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ABSTRACT

Problem-solving activities support conceptual understanding and the development
of competencies needed to resolve problems and make informed decisions. In
organic chemistry, problem solving relies heavily on representations that encode
both explicit and implicit information. However, students often struggle to use these
representations in their problem solving.

Although various instructions have been shown to support problem solving with
representations, they often benefit only specific subgroups of students. In contrast,
reflection on one’s own problem solving—enhanced by showing students their eye
movements and providing guiding prompts in an eye-gaze-augmented
retrospective—offers a differentiated and personalized approach. This dissertation
investigated the influence of such gaze-augmented reflection on students’ problem
solving in two exploratory studies—with and without the retrospective.

This investigation integrates and extends the methodological and empirical
foundations established in:

Langner A. & Graulich N. (2024). From sight to insight — reflection processes
in an eye-gaze-augmented retrospective. International Journal of Science
Education, 1-24. https://doi.org/10.1080/09500693.2024.2430804

Langner A., Hain L., & Graulich N. (2025). Defining Areas of Interest in
Organic Chemistry Education Eye-Tracking Research. Journal of Chemical
Education, 102(3), 1285-1297. https://doi.org/10.1021/acs.jchemed.4c00830

Langner A., Sahba M., Popova M., & Graulich N. (2025). An Integrated
Approach to Characterizing Changes in Organic. Journal of Chemical
Education. https://doi.org/10.1021/acs.jchemed.5c00849

The findings indicate that gaze-augmented reflection was associated with more goal-
driven allocation of attention and that, despite highly individual trajectories shaped
by initial problem-solving accuracy and student characteristics, accuracy converged
across students. Overall, these findings highlight the potential of gaze-augmented
reflection as a personalized approach to supporting students’ problem solving with
representations.






KURZFASSUNG

Problemloseaufgaben fordern nicht nur das konzeptuelle Verstandnis, sondern auch
die Entwicklung zentraler Kompetenzen fiir das Losen komplexer Probleme und das
Treffen fundierter Entscheidungen. Insbesondere in der organischen Chemie spielen
Reprasentationen, die sowohl explizite als auch implizite Informationen enthalten,
eine zentrale Rolle. Studierende erleben jedoch haufig Herausforderungen dabei,
diese Reprasentationen in ihren Problemléseprozessen zu nutzen.

Obwohl verschiedene Instruktionsansatze das Potenzial zeigen, Studierende beim
Problemlosen mit Reprasentationen zu unterstiitzen, profitieren davon haufig nur
bestimmte Subgruppen. Demgegeniiber konnte die Reflexion des eigenen
Problemloseprozesses, die durch die Einbindung eigener Blickbewegungen sowie
gezielter Prompts im Rahmen einer blickbewegungsgestiitzten Retrospektive vertieft
werden kann, eine differenzierte und individualisierte Lerngelegenheit darstellen.

Diese Dissertation untersucht den Einfluss einer solchen Reflexion auf die
Problemloseprozesse von Studierenden. Hierzu wurden zwei explorative Studien
durchgefiihrt, eine mit und eine ohne Retrospektive. Die vorgestellte Untersuchung
vereint und erweitert die methodischen und empirischen Grundlagen, die in den
folgenden Arbeiten etabliert wurden:

Langner A. & Graulich N. (2024). From sight to insight — reflection processes
in an eye-gaze-augmented retrospective. International Journal of Science
Education, 1-24. https://doi.org/10.1080/09500693.2024.2430804

Langner A., Hain L., & Graulich N. (2025). Defining Areas of Interest in
Organic Chemistry Education Eye-Tracking Research. Journal of Chemical
Education, 102(3), 1285-1297. https://doi.org/10.1021/acs.jchemed.4c00830

Langner A., Sahba M., Popova M., & Graulich N. (2025). An Integrated
Approach to Characterizing Changes in Organic. Journal of Chemical
Education. https://doi.org/10.1021/acs.jchemed.5¢c00849

Die Ergebnisse zeigen, dass die Reflexion mit einer starker zielgerichteten
Aufmerksamkeitsverteilung verbunden ist und dass sich - trotz individueller
Verlaufe, die durch Antwortgenauigkeit und Studierendenmerkmale gepragt waren —
die Antwortgenauigkeit zwischen den Studierenden annaherte. Insgesamt
verdeutlichen diese Erkenntnisse das Potenzial der Reflexion in einer
blickbewegungsgestiitzten Retrospektive als personalisierten Ansatz zur
Unterstilitzung von Studierenden beim Problemlésen mit Reprasentationen.
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HOW TO READ

Dear reader, although this dissertation is structured according to the conventions of
academic research and grounded in established scholarly practices, its tone at times
intentionally diverges from traditional academic language to make the work
accessible beyond an academic audience, allowing readers without a research
background to find orientation and meaning in the spirit of science communication. I
hope you enjoy reading this dissertation, whether you are a researcher or simply
interested in the topic.

THIS IS THE TITLE.

And this is the formal academic title commonly used in research.

This is regular text. Within this text, you will see black highlighted words that indicate
RILIdEVIERIIEE. References are shown in grey, either within the text naming the authors
(year) or in brackets (authors, year). You will also sometimes be directed to figures,

tables, and equations (see Figure 0).

Figure 0 | This small text appears beneath a figure
or an equation, or above a table, and provides a
description or additional information.
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SYNTHESIS:
FOSTERING
STUDENTYS’
PROBLEM
SOLVING
THROUGH AN
EYE-GAZE-
AUGMENTED
RETROSPECTIVE



WHY?

(i.e., Introduction)

When individuals engage with a task for which no straightforward solution path is
apparent, they engage in (Martinez, 1998). It is a complex cognitive
activity that involves several interrelated steps, such as interpreting the given
information and constructing an internal representation of the problem, identifying
relevant strategies and prior knowledge, formulating hypotheses, verifying the
solution, and learning from the process (cf. Garrett, 1987; Taconis et al., 2001; Weir,
1974).

Problem solving is particularly central in science education, where it supports the
development of deep conceptual understanding and, through practice, fosters the
acquisition of problem-solving competencies (Frey et al., 2022; Garrett, 1986).
Ultimately, these competencies enable individuals to resolve problems and make
informed decisions in science and related disciplines (Weir, 1974).

In organic chemistry, problem
solving is closely linked to the
use of representations. Organic
chemists rely on symbolic-
iconic representations that
contain both explicitly visible
features and implicitly present,
non-visible features of chemical
entities (see Figure 1) to reason
about properties and associated
chemical concepts, and to draw
conclusions about chemical
reactivity. To do so, they infer
implicit information from the

Explicit Implicit
explicit, visually decodable features features

representation of structural

formulas (G oodwin 5 2010; explicitly visible features as well as implicitly present, but
Hoffmann & Laszlo 1991) not explicitly visible, features (Hoffmann & Laszlo, 1991).
5 .

Figure 1 | Organic-chemistry representations depict

Consequently, students in organic chemistry need to develop expertise in solving
problems using representations to advance toward professional practice. However,
several studies have indicated that students often experience challenges when
solving problems with representations. In these cases, they may struggle to derive
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implicit properties from explicit structural features, as visually their focus is drawn
to single, salient, or surface-level features or familiar patterns, and conceptually they
may rely on intuitive judgments, memorization, misconceptions, or rule-based
reasoning (cf. Anzovino & Bretz, 2015, 2016; Bhattacharyya & Bodner, 2005; Braun &
Graulich, 2024a, 2024b; Braun et al., 2022; Braun et al., 2025; Christian & Talanquer,
2012; Cooper et al., 2013; Crowder & Raker, 2024; Cruz-Ramirez de Arellano &
Towns, 2014; DeFever et al., 2015; Domin et al., 2008; Galloway et al., 2018; Graulich,
2015a; Graulich & Bhattacharyya, 2017; Graulich et al., 2019; McClary & Talanquer,
2011; Popova & Bretz, 2018a, 2018b; Rotich et al., 2024; Rushton et al., 2008; Sandi-
Urena et al., 2019; Ward et al., 2025; Weinrich & Sevian, 2017).

Hence, instruction should support students in acquiring expertise in problem solving
with representations. Studies across various science education disciplines have
shown that instructional approaches such as example-based learning, process-
oriented guided inquiry learning, contrasting cases, scaffolding, or productive
failures can improve students’ problem solving with representations (e.g., Kranz et
al., 2025; Kranz et al., 2023; Stanford et al., 2018; van Gog & Rummel, 2010; Wernecke
et al., 2018). However, across disciplines, uniform instructional approaches often
benefit only a particular subgroup of students (cf. Hartmann et al., 2021; Kranz et al.,
2025; Kranz et al., 2023; Lin et al., 2002; Reisslein et al., 2006; Sinha & Kapur, 2021;
van Gog & Rummel, 2010; Wang et al., 2010).

In contrast, differentiated instructional approaches aim to provide personalized
learning experiences that support students according to their individual needs, such
as through (cf. Dumont & Ready, 2023; Shemshack et al., 2021). Reflection
can be described as an active and careful weighing of a belief or conviction by
considering the reasons that underpin it and the further conclusions it leads to
(Dewey, 1933). Across different perspectives (Boud et al., 1985; Boyd & Fales, 1983;
Dewey, 1933; Killion & Todnem, 1991; Korthagen, 1985; Mezirow, 1991; Moon, 2004a;
Sandars, 2009), it can be understood as a process with three stages: becoming aware
or conscious of an experience, evaluating the experience, and ultimately revising
existing beliefs or behaviors (cf. Atkins & Murphy, 1993; Koole et al., 2011; Peltier et
al., 2005). Based on these three stages, several reflection-supporting models have
been developed to guide reflective practice (e.g., Gibbs, 1988; Korthagen, 1985). One
example is Korthagen’s ALACT model (1985), developed for teacher education, which
distinguishes five phases in reflection-based learning scenarios: action (A), looking
back on the action (L), awareness of essential aspects (A), creating alternative
methods of action (C), and trial (T).

The need for such models becomes particularly evident when reflection is conducted
individually. When students reflect on their own, the reflection process may be
limited, as they must assume both roles in an asymmetrical inner dialogue and may
deceive themselves (Habermas, 1974). An educator who facilitates reflection can
therefore encourage, accelerate, and deepen the reflective learning process (Boud et
al., 1985) by using such models together with various methods, such as journals, role



plays, discussions, questions or prompts (cf. Bangert-Drowns et al., 2004; Guo, 2022;
Niickles et al., 2020). In addition, technological tools can be used to record
experiences for later reflection, such as videos, blogs, or digital portfolios (Hamel &
Viau-Guay, 2019; Kori et al., 2014). Moreover, Fleck and Fitzpatrick (2010) argue that
sensor devices can also be utilized to detect, capture, and represent information that
would otherwise not be available to a student’s memory, thereby offering an
additional perspective for reflection.

In the context of supporting students’ reflection, an can be used as such
a sensor device (Hansen et al., 2019; Szulewski et al., 2018). An eye tracker records
where, for how long, and in which order an individual looks at a visual stimulus
(Holmgqvist et al., 2011). It outputs an eye-gaze replay that dynamically displays
conscious and unconscious fixations (periods in which the eyes remain relatively
still) and saccades (voluntary or reflexive rapid movements between fixations)
(Duchowski, 2017; Holmqvist et al., 2011). This replay not only provides students
with information about their visual processing of a complex representation, but also
makes underlying cognitive actions more explicit (cf. Just & Carpenter, 1980;
Lauwereyns & d'Ydewalle, 1996; Liu & Cui, 2025; Rayner, 1998; van Gog et al., 2005).
In addition, it may reveal tacit knowledge (van Gog et al., 2005), activate cognitive
resources (cf. Elby, 2000), and foster metacognition (Tsai et al., 2019).

Hence, a learning intervention—accompanied by an educator who uses guiding
prompts and reflective questions while showing students their own eye-gaze replay
in a retrospective (referred to as an eye-gaze-augmented retrospective)—may enable
organic chemistry students to revisit their problem-solving approach in detail,
provide them with additional individualized information, make them aware of crucial
aspects of their unique process, and help them draw tailored consequences to
enhance future problem solving with representations, whether in their visual or
conceptual processing. Such an intervention offers individualized support. However,
its use in this context has not yet been investigated. Therefore, two exploratory
studies were conducted to examine the influence of such gaze-augmented reflection
on students’ problem solving: one in which students solved a problem-solving task,
received an eye-gaze-augmented retrospective, and then solved a similar task again,
and another in which students solved the two tasks consecutively without an eye-
gaze-augmented retrospective in between.



WHAT?

(i.e., Research Purpose)

The of this dissertation is to examine the influence of gaze-augmented
reflection on students’ problem solving in organic chemistry. This aim is
operationalized by investigating the extent to which reflections stimulated by the eye-
gaze-augmented retrospective (characterized by reflection complexity) shapes
students’ subsequent problem-solving performance (characterized by the change in
accuracy and eye movements). This investigation builds on the methodological and
empirical foundations established in Langner and Graulich (2024) (Chapter Students’
Reflection), Langner, Hain, et al. (2025) (Chapter Defining Areas of Interest) and
Langner, Sahba, et al. (2025) (Chapter Changes in Eye Movements).

Guided by theoretical perspectives on reflection, the following interrelated
hypotheses frame the investigation to advance understanding of how students’
engagement in an eye-gaze-augmented retrospective influences their problem
solving:

1.) Students’ initial problem-solving accuracy accounts for the complexity
of their reflection.

2.) The complexity of students’ reflection leads to changes in their
performance (i.e., accuracy and eye movements) in subsequent problem-
solving.

3.) The relationships between reflection complexity and changes in
performance differ depending on the visual and conceptual affordances of
organic chemistry tasks.



WITH?

(i.e., Research Design)

In Hul\'MI, students received the eye-gaze-augmented retrospective between each
pair of tasks (see Figure 2).

[ & .
Task 1 Eye-gaze-augmented retrospective Task 2
o 3 ¥ %, SNBY
% % Ly “ﬁh

206006668000

22 students | HEBEUNEUEY

Organic Chemistry 1 | # 6 6 6 6 6 ® 8 ® ¢

24.0 = 3.4 years ..'.'...'.

German university | o @

Figure 2 | Study I. Data were collected in single eye-tracking and interview sessions in 2021 at a German university.
22 students were recruited voluntarily from an Organic Chemistry 1 lecture. The lecture followed a traditional
curriculum structured around functional groups, mechanism types, and structure-property relationships, with
Buddrus and Schmidt (2015) serving as the primary textbook. The Students did not receive any form of compensation
for their participation in the study. Sixteen students identified as female and six as male. The average age of the
students was 24.0 + 3.4 years. All students were native German speakers with normal or corrected-to-normal vision.

In contrast, in ULy, students solved the tasks in direct succession without an
intervention in between (see Figure 3). Relative to Study I, this design offers insight
into students’ problem solving when no eye-gaze-augmented retrospective is
provided.

In both studies, the problem-solving contexts of R/S configuration of asymmetric
carbon atoms, Breonsted acid-base concept, and electrophilicity and nucleophilicity
were chosen as they cover a wide range of visual affordances (i.e., task-relevant
visually represented features) and conceptual affordances (i.e., rules or principles
underlying the chemical concepts queried by the task) relevant to beginner-level
organic chemistry. For each context, two similar tasks with the same prompt but
different representations were designed (see Figure 4).
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Figure 3| Study II. Data were collected in single eye-tracking sessions in 2023 at an US university. 53 students were
recruited voluntarily from two Organic Chemistry 1 lectures. The lectures followed a traditional curriculum and
were structured by functional groups, mechanism types, and structure-property-relationships, with Klein (2020)
serving as the primary textbook. As compensation, students received extra credit toward their final exam grades.
They could earn these bonus points either by participating in this study or by completing an alternative
assignment. Forty-four students identified as female and nine students as male. The average age of the students
was 22.1 + 4.6 years. The students were native English speakers who had normal or corrected-to-normal vision.

R/S configuration of
asymmetric carbon atoms

Brensted acid-base
concept

Electrophilicity and
nucleophilicity

Determine the configuration
of the asymmetric carbon
atoms (R/S configuration).

Identify the four positions where
the molecule is most likely to be
deprotonated by a strong base.

Identify electrophilic centres.
These are those that can be
attacked by a nucleophile.

Figure 4 | Task design used in both studies. The task solution is shown in green.
The molecular structures were large cyclic organic molecules resembling
macrolides (cf. Arsic et al., 2018). Identical structural sites were incorporated
into the representations of each task pair (highlighted in purple), ensuring that
the representations were identical at alocal level and enabling a comparison of
students’ eye movements at specific key structural sites, while remaining
distinct at a global level, thereby minimizing the risk of practice effects.



The [QYRLVAEE Il ByslaneRyoleauns designed for study I (see Figure 2) followed

the reflection phases of Korthagen’s (1985) ALACT model and incorporated
guidelines, considerations, and recommendations from Davis (2003), Ericsson and
Simon (1993), Fleck and Fitzpatrick (2010), Hyrskykari et al. (2008), King (1994), Kori
et al. (2014), Korthagen and Kessels (1999), Moon (2004a, 2004b), and Sandars (2009)
(see Figure 5). For a detailed description of the design of the eye-gaze-augmented
retrospective, see Chapter Students’ Reflection.
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Looking back Awareness of essential aspects Creating alternative methods of action
Own response Own response Own response
Eye-gaze replay Eye-gaze replay Eye-gaze replay
Retrospective think-aloud Guiding prompts Guiding prompts
Reflective questions Reflective questions

Task solution

i i : gu?
R L L
3 e gk
e What did you do and think? * Anything surprising you? e What do you conclude?
* Do you notice areas that you have e [s the solution (not) comprehensible?
not/strongly looked at? e Can you explain the solution?

e Would you do anything differently? e Why...?
e Would you change your response? e Would you do anything differently?

Figure 5 | The eye-gaze-augmented retrospective, embedded between
two similar tasks and implemented as a semi-structured interview.
The prompts and questions shown here are shortened English
versions; the full German versions are provided in Appendix A.

