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How prospective teachers detect potential
difficulties in mathematical tasks — an eye tracking
study

Kirsten Brunner, Andreas Obersteiner & Timo Leuders

Abstract

An important aspect of mathematics teachers’ diagnostic competences is the ability to judge the difficulty
of a mathematical task. The process of judging task difficulty includes the perception and interpretation
of task characteristics that are potentially challenging for students. Such judgement processes are often
quick and difficult to assess. Most previous studies described these processes on the basis of teachers’
verbal reports. A more recent approach to tap into cognitive processes is eye tracking. However, there is
no firm knowledge yet whether eye tracking allows for a reliable assessment of teachers’ judgements of
mathematical task difficulty. The present study aims at filling this gap. We asked N = 55 prospective ma-
thematics teachers to judge the difficulty of 20 tasks on linear functions, some of which included charac-
teristics that are well known to be challenging for students. Participants viewed the tasks on a computer
screen while their eye movements were recorded with an eye tracker. Our analyses of various eye-tra-
cking parameters suggest that “fixation duration”, “fixation duration average” and “number of fixations”
were the most reliable measures of participants’ perception and interpretation processes across a set of
tasks. These measures were also correlated with participants’ judgement accuracy. Using qualitative ana-
lyses of two participants’ eye-tracking data, we illustrate when and how they processed the relevant task
characteristics. In conclusion, eye tracking may be considered a suitable method for assessing how tea-
chers detect task difficulty. We discuss implications for the use of eye tracking in further research on tea-
chers’ diagnostic competences.

Keywords

Diagnostic competences, diagnostic processes, judgement, eye tracking, functions and graphs, typical stu-
dent errors

1 Introduction

An essential aspect of teachers’ diagnostic competences is their ability to correctly judge
task difficulty (Corno, 2008; Stein, Grover, & Henningsen, 1996; Sullivan, Clarke, &
Clarke, 2012). Accurate diagnostic judgements are an important element for adaptive
teaching (Hardy, Decristan, & Klieme, 2019; Parsons et al., 2018). Judging task difficulty
is fundamental for adapting instruction to students' learning objectives and their learn-
ing requirements (Bromme, 1981; Chapman, 2014; Stein et al., 1996). Diagnostic judge-
ments are relevant in all subject domains including mathematics.

Previous studies have predominantly focused on the accuracy and quality of diagnostic
judgements as the outcome of a judgement process (Karst, 2012; McElvany et al., 2009;
Schrader, 1989). In contrast, little is known about the underlying cognitive processes,
such as the perception and interpretation of relevant task characteristics. Loibl, Leuders,
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and Dorfler (2020) suggested a framework for investigating teachers’ diagnostic judge-
ments by cognitive modeling (DiaCoM). The framework distinguishes between internal
diagnostic processes, which are not directly measurable, and external diagnostic behav-
ior, which is observable. This distinction addresses the methodological challenge of gen-
erating theoretical knowledge about diagnostic processes. Most previous studies that
did address diagnostic processes used think-aloud interviews (e.g., Philipp, 2018; Rein-
hold, 2018), which have limitations because they only measure processes that partici-
pants are aware of and able to verbalize (Ericsson & Simon, 1980; Waern, 1988).

The present study explores whether eye-tracking technology is a suitable method for
gaining insight into the diagnostic process and can thus complement currently used
methods. The specific aim of our study was to investigate whether eye tracking allows
researchers to reliably assess perception and interpretation, which are essential compo-
nents of the diagnostic process (Loibl et al., 2020), and to examine how these processes
are related to diagnostic judgement accuracy.

In the following sections, we first elaborate on the notion of diagnostic competences
and on the processes of teachers’ diagnostic thinking. We also describe the theoretical
assumptions of our study using the DiaCoM framework. We then review the literature
on diagnostic judgementand present the state of discussion on the application of eye-
tracking technology as a method in mathematics education research. We reflect the rel-
evance of our approach for education research on teachers’ diagnostic judgment pro-
cesses in other disciplines. Finally, we review the literature on the typical challenges
students face with solving mathematical tasks that include functions. Our central as-
sumption is that although diagnostic judgements are relevant in all subjects, judging task
difficulty will strongly depend on content-specific task characteristics and on one’s sub-
ject matter knowledge about these task characteristics.

1.1 Diagnostic competences and processes

Diagnostic competences are an important facet of teacher competences. They include
the ability to judge task difficulty. If teachers aim to support students adaptively, they
need to be aware of students’ challenges. Teachers’ diagnostic competences include ac-
curate judgements of students’ competences as well as accurate judgements of learning
material, such as task difficulty (Karst, 2012; Schrader, 1989).

