel is the use of an

|IFLR 22



Boels et al.

MLA for finding differences in gazes that are relevant to changes in students’ task-specific strategies between
tasks.

Our study has several limiting factors. First, many of the participants’ gaze data contained data loss. Although
data loss is normal due to blinking or looking away from the screen, some data loss could be avoided by pre-
excluding participants who wear glasses, contact lenses, or mascara. In addition, an eye tracker could be used
that is better in catching gazes from people with epicanthic folds (almond eyes). As we aimed for a naturalistic
setting, we did not exclude any of such participants. In addition, for some participants, we had sparse data.
Some of these participants spent only a few seconds looking at a given item. This made predictions and training
more challenging. Most of these participants appeared to parse the graph and answer the corresponding
question(s) in a rapid but reasonable manner, although one participant appeared to scan the graph and answer
the question in such a rapid way that it is unlikely that they had time to fully understand what the graph was
depicting. Since no participants’ data were removed, some amount of data cleaning and removal of outlier
participants would likely increase the accuracy of our random forests, although our data collection scheme
does not allow us to know with certainty why a certain participant’s gaze data were sparse for a particular item.

A second limiting factor was that we restricted our final analysis to the graph area of each item, excluding
AOlIs such as the axes labels and the graph title. The inclusion of these AQOIs yielded more noise and worse
results, but further work might investigate the possibility of productively including them. Third, answer
correctness and students’ strategies correspond only to a limited extent. Finally, and most importantly, our
sample size—50 participants and 2 items yielding 100 participant-item-pairings—is relatively small for
machine learning and statistical analysis. Our results indicate strong evidence of a change in gaze patterns
between the before and after items, but more data are needed to generalize these findings appropriately.

A theoretical contribution of this study is that having students solve non-stacked (‘messy’) dotplot items can
create readiness for learning histograms. A reflection phase seems to be needed to make use of the knowledge
obtained. We speculate that this partly explains the results from the literature on dotplots (e.g., Garfield &
Ben-Zvi, 2008; Lyford, 2017). Another reason for these results, we believe, is that only non-stacked dotplots
contribute to students’ understanding of where the measured value is. Stacked dotplots already contain an
information reduction step (the binning) that could lead to similar misinterpretations as for histograms (see
Boels, Bakker, Van Dooren & Drijvers, 2019). We, therefore, advise investigating whether stacked dotplots
need to be avoided in secondary education.

As a first methodological implication, our study shows how an MLA in combination with eye-tracking data
can be used to reveal phenomena that are of interest to researchers of education. Future use could include
interpreting graphical representations in biology, physics, economics, and geography. By choosing features
(variables) that are relevant to the phenomena of interest (here: students’ strategies for solving a histogram
item) and meaningful to the researchers, an MLA can give insights into subtle, detailed-level differences in
students” strategies that are hard to detect through other research methods, such as time measures in eye-
tracking research or qualitative analysis of gaze data by researchers.

A second methodological implication is that there seems to be a practice effect within a sequence of items for
at least some students, in line with suggestions from Lumsden (1976). A practice effect refers to improved
performance after ‘practicing’ (i.e., repeatedly solving similar or the same items). This is also important for
judging the validity of summative assessments. More research is needed to confirm this within-a-test practice
effect. Catron (1978) found an effect of item types on an 1Q test. For example, he showed that the development
of a strategy in strategic items improved performance on retesting. The present study does not consider an
effect of item type. Further research is needed to find out whether and for what items the order and type of
items influence the within-a-test practice effect.

What are the possible implications of our findings? The ML approach is generalizable to other sequences of
items or any instance when a user may wish to classify eye-tracking data into one of many discrete categories.
Further analysis is needed to correlate the number of saccades of specific directions and magnitudes with
particular viewing strategies. In other words, does the presence of certain features (variables, such as horizontal
or vertical saccades) indicate students taking a particular strategy, and if so, is this strategy more common
when viewing a before item as opposed to an after item? Moreover, we think our ML approach can also be

|IFLR 23



Boels et al.

used when researchers want to know whether solving X (a question about a graph or image) changes the way
students solve Y (a question about a different type of graph or image).

For testing a future hypothesis that students’ estimations of the mean from histograms become closer to the
actual mean after solving dotplot items, we suggest making a sequence of 24 items: eight histogram items
(improved versions of the existing items from the original sequence with more data in them as well as one
extra left skewed single histogram and one extra double histogram), eight dotplot items (all items containing
the same data as the first eight histograms) and then again eight histogram items (all mirrored versions of the
first eight histogram items). To check a future hypothesis that giving students stacked dotplots is a less effective
way to scaffold them, a variant of this design could be made with stacked dotplots only, instead of non-stacked
dotplots (with the stacks in between two values on the horizontal scale; all stacked dotplots contain the same
data as the first eight histograms). To check a future hypothesis that the reflection phase is important, a variant
with and without stimulated recall verbal reports could be conducted followed by another series of histogram
items. In all these variants, machine learning analysis can support this hypothesis testing.

For practitioners, insight into what students learn from doing a sequence of items is also relevant for homework
and formative assessment, in particular, if no feedback is given—which is quite a common situation (e.g.,
when there is less student-teacher interaction). The observed differences in gaze patterns together with the
other evidence in this study, suggest that a sequence of items can create readiness for learning, but a teacher
may still be needed to ensure that students reach their full potential.

Key points
(® Spatial gaze data on one AOI were used as inputs for a machine learning algorithm (MLA)

{® The high accuracy, specificity, and sensitivity of the MLA indicate changes in students’ strategies due
to detailed-level learning potential

(® Students’ answers’ correctness did not improve significantly, but post-activity stimulated recall verbal
reports suggest learning

(® Research on detailed-level learning during an assessment is still in its infancy
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