After solving a problem (action), students watched an eye-gaze replay of their own
problem-solving process, superimposed with their response, and were instructed to
describe this process (looking back). Beforehand, they received an explanation of
fixations and saccades as displayed in the replay. Students were also informed that
they could pause, rewind, fast-forward, or rewatch the replay as often as they
wished. Prompts and questions supported students in evaluating their problem-
solving process (awareness of essential aspects). Next, the task solution was
superimposed in the replay, and further prompts and questions guided students to
consider alternative approaches and draw consequences for future problem solving
(creating alternative methods of action). All guiding prompts and reflective questions
aim to direct students’ attention to key events, activate additional cognitive
resources, and make tacit knowledge explicit and available for reflection (the original
prompts and questions in German are provided in Appendix A). Finally, students
solved a similar problem again (trial).



HOW?

(i.e., Data Collection and Analysis)

For the in both studies, ethical standards were followed in accordance
with the 2013 Declaration of Helsinki and its later amendments or comparable
ethical guidelines for educational research. At the German university, Institutional
Review Board (IRB) or comparable ethics approval is not required for chemistry
education research. Nevertheless, a rigorous internal review protocol was
implemented to ensure ethical integrity for study I. For study II, all recruitment, data
collection, and data analysis procedures were reviewed and approved by the
Institutional Review Board (IRB-FY24-113). Participation in both studies was
voluntary, and all participants provided written informed consent after receiving
information about the study’s purpose, their rights, and data handling procedures.
No identifiable personal information is reported in this dissertation. All data
collection procedures were conducted in the students’ respective native languages.

In both studies, students first completed a short demographic questionnaire (for the
original questionnaires, see Appendix B).

While solving the tasks (see Figure 4), of students were collected.
First, the task prompt was presented on a monitor. Once students had read and
understood it, they continued by pressing a key. A fixation cross then appeared for
two seconds before the molecular representation was automatically displayed. After
completing the task, the students ended it by pressing a key again (see Figure 6). The
original stimuli presented to students are provided in Appendix C.

For the collection, students recorded their responses on a sheet of
paper depicting the respective molecule after solving the problem mentally in front of
the eye-tracker.

The of the eye-gaze-augmented retrospective in study I (see Figure 5)
was audio taped and transcribed verbatim.

Additionally, supplementary data on organic chemistry knowledge with self-rating
items at the beginning of the main data collection and perceived confidence, task
difficulty, mental load, and cognitive load were collected using items from Brandriet
& Bretz (2014), Bratfisch et al. (1972), Hart & Staveland (1988), Hart (2006), Klepsch
etal. (2017), and Leppink et al. (2013) after each task were collected. These measures
were originally included for potential exploratory purposes but were not used in the
final analysis and do not influence the reported results.
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Figure 6 | Eye-tracking data collection procedure. Eye movements were recorded using a Tobii Pro X3-120 screen-based
eye tracker (120 Hz sampling rate) in combination with a 24-inch presentation monitor, a Tobii Pro External Processing
Unit, and the accompanying software Tobii Pro Lab in a live-viewer setup. Participants were seated 60-65 cm from the
monitor and were instructed to minimize head and body movements to reduce data loss. A nine-point calibration
followed by a four-point validation was performed prior to each recording. The molecule was scaled so that the
distances between atoms corresponded to an eye movement of approximately 2°, exceeding both the system’s accuracy
(0.7°) and the 1-1.5° recommended by Holmqvist et al. (2011), allowing fixations to be reliably assigned to viewed atoms.

For the subsequent KEICHENEINGN, only eye-tracking data, accuracy data, and
interview data associated with the key structural sites that were identical across
each task pair were considered (see Figure 4), as they represent positions at which
students’ eye movements can be directly compared across the two tasks.
Additionally, observations of task pairs in which eye-tracking data loss exceeded 20%
were excluded from analysis to ensure data quality. After exclusion, 57 observations
for study I and 130 for study II across all task pairs remained.

The HonidyMo@ysidiloy was characterized by the presence or absence of
reflection elements derived from models and theories of reflection (Atkins & Murphy,

1993; Boyd & Fales, 1983; Fleck & Fitzpatrick, 2010; Hatton & Smith, 1995; Kember,
1999; Kember et al., 2000; Koole et al., 2011; Korthagen, 1985; Korthagen & Kessels,
1999; Mezirow, 1981, 1990, 1991; Moon, 2004a; Nguyen et al., 2014; Peltier et al.,
2005) (see Table 1). These elements in students’ reflections were coded
dichotomously using deductive qualitative content analysis. Based on the co-
occurrence of the reflection elements, the reflection processes were categorized as
either lower or higher in complexity (for a fine-grained discussion of reflection
complexity, see Chapter Students’ Reflection). While reflections of lower complexity
primarily involved describing experiences and, in some cases, identifying difficulties
or challenges that students encountered or still faced, reflections of higher
complexity additionally included evaluating different approaches or drawing
consequences (see Table 2).
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Table 1 | Description and examples of the codes, representing reflection elements,
used to characterize the structural complexity of the reflection processes.

Code Code description Example
o The partlclpayt describes or recalls the "I focused on where the hydrogen
Describing the problem-solving process (e.g., related to

experience (E)

chemical concept knowledge, visual
behavior, or general thoughts).

atoms are. [...] And at first I had
to think about it a bit."

Identifying an
issue (I)

The participant verbalizes difficulties,
challenges, or uncertainties they had or
still have (e.g., related to chemical concept
knowledge, visual behavior, or general
behavior).

"But then I felt kind of uncertain,
because I thought, I don’t think
T've ever consciously seen
something like NH or anything
like that before."

Evaluating an

The participant reviews their assumptions
and behavior, or tests alternative
assumptions and behavior (e.g., related to

"Maybe it can kind of flip over
somehow, and then move up to

approach (A) chemical concept knowledge, visual gilatl.lth(e,] ‘The double bond could
behavior, or general behavior). pup L.
The participant verbalizes intentions or
. changes regardlng their actions and "Next time, I would take more
Drawing a thoughts with reference to future problem-

time and look at the whole

solving situations (e.g., related to chemical .
molecule more carefully.

concept knowledge, visual behavior,
general behavior, or general thoughts).

consequence (C)

Table 2 | Categorization of reflection processes as lower or higher in
complexity based on the presence or absence of coded reflection elements.

Reflexion complexity Description

The reflection process involves describing experiences (E)
and issues (I), evaluating one’s own or an alternative
approach (A), and verbalizing intentions or changes with
reference to future problem solving (C).

The reflection process involves describing experiences (E)
and issues (I), and additionally verbalizes intentions or
changes with reference to future problem solving (C).

Reflexions of higher
complexity

The reflection process involves describing experiences (E)
and issues (I), and additionally evaluates problem solving
by reviewing or testing an alternative approach (A).

The reflection process involves describing experiences (E)
and additionally expresses issues encountered during

Reflexions of lower problem solving or that still persist (I).

complexity

The reflection process involves describing experiences (E).

The of students’ responses were scored. For the R/S configuration of
asymmetric carbon atoms task set, students received a score of 1 if they accurately
identified the chiral center and accurately determined the configuration, a score of
0.5 if they accurately identified the chiral center but inaccurately determined the
configuration, and a score of 0 if they did not identify the chiral center. For the
Bronsted acid-base concept task set, students received a score of 1 if they accurately
identified the nitrogen of the carboxamide and a score of 0 if they did not. For the

11
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electrophilicity and nucleophilicity task set, students received a score of 1 if they
accurately identified the B-carbon of the a,B-unsaturated carbonyl site and a score of
0 if they did not. Students’ change in accuracy was calculated as the difference in
accuracy scores between the two tasks in each task pair.

To characterize the overall il tRliRSCRnlaySnlane, multiple eye-tracking metrics
were included in the analysis. Using several metrics allows the capture of

complementary characteristics of eye movements, thereby offering a more
comprehensive picture of students’ information-processing behavior (cf. Holmqvist
etal., 2011; Skaramagkas et al., 2021). Prior research has demonstrated the value of
several metrics for characterizing various aspects of chemistry problem solving such
as students’ strategies, their use of representations, and the cognitive demands of
tasks (Baluyut & Holme, 2019; Braun et al., 2022; Cullipher & Sevian, 2015; Hinze et
al., 2013; Karch et al., 2019; Locatelli et al., 2024; Rodemer et al., 2023; Tang et al.,
2014; Tang & Pienta, 2012; Téthova et al., 2021; Williamson et al., 2013; Ye et al.,
2024). Hence, multiple metrics were aggregated by calculating the average absolute
bounded normalized change across several eye-tracking metrics A, _between each
task pair according to Equation 1 (see Chapter Changes in Eye Movements).

1 Znumber of metrics 1 Znumber of subdimensionsyetric
number of metrics metric=1 number of subdimensionsyetric subdimension=1
task2 taskl
valuemetric,subdimension_Valuemetric,subdimension 1 [ValuetaSkQ + Valuetask].
valuetask2 ] . tvaluetaskl ] ] metric,subdimension metric,subdimension
metric,subdimension metric,subdimension

Equation 1 | The average absolute bounded normalized change across
eye-tracking metrics A, a statistical composite calculation to determine
the change in students’ eye movements through an aggregated measure.

For this, Areas of Interest (AOIs) for the molecules in each task were defined using the
limited-radius Voronoi tessellation method (see Chapter Defining Areas of Interest)
(see Figure 7).

Next, the metrics fixation duration, fixation count, AOI hits, pattern frequency,
transitions, transition-fixation ratio, transition entropy, and fixation disparity were
calculated, reflecting spatial, temporal, and psychophysiological information in eye
movements (cf. Holmqvist et al., 2011; Just & Carpenter, 1980; Koh et al., 2024). For a
descriptions of these metrics, see Chapter Changes in Eye Movements. Redundant
metrics were excluded through correlation and multicollinearity analysis of related
metrics. For each task pair (see Figure 4), data from the first task were used for these
analysis as it serves as a point of origin. The resulting set of included metrics for each
task pair is shown in Table 3.
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Task 1

Task 2

R/S configuration of Bronsted acid-base Electrophilicity and
asymmetric carbon atoms concept nucleophilicity
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Figure 7 | AOIs defined using the limited-radius Voronoi tessellation method, with the radius
set to the bond length of the molecules. The AOIs within the key structural sites were merged
to correspond to their structural features (highlighted in purple), whereas the remaining
portions of the molecule were combined into a single, larger AOI (highlighted in grey).

Table 3 | Included metrics in the calculation of A

Gaze

for each pair of tasks.

R/S configuration of
asymmetric carbon atoms

Bronsted acid-base
concept

Electrophilicity and
nucleophilicity

Absolute total fixation duration,
relative total fixation duration,
absolute pattern frequency?,
relative pattern frequency?,
transition entropy,
transition-fixation ratio,
fixation disparity

Absolute total fixation duration,
relative total fixation duration,
relative transitions frequency,
absolute pattern frequency®,
transition entropy,
transition-fixation ratio,
fixation disparity

Absolute total fixation duration,
relative total fixation duration,
relative transitions frequency,
absolute pattern frequency®,
transition entropy,
transition-fixation ratio,
fixation disparity

athree-AOI sequence reflecting the specific sequential events of switching between the residues of the carbon
center, and switching between carbon center and residues
bthree-AOI sequence reflecting the specific sequential events of switching between all AOIs, and switching
between two specific AOIs (e.g., the carbonyl and the a-carbon)
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SO?

(i.e., Results and Discussion)

IS ClnhiCRVLELIalstudents’ initial problem-solving accuracy accounts for the
ooy listagysilgutelsl, the analysis focuses on how reflection complexity

develops across the phases of the retrospective in relation to students’ accuracy. The
following examples of Mary’s, Kate’s and Susan’s reflection illustrate this
relationship (see Figures 8, 9, and 10).

In Mary’s reflection of lower complexity (see Figure 8), she described her problem-
solving approach and identified an issue she encountered. She was unsure whether
the nitrogen of the carboxamide would donate a hydrogen. However, Mary’s reflection
process concluded once her response was confirmed as accurate, despite her stated
uncertainty. Her reflection illustrates a pattern seen among students who recognize
issues but do not further examine the

underlying reasons of it or extend their Mary’s reflection of lower complexity
reflection beyond acknowledging the é Identify the four positions where the molecule is A
issue (for another example, see Gwen’s most likely to be deprotonated by a strong base.
reflection in Chapter Students’
Reflection). Since the experienced
issue did not affect their accurate
response, those students may not o ~__-OH
perceive a need to explore the cause of M
it in their reflection—even though °
further reflection might benefit them.
Confirmation of their response could
have created the impression that
external correctness equates to
internal understanding, a phenomenon
consistent with the Illusion of
Explanatory Depth (Rozenblit & Keil,
2002). Moreover, having one’s response
validated might retrospectively
transform uncertainty into a sense of
certainty, producing cognitive closure
(Kruglanski & Webster, 1996) or even _ ’ . .
hindsight effects, in which students L% it of tho carboxamide of tho.tadk about

believe they knew it all along Bronsted acid-base concept. The numbers correspond to

. the phases of the retrospective (see Figure 5), and the letters
(FISCthﬂ’ 1975)' In these cases, the correspond to the reflection elements (see Table 1).

__Mary: "I focused on where the hydrogen atoms are.
[...] And then I ended up with this. And at first I had
to think about it a bit, because actually something
like NH, would be more typical for donating. But
then I ‘also thought, okay, [...] there are two
hydrogens, and I figured - it would actually be kind
of strange if both of them were to be donated." [...]

Mary: "I'm not really sure, to be honest, and I just
-thought, okay, I think maybe one of them could be
donated." [...]

Mary: "I thought at the beginning that it would
-=probably be able to donate one. Not two—but one,
yes. But I was kind of uncertain." )

”E@!@BH@
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retrospective did not stimulate a Kate’s reflection of higher complexity
reflection of higher complexity, even ( Identify the four positions where the molecule is
. most likely to be deprotonated by a strong base.
though uncertainty (Dewey, 1933;
Schon, 1983)—along with related
experiences such as doubt, confusion,
concerns about not knowing, and
lacking sufficient information to
explain something (for a review, see
Marshall et al., 2021)—can serve as a
stimulus for further reflection, as
illustrated in Kate’s reflection of higher @

Complexity (See Figure 9) __{)(Ve(;;(z: ;}Sl((;v%fls’t’ Ijust tried to find the hydrogens that

In the beginning, Kate also eXpI‘eSSGd thought, I don’t think I've ever consciously seen

. . -something like NH- or anything like that before. So
uncertainty. After seeing the task (2)  that felt kind of strange to me. [...] I've just never
solution, she generated a hypothesis to seen that before.” ...]

explain why the solution was correct.

IZI__ Kate: "But then I felt kind of uncertain, because I
1
1

13

Kate: "I can’t quite make sense of that. I mean,
i-sure, it could happen. But somehow it just felt

Building on this assumption, she @ i strange tome." ...
1
xplored the underlving r n for her 1 Kate: "Maybe it can kind of flip over somehow, and
? plo ed the de ying reaso k 0 © IZI-J' then move up to that. Like, the double bond could
inaccurate response and ultimately __flip up [...] And a hydrogen would be released. And
. | then there’d be a double bond between the
concluded that, in future problem- , nitrogen and the carbon. [...] And there [Oxygen]

would be a negative charge." [...]

solving situations, she should take
. . E Kate: "I rushed through it and didn’t really take
more time and examine the ..enough time. Tt was just because I realized I was

represent ation more car efully IZI_ 1 E?]sure and figured I wouldn’t get it right anyway.

__Kate: "Next time, would take more time and look at
the whole molecule more carefully."

Although both Mary and Kate identified

. . . . . J
an issue, their reflections differ in
complexity. This difference emerges in Figure 9 | Excerpt from Kate’s reflection of higher
the third phase of the retrospective complexity at the nitrogen of the carboxamide of
’

the task about Bregnsted acid-base concept.

when students verify whether their
response was accurate (see Figure 5).

However, as illustrated by Susan’s reflection (see Figure 10), students did also exhibit
higher reflection complexity regardless of the accuracy feedback in the retrospective.
Susan drew the consequence that she needed to review the Brgnsted acid-base
concept—even before the task solution was revealed to her (for another example, see
Felicia in Chapter Students’ Reflection).

This illustrates that while uncertainty and related experiences can trigger reflections
of higher complexity, uncertainty alone is not always sufficient. In such cases,
additional experiences of inner discomfort, surprise, confusion, an unwanted
outcome, difficulty in understanding, or a desire to make sense of the content—
known stimuli for reflection (Boyd & Fales, 1983; Mezirow, 1991; Moon, 2004a; Schon,
1983)—elicited by receiving feedback that a structural site was determined
inaccurately may have prompted the emergence of reflections of higher complexity.
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Susan’s reflection of higher complexity How the students’ initial accuracy can
Identify the four positions where the molecule is Shape the CompleXity of students’
most likely to be deprotonated by a strong base. . . . R

reflection is shown in Figure 11.

In the first two phases of the
retrospective, the distribution of lower
and higher reflection complexity
remained similar, with lower
complexity predominating, regardless

OH of whether students had determined
@ the structural site accurately or not.
__Susan: "Okay, Brensted. I just went by the However, in the third phase, a notable
question, what can actually be deprotonated?" [...] . .
shift emerged. Although the proportion
= Susan: "I wasn’t sure about that. I think, actually, : : :
E i-i's more likely to be protonated than of hlgher reflection CompleXIty
1 deprotonated.”[...] increased, the  increase  was
1 . .
1_Susan: "But at first glance, okay, there’s definitely SUbStantlaHY greater for reflections on
(2) TanHithat could just come off" [ inaccurately determined structural
Susan: "But now, looking back afterwards — you’d i 0, 0,
r-actually rather have NH,". If anything happens sites gfI‘O].’l’l 22% to 89 A)) than_ fOI‘
i there.” reflections on accurately determined
A 4 .
__Susan: "So yeah, that was just intuition in the first sites (fI‘OITl 33% to 63%) When
.' moment. considering a broader set of students’
Susan: "But then, thinking about it afterwards... reflections, this pattern becomes even
__Well, the concepts of Bronsted bases, I just don’t
really have them right now — apart from proton more pronounced (see Chapter From
donor and acceptor." [...] Slght to Insight)

C -
. i_Susan: "So I'd basically go back and review the

whole Brgnsted acid/base concept again." .
ptas Overall, these findings suggest that

_Susan: "I don’t think I would check that option reflections of hlgher Complexity are
@ again now." [...] .

stimulated when students not only

Susan: "I really need to look at the Bronsted . . . .
“~ concept again, dyeﬁnnely," identify an issue but also faced with an
~ o inaccurate response (for example, see

, . . .