The quality of diagnostic judgements is usually evaluated on the basis of judgement ac-
curacy (Helmke & Schrader, 1987; Stidkamp, Kaiser, & Moéller, 2012). However, accord-
ing to Artelt and Rausch (2014) the term diagnostic judgement includes both, process
and result. To reach the result of a judgement, a teacher needs to perform a diagnostic
judgement process. The DiaCoM framework (Loibl et al., 2020) aims to capture major
components of diagnostic judgements in pedagogical contexts. This framework distin-
guishes between internal aspects of the process, which are not directly measurable (e.g.,
person characteristics and diagnostic thinking), and external aspects that are observable
(e.g., diagnostic situations and individuals’ diagnostic behavior). According to the
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framework, diagnostic thinking includes perceiving, interpreting and decision making?.
The process of perception depends on individual knowledge and therefore cannot easily
be separated from interpretation. For the purposes of this article, we use the term “per-
ceiving” to refer to both processes.

Most previous studies assessed the process of diagnostic thinking through processes
that participants are aware of and able to verbalize. For example, Ostermann, Leuders,
and Nickles (2017) showed that prospective teachers’ judgements of task difficulty im-
proved after an intervention on specific pedagogical content knowledge. However, the
analysis of teachers’ verbal responses could not specifically identify whether improved
judgements were due to increased perception of relevant task characteristics. Wildgans-
Lang, Scheuerer, Obersteiner, Fischer, and Reiss (2020) addressed this issue by using log
data and verbal responses in a computer-based learning environment, in which prospec-
tive teachers selected mathematical tasks and evaluated virtual students’ responses.
Again, it was not totally clear which task features prospective teachers considered when
selecting tasks and making their judgements. Reinhold (2018) and Philipp (2018) both
conducted think-aloud interviews in order to determine participants’ diagnostic strate-
gies. However, this method does not allow for firm conclusions about internal and pos-
sibly unconscious perception processes. The method of eye tracking could be suitable to
collect data that allows exploring perception processes during diagnostic judgements.

1.2 Using eye-tracking technology to assess diagnostic processes

Eye tracking is a method to record individuals’ eye movements in real time. In recent
years, eye tracking was increasingly used in mathematics education research to assess
cognitive processes (Strohmaier, MacKay, Obersteiner, & Reiss, 2020). According to Just
and Carpenter (1980) the method is based on two fundamental assumptions: (1) imme-
diacy, which means that the perceived information is processed immediately, and (2)
eye-mind-correspondence, which states that the eye remains fixed on an area of the
stimulus until the information from that area is processed. Although these assumptions
have been under debate and may not apply in all situations, they seem reasonable for
studying perception of visually presented mathematical tasks (Schindler & Lilienthal,
2019b). Thus, eye tracking may also be suitable for assessing diagnostic judgement pro-
cesses in mathematical tasks.

Eye tracking devices measure eye fixations and eye saccades. Fixations are phases of
relative eye stagnation, usually around 200-300 ms, during which the brain begins to
process visual information received from the eyes (Holmquvist et al., 2011). Saccades are
rapid eye movements from one fixation to another, usually around 30—80 ms (Holmqvist
et al.,, 2011), during which vision is extremely limited without detailed perception
(Matin, 1974). Saccades and fixations alternate permanently.

1 Note that Bldmeke, Gustafsson and Shavelson (2015) conceptualize these three processes somewhat
differently as situation-specific skills.
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To analyse eye-tracking data, different measures of eye fixations and saccades are used
to identify specific cognitive processes (Holmqvist et al., 2011). Global eye-tracking
measures allow observing eye movements to the whole stimulus (Strohmaier, Lehner,
Beitlich, & Reiss, 2019). In contrast, local eye-tracking measures are used to get more
detailed information about eye movements on specific parts of the stimulus (Holmqvist
et al., 2011). For this purpose, the stimulus is divided into specific areas of interest (AOI)
and eye movements on these AOlIs are evaluated individually.

The following three eye-movement parameters can be used for global as well as local
eye-movement analyses: The first two are the fixation duration and the fixation duration
average. The fixation duration is the sum of duration of all fixations of an item (e.g. a
mathematical task as a whole or a certain area within this task); the fixation duration
average is the fixation duration divided by the number of fixations of an item. Both the
fixation duration and the fixation duration average (on the whole item or on an AOI) are
used as indicators for the depth of processing, where longer fixation durations and
longer fixation duration averages tend to be linked to deeper cognitive processing
(Holmquvist et al., 2011). For example, Unema and Roétting (1990) showed that partici-
pants’ fixations were longer when processing more difficult mental calculations com-
pared to simpler ones. A third important eye-tracking measure is the number of
fixations, which is the number of all fixations of an item. The number of fixations is an
indicator of how important a participant judges the stimulus or the AOI. People fixate
on an object more often when they consider the object to be important (Holmqvist et
al., 2011). More difficult items induce, in general, more fixations (Rayner, Pollatsek,
Ashby, & Clifton Jr, 2012).

1.3 Domain-specific diagnostic processes: tasks with functions

Judging task difficulty requires knowledge about typical student errors, which are spe-
cific to a domain. In the domain of functions and graphs, typical student errors are well
documented in the mathematics education literature (Hattikudur et al., 2012; Nitsch,
2015; Russell, O’Dwyer, & Miranda, 2009). Three typical student errors in this domain
are the graph-as-picture error, the slope-height confusion and the confusion of slope pa-
rameters and the intersection with the x-axis. These three errors are the focus of the
present study. We explain each error in the following.

When committing the graph-as-picture error, students interpret a graph as a real or ge-
ometric representation of a situation without considering the algebraic relationships
(Nitsch, 2015; Russell et al., 2009). Figure 1 shows a sample task that may trigger the
graph-as-picture error. This graph shows the speed of a race car during its second round
on a circuit. The question is how many bends the driver has to take during each round.
Students may consider the graph to represent the circuit rather than the car’s change in
speed. If they do so, their response would be four bends instead of two bends.
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The graph shows the speed of a race car
during the second round on the circuit.
How many bends does the driver make

during each round?
400 ]Velocity in km/h

350

300 kN
250 \

200 \
150 \
\ |/
100 \ 4
50 \\//
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Fig. 1: Sample task for graph-as-picture error
0 5 10 15 20 25 30 35 40 45 50 55 60

The slope-height confusion means that students confuse the slope with the maximum
value (the height) at a given point on the x-axis (Nitsch, 2015; Russell et al., 2009). The
example in Figure 2 shows the distance covered by three runners. Students are asked to
find the graph that represents the runner who was fastest at time t = 5 sec. Students
who confuse the graph’s slope with its height would choose the graph at the top (solid
line) instead of the graph in the middle, which has the highest slope.

The graphs shows the distance covered by
three runners. Which graph represents the
runner who was fastest at timet =5 s?

Distance in/m pad -
100 1 ]
L ——T"] /;'
80 ’/// )l‘
-
60 e
'l
40 e
20 " L ——— yansquanssuis
e -
0 12345678 910111213141516 Fig. 2: Sample task for slope-height confusion

Confusion of slope parameters with intersection of the x-axis can occur in tasks in which
students are presented with a linear graph and asked to determine or match the param-
eters in the linear equation y = mx + b. Rather than identifying m as the slope, students
would confuse it with the intercept x (Nitsch, 2015). Figure 3 showes a sample task that
may trigger the confusion of slope parameters with intersection of the x-axis. Students
who confuse those two parameters would choose the first of the four given equations
instead of the fourth, which would be the right answer.
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Which of the four functional equations
matches the linear graph?

y=15x -3 O

+
L ¥Y=-3x+2 O

2 {1 0 1 2 3 4

[ y=-=-3x+ 15 O
[ /] y=2x—3 0O

3

i - Fig. 3: Sample task for confusion of slope param-

eters with intersection of the x-axis

The three typical student errors described above are a suitable basis for developing tasks
that may trigger these errors in students. Because the relevant task characteristics are
visually perceptible, such tasks could be suitable for assessing judgement processes with
eye tracking.

1.4 The present study

Our study aimed to assess diagnostic judgement processes while overcoming the meth-
odological limitations of think-aloud interviews. We used the eye-tracking method,
which has proven to allow assessing cognitive processes in prior research. Our major
goal was to explore whether eye tracking is suitable to reliably assess the diagnostic
process of perception (and interpretation see 1.1).