Figure 10 | Excerpt of Susan’s reflection of higher Kate’s reﬂectlon m Flgure 9) Yet
complexity at the nitrogen of the carboxamide of identifying an issue alone may or may

the task about Bronsted acid-b t. . .
¢ taskabout Bronsted acid-base concep not lead to more complex reflection—in

some cases it does (for example, see
Susan’s reflection in Figure 10), whereas in others it does not (for example, see
Mary’s reflection in Figure 8).

S clnhiCRAvhESdthe complexity of students’ reflection leads to changes in their

performance (i.e., accuracy and eye movements) in subsequent problem-solvin
students’ changes in score and their eye movements across the two tasks of each task
pair were compared as a function of their reflection complexity. The distribution of
score changes in relation to reflection complexity in study I revealed three main
observations (see Figure 12, study I).
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Reflections on accurately Reflections on inaccurately
determined structural sites (68%) determined structural sites (32%)
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OReflection of lower complexity

Figure 11 | Occurrence of reflection complexities across
the three phases of the retrospective for accurately (left)
and inaccurately (right) determined structural sites across
all three contexts. The numbers indicate the percentage
distribution of reflection complexities within each phase.
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Figure 12 | Change of students’ score across all task pairs as a function of reflection complexity in study I (left).
For comparison, the change of students’ score of study II are shown (right). Note: The score of 0.5 was only
given in R/S configuration of asymmetric carbon atoms task set, leading to that this score is underrepresented.

First, students accurately determined the structural site in the initial task (score of 1),
reflected with lower complexity, and again responded accurately in the subsequent
task (score of 1) (see Figure 12, reflection of lower complexity; 82%). Many of these
students—such as James (see Figure 13)—were pleased with their performance and
appeared to see no need to extend their reflection (for another example, see Steven
in Chapter Students’ Reflection). They effectively judged that further reflection was
unnecessary, likely relying on past experiences, response time, and fluency (as
reviewed by Bjork et al., 2013). In such cases, task demands aligned well with
students’ knowledge. Their brief reflections demonstrated efficient metacognitive
monitoring and control rather than superficiality (Son & Schwartz, 2002). In contrast,
other students recognized issues but still did not explore them further—for example,
Mary (see Figure 8) (for another example, see Gwen in Chapter Students’ Reflection).
Yet their issues did not impair their accuracy at all. This suggests that when an issue
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does not threaten students’ problem- James’s reflection of lower complexity
SOlVing accuracy, they may not engage ( Identify the four positions where the molecule is \

. . . most likely to be deprotonated by a strong base.
in more complex reflection, showing a
rather task-oriented behavior in which
performance is judged against norm-
referenced standards (Meece, 1994;
Nicholls & Miller, 1984).
Second, students accurately ;
determined the structural site in the @ OH
initial task (score of 1), reflected with
. . . __James: "The amino group caught my attention. The
hlgher CompleXIty, and again question now is whether it can actually be
. deprotonated. It itself is a base. But we also know
responded accurately m the @ other cases. I had the feeling that it could also be
. deprotonated by a strong base. I quickly decided
SUbsequent task (SCOI‘G of 1) (See Flgure on that and didn’t really think about it any further.
: : Thre [...] And then I thought more carefully again about
12’ reflection of hlgher COI’l’lplGXlty, the amino group. I think it can be protonated. But it
22%). Th]_s Suggests tha‘t the eye_gaze_ @ can also be deprot.onated. IanW th{it. [...] And the
. oxygen next to it can stabilize it when it is
augmented retrospective has the negatively charged. [...] Those were the
. '. possibilities that would support that." [...]
potential to support students—such as i
S Fi 10 : : : ! _James: "My knowledge was sufficient for that. For
usan (See igure )—ll’l engaging in sure, it was a bit of experiential knowledge."
more complex reflection that involves \ J
both metacognitive monitoring and ) _
. Figure 13| Excerpt from James’s reflection of lower
regulation, even when they are already complexity at the nitrogen of the carboxamide of
able to solve the problems accurately the task about Brgnsted acid-base concept.

and consistently. Such students
showed a learning-oriented behavior, valuing the development of their competence
based on self-referenced standards (Conroy et al., 2009; Meece, 1994).

Third, some students initially determined the structural site inaccurately (score of 0
or 0.5), reflected with higher complexity, and then accurately determined the
subsequent task (score of 1) (see Figure 12, reflections of higher complexity; 61%). In
contrast to cases like Susan (see Figure 10), for some students reflection of higher
complexity was prompted by the accuracy feedback. For example, although Kate (see
Figure 9) had already identified an issue in the beginning of her reflection, she
extended her reflection only after the task solution revealed that her response was
inaccurate—showing a task-oriented behavior similar to Mary (see Figure 8). In other
cases, students were not initially aware of any issue and became aware of it only once
the task solution revealed that their response was inaccurate. For example, after
seeing the solution, Yelena immediately recognized that her exclusive focus on the
carbon skeleton had caused her to not consider the carboxamide (see Figure 14) (for
other examples, see Peter and Anna in Chapter Students’ Reflection). Such moments
illustrate an illusion of knowing, in which students believe they understand the
content until feedback reveals otherwise (Glenberg et al., 1982). Besides the
uncertainty, doubt, confusion, concerns about not knowing, or the recognition of
insufficient explanations triggered by negative feedback that can stimulate more
complex reflection (Dewey, 1933; Marshall et al., 2021; Schon, 1983), such
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Yelenas’s reflection of higher complexity dissatisfaction with one’s prior
e oo conceptions ~ may  also  prompt

willingness to invest effort (van Gog et
al., 2024) and conceptual change (cf.
Posner et al., 1982), as illustrated by
Yelena’s case. Even though those
students were initially inaccurate, the
eye-gaze-augmented retrospective
guided them toward improved
accuracy in the subsequent problem-

@ solving task.

__Yelena: "First I thought, what does deprotonation
actually mean? What do I need to pay attention to

here? [...] Then I thought, okay, obviously I have to Overall, the retrospective did not
look at the carbon atoms." [...] . . ,
negatively influence students
!--Yelena: T had a wrong approach." [...] accuracy in Subsequent problem
' Yelena: "Nitrogen has lone pairs of electrons, . . ’
@ i which means if a proton were to be removed there, solving. Mainly, students’ accuracy
1 nitrogen and oxygen could stabilize each other by ] i i
E shifting electrons around. [...] And then the double either 1mpr0ved or remained accurate.
1 bond would shift to the oxygen, SO the oxygen For Comparison’ When Students did not
r_WOuld have three lone pairs. That would make it R . . .
! negatively charged. But that doesn’t look super receive an intervention, their accuracy
1 neat either, because nitrogen with a double bond is i
 kind of unusual." [...] showed little change—also when
1 . g .
‘ Yelena: "That wasn’t necessarily a conscious students were lnltlauy Inaccurate (See
decision [...] When I think about the molecule, I . .
_mainly think about the basic structure and not Flgure 12’ no reﬂectlon).
1 about the substituents. I'm not sure if that makes
i sense. [...] The whole time I was thinking that the .
! carbon atoms had to be deprotonated.” |...] At the same time, the results suggest
__Yelgena: "I am aware that you can deprotonate the that reflections of higher CompleXity_
‘ amide."...] where students more deeply engaged
Yelena: "Now I think, okay, I need to focus on the : : : :
--atoms that can actually be deprotonated, not just with their visual behav1or, Conceptual
S the carbon atoms. J understanding, or problem-solving
strategies by evaluating alternatives or
Figure 14 | Excerpt of Yelena’s reflection of higher anticipating consequences—were

complexity at the nitrogen of the carboxamide of

the task about Brgnsted acid-base concept. associated with greater Changes m

their eye movements. In contrast,
reflections of lower complexity, in which students engaged less deeply with these
aspects, corresponded to smaller changes (see Figure 15, study I). Although
intentions do not always translate directly into behavior (Sheeran & Webb, 2016), the
findings indicate that students’ intentions were mirrored in their eye-movement
behavior.

Interestingly, when students did not engage in any reflection, they exhibited eye-
movement changes similar in magnitude to those who reflected with higher
complexity (see Figure 15, study II). Since these students did not engage with aspects
of their problem solving in a reflection, such changes likely reflect a mixture of
individual differences, stimulus-driven attention to salient features, or still-
developing problem-solving expertise rather than purposeful adjustments (for
further discussion, see Chapter Changes in Eye Movements).
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Figure 15 | Mean change of students’ eye
movements across all task sets in relation
to students’ reflection in study I (left). For
comparison, the change of students’ eye
movements of study IT are depicted (right).

Given that visual attention filters information
that cannot be processed simultaneously
(Evans et al., 2011) and eye movements reflect
underlying cognitive processes (Just &
Carpenter, 1980; Lauwereyns & d'Ydewalle,
1996; Liu & Cui, 2025; Rayner, 1998), the
retrospective appears to guide students toward
a more intentional allocation of attention—
promoting goal-driven processing and reducing
stimulus- and history-driven processing (cf.
Anderson, 2013; Awh et al., 2012; Theeuwes,
2019). Such a shift may contribute to
strengthening  students’ representational
competence by enabling them to more
effectively interpret and use of representations
(cf. Kozma & Russell, 2005; Rau, 2017).

Taken together, the findings indicate that the
reflection processes stimulated during the eye-
gaze-augmented retrospective influence
students’ performance—both in terms of
accuracy and eye movements. Because
accuracy and eye movements both reflect
how students engage with and navigate a
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task, it is unsurprising that changes in
accuracy are associated with changes in
eye movements (see Figure 16, study I).
This observation aligns with prior eye-
tracking research demonstrating close
links between eye movements and task
accuracy (Baluyut & Holme, 2019; Braun
etal., 2022; Karch et al., 2019; Pavlin et al.,
2019; Pavlin & Slapnicar, 2021; Slapnicar
et al., 2021; Slapnicar et al., 2020; Tang et
al., 2014; Weinrich & Britt, 2022).
However, this trend is less pronounced in
study II, as the variation in students’ eye-
movement changes among those who
showed an accuracy change suggests that
J the groups are not as clearly

Figure 16 | Mean change of students’ eye
movements across all task set in relation to
students’ accuracy change in study I (left).
For comparison, the change of students’ eye
movements of study II are depicted (right).

distinguishable (see Figure 16, study II).

While accuracy and eye movements may
appear to diverge in relation to reflection
complexity, the findings suggest a



common underlying mechanism: whether students exhibit lower or higher reflection
complexity, the retrospective is associated with more goal-driven allocation of
attention, alongside either preserved or improved accuracy.

X ElnhERvhEhitidthe relationships between reflection complexity and changes in
performance differ depending on the visual and conceptual affordances of organic

il I AEN S, students’ changes in score and their eye movements were compared
for each task context individually.

In the contexts R/S configuration of asymmetric carbon atoms and Brensted acid-
base concept, reflections of lower complexity were primarily shown by students who
remained accurate across both tasks, whereas reflections of higher complexity were
shown by students who either improved their score or remained accurate. In
contrast, in the electrophilicity and nucleophilicity context, reflections of lower
complexity were shown by students who either remained accurate or did not
maintain accuracy, while reflections of higher complexity were mostly shown by
students who improved their accuracy (see Figure 17, study I). This observation is
grounded in the capability of students solving the initial problem rather than in
differential influences of reflection complexity. Whereas most students were able to
determine the structural site of tasks 1 in the R/S configuration of asymmetric carbon
atoms and Bregnsted acid-base concept contexts, almost no student could do this in
the electrophilicity and nucleophilicity context. Identifying the B-carbon of the a,f3-
unsaturated carbonyl as an electrophilic center exceeded their conceptual
knowledge. A similar observation emerged in study II (see Figure 17, study II), where
most students were likewise unable to determine the structural site of tasks 1 in the
electrophilicity and nucleophilicity context. Nevertheless, a trend appears across all
contexts: students who engaged in higher reflection complexity during the
retrospective either improved or remained accurate on the subsequent task, whereas
students who did not receive a retrospective showed little change in accuracy.

Similarly, reflection complexity shows a similar influence on mean eye-movement
changes in all three contexts in both studies: higher reflection complexity
corresponded to larger eye-movement changes, lower reflection complexity to
smaller ones, and no reflection were associated with changes comparable to those
seen in higher reflections complexity (see Figure 18).

However, when examining the relationship between students’ mean changes in eye
movements and their changes in accuracy across contexts in both studies, the
pattern of Figure 16 only emerges for the context R/S configuration of asymmetric
carbon atoms (see Figure 19). In the Bronsted acid-base concept and electrophilicity
and nucleophilicity contexts, eye-movement changes do not clearly differentiate
between students whose accuracy changed and those whose accuracy did not
change. These results suggest that changes in eye movements co-vary with changes
in accuracy only in the R/S configuration of asymmetric carbon atoms context. A
likely explanation is that the visual and conceptual affordances of the three contexts
differ substantially.
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Figure 17 | Change of students’ score in each task context in relation to reflection
complexity in study I (left). Note: In study I, in reflection of lower complexity in
the electrophilicity and nucleophilicity context the sample size was low (IV = 3).
For comparison, the change of students’ score of study II are depicted (right).

The R/S configuration of asymmetric carbon atoms task requires students to visually
inspect structural features in a systematic sequence—identifying the chiral carbon,
assigning substituent priorities, and determining spatial orientation using
established procedures (cf. Cahn et al., 1966; Dietzel, 1979; Idoux, 1982). This
indicates higher visual affordances and comparatively lower conceptual affordances,
suggesting that changes in students’ problem-solving accuracy are more directly
mirrored in their eye movements.

In contrast, in the Bronsted acid-base and electrophilicity and nucleophilicity tasks,
once students perceive the relevant structural site, the task primarily requires
reasoning with concepts such as electronegativity, resonance, or atomic size effects
(cf. Fox & Whitesell, 2004; Klein, 2020). This involve higher conceptual affordances
and comparatively lower visual affordances, shifting processing toward internal
attention and resulting in less observable eye movement changes.
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task set the sample size was low (N = 3). For
comparison, the change of students’ eye
movements of study II are depicted (right).
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Figure 19 | Mean change of students’ eye
movements in each task pair in relation to
students’ performance change in study I (left).
For comparison, the change of students’ eye
movements of study Il are depicted (right).
Note: In study II, in performance change in
the electrophilicity and nucleophilicity task
set the sample size was low (N = 2).
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Taken together, these findings indicate that the influence of reflection complexity on
students’ subsequent problem-solving performance (i.e., accuracy and eye
movements) does not differ across task contexts. However, the degree to which
changes in accuracy co-vary with changes in eye movements appears greater in tasks
with higher visual affordances and comparatively lower conceptual demands. In
more conceptually demanding tasks, changes in accuracy are less reflected in shifts
in eye movements.
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BUT?

(i.e., Limitations and Research Implications)

Some must be considered when interpreting the findings of this
investigation (for further limitations, see Chapters Students’ Reflection, Defining
Areas of Interest, and Changes in Eye Movements)

First, this analysis examined reflection processes tied to specific key structural sites
in isolation. However, due to the task design (see Figures 4) and retrospectives’
structure (see Figures 5), students may have reflected on multiple sites concurrently.
Such overlap may have interrupted the reflection before resuming in the next phase.
Future studies could design tasks structured around one single key structural site,
ensuring that participants reflect on one problem-solving process at a time.

Second, the operationalization of reflection complexity using four deductively
derived codes provides a simplified characterization of students’ reflection (see
Tables 1 and 2). Given that existing reflection frameworks were developed in other
domains, future inductive analyses may uncover additional facets of reflection
specific to science problem solving not captured by the present analysis.

Third, studies I and II are not directly comparable. Although both samples consisted
of Organic Chemistry 1 students, they differed in several aspects (e.g., native
language, course instructor, textbook), and these differences must be considered
when interpreting cross-study comparisons. While the patterns observed across the
two studies may provide initial insights of the potential of gaze-augmented reflection,
future research should verify these observations with directly comparable samples.

Fourth, although the sample sizes of both studies are typical for exploratory eye-
tracking research in chemistry education (Havanki & VandenPlas, 2014), some
subgroups were particularly small, limiting both the use of inferential statistics and
the certainty of interpretations. Larger and more balanced samples in future work
are needed to increase confidence in the effects of gaze-augmented reflection.

Finally, although the contexts examined here cover different visual and conceptual
affordances, they do not represent the full range found in organic chemistry. Future
studies should therefore explore additional contexts (e.g., hybridization, E/Z
isomerism, aromaticity). Extending the intervention to other scientific domains may
also be valuable, as students in many areas encounter difficulties similar to those
observed in organic chemistry (cf. Ambrose et al., 1999; Bollen et al., 2016; Bollen et
al., 2017; Bollen et al., 2015; Chi et al., 1981; Klein et al., 2018; Krajcik, 1991).
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WHAT NOW?

(i.e., Conclusion)

This investigation examined the extent to which reflections stimulated by the eye-
gaze-augmented retrospective shapes students’ subsequent problem-solving
performance. These findings allow us to draw a final about how gaze-
augmented reflection shapes and supports students’ problem-solving behavior.

The findings indicate that the complexity of students’ reflection is related to, but not
solely determined by, their initial problem-solving accuracy. Regardless of whether
students exhibited lower or higher levels of reflection complexity, engaging in the
eye-gaze-augmented retrospective was associated with more goal-driven allocation
of visual attention during subsequent problem-solving, accompanied by either
maintained or improved accuracy. Finally, the relationship between reflection
complexity and changes in performance did not differ fundamentally across contexts
with different visual and conceptual affordances—however, changes in accuracy
were more clearly mirrored by changes in eye movements in tasks with higher visual
and lower conceptual affordances, whereas in more conceptually demanding tasks
changes in accuracy were less directly reflected in shifts of eye movements.