We constructed tasks on functions and graphs that either do or do not provoke one of
the three well-documented typical student errors described above (see section 1.3).
Functions and graphs are relevant in everyday life (newspapers, statistics, etc.) and they
are an important topic of grade 8 and 9 mathematics curricula in Germany. The domain
of functions and graphs also had the advantage that tasks could clearly be classified by
visual task characteristics. Moreover, we aimed to develop tasks that were easy to un-
derstand and structured in a simple way, in order to reduce the complexity of eye-move-
ment patterns. Most relevant for our eye-tracking method, it is possible to judge task
difficulty through visual perception and correct interpretation of the relevant task char-
acteristics. The tasks were designed such that there was always one area that provoked
the typical student error (except for no-error tasks, see below) and another area that
was relevant for determining the correct answer. Such a task design would allow us to
identify relevant eye movements.

Our central assumption was that tasks that do provoke one of the typical student errors
described above (hereafter: error tasks) can be differentiated from tasks that do not
provoke any of the three student errors (hereafter: no-error tasks) on the basis of visu-
ally perceptible task characteristics. Error tasks and no-error tasks were created such
that they differed in the relevant task characteristics only. Thus, error tasks should, in
general, be more difficult for secondary school students to solve than no-error tasks.
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To analyse local eye movements, we defined “diagnostic AOIs” as the areas of error tasks
that include relevant characteristics to provoke the respective typical student error. In
order to judge task difficulty correctly, it was necessary to interpret the information
from these AOIs correctly. As an example, the box in the sample task in Figure 4 displays
the diagnostic AOI that reflects slope-height confusion. The AOI represents the position
that students would pay most attention to when committing the slope-height confusion
error, because they would look at the graph with the highest value (rather than the high-
est slope) at the time pointt=5s.

The graphs shows the distance covered by
three runners. Which graph represents the
runner who was fastest attimet=5s?

-
Distance in\m ¥ —
100 —#:—_/
|__—"1 "I"
% /// :ca;
60 I
40 | -
20 "' ...... R T L
"’ R B S e e
bt T
0 12345678 910111213141516 Fig. 4: Selected AOI in an exemplary graph

Participants were shown tasks on a computer screen and instructed to judge the diffi-
culty of the presented task while their eye movements were recorded with an eye
tracker. We addressed three issues:

First, we analysed if we can reliably detect the diagnostic process in participants’ eye
movements (assessed with the global eye-tracking parameters fixation duration, fixa-
tion duration average, and number of fixations). To that end, we analysed reliability co-
efficients of these scales across all items. To validate that the eye-tracking parameters
were related to participants’ perception of the relevant task characteristics, we com-
pared error tasks and no-error tasks. We expected that error tasks, compared to no-
error tasks, needed to be processed deeper and would thus require longer fixation du-
rations. This assumption was in line with results from studies by Andrzejewska and
Stolinska (2016) and Dewolf, Van Dooren, Hermens, and Verschaffel (2013), who found
longer average fixation durations and a larger number of fixations during deeper cogni-
tive processing. We also compared judgement accuracy between error and no-error
tasks.

Second, we analysed if we could reliably detect participants’ ability to identify task char-
acteristics that provoke typical student errors with local eye-tracking parameters. We
also investigated if these local eye-tracking parameters on the diagnostic AOIs corre-
lated with participants’ judgement accuracy. We expected that this would be the case
because participants who show longer fixation durations and more fixations on the di-
agnostic AOI would be more likely to recognize the typical student error than partici-
pants who show shorter fixation durations and fewer fixations on the diagnostic AOI
(Holmquvist et al., 2011; Unema & Ro6tting, 1990).
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Third, to improve our understanding of how participants made their judgements, we
illustrate in a qualitative analysis of one sample item two participants’ eye movements,
their verbal reasoning and their judgements.

2 Methods
2.1 Sample

Participants were 51 prospective mathematics teachers (30 female, 21 male; age: M =
23.43 years, SD = 2.07). The majority of participants (73%) were in their 5™ or 6" semes-
ter of teacher training at a university in Germany. According to their study programs and
their self-reports, none of the participants had previous experience with typical student
errors in function problems. However, we can assume that all participants had acquired
some general content knowledge and general pedagogical content knowledge during
their teacher training. We removed four participants from the original sample of 55 due
to a technical error and data loss during the eye-tracking session. Participation was vol-
untary, and all participants were informed about the study procedure before the study
began.

2.2 Tasks

We constructed 20 tasks about functions and graphs that did or did not provoke one of
the three typical student errors described above (see section 1.3): graph-as-picture er-
ror, slope-height confusion, and confusion of slope parameters with intersection of the
X-axis.

Tab. 1: Overview of the numbers of items per typical student error

Typical student error Items

No-error tasks 4

graph-as-picture error 4
slope-height-confusion 4
confusion of slope parameters with intersection of the x-axis 4
(multiple-choice task format)

confusion of slope parameters with intersection of the x-axis 4

(open response task format)

Table 1 provides an overview of the 20 items used in this study. Four items were no-
error tasks. Two of these items were similar to the graph-as-picture error tasks, and two
were similar to the slope-height-confusion error tasks, except that the no-error tasks
included different questions that did not provoke the respective errors. The two typical
student errors graph-as-picture and slope-height confusion were represented with four
items each. For the error confusion of slope parameters with intersection of the x-axis,
there were eight items: four in multiple-choice format and another four with an open
response format. Note that for these items, it was not possible to create corresponding
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no-error tasks because these errors can occur in any task of that type and their occur-
rence does not depend on the specific question. We designed the error tasks in a way
that there was always just one area which provoked the typical student error.

Figure 5 shows an example of a no-error task. The graphs in this example show the com-
pleted distances of three runners as a function of elapsed time. The question is at which
time point another runner passed the runner represented by the graph with the solid
line. This example is a no-error task because none of the three typical errors seems to
prevent finding the correct answer (10s). Figures 1, 2 and 3 (see 1.3) show samples for
error tasks.

The graphs shows the distance
covered by three runners.
At what time was the runner,
represented by the graph with the
solid line, passed by another runner?

Distance in m e
80 ! | L] [ ]
’f‘ /
e - ] / [ 1
60 I e
— S
.—-/ T
50 = + et
-
.
40 ! | e
I"
30 po
.
“ "\’ ----------------------
" ---------------------
10 oty . ™
: . .
- Time in s, Fig. 5: Example of a no-error task
0o 1 2 3 4 5 6 7 8 9 10 11 12 13

Our rationale was that error tasks would be more difficult for secondary school students
to solve than no-error tasks, just because they include the relevant task characteristic,
which may provoke the typical error. We validated this assumption empirically by pre-
senting the tasks to a sample of N =110 students of grade 8 from four secondary schools
in Germany. As expected, the mean solution rates for error tasks were fairly low (M =
34%, SD = 14), while those for no-error tasks were extremely high (M =98%, SD = 2); the
difference in mean solution rates was large and highly significant, t(18) = —-8.55, p <.001,
Cohen’s d = 6.14. Therefore, based on theoretical considerations and empirical evi-
dence, we classified no-error tasks as “very easy” for secondary school students, and
error tasks as “rather difficult”. Participants' judgement of task difficulty was also con-
sistent with this classification of task difficulty (see 2.5.2).

2.3 Equipment

We recorded participants’ eye movements with a remote eye tracker (SMI 250) with a
sampling rate of 250 Hz. The participants were seated at a distance of 6570 cm in front
of a 24-inch screen with a resolution of 1920 x 1080 px. Since the eye tracker is suffi-
ciently robust towards head movements, we did not use a chin rest or other head fixa-
tions. However, we asked participants to avoid head movements as much as possible.
For the data collection and task presentation, we used the manufacturer’s software SMI
iView X and SMI Experiment Center. For exporting the data, we used SMI BeGaze.

2.4 Procedure
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Before the eye-tracking session, we asked participants to complete a questionnaire
about demographic information. Afterwards we informed the participants about the
eye-tracking procedure and showed them a sample item. We used a five-point calibra-
tion to obtain the accuracy between markers and gaze position. The calibration was re-
peated until we achieved a deviation of less than 0.5°, which is the maximum deviation
required for accurate calculation of fixation durations (Holmqvist et al., 2011). For three
participants, a deviation less than 0.5° could not be achieved and a calibration of 0.6°
was accepted. The 20 tasks were presented to the participants one by one and in the
same order on the computer screen. The participants were instructed to judge the diffi-
culty of the presented task on a scale from 1 to 4 (1 meaning very easy, 2 fairly easy, 3
fairly difficult, and 4 very difficult) and to give their responses verbally. There was no
time limit. Once the participants had made their judgement, the experimenter ended
the recording of the eye movements by pressing a button. After pressing the button, the
task remained visible on the screen, so the participants were able to give a reason for
their judgement. These responses were audio-recorded but eye movements were not
recorded during this phase. For the purpose of this study, we focused on the analysis of
eye movements and participants’ judgements of task difficulty, and did not systemati-
cally analyse participants’ verbal reasoning. At the end of the eye-tracking session, we
asked the participants to solve the 20 tasks on paper to assess their ability to solve the
tasks correctly. Participants solved 90% of the tasks correctly, which shows that the par-
ticipants had sufficient knowledge of the content, and suggests that their eye move-
ments were related to diagnostic processes rather than to difficulty in solving the tasks.