Beyond these findings observed across all students, the results further demonstrate
that students show highly individual trajectories during the initial problem-solving,
the eye-gaze-augmented retrospective, and the subsequent problem-solving.
Depending on the task context, varying proportions of Organic Chemistry I students
were able to solve the problems accurately. Partially based on their accuracy,
students engaged in reflection in different ways—nevertheless, reflection complexity
also varied as a function of individual student characteristics, such as metacognitive
monitoring and regulation and achievement goals. Nevertheless, across these
diverse trajectories, the outcome was largely similar: students’ performance
converged, with students either improving or maintaining their problem-solving
performance.

Taken together, these findings suggest that gaze-augmented reflection holds
considerable potential to support students’ problem-solving with representations as
a personalized learning experience.
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WHAT NEXT?

(i.e., Outlook and Teaching Implications)

Based on the findings, the gaze-augmented reflection, by accommodating students’
individual difficulties, differences, and learning consequences, demonstrates
considerable potential for integration into an adaptive for
personalized learning based on artificial intelligence (AI). Such a system could
support students individually along their own learning pathways (Lin et al., 2023).
The application of Al in this context is versatile in two ways. First, students’ task
responses and reflections—provided in written or audio form—can be processed and
categorized immediately (cf. Martin et al., 2024; Wulff et al., 2023). Second, by
drawing on individual student characteristics (e.g., conceptual knowledge, cognitive
reflection ability, achievement goals, and metacognitive monitoring and regulation)
alongside data from their problem solving (e.g., accuracy, eye movements) and
reflection (e.g., reflection complexity), the Al tutor could generate individualized
prompts and provide targeted conceptual support when task demands exceed
students’ knowledge. In doing so, the system could guide each student through an
eye-gaze-augmented retrospective, scaffold self-regulation in accordance with
students’ developmental stages (Panadero, 2017), and support students in a
personalized manner as they identify and reflect on their experienced issues. A
possible structure for such an adaptive learning system is illustrated in Figure 20.

As depicted in Figure 20, this adaptive learning environment integrates students’
individual cognitive, motivational, and metacognitive characteristics with data from
their problem-solving behavior to deliver personalized guidance during an eye-gaze-
augmented retrospective. At the outset, students complete a set of assessments
capturing their conceptual knowledge (e.g., Farhat et al., 2019; Nedungadi et al.,
2021; Steinbach et al., 2025), cognitive reflection abilities (e.g., Frederick, 2005;
Toplak et al., 2014), achievement goals (e.g., Elliot & McGregor, 2001), and
metacognitive monitoring and regulation (e.g., Cooper et al., 2008; Schraw &
Dennison, 1994) (see Figure 20, tests). These automatically processed measures form
the foundation for tailoring subsequent support to each student’s individual needs
(see Figure 20, adaption).

Following this diagnostic phase, students engage in an initial problem-solving task
(see Figure 20, initial task). During this task, their eye movements are recorded and
their problem-solving accuracy is logged as indicators of task performance (cf. Dinc
et al., 2025) (see Figure 20, adaption).
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Students then enter an eye-gaze-augmented retrospective (see Figure 20, eye-gaze-
augmented retrospective). Drawing on information about students’ cognitive
reflection ability, achievement goal orientation, metacognitive tendencies, eye
movements, and problem-solving accuracy, the tutor provides individualized
reflection prompts designed to scaffold a structured examination of their problem-
solving processes. In addition, students receive conceptual support aligned with
their performance on the conceptual knowledge assessment, ensuring that reflection
is not constrained by gaps in conceptual understanding. At the procedural level, the
Al tutor may also provide adaptive prompts—for example, following the Goldilocks
Help (Yuriev et al., 2017)—to support students when they encounter dead ends or
false starts during reflection. Within this guided retrospective, the Al functions as an
adaptive conversational agent that dynamically responds to students’ reflections and
prompts them to describe their experiences, identify issues, explore alternative
approaches, and draw consequences for future problem solving. During this
process, the system evaluates the complexity of students’ reflections (see Chapter
Students’ Reflection).

Students then engage in a subsequent, structurally similar problem-solving task (see
Figure 20, subsequent task), during which eye movements and task accuracy are
again recorded. The system can then examine changes in eye movements (see
Chapters Defining Areas of Interest and Changes in Eye Movements) in relation to the
complexity of students’ reflections, enabling the detection of shifts toward more goal-
driven visual processing.

From this point onward, the learning setup can continue in iterative cycles of
problem-solving, Al processing, and eye-gaze-augmented retrospective, allowing
students to receive support for as long as they choose. Across successive cycles, the
Al tutor can provide additional prompts or visual scaffolds when students exhibit
tendencies toward stimulus-driven visual behavior.

Such an adaptive learning system could accompany an organic chemistry course
throughout a semester, allowing students to voluntarily and dynamically adjust their
training according to their individual learning progress and needs.

Overall, such an intelligent tutoring system illustrates how the integration of
multimodal data with adaptive scaffolding could create a personalized pathway that
supports students’ conceptual, procedural, and visual processing of organic
chemistry problems with representations, thereby addressing students’ challenges
that have been documented in chemistry education research (as reviewed by
Graulich, 2015b, 2025).
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Various one-size-fits-all methods have been developed to improve Received 2 May 2024
students’ use of representations for problem-solving. However, as Accepted 13 November 2024
the interplay of processing representations and problem-solving
might be highly individual, a differentiated approach may be
needed to foster students’ problem-solving with representations.
A retrospective enhanced with eye-gaze replays and reflection
prompts (eye-gaze-augmented retrospective) may stimulate
students’ reflection on their problem-solving process by
providing normally inaccessible information, allowing the
students to look back and draw tailored consequences for future
problem-solving situations. Therefore, an exploratory study was
conducted where students solved chemistry problems and
subsequently reflected on their problem-solving while watching
their eye-gaze replays in three distinct reflection phases. The
study aimed to investigate to what extent different phases of an
eye-gaze-augmented retrospective stimulate students’ reflection
on their problem-solving by characterizing the structural
complexity of the reflection processes and considering the
accuracy of students’ problem-solving. The results showed that
reflection processes with varying structural complexity emerged.
Higher complexity reflections emerged primarily in the phase in
which the task solution was presented accompanied by reflection
prompts, especially for inaccurately solved problems. The findings
suggest that an eye-gaze-augmented retrospective could
stimulate reflection on problem-solving with representations, but
optimization is necessary to enhance each student’s reflection
process effectively.

KEYWORDS
Eye-tracking; reflection;
organic chemistry

1. Introduction

In science disciplines, problem-solving is often linked to representational competence
(Kozma & Russell, 2005; Prain & Tytler, 2012; Schonborn & Anderson, 2009). Conse-
quently, students’ use of representations is integral to developing their expertise in
solving problems. However, several studies indicated that students often experience
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challenges in solving problems with representations in different science disciplines,
leading them to apply rules or heuristics, and to struggle to derive implicit information,
often due to inadequately integrating different conceptual information or insufficient
prior knowledge (e.g. Bollen et al., 2016; Bollen et al., 2017; Graulich et al.,, 2019; Halver-
son et al., 2011; McClary & Talanquer, 2011; Susac et al., 2023). Additionally, several eye-
tracking studies in science education have shown that students who are unsuccessful or
have low prior knowledge often focus on irrelevant aspects or show unproductive visual
behavior (e.g. Braun et al., 2022; Klein et al., 2018; Rodemer et al., 2020; Susac et al., 2023;
Téthova & Rusek, 2022). For example, in a study by Braun et al. (2022), the structural
features students attended to and their visual selection approach while drawing reson-
ance structures were investigated. While looking at an organic representation, unsuccess-
ful students distributed their attention more to irrelevant structural features and focused
on single structural features in their reasoning, rather than on relevant interrelated fea-
tures necessary to solve the task successfully. Furthermore, the results of the study indi-
cated that although successful and unsuccessful students showed differing viewing
behavior, both types of students required additional time to decode and identify relevant
structural features when the organic representations became more complex. In addition,
in an instruction-based study by Klein et al. (2018), students were introduced to two
visual strategies to qualitatively interpret the divergence of graphical vector fields. Stu-
dents’ performance was the lowest when they were introduced to only one of the strat-
egies, rather than both, and were unable to choose their strategy freely. In a comparison
between the most unsuccessful and most successful students, the results demonstrated
that the most unsuccessful students exhibited visual behavior misaligned with respect
to the representation. Considering the importance of problem-solving and the challenges
students experience, one main goal of instruction in science education is to support stu-
dents in successfully using representations for problem-solving.

Various, often one-size-fits-all, methods to improve students’ use of representations,
visually and/or conceptually, are well-documented, such as cueing, example-based learn-
ing, or scaffolding (e.g. Alfieri et al., 2013; Alpizar et al., 2020; Emhardt et al., 2023; Frey
et al.,, 2022; van Gog & Rummel, 2010). For instances, Jarodzka et al. (2013) demon-
strated that eye-movement-modelling examples can guide students’ visual attention to
successfully classify fish locomotion patterns, Rodemer et al. (2021) and Rodemer
et al. (2022) reported that highlighting helped students to better focus their attention
on the relevant features of the representations while also decreasing extraneous cognitive
load and compensating low prior knowledge, and Kranz et al. (2023) showed that using
scaffolded contrasting cases of two organic reaction mechanisms improved the knowl-
edge integration of students with low prior knowledge. However, as studies, for
example by Braun et al. (2022) and Klein et al. (2018), demonstrated, the interplay of pro-
cessing representations and one’s problem-solving process is highly complex and indi-
vidual. Students vary in many aspects, such as prior knowledge or problem-solving
strategies, which play a crucial role in processing representations (Baluyut & Holme,
2019; Cook et al., 2008). Thus, to support students in their visual and conceptual proces-
sing during problem-solving, while considering their unique experiences, prior knowl-
edge, strategies, and challenges with decoding representations, more individualized
and differentiated support is needed. Encouraging students to reflect on their
problem-solving approaches may be such individual support, as reflection is an
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important key for more personalized learning (Shemshack et al., 2021). So far, little atten-
tion has been devoted to more differentiated instructional approaches that allow students
to reflect on their problem-solving approaches - especially focusing on the visual and
conceptual processing during their problem-solving. This process may be enhanced con-
ceptually by a combination of reflection prompts or the task solution and visually by one’s
own eye movements that usually would not be accessible to a student (Fleck & Fitzpa-
trick, 2010).

1.1. Reflection for learning

While performing an action (i.e. solving a problem), the knowledge applied is generally
implicit in both the patterns of action and emotions while doing it (Schon, 1983). Schon
(1983) described the introspective process of examining this action and the knowledge it
implies as reflection. The intended outcome of such a process is to guide future actions
(Killion & Todnem, 1991).

Several hierarchical models were developed to characterize reflection processes (e.g.
Nguyen et al., 2014). They have in common that they differentiate between rather
descriptive or highly elaborated ways of reflection and different characteristics of reflec-
tion to characterize reflection processes. These models address reflection either in general
or in specific contexts such as teacher education or medical education. Some of the
therein discussed elements of reflection in these models can be adapted to the context
of problem-solving. For example, the aspect of moving back to a past experience (e.g.
by describing the problem-solving process) (see Korthagen & Kessels, 1999), experien-
cing an issue, difficulty, or challenge (e.g. by identifying issues that occurred while
problem-solving) (see Boyd & Fales, 1983; Moon, 2004), and taking other points of
view or methods of actions into account (e.g. by evaluating other approaches to solve
the problem) (see Fleck & Fitzpatrick, 2010; Korthagen, 1985). Furthermore, the final
element of reflection is to draw consequences, as reflection aims to lead to new perspec-
tives, improvements, or a greater understanding of an experience (see Hatton & Smith,
1995; Moon, 2004; Sandars, 2009). In problem-solving, this might be related to recali-
brating one’s own approach by formulating new approaches or thoughts that are impor-
tant to solve a future problem.

Various models identified the role of reflection in learning and emphasized the impor-
tance of reflective processes for learning (e.g. Boud et al.,, 1985; Kolb & Fry, 1975), and
other studies indicated that more elaborated reflection processes lead to more effective
learning (e.g. Corrales & Erwin, 2020). The potential of reflection can be further sup-
ported by an assisting educator following a reflection-supporting model or by using
tools that allow insights into one’s behavior or problem-solving, i.e. sensor devices
(Boud et al., 1985; Fleck & Fitzpatrick, 2010).

1.2. Supporting reflection with eye-tracking technology

Different reflection-supporting models were developed to facilitate reflection in various
professions with specific foci, e.g. the ALACT model of Korthagen (1985) for teacher
education. Even though the ALACT model was originally developed for reflection on
teaching situations, this model is also suited for problem-solving situations, as it
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focuses on essential aspects of an action and structures the reflection process to develop
new courses of action for future trials. The ALACT model distinguishes three phases of
reflection in a reflection-based learning scenario: looking back on the action, awareness of
essential aspects, and creating alternative methods of action, which are initiated after an
action has been completed and before embarking on a new trial.

To support students’ reflection, i.e. to look back on the action, be aware of essential
aspects, and create alternative methods of action, purposeful reflection prompts can
guide such reflective activities (Guo, 2022). Especially to support the act of looking
back and being aware of essential aspects, sensor devices could be used to represent
new information that otherwise would not be available and to offer an additional per-
spective (Fleck & Fitzpatrick, 2010). One of these sensor devices can be an eye-tracker
that records where, for how long, and in which order an individual looks at a visual rep-
resentation. An eye-gaze replay, depicting conscious and unconscious eye movements
dynamically, could be used to offer students new information about their visual and con-
ceptual processing of a complex representation, i.e. their visual problem-solving actions
(see Hyrskykari et al., 2008; van Gog et al., 2005). In this context, eye-tracking is not used
as an assessment tool to evaluate students’ learning based on attention distribution on
representations. Instead, it is used as a feedback tool to enhance students’ reflection pro-
cesses and their subsequent learning. So far, only a few studies have used eye-tracking as a
feedback tool in the context of problem-solving in science education. In a study by
Hansen et al. (2019), for example, students had to critique chemically relevant features
of accurate and inaccurate animations and static images of redox and precipitation reac-
tions. By presenting students with static inverse opacity images of their eye movements,
Hansen et al. (2019) demonstrated that this type of eye-tracking feedback can be used to
make students aware of their viewing behavior. Additionally, Tsai et al. (2019) showed
that eye-gaze replays can be used to foster metacognition on scientific evidence-based
reasoning tasks to improve students’ performance.

Hence, a retrospective cued by eye-gaze replays and accompanied by reflection
prompts (referred to as an eye-gaze-augmented retrospective; for detailed information,
see section 2.3.) could allow students to revisit their problem-solving approach in
detail, provide students with additional individual information, make them aware of
crucial aspects of their unique process, and allow them to draw tailored consequences
to inform future trials. However, to what extent eye-gaze-augmented retrospectives
stimulate reflection processes in the context of problem-solving with chemical represen-
tations has not yet been investigated.

1.3. Purpose of this study

This qualitative, exploratory study aims to investigate the extent to which an eye-gaze-
augmented retrospective can stimulate students’ reflection on their problem-solving
with representations. Given the complex and multifaceted nature of representations in
organic chemistry, this domain provides a suitable context for problem-solving tasks
and might allow implications for other science disciplines working with complex rep-
resentations. Therefore, we characterized the reflection processes of undergraduate
organic chemistry students on typical structural sites within representations of organic
chemistry. Specifically, we were interested in the structural complexity of the reflection
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process, i.e. the co-occurrence of reflection elements. As the eye-gaze-augmented retro-
spective was structured to be aligned with the three reflection phases outlined in the
ALACT model (looking back on the action, awareness of essential aspects, and creating
alternative methods of action), we were further interested in the contribution of these
phases and how they might stimulate more (or less) structurally complex reflection pro-
cesses. Therefore, the following research questions guided our investigation:

(1) How is the structural complexity of reflection processes in organic chemistry charac-
terized when students’ reflection processes are stimulated by an eye-gaze-augmented
retrospective?

(2) To what extent are reflection patterns of higher complexity stimulated by certain
phases along the eye-gaze-augmented retrospective and are dependent on student
performance?

2. Material and methods
2.1. Context and participants

Data were collected in 2021 at a German university. At that time, the organic chemistry 1
course enrolled around 60 students. After visiting the course, twenty-two students volun-
tarily participated in this study. In the recruitment process, no pre-selection was made,
and recruitment continued until data saturation was reached, i.e. further data did not
show new observations across the phases of the intervention. The lecture in this
course followed a traditional curriculum and was structured by functional groups, mech-
anism types, and structure-property-relationships. The topics relevant to this study (R/S
configuration of asymmetric carbon atoms, Brgnsted acid-base concept, and electrophi-
licity and nucleophilicity) were covered by the lecture. Sixteen participants identified as
female, and six participants as male. For this publication, participants were named with
pseudonyms according to their self-reported gender identity. The average age of the par-
ticipants was 24.0 + 3.4 years. The participants were native German speakers who had
normal or corrected-to-normal vision. The data collection was conducted in German.
Prompts and quotes were translated carefully for this publication to ensure that the
wording and meaning were represented appropriately.

2.2, Study design

2.2.1. Procedure

Data was collected in a single eye-tracking and interview session as part of a larger study.
Each participant underwent the following procedure for each of the three tasks: The par-
ticipants were first prompted to mentally solve the presented task (Figure 1, bottom).
While solving a task, the eye movements of the participants were tracked. Immediately
after the participants solved the task, they noted their responses on a sheet of paper
on which the respective molecule was depicted. Since the eye-gaze-augmented retrospec-
tive included a retrospective think-aloud, the participants did not need to explain their
responses at this stage. After each task, the phases of the eye-gaze-augmented retrospec-
tive were carried out (Figure 1, top). During the eye-gaze-augmented retrospective,
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Figure 1. Study design with the phases of the retrospective (upper half) and the three tasks (lower
half). Two typical structural sites of each task context were chosen for data analysis (highlighted in

grey).

the participants were audiotaped, and their interaction with their eye-gaze replay was
videotaped. By doing this, participants reflected on their problem-solving process on
different structural sites of the molecules. For the subsequent analysis, two typical struc-
tural sites relevant to the specific problem-solving task at hand were selected (for
example, in task C, concerning electrophilicity and nucleophilicity, the carbon next to
the halogen heteroatom would represent a typical structural site that needs to be ident-
ified) (Figure 1, bottom).