2.5 Measures

We focussed specifically on the diagnostic process of perception, which should be ac-
cessible through eye movements. We also analysed the relation between perception
and decision making. The effect sizes of the following calculations are interpreted ac-
cording to Cohen (1992).

2.5.1 Perceiving

We measured the process of perceiving on the basis of various eye-movement parame-
ters. Global parameters were the total fixation duration (in ms) and the fixation duration
average (in ms) as indicators for the depth of processing. The number of fixations is con-
sidered to be an indicator for the general importance of an object. Local parameters
were those related to diagnostic AOls. The parameters were the same as the global pa-
rameters but were measured for the AOI in relation to the total parameters per item
and AOI size. The AOI size varied from task to task and the fixation duration differed
from participant to participant. To create a scale across all tasks and all participants, we
used the relative values as follows. The fixation duration on the AOI [%] and the fixation
duration average on the AOI were divided by the size of AOI; the number of fixations on
the AOI was divided by the total number of fixations.

2.5.2 Decision making
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Judgement of task difficulty was used as an indicator for decision making. Participants
gave their judgements on a scale from 1 to 4 (1 = very easy, 4 = very difficult, see 2.4). A
t-test for paired samples revealed a highly significant difference in judgement between
error tasks (M = 2.37, SD = .38) and no-error tasks (M = 1.44, SD = .28), (t = 16.60, p <
.001), with error-tasks being judged as significantly more difficult. The effect size was d
= 2.55 and thus represented a large effect. Thus, participants’ decisions were in accord-
ance with our classification of error tasks being more difficult for secondary school stu-
dents than no-error tasks (see 2.2), even though the difference in participants’
judgements between error tasks and no-error tasks was less pronounced than the em-
pirical difference. For the current analyses, we were interested in participants’ judge-
ment accuracy. For error tasks, judgements of difficulty 3 and 4 were coded as correct.
For no-error tasks, judgements of difficulty 1 and 2 were coded as correct. For each task,
participants received 1 point for a correct and 0 points for an incorrect judgement.
Therefore, across all 20 tasks, the maximum score was 20. The internal consistency of
this scale was acceptable with Cronbach’s alpha = .60 (M = 10.75, SD = 2.91).

3 Results
3.1 Global eye movements

We first examined whether it was possible to establish reliable scales across all tasks for
global eye-tracking parameters, which refer to the tasks as a whole. For all parameters,
Cronbach’s alpha was high: for fixation duration: .93 (M = 369.23 s, SD = 119.55); for
fixation duration average: .97 (M = 5.28 s, SD = .90); for number of fixations: .93 (M
= 1438.04, SD = 447.31). These results show that there is a high internal consistency in
participants’ global eye movements across all tasks.

Further, we were interested in whether there were differences between error tasks and
no-error tasks regarding eye-tracking parameters. The descriptive statistics for these
tasks are shown in Table 2. T-tests for paired samples revealed a highly significant dif-
ference in fixation duration (t = —4.29, p < .001), fixation duration average (t =—8.35, p <
.001) and number of fixations (t = —2.38, p = .021) between error tasks and no-error
tasks. Error tasks were fixated longer, had a higher fixation duration average, and a
higher number of fixations. The effect sizes were between d=0.27 and d = 0.56 and thus
represented small to medium effects.

In sum, the data suggests that fixation duration, fixation duration average, and number
of fixations are reliable eye-movement parameters. The data also shows that these pa-
rameters are sensitive to whether or not the task included the relevant task character-
istic for the typical student error.

Tab. 2: Descriptive statistics for the global eye-movement parameters, for error tasks and no-error tasks

Scale Task type N M SD
Fixation duration [s] Error-task 51 19.26 6.68
No-error task 51 16.42 4.97
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Fixation duration average [ms] Error-task 51 268 46
No-error task 51 245 40

Number of fixations Error-task 51 72.97 24.18
No-error task 51 67.63 19.24

Note: M = mean; SD = standard deviation

3.2 Local eye movements

The reliabilities of the four local eye-movement parameters were calculated across the
16 error-tasks. Mean values and standard deviations are shown in Table 3. The Fixation
duration on the AOI [%] in relation to size of AOI [%] showed a sufficiently high
Cronbach’s alpha value of .63. The reliability for fixation duration average [ms] on the
AOI in relation to size of AOI [%] with .50 was acceptable (Wirtz, 2020). However, the
reliability for the number of fixations on the AOI in relation to the total number of fixa-
tions was not acceptable: -.36.