Prior to the main study, a pilot study with a small sample was conducted to ensure the
clarity of the tasks and prompts, and to test and refine the data collection procedures.
Insights from the pilot were used to adjust the final study design, ensuring alignment
with the research objectives. Additionally, the study design was discussed with experts
in this discipline.

2.2.2. Task design

The tasks in this study were chosen to be representative of the complexity of a lecture for
organic chemistry beginners. For this purpose, task prompts were chosen from three
common topics: Determine the configuration of the asymmetric carbon atoms (R/S
configuration) for R/S configuration of asymmetric carbon atoms (Figure 1, task A),
Identify the four positions where the molecule is most likely to be deprotonated by a
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strong base for the Bronsted acid-base concept (Figure 1, task B), and Identify electrophi-
lic centres. These are those that can be attacked by nucleophiles for electrophilicity and
nucleophilicity (Figure 1, task C).

To ensure that the task difficulty was appropriate for the prior knowledge of the stu-
dents enrolled in the organic chemistry 1 course, we discussed the appropriateness of the
task design with the course instructors beforehand.

2.2.3. Eye-gaze replay
Eye movements of the participants were tracked in the action phase (Figure 1, top) using
the software Tobii Pro Lab, a Tobii Pro X3-120 screen-based eye-tracking system
(120 Hz) connected to a Tobii Pro External Processing Unit in a live viewer setup
with a 24-inch presentation monitor (1920 x 1200). To reduce data loss, the participants
were briefed to minimize head and body movements during the recording and to remain
seated at a distance of 60-65 cm from the presentation screen. Before each task, the eye-
tracking system was calibrated with nine points and validated with four points. Then, the
task prompt was displayed first. By pressing a key, a fixation cross appeared for two
seconds before the corresponding molecule was shown (Figure 1, bottom). The mol-
ecules of each task were presented in a size that the distances between atoms were
approximately 2.2 cm. This corresponds to an eye movement of approximately 2°,
exceeding the accuracy of the eye tracker of 0.7°. With this, participants should be
able to allocate their fixation points in the eye-gaze replay to viewed atoms.
Immediately after the eye-tracking data collection, the eye-gaze replay was exported
from Tobii Pro Lab, imported into the video-editing software Hitfilm Express, and over-
laid with the student’s response for the first and second phases of the retrospective. For
the third phase, the task solution was additionally added as an overlay to the eye-gaze
replay and the participants’ task solution.

2.3. Eye-gaze-augmented retrospective

2.3.1. Design and key considerations
The eye-gaze-augmented retrospective was structured as a semi-structured interview,
which allowed the interviewer to specifically address certain individual events described
by the participants. The interviewer used a mix of generic prompts to encourage thinking
aloud and direct prompts for specific, contextualized questions (Davis, 2003). In doing
so, the interviewer included both low-level questions for memory recall and high-level
questions for comprehension and connection (King, 1994). In the development of the
reflection prompts for the eye-gaze-augmented retrospective, we followed suggestions
from Ericsson and Simon (1993) and Korthagen and Kessels (1999), like, asking for
alternatives and requesting consequences for the next time. The given prompts aimed
to trigger and guide the reflection process (Moon, 2004). Additionally, we ensured
that the reflection prompts were non-judgmental to provide a supportive environment
(Sandars, 2009). Furthermore, suggestions for technology-enhanced reflection were con-
sidered for the design and conception of the retrospective, like asking for explanations
and giving the opportunity to re-watch the replay (Fleck & Fitzpatrick, 2010).
Additionally, to guide the reflection in the eye-gaze-augmented retrospective, we fol-
lowed the reflection phases of the ALACT model of Korthagen (1985) (Figure 1, top).
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2.3.2. First phase (looking back on the action)

In the first phase, the participants watched the eye-gaze replay of their problem-
solving superimposed with their given response and described their problem-solving
in a retrospective think-aloud. The replay speed was reduced to half the normal
speed as eye movements are very fast, and participants should be able to express
their thoughts regarding their actions (Hyrskykari et al., 2008). The playback times
of the replays with reduced speed were 4:15 + 2:15 min. The participants were
instructed that they could pause the eye-gaze replay, skip forward or backward, and
rewatch the replay as many times as they wanted. Furthermore, the elements of the
eye-gaze replay (i.e. fixations and saccades) were explained. Participants were
prompted to describe their experience as detailed as possible with the help of the
eye-gaze replay. The instruction here followed the standards for retrospective think-
aloud protocols, like prompting to report everything, requesting to express memory
uncertainties, and asking not to work on the problem again (Ericsson & Simon,
1993). If participants omitted or just briefly described events, the interviewer asked
for a detailed description.

2.3.3. Second phase (awareness of essential aspects)

In the second phase, the participants rewatched the eye-gaze replay and were additionally
guided by reflection prompts to identify issues, evaluate approaches, or draw conse-
quences (e.g. Is there anything you notice?, What is the reason for ... ?, or Would you
do anything conceptually and visually different if you had another chance to solve this
or a similar problem again?).

2.3.4. Third phase (creating alternative methods of action)

In the third phase, the task solution was additionally superimposed in the replay. Again,
the participants were guided by similar reflection prompts (e.g. What do you conclude
from the task solution? What is the reason for ... ? or Would you now change anything con-
ceptually and visually if you had another chance to solve this or a similar problem again?).
This allowed participants to compare their eye movements and responses with the task
solution to identify productive and unproductive behavior. Only in the third phase did
the participants see the task solution, but no further conceptual explanation, e.g. why
these structural sites are accurate, was given at any time.

2.4. Data analysis

2.4.1. Data preparation

As we focus on reflection processes on two typical structural sites for each task (Figure 1,
bottom), our analysis resulted in a total sum of 132 single reflection processes. The inter-
view data of the retrospective were transcribed verbatim, and text passages in which par-
ticipants addressed those structural sites were selected for qualitative content analysis.
On average, participants reflected 4:42 + 1:30 min on their problem-solving at one struc-
tural site. Additionally, participants’ responses at each structural site were categoried as
either accurate or inaccurate.
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2.4.2. Characterizing the structural complexity of reflection processes

To characterize the structural complexity of the reflection processes on problem-solving
(research question 1), we coded the reflection elements in the interview data via deduc-
tive qualitative content analysis and grouped them in patterns based on the co-occur-
rence of the reflection elements. In doing so, the coding was informed by the broad
theory of reflection (Boyd & Fales, 1983; Fleck & Fitzpatrick, 2010; Hatton & Smith,
1995; Korthagen, 1985; Korthagen & Kessels, 1999; Moon, 2004; Nguyen et al., 2014).
In total, four codes were used: Describing the experience (E), identifying an issue (1), eval-
uating an approach (A), and drawing a consequence (C) (Table 1). This approach allowed
for the systematic identification and coding of specific reflection elements grounded in
literature.

As the analysis focused on the structural complexity, we coded each reflection process
dichotomously, noting the presence or absence of a code.

The coding scheme was constantly discussed between the authors to ensure that
coding decisions represented the data. For interrater reliability, an undergraduate
research assistant coded a random sample of 20% of the data independently. A kappa
coefficient x,, of 0.95 was reached (Brennan & Prediger, 1981), indicating high agreement
and reliability for the coding scheme (Kuckartz & Radiker, 2019).

2.4.3. Development of the structural complexity of reflection patterns along the
retrospective

To analyse which phases of the eye-gaze-augmented retrospective might stimulate reflec-
tion patterns of higher complexity (research question 2), we quantified the change of
reflection patterns across the three phases. In this process, the codes of the reflection
elements from each phase were not considered in isolation. Instead, they were cumulat-
ively added to the existing codes from the previous phases, allowing us to characterize the
development of the reflection process throughout the retrospective while considering its
dynamic nature. This cumulative approach was chosen because participants did not
necessarily repeat their mentioned experiences, issues, approaches, or consequences in
each phase if they had already been mentioned in previous phases, enabling us to
capture the ongoing development of the reflection processes without losing information
from earlier phases. By comparing which reflection elements were added in each phase of
the retrospective, we could infer which phases may stimulate the occurrence of specific
reflection elements. Furthermore, as a reflection process can depend on contextual

Table 1. Description of the codes, representing reflection elements, used to characterize the structural
complexity of the reflection processes.

Code Code description

Describing the The participant describes or recalls the problem-solving process (e.g. related to chemical
experience (E) concept knowledge, visual behavior, or general thoughts).

Identifying an issue (1) The participant verbalizes difficulties, challenges, or uncertainties they had or still have (e.g.

related to chemical concept knowledge, visual behavior, or general behavior).
Evaluating an approach  The participant reviews their assumptions and behavior, or tests alternative assumptions and

(A) behavior (e.g. related to chemical concept knowledge, visual behavior, or general
behavior).
Drawing a consequence  The participant verbalizes intentions or changes regarding their actions and thoughts with
(@] reference to future problem-solving situations (e.g. related to chemical concept

knowledge, visual behavior, general behavior, or general thoughts).
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factors (Boud et al., 1985), the accuracy of determining the structural site was addition-
ally considered.

3. Results & discussion

3.1. How is the structural complexity of reflection processes in organic chemistry
characterized when students’ reflection processes are stimulated by an eye-
gaze-augmented retrospective?

3.1.1. Distinct reflection patterns

Using the four codes representing reflection elements proposed in Table 1 led to the
emergence of five distinct patterns of the reflection processes that occurred during the
eye-gaze-augmented retrospective with varying degrees in the structural complexity
from descriptive to elaborated reflection pattern (Figure 2).

Depending on the type of reflection elements present, these reflection patterns can be
characterized from less to more complex reflection patterns in five categories: descriptive
reflection, non-elaborated reflection, approach-centred reflection, consequence-centred
reflection, and elaborated reflection (Table 2).

3.1.2. Reflection processes of lower complexity

We frame the descriptive reflection pattern as the lowest level of reflection processes (e.g.
Steven’s example, Figure 3), although the literature is unclear if moving back to experi-
ences or turning one’s thoughts back on action counts as an explicit part of the reflection
process (Killion & Todnem, 1991; Schoén, 1983). Others argue that a superficial

Describing the
experience
Identifying an
issue
Evaluating an
approach
Drawing a
: consequence

IE‘ IZ' E . Elaborated reflection

Reflection of
higher complexity

Non-elaborated reflection

Reflection of
lower complexity

Descriptive reflection

Figure 2. Emerged reflection patterns with varying structural complexity.
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Table 2. Characterization of the reflection patterns stimulated by the eye-gaze-augmented

retrospective.
Reflection pattern General description
Elaborated reflection The reflection process involves describing experiences and issues, evaluating one’s own or
an alternative approach, and verbalizing intentions or changes with reference to future
problem-solving. (Code E, |, A, C)
Consequence-centred The reflection process involves describing experiences and issues, and additionally
reflection verbalizes intentions or changes with reference to future problem-solving. (Code E, |, C)
Approach-centred The reflection process involves describing experiences and issues, and additionally
reflection evaluates problem-solving by reviewing or testing an alternative approach. (Code E, I, A)

Non-elaborated reflection  The reflection process involves describing experiences and additionally expresses issues
encountered during problem-solving or that still persist. (Code E, 1)
Descriptive reflection The reflection process involves describing experiences. (Code E)

description without any further elaboration, like in the descriptive reflection pattern,
cannot be considered a reflection (Fleck & Fitzpatrick, 2010; Hatton & Smith, 1995).
Nevertheless, different reflection models identified looking back on thoughts and
actions as a necessary part of the reflection process (e.g. Korthagen & Kessels, 1999;
Nguyen et al., 2014). As all students were prompted to describe their thoughts and
actions during the retrospective, all started with describing their problem-solving
process and, thus, reached the first reflection pattern.

Descriptive reflection Non-elaborated reflection
@ Identify electrophilic centres. These are @ Determine the configuration of the
those that can be attacked by a nucleophile. asymmetric carbon atoms (R/S configuration).

S-configurated S
asymmetric carbol

g L, g
o¥ H/T/

(o]

B-carbon of the
a,B-unsaturated
carbonyl site

Br

Steven: "Here, | was considering whether the

__negative particle ends up on the oxygen, or down _.Gwen: "For this carbon here, | allocated the priority
here [B-carbon of the a,B-unsaturated carbonyl site] one to this [nitrogen]."
and then delocalises up to the oxygen." [...] II}
g |

H
t-Gwen: "l wasn't quite sure."

#--Steven: "l would not change anything." [...]

Gwen: "But then | allocated the priority two to this

_one above [alkoxycarbonyl], because | thought it
continues with the oxygens. And then here [methyl
group], three." [...]

L L

Steven: "l thought that this whole area belongs

__together. [...] And then | considered this location
here [B-carbon of the a,B-unsaturated carbonyl site]
to be the most likely."

Lok

__Gwen: "Ah, | just realised that | didn't consider that
@ this [methyl group] points to the front." [...]

; -Gwen: "Okay. | got this part right." [...]

Figure 3. Excerpts of a descriptive reflection pattern at the -carbon of the a,B-unsaturated carbonyl
site of the task about electrophilicity and nucleophilicity (left, Steven’s example) and a non-elaborated
reflection pattern at the S-configurated asymmetric carbon of the task about R/S configuration of
asymmetric carbon atoms (right, Gwen'’s example). Both determined the structural sites accurately.
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Similar to the descriptive reflection pattern, the non-elaborated reflection pattern
mainly contained a description of experiences but also identified difficulties and chal-
lenges students experienced or still face. Nevertheless, students who showed the non-ela-
borated reflection pattern did not further expand their reflection on other reflection
elements, i.e. evaluating approaches or drawing consequences (e.g. Gwen’s example,
Figure 3). Therefore, the patterns descriptive reflection and non-elaborated reflection
can be considered as reflection processes of lower complexity (Figure 2).

Figure 3 illustrates two students’ examples of lower reflection complexity. Steven’s
reflection process was categorized as a descriptive reflection pattern at this respective
structural site (i.e. the P-carbon of the a,p-unsaturated carbonyl site in task C),
whereas Gwen showed a non-elaborated reflection. In his reflection, Steven explicitly
stated that he would not change anything regarding his problem-solving strategy in
the second phase as he was certain about his problem-solving strategy and, in the end,
determined the structural site accurately. He seemed pleased with his problem-solving
strategy and result and saw no need to evaluate different approaches or draw
consequences.

In comparison to Steven’s reflection, which only describes his problem-solving
process, Gwen additionally identified issues within her problem-solving process during
her reflection. Gwen identified two issues in her problem-solving approach: first, she
was not sure about the allocation of priorities, and second, she did not consider the
spatial arrangement of the carbon’s residues. Nevertheless, Gwen’s reflection process
ended after she had verified that her response was accurate. Although her issues did
not influence the accuracy of her response in this case, she did not further explore the
reasons for this issue. Gwen might have benefited more in this retrospective by evaluating
different approaches and drawing consequences to be prepared for future problem-
solving situations. However, she was pleased that her response was accurate and saw
no need to reflect further. In her case, the retrospective did not stimulate an advanced
reflection process, although an unexpected success, like in her case, could be a stimulus
for further reflection (Schon, 1983).

Both Steven and Gwen appeared to see no need for further reflection in their reflection
processes. Similarly, in a study by Blackford et al. (2023), organic chemistry students
reported that one reason for not reflecting on the outcome or process was that they
did not consider it necessary once they had already found a solution. This perspective
might be reinforced when students’ responses are confirmed by the task solution, dimin-
ishing the perceived need for deeper reflection.

These two cases are examples of reflection patterns that did not further include the
evaluation of different approaches or drawing consequences.

3.1.3. Reflection processes of higher complexity

The reflection patterns approach-centred reflection, consequence-centred reflection, and
elaborated reflection went beyond describing the experience or identifying issues. Stu-
dents showing these reflection patterns were further engaged in evaluating their own
or proposing alternative approaches, in formulating consequences, or in doing both.
As these reflection patterns included multiple reflection elements, we considered them
reflection processes of higher complexity (Figure 2). The reflection element identifying
an issue, also present in reflection processes of lower complexity, appears in every
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reflection process of higher complexity, showing that identifying an issue seems to be a
potential prerequisite for reflection processes of higher complexity. This aligns with
observations made by others suggesting that uncertainty (Dewey, 1933; Schon, 1983),
as well as related experiences such as doubt, confusion, concerns of not knowing, and
lack of information in explaining something (for a review, see Marshall et al., 2021),
can act as a trigger for reflection. In their reflection processes, students in this study
reported issues consistent with difficulties documented in the science education litera-
ture, such as challenges in deriving implicit information, insufficient prior knowledge,
or unproductive visual behavior (e.g. Bollen et al., 2015; Cooper et al., 2010; Graulich
et al,, 2019; Klein et al., 2018). Building upon their identified issues, in reflection pro-
cesses of higher complexity, students could go deeper in their reflection. For example,
by reviewing their assumptions or testing alternative ones, like Peter in his approach-
centred reflection (Peter’s example, Figure 4), or by formulating consequences, like
Susan in her consequence-centred reflection (Susan’s example, Figure 4).

A longer fixation on the double bond in his eye-gaze replay initiated Peter’s reflection
process (Peter’s example, Figure 4). After seeing the task solution in the third phase of the
retrospective, he started with a conceptual sense-making process to explain why he failed
to identify the structural site accurately. He elaborated on alternative ways of looking at
this structural site and expressed how bonds could flip. However, he could not finally

entred reflect Consequence-centred reflection

© Identify electrophilic centres. These are /© Identify electrophilic centres. These are
those that can be attacked by a nucleophile. those that can be attacked by a nucleophile.
B-carbon of the B-carbon of the
a,B-unsaturated o a,B-unsaturated o
carbonyl site carbonyl site
Br Br
o} (0]
@ Peter: "l stared at the double bond for quite a while @
because | first had to clarify for myself what this is
__really about. Then | pondered whether | should look Susan: "First, | took an overview of the molecule.

for electrophilic centres or nucleophilic centres. “"And then | had to think about the task again." [...]
What about the double bond? It has a very high

I it; it" leophilic." [... - o . .
elecironidensity, s.o iLSiMorBIIUCeOD ”c, L] = i _Susan: "l haven't revisited the subject matter in
_Peter: "I'm struggling to find an explanation for this depth." [...]
! position." [...]

i Peter: "If, perhaps, an alcohol, or an alcoholate, or
@ 1 maybe a thiolate attacks the double bonds - this is
H
i

how I'm trying to envision it - then the bond would
r-flip. We would have a negative charge here, and the
H plus, say, from the thiol or alcohol, could enter
there. This is what | would deduce as an example,

that this bond can also flip in that way." [...] Susan: "At this point, | lack the knowledge to

Peter: "I simply lacked the knowledge in that @ __exp!ain why this is part of the task solution. [...] |

_context. It's dominated by the fact that this double i can't meke sense out of it based on the given
2"bond has a high electron density. [...] And that it is a El..' solution." [...]

nucleophilic centre. So a nucleophile can't attack."

_Peter: "As long as | can't explain why it might be like __Susan: "
this, it's difficult to change something in a new task." " [ [e] )

Figure 4. Excerpts of an approach-centred reflection pattern (left, Peter's example) and a consequen-
cecentred reflection pattern (right, Susan’s example) at the -carbon of the a,B-unsaturated carbonyl
site of the task about electrophilicity and nucleophilicity. Both did not determine this structural site
accurately.
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deduce if this double bond is an electrophilic or a nucleophilic centre, as he did not con-
sider the influence of the carbonyl group. He clearly expressed that conceptual knowl-
edge is missing, which did not allow him to formulate a consequence. Peter’s
approach-centred reflection is an example of students being aware of their lack of knowl-
edge, which limits them to draw consequences. Other students showing reflection pro-
cesses of higher complexity did not as explicitly state this as Peter did. Instead, they
stopped their reflection process or drew consequences that were not directly connected
to an immediate change in their knowledge, behavior, or thoughts. For example, based on
her lack of chemical concept knowledge, Susan, in her consequence-centred reflection
(Susan’s example, Figure 4), drew the consequence of ‘learning the content’ already in
the first phase of the retrospective. The visual information of the task solution in the
third phase alone was not sufficient for her to find an explanation for it, and she remained
with her initial consequence. Both examples show that for some students, further concep-
tual support is necessary to help students test assumptions and formulate consequences
purposefully.

Anna, as an example of an elaborated reflection (Anna’s example, Figure 5), seems to
have had sufficient chemical concept knowledge to be able to make sense of the presented
task solution, leading to purposeful consequences. In the third phase of the retrospective,
Anna recognized that she had mistaken an amine for an amide and that, even as an
amide, she would not have determined it as an electrophilic centre. After considering
an alternative visual behavior (e.g. I should have looked more closely) and testing a con-
ceptual assumption (e.g. But thinking about it now, if I have an amide, so there is a car-
bonyl group [...]), she drew the consequence of examining more adjacent atoms and not
to focus only on hydrogens anymore. Overall, the extent to which a consequence could be
drawn, and consequently, the reflection pattern that emerges, seems to depend partially
on students’ ability to activate the conceptual knowledge to make sense of their problem-
solving and the task solution.

Anna’s example is also exemplary for students who formulated more visual-related
consequences in their reflection, stimulated by the retrospective (e.g. focusing on struc-
tural features or looking closely or stepwise), even though conceptual issues were ident-
ified. The retrospective provides only visual-related information, i.e. the eye-gaze replay
and the visual depiction of the task solution. This framing might stimulate students to
focus more on their visual than their conceptual processing. A similar observation can
be seen in Felicia’s elaborated reflection (Felicia’s example, Figure 5). In contrast to
Anna’s reflection, Felicia accurately determined the structural site. In the second phase
of the retrospective, she expressed dissatisfaction with her problem-solving approach
and drew a general consequence for her future behavior. When asked again if she
would draw a consequence in the third phase, she added the visual consequence to
look more successively in future problem-solving situations. This highlights that students
were stimulated to focus more on their visual behavior due to the visual framing of the
retrospective.

The goal of the reflection in this retrospective is to guide future problem-solving situ-
ations by drawing purposeful consequences. Although the identification of issues was a
precursor for the evaluation of approaches and the drawing of consequences, with the
pattern of consequence-centred reflection, the results showed that it is possible to draw
consequences without necessarily evaluating different approaches. In the approach-
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Elaborated reflection m Elaborated reflection [ ] ]
Identify the four positions where the molecule is \ /@ Determine the configuration of the
most likely to be deprotonated by a strong base. asymmetric carbon atoms (R/S configuration).

Nitrogen of the o
carboxamide =

@ Anna: "So, | started with the amine because it has
protons. It was all about protons. But | discarded
E—--that idea. [...] Because ammonia itself is a base.
Therefore, it's less likely to be deprotonated. That's
@ why | discarded it." [...]

Anna: "Oh, it's an amide, not an amine! I'm such a
E] __fool. So, | had previously discarded it because an

R-configurated
asymmetric carbon

Felicia: "I looked here and started to determine the
E__conﬁguration. [...] 1 know, here | had to turn it around
in my head again, because actually, it was S. But
since the H points to the front, | had to change it"[...]

__Felicia: "I think | was too scared or put too much
1 pressure on myself." [...]

amine is a base. And bases don't give up their

@ E protons." [...]

m; -Anna: "I'should have looked more closely."

Anna: "But | think that even with an amide, | might
ot have considered it being deprotonated.” [...]

E} ;-Felicia: "But actually, it's not that hard." [...]

Felicia: "I'm pleased that | got the result right. But
.I'm also unsatisfied with the way | solved it. [...] | let
myself get too stressed and panicked right away,
thinking | couldn't do it."

Anna: "At the beginning, | quickly scanned the
;-molecule. It was like a filter step, where | really only
1 looked at places with protons."

._Anna: "So, | saw it [carboxamide] like an amine."

! ™ J

Figure 5. Excerpts of elaborated reflection patterns at the nitrogen of the carboxamide of the task
about Brensted acid-base concept (left, Anna’s example) and at the R-configurated asymmetric
carbon of the task about R/S configuration of asymmetric carbon atoms (right, Felicia’s example).

IREEEEE

centred reflection pattern, consequences were also not necessarily drawn subsequently
after evaluating approaches. Thus, as the pattern emerged based on the reflection
elements, it became apparent that evaluating approaches and drawing consequences
are, thus, not necessarily connected. Additionally, by comparing the reflections of
Peter, Susan, and Anna (Figures 4 and 5), it seems that in some cases, whether a purpo-
seful consequence can be drawn relies on the students’ ability to activate sufficient knowl-
edge to make sense of the task solution. However, when consequences were drawn, the
framing of the retrospective might have stimulated students to formulate more visual-
related consequences.

In general, it appears that the accuracy of determining the structural site might
influence the complexity of the reflection processes, which is further discussed in the
next section.
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3.2. To what extent are reflection patterns of higher complexity stimulated by
certain phases along the eye-gaze-augmented retrospective and are dependent
on student performance?

3.2.1. Change of the reflection patterns across the three phases of the eye-gaze-
augmented retrospective

Changes in the reflection patterns across the three phases of the eye-gaze-augmented ret-
rospective were quantified (Figure 6) to characterize how they stimulate reflection pat-
terns of higher complexity.

In the first phase of the retrospective, reflection patterns were only stimulated by the
eye-gaze replay and the prompt What did you do and think? Most reflection patterns in
the first phase were reflection patterns of lower complexity (88%). Only a small pro-
portion of reflection patterns showed a higher structural complexity (12%). In this
phase, it was common for students to use their eye movements depicted in the eye-
gaze replay to structure the description of their problem-solving strategy and redescribe
their behavior. Students used the replay as a cue to follow events and recall their problem-
solving. Students often started by describing their initial visual strategy (e.g. like in Feli-
cia’s reflection process in Figure 5) and, afterward, added their own (conceptual)
thoughts and interpretations. This aligns with van Gog et al. (2005), who showed that
dynamic eye-gaze replays can be used as memory cues for science problem-solving
tasks. However, this phase seems to initiate a look back on action with limited incidences
of reasoning through issues or consequences. Additionally, students often redescribed
their visual problem-solving process, reiterating chronologically their problem-solving
process. This calls for attention when using rather unguided eye-gaze replays in instruc-
tion, for instance, in future webcam-based eye-tracking scenarios.

® ® ®

=2%
@ 3%

=

@ Elaborated reflection

@ Consequence-centred reflection
O Approach-centred reflectic

@ Non-elaborated reflection

@ Descriptive reflection

Figure 6. Occurrence of reflection patterns across the three phases of the eye-gaze-augmented retro-
spective. Each line depicts one reflection process throughout the retrospective at one structural site of
the respective tasks. The numbers represent the percentage distribution of reflection patterns in the
respective phase.
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In the second phase of the retrospective, the complexity of patterns slightly increased,
moving towards consequence-centred reflections (from 3% to 19%) and showing a
decrease in reflection patterns with lower complexity (from 88% to 69%). Overall,
there was only a slight shift in some reflection patterns during this phase. The additional
prompts (see section 2.2.3.), at least the ones in the second phase of the retrospective, did
not have a major impact compared to the think-aloud prompt and the eye-gaze replay in
the first phase.

Only upon the introduction of the task solution with reflection prompts in the third
phase of the retrospective did a major proportion of the reflection processes change.
Some reflection processes changed from descriptive reflection to elaborated reflection
(e.g. exemplified by Anna’s reflection process in Figure 5). While approach-centred reflec-
tion and consequence-centred reflection constituted a minor portion of the reflection pat-
terns throughout the eye-gaze-augmented retrospective (increasing slightly from 21% to
23%), elaborated reflection became predominant during the third phase (from 8% to
45%).

As the reflection patterns are based on the occurrence of reflection elements, it became
evident that the first and third phases of the eye-gaze-augmented retrospective triggered
different reflection elements. For instance, evaluating an approach was mostly observed
in the third phase, as the given task solution confirmed the students’ solutions or assump-
tions or revealed missed solutions. Nearly a third of the reflection patterns were of lower
complexity at the end of the retrospective (29%).

Each of these three phases provided new information (e.g. task solution) or prompts
that students could consider when reflecting on their problem-solving. However, that
students were engaged in reflection processes of higher structural complexity is not an
easy win, as reflection can depend on contextual factors (Boud et al., 1985), such as
the accuracy of one’s own solution.

3.2.2. Influence of students’ accuracy
Figure 7 depicts the proportion of reflection processes based on the accuracy of deter-
mined structural sites.

Whether the structural site was determined accurately or inaccurately, the distribution
of patterns of lower and higher complexity remained similar in the first two phases of the
retrospective, with a predominant proportion of reflection patterns being of lower com-
plexity. Only in the third phase of the retrospective did the distribution of patterns of
lower and higher complexity differ remarkably.

In this phase, the dominant proportion of the reflection patterns on accurately deter-
mined structural sites was of lower complexity (63%). It seems that most of the students
felt no need to reflect further, as the structural sites reflected on were already determined
accurately. For descriptive reflection, this is plausible as students did not identify any
issues (like Steven in his reflection in Figure 3). In contrast, in non-elaborated reflection,
where students identified issues, they did not evaluate different approaches or draw con-
sequences (like Gwen in her reflection in Figure 3). Most of the time, those students
stopped their reflection as soon as they verified the accuracy of their response. Other stu-
dents, nevertheless, tried to evaluate their approach and draw consequences, even though
their correct response was already confirmed at the beginning of the third phase (as seen
in Felicia’s reflection in Figure 5).
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Reflections on accurately Reflections on inaccurately
determined structural sites (46%) determined structural sites (54%)
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Figure 7. Occurrence of the reflection patterns across the three phases of the eye-gaze-augmented
retrospective by accurately (left) or inaccurately (right) determined structural sites. 46% of the reflec-
tion processes occurred on accurately determined structural sites, while 54% reflection processes
occurred on inaccurately determined structural sites. The numbers represent the percentage distri-
bution of reflection patterns in the respective phase.

In comparison, almost every reflection process on inaccurately determined struc-
tural sites was of higher complexity in the third phase of the retrospective, with a
predominant proportion of elaborated reflection (71% of 99%). In this phase, the stu-
dents were made aware that they had inaccurately determined the structural site. It
seems that realizing this when seeing the task solution prompted an enhanced reflec-
tion, leading students to evaluate different approaches, draw consequences, or do
both.

In conclusion, students often used the presented task solution in the third phase of
the retrospective to verify if the structural site was determined accurately or not. This
is the reason why the structural complexity of most of the reflection patterns remained
lower in the first and second phases of the retrospective and then either changed
slightly if the structural site was determined accurately (Figure 7, left) or mostly
changed to higher complexity if the structural site was determined inaccurately
(Figure 7, right). Consequently, and not surprisingly, it seems that accurately deter-
mining the structural site did not foster more complex reflection patterns, as students
often seemed pleased and saw no need to further reflect on a successful problem-
solving process (e.g. Steven’s and Gwen’s example, Figure 3). Inaccurately determining
a structural site may elicit feelings of inner discomfort, surprise, unwanted outcome,
confusion, or difficulties in understanding, and provoke the intention to understand
the content by themselves based on prior knowledge, which are all stimulators for
reflection (Boyd & Fales, 1983; Moon, 2004; Schon, 1983) and may lead to reflection
patterns of higher complexity.
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3.3. Summary of results

To summarize, the eye-gaze replay and reflection prompts of the first two phases of the ret-
rospective helped students structure their process of looking back on and being aware of
essential aspects of their problem-solving process. The presented task solution, along
with the accompanying reflection prompts, in the third phase of the retrospective had
the greatest influence on the trajectory of the observed reflection patterns — especially
when structural sites were incorrectly determined, reflection patterns of higher complexity
were observable. It is, however, apparent that presenting the task solution in cases where
structural sites were determined accurately only rarely supported the construction of reflec-
tion patterns of higher complexity with the current design of the retrospective. Even though
the retrospective might be more beneficial for students who face challenges in solving pro-
blems, 71% of all analyzed reflection processes in this study were reflections of higher com-
plexity, showing that the retrospective has the potential to stimulate the reflection processes
of students with different needs and prior knowledge. The remaining 29% of reflection pro-
cesses consisted almost exclusively of either descriptive reflection or non-elaborated reflec-
tion on accurately determined structural sites. Additional prompts may be necessary to
enhance these reflection processes toward more complex patterns. For students who are
confident and successful in their problem-solving approach (as illustrated by Steven’s
example in Figure 3), those prompts should reinforce productive behavior or student’s
metacognitive reflection. For students who face uncertainties or challenges yet achieve
an accurate solution (as illustrated by Gwen’s example in Figure 3), the prompts should
encourage them to confront and resolve their uncertainties or issues. Purposeful prompting
and guidance may be crucial, as students may not independently employ strategies to reflect
on both the outcomes and the processes used in problem-solving for various reasons (e.g.
feeling incapable of reflecting or considering it unnecessary) (Blackford et al., 2023).

3.4. Limitations

Some limitations must be considered in the presented study. Our analysis focused on
single reflection processes on different structural sites in several tasks. While this
approach provides insights into the range of reflection processes that occur in
different task contexts, it limits the ability to compare and characterie individual stu-
dents’ approaches across all tasks.

Although the results indicate that an eye-gaze augmented retrospective is fruitful in
engaging students in high-complexity reflection patterns, a comparison to a non-eye-
gaze replay retrospective was not part of this study, leaving the specific benefits of eye-
gaze replay unexplored. At the end of the data collection sessions, participants did
report that the eye-gaze replay offered additional insights that might be inaccessible
otherwise, indicating that cueing a retrospective with eye-gaze replays allows students
to perceive their experience from another perspective.

Lastly, while our findings may imply that structurally more complex reflection pat-
terns enhance learning outcomes (i.e. students’ performance following the retrospective
or enhanced productive visual behavior), learning outcomes were not a part of this analy-
sis as we focused on reflection processes on structural sites and not on individual stu-
dents. Hence, future investigations will include analysing eye-tracking data and
students’ performance.
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4. Conclusion and implications for research and teaching

In this exploratory study, we investigated to what extent different phases of an eye-gaze-
augmented retrospective can stimulate reflection processes on science problem-solving
with representations by first characterizing the structural complexity of reflection pro-
cesses on typical structural sites of organic-chemical representations in problem-
solving tasks and second identifying the contribution of each phase of the eye-gaze-aug-
mented retrospective to the reflection process while considering the accuracy of students’
problem-solving.

Overall, the results suggest that an eye-gaze-augmented retrospective can be used to
stimulate reflection processes on problem-solving with representations, but that specifi-
cally presenting the task solution, accompanied by reflection prompts, might increase
reflection pattern complexity and is more suitable for students who struggle to solve
the problem. In some cases, however, we observed that small-scale, conceptual support
provided in a stepwise manner could have been helpful to support these students in for-
mulating purposeful consequences when the content reflected on exceeds students’ capa-
bilities. This might be valuable when students cannot make sense of a task solution they
have missed or have chosen incorrectly. Especially given that the task solution and the
interview did not provide conceptual reasons.

Besides this, the results showed that reflecting in an eye-gaze-augmented retrospective
on inaccurately solved problems might lead to productive learning situations. Inaccur-
ately solved problems stem from various individual reasons, i.e. visual and conceptual
causes, which become explicit through reflection in the retrospective. This allows stu-
dents to identify and address the underlying reasons or challenges that led to the inac-
curacies. Also, these insights can help instructors create adaptive support tailored to
students’ needs.