To evaluate how local eye movements relate to participants’ judgement accuracy, we
calculated correlations between local eye-tracking parameters and average accuracy of
judgements. The findings are displayed in Table 3. Judgement accuracy correlated signi-
ficantly with relative fixation duration on the AOI (r =.32, p =.022). The longer a partici-
pant looked at the AOI the more accurate he or she judged task difficulties, this was a
medium effect. There were no significant correlation between fixation duration average
on the AOI and judgement accuracy. We did not calculate the correlation of number of
fixations and judgement due to this scale’s low reliability.

Tab. 3: Descriptive statistics for error-tasks: judgement accuracy, local eye-tracking parameters, and correlations with
judgement accuracy

M SD Correlation with
judgement accuracy

Judgement accuracy 44 .18
[1 = correct; O = incorrect]

Fixation duration on the AOI [%] in relation to size of 9.85 3.69 .32%*
AOI [%]

Fixation duration average [ms] on the AOIl in relation 321.97 96.67 .08
to size of AOI [%]

Note: M = mean; SD = standard deviation; * indicates p < .05

3.3 Qualitative analyses

In order to obtain more detailed information about eye-movement patterns and, to il-
lustrate what these data mean on the individual level, we explored the data in a quali-
tative way. Overall, eye-movement patterns were fairly similar across participants. In
most cases, participants first read the text from beginning to end. Afterwards they
looked at individual graph components in quick succession (axes, lines, equations).
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However, for the subsequent steps, we identified two diverse patterns: Some partici-
pants looked back and forth between different areas more frequently, while others fo-
cused their attention on a specific area, which was often the area that included
information about the correct solution or the diagnostic AOI.

In the following, we contrast two participants’ (A and B) eye movements on a task that
provoked the slope-height confusion. The task is shown in Figure 2 (see 1.3). Both par-
ticipants had the required content knowledge, since they solved the task correctly in the
paper-pencil test. The two participants differ in their local eye movements (e.g. fixation
durations; see heatmaps in figure 6), the accuracy of their judgements and their reason-
ing. While participant A gave a correct judgment, participant B did not.

Das Schaubild zeigt die zuriickgelegte Strecke von drei Laufern Das Schaubild zeigt die zurickgelegte Strecke vondrei Laufern.
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Fig. 6: Heatmaps of participant A (left) and participant B (right); red areas indicate long fixation durations

Participant A had a fixation duration of approximately 20% on the diagnostic AOI that is
related to the typical student error, which is clearly visible in the heatmap (see red area
in Figure 6 left). This participant also had the longest fixation duration average (450 ms)
on that area. In addition, participant A looked at this area three times more often (num-
ber of fixations = 6) than at the area that is relevant for the correct solution (number of
fixations = 2). The participant judged the task as difficult (which was correct) and re-
ferred in his reasoning to the typical error of slope-height confusion (which was also
correct).

In contrast, participant B had a very short fixation duration of about 4% on the diagnostic
AOI that is related to the typical student error. The red area in the heatmap (figure 6
right) shows that this participant had a high fixation duration of approximately 30% on
the AOI that showed the correct solution. This participant also had the longest fixation
duration average (490 ms) on the area that is relevant for the correct answer. In addi-
tion, participant B looked at this area five times more often (number of fixations = 11)
than at the area showing the typical error (number of fixations = 2). The participant
judged the task as being easy (which was wrong) and did not refer to the typical error in
his or her reasoning.

In sum, participant A, who judged the task correctly and referred to the typical student
error, looked longer and more often to the area which showed the typical student error
than participant B who did not judge the task correctly.
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4 Discussion

Adaptive teaching requires accurate diagnostic judgements (Hardy et al., 2019; Parsons
et al., 2018). An essential aspect is the ability to correctly judge task difficulty (Corno,
2008; Stein et al., 1996; Sullivan et al., 2012). The aim of this study was to explore
whether eye tracking is a suitable method for assessing perception processes during di-
agnostic judgements. We were also interested in how eye-tracking parameters were re-
lated to the accuracy of the diagnostic judgement. Prospective mathematics teachers
judged the difficulty of linear function tasks, some of which included characteristics that
are well known to be challenging for students (error tasks), while others did not include
these characteristics (no-error tasks). During their judgements, we recorded partici-
pants’ eye movements.