In addition, the designed eye-gaze-augmented retrospective mainly stimulates reflec-
tion processes of higher complexity on inaccurately solved problems - thus, the retro-
spective, especially for students with accurately determined solutions, has not yet
tapped into the possible potential. If students solved problems accurately, that does
not imply that these students did not benefit from reflection. Often, reflection is associ-
ated with learning from failures, but besides focusing on deficits and avoiding them, it
may also be valuable for students to reinforce or refine productive behavior or deepen
their understanding of the content. This type of reasoning, on the one hand, might
not be captured by the typical categories used for reflection processes, which often
focus on formulating alternatives or consequences. Future research should explore
how retrospectives could involve a stronger focus on metacognition, e.g. reinforcing
approaches in which students monitor or evaluate their problem-solving process, even
when they are successful. On the other hand, one can assume that observing students
ending the reflection process as soon as they have their accuracy confirmed might be
related to typical epistemological messages on what knowledge products are valued
(i.e. valuing authorised solutions) in the classroom, which might be more often conveyed
in traditional courses (Russ, 2018).

Furthermore, the eye-gaze-augmented retrospective tended to stimulate students to
focus more on their visual behavior and draw visual-related consequences, likely due
to the visual framing as well as the visual stimuli of the retrospective. Hence, further
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prompts may be necessary to stimulate students to focus additionally on the conceptual
aspects linked to their visual behavior.

To conclude, even though this exploratory study may report first results, further
research is necessary on how an eye-gaze-augmented retrospective should be designed
(i.e. which additional prompts and scaffolds should be incorporated) and used (i.e.
different problem-solving contexts and educational settings) to foster each student indi-
vidually and more effectively in their problem-solving with representation. With these
additional insights, such an eye-gaze-augmented retrospective could be integrated into
a digital learning environment, providing timely feedback and scaffolding that stimulates
students to reflect on their problem-solving process. Within such an online learning
environment, differentiation could be conceivable by (1) offering tailored scaffolds
based on students’ accuracy, or (2) adapting prompts using machine learning to
provide personalized feedback based on eye-tracking data, verbal data, or both.
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we illustrate the how-to of constructing AOIs with the LRVT method during data preparation and demonstrate how these AOIs can
be used to analyze and compare visual problem-solving behavior in different grain sizes through exemplary analyses. Finally, we
discuss the advantages and limitations of this alternative method.
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H INTRODUCTION

Eye tracking is a valuable tool for investigating visual attention
distribution and how a learner processes representations. This
makes it particularly useful in chemistry education research,
where analyzing learners’ use of representations, formulas,
models, and diagrams is important. Consequently, in the last
decades, several eye-tracking chemistry education research
studies have focused on areas such as problem-solving
strategies,l_4 expert-novice comparison,s_x students’ use of
representations,” "~ evaluation of learning material,">~"’
cognitive demand,”*™** predictability of eye movements,”***
or feedback.”**”

While analyzing eye-tracking data, the researchers define areas
of interest (AOIs) — definite regions in the presented stimulus in
which they aim to analyze eye-gaze data.”® Thus, the setup of
AOIs depends on the researcher’s goal. For example, Braun et
al.* investigated students’ drawing processes of organic
chemistry resonance structures. The researchers defined
square-shaped AOIs at different levels of granularity (i.e., grain

sizes). Fine-grain AOIs covered detailed features of single Received: July 5, 2024 (T EnUATOR
molecules (e.g, charges, structural sites) to investigate what Revised:  January 21, 2025

structural features students attend to while drawing resonance Accepted: January 24, 2025

structures. Coarse-grain AOIs covered broad elements, like Published: February 3, 2025 230
textboxes, reactions, and entire drawings, to explore what i

elements students connect while constructing resonance
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structures. The shape, size, and position of AOIs are crucial, as
AOQI-based metrics like fixation duration, AOI hits, or transitions
are used to draw conclusions about participants’ viewing
processes.”®*’ Thus, how AOIs should be set raises many
questions: What grain size should be selected? What elements of
the stimulus should be covered by AOIs? How close should
AOIs be located to each other? How big should the margins of
the AOIs be? How should the AOIs be shaped? How is AOI
setup replicability ensured? Consequently, defining AOIs can be
particularly challenging, especially in complex stimuli with
multiple closely arranged elements, such as in organic
representations—including Lewis structures, Haworth projec-
tions, chair conformations, wedge-and-dash projections, or
entire reaction mechanisms. AOIs can be defined with several
approaches: 1.) Researcher-defined AOIs are manually set by
the researchers themselves. 2.) Stimulus-defined AOIs are
created based on specific stimulus features detected by
computational methods like edge detection or color segmenta-

https://doi.org/10.1021/acs jchemed.4c00830
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Figure 1. Comparison of researcher-defined AOIs (top) and LRVT-defined AOIs (bottom) across two different structures (left vs right).

tion. 3.) Algorithm-defined AOIs are calculated post hoc solely
based on the collected gaze data using specific algorithmic
methods such as clustering. 4.) Grid-based AOIs are constructed
by placing a grid content-independently across the stimulus
leading to each grid cell being an individual AOL***° However,
it is often crucial to consider the semantic composition of the
stimulus, which inevitably leads to researcher-defined AOIs.
Hence, it is not surprising that organic chemistry eye-tracking
researchers often define AOIs manually.*"*'""**" Although
researchers define AOIs with their best intent and expertise,
defining AOIs manually may introduce subjectivity and risk
compromising comparability and replicability, especially when
visual behavior is compared across multiple structures in a study.

In light of this, the limited-radius Voronoi tessellation
(LRVT) method—an established systematic method for defining
AOIs based on the spatial arrangement of elements in the
stimulus—may assist organic chemistry eye-tracking researchers
during data preparation in defining AOIs while considering the
semantic composition of the representation. Hence, LRVT-
defined AOIs could be particularly useful in instances when
comparing eye movements across multiple structures or
contexts. For example, researchers may consider comparing
the eye movements of participants as they determine the
configuration of an asymmetric carbon atom in two different
structures. In this case, fine-grain AOIs could be constructed
where each AOI encloses only one of the relevant features (i.e.,
the carbon center and atoms of the substituents). Rectangle-
shaped AOIs could be defined manually (see Figure 1, top), but
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it may be challenging to define objective and resembling AOIs
across stimuli that cover a sufficient area, including the white
space between close elements, while also ensuring their size is
appropriately defined and proportionally distributed to
correspond to the spatial arrangement and number of those
elements, in order to register relevant fixations and correctly
assign them to the corresponding features in both structures—
especially in dense stimuli. In such a case, the LRVT method
offers the possibility to systematically define similar AOIs across
both structures (see Figure 1, bottom). This ensures that any
changes in eye movements are not artificially introduced by the
set of the AOI itself.

To illustrate this method in this communication, we first
describe how to apply the LRVT method to organic stimuli.
Second, we illustrate its application with an example in which
participants solved tasks involving organic representations.
Finally, we discuss the method’s advantages and limitations.

B METHOD: THE LRVT METHOD FOR ORGANIC
STIMULI

The LRVT method is based on the tessellation principle
introduced by George Voronoi.” It divides an area into smaller
areas, known as Voronoi cells, across multiple points called cell
centers and limits the size of these cells by a set radius. Each cell
represents the closest area to its cell center within a defined
radius.

For organic stimuli, AOIs can be defined with the LRVT
method by using atoms as cell centers. The method to construct

https://doi.org/10.1021/acs jchemed.4c00830
J. Chem. Educ. 2025, 102, 1285-1297
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Figure 2. (A) Defining AOIs for an isobutane molecule representation following the LRVT method. (B) Each atom represents a cell center. (C) First,
to determine the AOI of the tertiary carbon, draw connecting lines to atoms nearby. (D) Next, draw perpendicular bisecting lines for each connecting
line. (E) The area enclosed by the perpendicular lines represents a Voronoi cell. (F) Repeat the steps for the other atoms. (G) The results are the
corresponding Voronoi cells. (H) Limit each cell by a set radius. (I) Finally, the intersectional areas construct the LRVT-defined AOIs.

radius < bond length

radius = bond length

radius > bond length

e

Figure 3. LRVT-defined AOIs with different radii.

LRVT-defined AOIs is demonstrated with an isobutane
molecule representation in Figure 2. For a practical guide on
constructing LRVT-defined AOISs for an organic representation,
please refer to the Supporting Information.

With this method, fixations located in an LRVT-defined AOI
can be assigned to the corresponding atom since these fixations
fall in the area closest to this atom within a specific radius. The
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example in Figure 2I shows LRVT-defined AOIs with a radius
equal to the bond length of the molecule. However, other radii
can also be used (see Figure 3).

As shown in Figure 3, the radius defines the size and shape of
the AOIs and is, therefore, an important variable. Since there are
no standardized guidelines for setting AOI sizes, some eye-
tracking researchers suggest considering several factors: the

https://doi.org/10.1021/acs jchemed.4c00830
J. Chem. Educ. 2025, 102, 1285-1297
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Task 1

S-configurated
asymmetric carbon
(lowest priority
group backward)

Prompt: Determine the configuration of the asymmetric carbon atoms (R/S configuration).

R-configurated
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(lowest priority
group forward)
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Prompt: Determine the configuration of the asymmetric carbon atoms (R/S configuration).

N

S-configurated
asymmetric carbon
(lowest priority
group backward)

Figure 4. Tasks with task prompt and a large cyclic complex molecule. The two asymmetric carbon atoms in each task are highlighted. The asymmetric
carbons highlighted in teal are identical. Solutions were hidden from the students.

accuracy and precision of the eye-tracking data, the importance
of registering all the fixations, the risk of inflating the false
negative or false positive rate, theoretical expectations about the
distribution of fixations, the fixation variance across participants,
the amount of white space, the element density of the stimulus,
and the conspicuity of elements.”®****** As a result, we
recommend that AOIs for organic stimuli in chemistry
education research, in general, should be defined larger in size
for the following reasons: 1.) a significant amount of white space
with areas of high element density is a typical characteristic of
stimuli in organic chemistry, 2.) organic representations often
include conspicuous elements (e.g., protruding peripheral atoms
or functional groups) which can be visible at larger
eccentricities,”* 3.) it may be important to register every
fixation, and 4.) the accuracy of the eye-tracking data is often not
sufficient enough leading to spread fixations. To define
adequately large AOISs, the radius in LRVT-defined AOIs should
be set to the size of the bond length or larger.

A standardized radius is preferable for defining AOIs in a
comparable manner. One fixed, researcher-independent, and
easy-to-determine length in every organic stimulus is the bond
length within a molecule. Therefore, setting the radius to the
bond length of the molecules in the presented stimulus could
guide the definition of AOIs.

Setting the radius to the bond length of the molecule provides
an additional advantage. To re§ister every relevant fixation, large
AOI margins may be used.”® Yet, using large margins may
increase the false positive rate or result in overlapping AOIs in
dense stimuli.”” However, the LRVT method with a set radius to
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the bond length effectively addresses these issues. First,
overlapping AOIs are avoided, as the AOI borders are always
the perpendicular bisecting lines of connection between atoms
(see Figure 2G). Second, as the radius of the LRVT-defined
AOIs s set equal to the bond length of the depicted molecule the
AOI margins—and consequently the AOI size—will dynamically
adapt with the molecule’s presentation size. To outline, if the
molecule is presented at a large size no fixation distribution
overlap can be expected due to a larger distance between
elements. In this case, large AOI margins are recommended to
include all nearby fixations, reducing the false negative risk.””
Conversely, if the molecule is presented at a small size, fixation
distribution overlap can be expected due to a reduced distance
between elements. In this case, small AOI margins are
recommended to balance the false negative and positive risk.””
By dynamically adjusting the AOI size, the LRVT method with a
radius set to the bond length ensures that both scenarios are

effectively addressed.
In the next section, we apply the LRVT method with a defined

radius equal to the bond length in a stimulus depicting a large
complex molecule and illustrate how the method can be used to

characterize a student’s visual problem-solving behavior.

https://doi.org/10.1021/acs jchemed.4c00830
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Task 1 LRVT-defined AOls Task 2 LRVT-defined AOls

ko

Figure 5. LRVT-defined AOIs.

Task 1 global Task 2 global

Task 1 local Task 2 local

Figure 6. LRVT-defined AOIs in different grain sizes (global and local) for each task. Coarse-grain size, defining AOIs for broad structural features (i.e.,
global) (top). Fine-grain size, defining fine-grain AOIs for the asymmetric carbon centers and its adjacent atoms with the lowest priority group
backward (i.e., local) (bottom). Color scheme: teal AOIs = asymmetric carbon atoms with the lowest priority group backward in task 1 and task 2,
purple AOI = asymmetric carbon atom with the lowest priority group forward in task 1, ocher AOI = asymmetric carbon atom with the lowest priority
group forward in task 2, grey AOIs = molecule chain.

1289 https://doi.org/10.1021/acs.jchemed.4c00830
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Task 1 Otto gaze plot

Task 2 Otto gaze plot

Task 1 Otto heat map

Task 2 Otto heat map
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Figure 7. Gaze plots (top) and heat maps (bottom) of Otto’s eye gaze while determining the configuration of asymmetric carbon atoms in the
molecules of task 1 and task 2. The blue lines indicate the coarse-grain AOIs depicted in Figure 6, top. Note: The color intensity of the heatmaps reflects
the relative fixation duration within each task and is not directly comparable between the two tasks, as the color scales are specific for each problem-

solving process.

B APPLICATION: DEMONSTRATION OF THE LRVT
METHOD

Setting

In the following, eye-tracking recordings of two students solving
an organic chemistry problem will be used to demonstrate the
application of the LRVT method for data preparation.

During data collection with the eye tracker, for each task,
participants were shown a single complex organic molecule and
prompted to determine the configuration of asymmetric carbon
atoms. Those large cyclic organic molecules are depicted in the
wedge-and-dash projection and contain several functional
groups and two asymmetric carbon atoms (see Figure 4).
Originally, those tasks were used in a study about an eye-gaze-
augmented retrospective.35

The eye-tracking data were collected with a sampling rate of
120 Hz with a Tobii Pro X3-120 screen-based eye-tracking
system, a Tobii Pro External Processing Unit, and the associated
software Tobii Pro Lab™® using a live viewer setup with a 24-in.
presentation monitor with a 1920 X 1080 resolution. The
participants were instructed to keep a distance of 60 to 65 cm
from the presentation monitor and to minimize head and body
movements during the task to reduce data loss. Before starting
each task, the system was calibrated using a nine-point
calibration and a four-point validation. Immediately after the
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calibration, the participants were presented with the task prompt
Determine the configuration of the asymmetric carbon atoms (R/S
configuration). They then continued by pressing a key, and a
fixation cross was shown to the participants for two seconds
before one of the molecules was automatically presented. The
molecules were scaled so that the distance between atoms was
2.2 cm, which corresponds to an eye movement of
approximately 2°. Therefore, this exceeds the accuracy of the
eye-tracking system of 0.7° and the suggested 1—1.5° by
Holmqpvist et al.*® After completing the task, the participants
pressed a key to stop the eye-tracking data collection.
Immediately upon completing each task, participants recorded
their answers on a sheet of paper.

Defining AOIs in Complex Molecules

To determine the Voronoi cell centers for the molecules, the x
and y coordinates of the atoms were extracted from the
ChemDraw file of the molecules. The LRVT-defined AOIs were
computed using the software R*” with the R-packages deldir,*®
ggforce® and ggplot2.** The radius of the AOIs was set to the
size of the bond length. The resulting R-plots were then
imported into the eye-tracking software, and AOIs were drawn
according to the calculated limited-radius Voronoi cells (see
Figure S). A detailed guide for this procedure is provided in the
Supporting Information.

https://doi.org/10.1021/acs.jchemed.4c00830
J. Chem. Educ. 2025, 102, 1285—1297
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Figure 8. Time-sequence plots of Otto’s eye gaze for both tasks. The colors correspond to the colors of the AOIs depicted in Figure 6, top. The color of
each vertical line indicates the AOT from which the transition to the next AOI originates.
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Figure 9. Relative number of transitions of Otto’s eye gaze in both tasks between the fine-grain AOIs. The colors correspond to the colors of the AOIs

depicted in Figure 6, bottom. The color of each chord indicates the AOI

from which the transition originates.

With this, AOIs can be merged to construct AOIs of broader
grain sizes, namely coarse-grain AOIs (see Figure 6, top) that
group multiple elements together, as well as fine-grain AOIs (see
Figure 6, bottom), where each AOI reflects distinct individual
elements. This flexibility allows researchers to analyze specific
AOIs either individually (e.g., the total fixation duration on the
asymmetric carbon and its substituents as a whole group; see
Figure 6, top) or as groups (e.g,, the distribution of the fixation
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duration across the asymmetric carbon and its substituents; see
Figure 6, bottom).

Using LRVT-Defined AOIs and Different Grain Sizes to
Compare a Student’s Visual Problem-Solving Behavior
Across Representations

The eye-gaze data from an exemplary student’s problem-solving
processes is used to illustrate how the LRVT-defined AOIs (see

https://doi.org/10.1021/acs.jchemed.4c00830
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Task 1 Otto gaze plot

Task 1 Victor gaze plot

Task 1 Otto heat map

Task 1 Victor heat map

Figure 10. Gaze plots (top) and heat maps (bottom) of Otto’s and Victor’s eye gaze while determining the configuration of asymmetric carbon atoms
in the molecule of task 1. The blue lines indicate the coarse-grain AOIs depicted in Figure 6, top. Note: The color intensity of the heatmaps reflects the
relative fixation duration within each problem-solving process and is not directly comparable between the two students, as the color scales are specific

for each problem-solving process.

Figure 6) can help to characterize and compare these processes,
especially across tasks that have comparable stimuli. Otto, an
organic chemistry beginner, identified and determined both
asymmetric carbons accurately in both tasks (see Figure 4).
Otto’s eye gaze along the presented molecules is depicted in
Figure 7.