The results showed high internal consistency of global eye-tracking parameters. Thus,
global eye-movement parameters seem to be comparable across specific tasks and
across the three typical error types considered in this study. This is in line with results of
the study by Strohmaier et al. (2019) who also found high internal consistency for global
eye-tracking data across several items on mathematical word problems.

Participants showed longer fixation durations as well as longer average fixations on error
tasks than on no-error tasks. This result supports the assumption that global eye-move-
ment parameters were sensitive to the presence of relevant task characteristics, and
thus supports the validity of the measures. It also shows that judging error tasks requires
deeper cognitive processing of the respective task characteristics. In addition, the num-
ber of fixations was higher for error tasks than for no-error tasks. This could mean that
participants tried to extract as much information as possible from the task and that this
process required more comparisons between the task characteristics in error tasks.
Again, these results are in line with previous eye-tracking studies (e.g. Strohmaier et al.,
2019; Unema & Rotting, 1990), which showed that participants made longer fixations
while processing more difficult items compared to processing simpler items.

We identified local eye-movement parameters (fixation duration and fixation duration
average on diagnostic AOI) that showed sufficient internal consistency and were thus
available to analyse correlations with judgement accuracy. This result shows that these
items can be used for further eye-tracking research in the area of diagnostic compe-
tences.

Only one out of the three local parameters was correlated to judgement accuracy. Par-
ticipants who showed longer fixation duration on the typical error were significantly
more accurate in their judgements. This suggests that local eye movements may indicate
participants identifying relevant task characteristics and that such identification is con-
nected with deeper cognitive processes. Although this interpretation of our data seems
plausible, eye-tracking data do not provide sufficient information whether participants
actually interpreted the identified task characteristics as provoking typical student er-
rors. To address this issue, it would be worthwhile to systematically link participants’
verbal reasoning with their eye movements. The present study provides an empirical
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foundation for such analysis by clarifying which eye-movement parameters can be used
as reliable measures.

Our qualitative analysis showed that the ability to identify task characteristics relevant
to task difficulty is reflected in eye movements. The two sample eye-movement patterns
illustrated the different depth of processing of either the area that included the correct
task solution or the diagnostic area that included the typical student error.

One reason why the local eye-movement patterns did not always show hight internal
consistency could be that participants had no specific experience with typical student
errors on function tasks. Low correlations of local eye movements with judgement ac-
curacy may also be explained by the low variance in the sample. However, the qualita-
tive analysis of two individuals showed that it might be possible to relate specific eye-
movement patterns to judgement accuracy and participants’ reasoning. Further re-
search is certinaly needed in this regard. In further research, one could also increase the
variance in participants’ domain-specific pedagogical content knowledge, by assigning
some participants to an intervention in which they receive instruction about typical stu-
dent errors. This would also allow for causal inferences about the role that certain
knowledge facets play for eye-movement patterns.

The findings of this study are highly specific in the sense that they relate to a very specific
task type (graphical tasks related to mathematical functions). As such, our study contrib-
utes to current discussions about the use of eye tracking in mathematics educational
research (Strohmaier et al., 2020). However, similar research could be conducted in an-
other mathematical topic or in a different subject area as well. This would require a sub-
ject-specific analysis of relevant student errors and task types that reveal these errors.
Using eye tracking requires topics and corresponding tasks which allow localizing certain
pieces of information that constitute student thinking in a graphical way (Schindler &
Lilienthal, 2019a). In mathematics, such a localization is often possible, for example in
geometry tasks or —as in our current study — a graphical representation of a quantitative
relation of variables (i.e., a mathematical function). In other subjects such as science,
such localizations may be possible in graphical displays of natural phenomena or natural
laws with which students have to generate descriptions or explations (Klein, Viiri, &
Kuhn, 2019). In subjects which rely on the interpretation of texts, one could use reading
tasks or text-picture combinations in which certain pieces of information generate diffi-
culty or need to be integrated (Beitlich et al., 2014; Schreiter, Vogel, Rehm, & Doérfler,
accepted). Furthermore, in order to test hypotheses on information processing, our
study has demonstrated the necessity to systematically vary task situations in a con-
trolled way and predict effects on eye movements. Such approaches could advance sub-
ject-specific theories on teachers’ diagnostic judgment.

In conclusion, the present study suggests that eye-tracking technology may complement
traditional methods for assessing participants’ perception during diagnostic processes.
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