As illustrated in Figure 7, the LRVT-defined AOIs encompass
a sufficient area of the stimuli, ensuring that all of Otto’s fixations
on the molecules are registered. Additionally, the LRVT-defined
coarse-grain AOIs (see Figure 6, top) appropriately partition the
stimuli, assigning Otto’s fixations to the corresponding features.
This allows us to globally analyze his consecutive eye
movements and the absolute time he spent on the coarse-
grain AOIs, as visualized in the time-sequence plots (Figure 8)

When comparing the absolute time Otto spent on the
respective coarse-grain AOIs in Figure 8, it becomes evident that
Otto spent most time looking at the asymmetric carbons in both
tasks. Contrastingly, Otto spent less time looking at the chain
and more time on the asymmetric carbon atom with the lowest
priority group backward in task 2 than in task 1, even though
they are structurally identical.

The fine-grain AOIs (see Figure 6, bottom) enable a more
detailed analysis of Otto’s gaze on these asymmetric carbon
atoms locally to analyze his process of determining their
configuration and identifying differences in his gaze. As these
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AOIs are set similarly and cover comparable areas across both
asymmetric carbon atoms, this preserves consistency and
prevents the introduction of artificial variations in the eye
movements by the AOIs themselves. Taking the relative number
of transitions between the fine-grain AOIs of each asymmetric
carbon into account, Otto performed more transitions within
the asymmetric carbon atom in task 2 (see Figure 9, right) than
in task 1 (see Figure 9, left).

The systematic definition of AOIs using the LRVT method
within similarly designed tasks allowed us to characterize Otto’s
visual behavior and to identify differences across both tasks. We
can infer that, globally, Otto spent most of his time determining
the configuration of the two asymmetric carbon atoms in each
task (see Figures 7 and 8). Locally on the asymmetric carbons
with the lowest priority group backward, his eye movements
often shifted between the carbon centers and adjacent groups. It
could be that the change in the representation of the identical
asymmetric carbon atom with the lowest priority group
backward resulted in more transitions between the AOIs (see
Figure 9). Thus, by using the LRVT-defined AOIs at different
grain sizes, subtle differences in a student’s visual problem-
solving behavior across representations with dense features, like
asymmetric carbon atoms, become comparable and visible, as
they ensure that all fixations are registered and assigned to the

https://doi.org/10.1021/acs.jchemed.4c00830
J. Chem. Educ. 2025, 102, 1285—1297
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Figure 11. Time-sequence plots of Otto’s and Victor’s eye gaze for tasks 1. The colors correspond to the colors of the AOIs depicted in Figure 6, top.
The color of each vertical line indicates the AOI from which the transition to the next AOI originates.

Task 1 Otto

Asymmetric
carbon centg r

M

IS
Jslsgqns

e

Task 1 Victor

Asymmetric
carbon cen(e,

lllan
nsqns
i3

5

g2

0
£
®

Jusnysans
19183

Figure 12. Relative number of transitions of Otto’s and Victor’s eye gaze in task 1 between the fine-grain AOIs. The colors correspond to the colors of
the AOIs depicted in Figure 6, bottom. The color of each chord indicates the AOI from which the transition originates.

corresponding feature, maintain consistency in size and shape Using LRVT-Defined AOIs and Different Grain Sizes to

across representations.

Compare Visual Problem-Solving Behavior Across Students

In addition to using the LRVT method to prepare eye-tracking

data to enhance the comparability of students’ visual problem-

1293 https://doi.org/10.1021/acs.jchemed.4c00830
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Figure 13. (A) Defining AOIs for each atom and bond of an isobutane molecule following the LRVT method. (B) Each atom and two points of each
bond represent a cell center. (C) Voronoi cells are created for each cell center. (D) Limit each cell by a radius equaling the bond length. (E) The
intersectional areas represent the LRVT-defined AOIs. (F) Constructing the final AOIs for each bond by merging the involved LRVT-defined AOIs.

solving across representations, the LRVT-defined AOIs may also
be used to compare visual problem-solving behavior across
students. This is because the LRVT method covers the entire
area of structural features, eliminating gaps between AOIs and
ensuring that every fixation within these areas is registered to
reveal subtle differences in eye movements of different students.

To exemplify this comparison across students, Otto’s and
Victor’s visual problem-solving behavior of task 1 can be
compared. Victor, another organic chemistry beginner, only
determined the configuration of the asymmetric carbon with the
lowest priority group forward, unlike Otto, who determined the
configuration of both asymmetric carbons. Both Otto’s and
Victor’s eye gaze of task 1 along the presented molecules are
depicted in Figure 10.

As mentioned before, the LRVT-defined AOIs encompass a
sufficient area of the stimuli. While comparing the gaze of
different students, this is particularly important given the spread
of fixations caused by fixation variance across participants. This
becomes apparent by comparing the gaze plots of Otto’s and
Victor’s gaze behavior (see Figure 10, top). Even though Otto’s
and Victor’s fixations are distributed differently (i.e., Otto’s
fixations are closer to the representation while Victor’s fixations
are slightly more spread out), the LRVT-defined AOIs ensure
that every fixation is registered. We are, thus, able to globally
analyze their consecutive eye movements and the absolute time
they spent on the coarse-grain AOISs, as visualized in the time-
sequence plots (Figure 11).

Interestingly, even though Otto and Victor differed in their
performance (Otto accurately determined the configuration of
the asymmetric carbon with the lowest priority group backward,
while Victor did not), they processed the molecule in a similar
pattern on a global level (see Figure 11). The fine-grain AOIs
can be used to analyze their local visual problem-solving
behavior on the asymmetric carbon atom in relation to their
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performance. Considering the relative number of transitions
between the fine-grain AOIs, Victor’s gaze behavior is
characterized by a higher variety of different types of transitions
(Figure 12, right) compared to Otto’s gaze behavior (Figure 12,
left).

Using the LRVT-defined AOI-based analysis, we can infer
that Victor demonstrated a comparable pattern to Otto globally
(see Figure 11), even though Victor did not determine the
configuration of one of the asymmetric carbon atoms. Locally,
Victor showed differences in the variety of transitions on this
asymmetric carbon atom (see Figure 12).

With this example, we demonstrate that LRVT-defined AOIs
can be used to identify differences in visual problem-solving
behavior across students. All fixations of the participants, despite
fixation variance, are registered within those dense areas to
reveal subtle differences in eye movements.

B DISCUSSION: APPLICABILITY OF THE LRVT
METHOD

With Otto’s and Victor’s gaze behavior in task 1 and task 2, we
presented two example scenarios of using the LRVT method for
eye-tracking data preparation. Nonetheless, despite its demon-
strated advantages, there are a few limitations to consider while
using LRVT-defined AOIs. As the construction of the Voronoi
cells is based on zero-dimensional elements, i.e., points, the
method is not directly applicable to one-dimensional elements
(e.g., lines, arrows) or two-dimensional elements (e.g.,
rectangles, circles). A workaround might be to translate the
multidimensional elements of the stimulus into individual points
by converting the lines into points with an appropriate distance
and then constructing one merged AOI based on the calculated
Voronoi cells. With this approach, it would be possible to
calculate AOIs for the lines that depict bonds in a molecule (see

https://doi.org/10.1021/acs jchemed.4c00830
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Figure 14. (A) LRVT-defined AOIs for p-glucose in its -pyranose form in chair conformation. Red AOIs overlap with bonds between other atoms.
(B) Manual adjustment of the red AOIs to avoid overlapping with bonds between other atoms.
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Figure 15. Comparison of researcher-defined AOIs for the main features of the drawn structures (methoxy group, double bond, and positive charge)
used in the study by Braun et al.* (top) and the LRVT-defined AOIs for these respective main features (bottom). Since bond lengths can vary within a
drawing, the mean bond length of each drawing was used as the radius for the LRVT method.

Figure 13). This could be crucial in contexts in which the type of
bond might be important (e.g., resonance).

Additionally, with this method, it is possible to construct AOTs
at a very fine-grain size, leading to an extensive number of
smaller AOIs. This would lead to a lower total fixation count and
duration per AOI and more entries and transitions, making the
data challenging to interpret or potentially not useful for
deriving teaching implications. Hence, we recommend that eye-
tracking researchers select purposeful AOI-grain sizes depend-
ing on the research question by constructing LRVT-defined
AOIs based on the atoms and merging the very fine-grain AOIs
into AOIs with broader grain sizes for functional groups or
whole molecules (exemplified in Figure 6).

Furthermore, we propose setting the radius in the LRVT
method equal to the bond size of the molecule. Ideally, the
accuracy of the eye tracker is considered during the experiment’s
design. However, we acknowledge that with current technology,
it is sometimes impossible to depict a whole reaction
mechanism, arrange the molecules at a proper distance, and
scale the molecules so that the bond length exceeds the accuracy
of the eye tracker. If the radius falls below the accuracy of the eye
tracker, two options should be considered. First, one solution
could be to set the radius in the LRVT method to at least match
the accuracy of the eye tracker, ensuring that scattered
fixations—due to eye-tracker inaccuracy—are still assigned to
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an AOL This works well for cases where no other AOIs are
closely positioned, e.g., peripheral AOIs (see Figure 3). Second,
in more complex cases with closely positioned AOIs and fixation
distribution overlap, it may be necessary to merge AOIs to a
broader grain size to prevent the misattribution of fixations.

Finally, using the LRVT method in three-dimensional organic
representations, such as Haworth projections, chair conforma-
tions, or Newman projections, may lead to improper AOIs. In
these cases, it may be necessary to evaluate the LRVT-defined
AOIs and to adjust them manually. For example, when
constructing AOIs using the LRVT method for p-glucose in
its f-pyranose form in chair conformation, some AQOIs of atoms
overlap with the bonds between other atoms (see Figure 14A).
However, if a fixation falls on a bond, it should be assigned to at
least one of the atoms involved. Therefore, these LRVT-defined
AOIs may require manual adjustment, making them more
similar to researcher-defined AOIs (see Figure 14B).

H CONCLUSION

In this communication, we aimed to inform the research
community about a potentially practical method for organic
chemistry eye-tracking research, which has been used in other
. ) ) L4142
areas of eye-tracking research outside science education.” "~ We
introduced the LRVT method for defining AOIs in organic
stimuli as an alternative to other AOI-defining approaches,

https://doi.org/10.1021/acs jchemed.4c00830
J. Chem. Educ. 2025, 102, 1285-1297



Journal of Chemical Education

pubs.acs.org/jchemeduc

Communication

especially researcher-defined AOISs, during data preparation, as it
also considers the semantic composition. Furthermore, we
demonstrated how to apply this method in eye-tracking data
preparation and illustrated through examples how these AOIs in
two different grain sizes can be used to characterize visual
problem-solving behavior across structural representations and
students systematically.

Despite its limitations, this method has several advantages. As
a systematic method, it solves many challenges researchers
regularly face when defining AOIs (e.g,, choosing the size, shape,
and location or balancing the false positive and false negative
rate).”**”*" Additionally, it is based on mathematical oper-
ations, and therefore, the AOIs can be calculated quickly with
software like R or similar tools (an R script to calculate the
LRVT cells is provided in the Supporting Information).
Moreover, since the AOIs are defined around the position of
the atoms, this method considers the semantic composition of
the molecule, even though the LRVT method calculates AOIs
algorithmically. Finally, by using a fixed radius equaling the bond
length, the LRVT method provides a more objective way to
define AOIs and avoids inflating the false negative or false
positive rate, as the size of the AOT is dynamically adjusted to the
stimulus properties.

With this, the method may improve the replicability of eye-
tracking analysis and the comparability of results across stimuli
and contexts. Nevertheless, we want to emphasize that
dependent on the stimuli and how manually defined AOIs are
set, using the LRVT method in data preparation may not per se
lead to differences in eye-tracking data processing (i.e., resulting
metrics). Defining AOIs manually is still a purposeful method.
For instance, in one of our eye-tracking studies,” we manually
defined fine-grain AOIs on given structures and students’
drawings to investigate students’ sequential drawing processes of
resonance structures (see Figure 15, top). This allowed us to
analyze students’ fixation duration on the features of these
structures to draw conclusions about how students integrate
information during their drawing process. However, since
manually defining AOIs carries the risk of subjectivity—
particularly when comparing eye movements across multiple
structures or contexts—the LRVT method can offer valuable
support in maintaining consistency in AOI definitions—even in
students’ drawings (see Figure 15, bottom). While using the
researcher-defined AOIs in our study does not undermine the
findings and conclusions, defining AOIs with the LRVT method
could have assisted us in retrospect during the data preparation
process and may have enhanced the replicability and
comparability.

Broadly speaking, the challenges the organic chemistry
education eye-tracking research community faces are similar
to those other behavioral eye-tracking research communities
encounter (e.g., defining AOIs, software limitations, insufficient
data quality, conducting naturalistic real-world studies).*"**~*
To address both these discipline-specific and broader challenges
and to advance eye tracking as a research method, the
community should explore and evaluate more robust and
systematic approaches, such as the LRVT method, to ensure
reliable and meaningful insights.

For now, within the context of organic chemistry education
eye-tracking research, the LRVT method, despite its limitations,
offers a practical approach for supporting researchers in eye-
tracking data preparation. It allows for the definition of AOIs at
atom-level granularity in dense stimuli, offering flexibility in
selecting the grain size by merging fine-grain AOIs. Due to its
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systematic nature, it enables comparisons of eye movements
across different structures or contexts.
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ABSTRACT: Although the use of representations is crucial for
problem-solving in chemistry, students often encounter challenges
when using them. Hence, various interventions have been designed
to support students’ use of chemistry representations, which can
motivate students to modify their visual behavior. However, to fully
understand how these interventions affect students, it is crucial not
only to understand how they are using representations but also to
understand how and to what extent their visual behavior changes in
response to these interventions. Since learning may induce complex
changes in eye movement across spatial, temporal, and
psychophysiological dimensions, a key methodological challenge
is how to comprehensively characterize these changes in instruc-
tional settings. However, relying on single metrics offers only
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fragmented insights, capturing isolated aspects of students’ information processing, whereas simultaneous interpretation of multiple
eye-tracking metrics presents considerable challenges. In light of this, we conducted two studies using stereochemistry tasks to
explore how changes in eye movements can be comprehensively characterized in students who participated in an intervention and
those who did not. By calculating the average absolute bounded normalized change across multiple eye-tracking metrics, as Ag,.,,
and additionally examining the change of individual eye-tracking metrics across tasks, we were able to characterize both overall and
detailed changes in students’ eye movements while considering the multifaceted nature of eye-tracking data. In this article, we
illustrate the potential and limitations of this methodological approach.

KEYWORDS: Graduate Research, Chemical Education Research, Organic Chemistry, Problem Solving, Assessment, Chirality

H INTRODUCTION

In recent years, eye-tracking technology has proven to offer
unique insights into students information processing in
education research.' > Especially, in chemistry, a domain
characterized by complex visual representations such as
structures, formulas, and diagrams, eye-tracking provides access
to students’ problem-solving processes by recording spatial,
temporal, and psychophysiological information on their visual
behavior. Prior research has shown that different levels of
expertise substantially guide the use of representations in
problem-solving. With increasing expertise, less time is taken,
relevant information is focused more selectively, and a greater
variety of information is integrated.*'® For example, Connor et
al.® compared the visual behavior of undergraduate and doctoral
students while interpreting "H NMR spectra. While doctoral
students selectively focused on relevant information and
performed target-oriented unidirectional transitions, under-
graduate students focused on both relevant and irrelevant
information and showed bidirectional transitions between
various elements of the '"H NMR spectra.

According to cognitive psychology, the comprehension of
such external representations begins with students’ perception
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and intake via the visual register guided by their visual
attention." "' Following this perception process, representa-
tional features are selected, organized, and integrated into a
mental model. These cognitive processes are not arbitrary, as
students must simultaneously select which features are most
relevant for a particular context (i.e, selection), build a
meaningful mental model (i.e, organization), and use prior
knowledge to make sense of the representation (i.e.,
integration)."® By doing so, students connect visual features in
a representation to corresponding concepts using sense-making
and perceptual fluency."*

For instance, to determine the R/S configuration of a chiral
carbon atom, a student must use structural features (i.e., the
attached substituents to the chiral carbon), connect them to
chemical conventions (i.e., assigning priorities based on atomic
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numbers), and establish the absolute configuration (i.e.,
determining directionality with the Cahn—Ingold—Prelog
priority rules'®). Therefore, a student’s ability to interpret a
representation depends on perceiving its features and character-
istics, applying cognitive processes to reason with it, drawing on
conceptual understanding as well as prior knowledge, and the
interplay between all these factors.'*"”

Yet, developing these abilities can be challenging, as chemistry
representations model ‘invisible’ entities and processes.
Numerous studies have indicated that organic chemistry
students often face challenges when using structural representa-
tions. They either struggle to derive implicit properties from the
explicit representation, as their focus is guided by single or
salient surface features, or familiar patterns, or—often related—
they apply intuitive judgments, memorization, misconceptions,
or rule-based reasoning.'®>” For example, Braun and
Graulich® reported that students rely more on the superficial
indication of lone pairs when deciding on resonance stabilization
than on implicit properties. While some of these strategies may
lead to successful problem-solving, students’ ability to attend to
relevant visual features of a representation and connect it with
the underlying, implicit information needs to be supported for
more productive problem-solving."*

To support students in the adequate use of representations, it
is crucial not only to understand how they are using
representations and which problem-solving behaviors character-
ize productive use but also to what extent their visual behavior
change (or do not change, i.e., remains consistent) in response
to learning. Again, eye-tracking offers a powerful means of
investigating such changes, as it allows capturing the degree of
changes in students’ eye movements and, in turn, shifts in their
information processing stimulated by instructions.**~* For
example, in a study by Hansen et al,,*” students had to critique
the chemically relevant features of accurate and inaccurate
animations as well as static images of redox and precipitation
reactions. After the intervention with varied animations and eye-
tracking feedback, students showed increased focus (i.e., higher
relative total fixation count) on relevant representational features.

While these studies have provided valuable insights, they
often focus on single eye movement aspects (e.g, fixation
duration) that describe distinct characteristics of students’
information processing. Choosing fixation duration may be
apparent when differences in this metric between students are
sufficient to draw a conclusion about their problem-solving
behavior. However, learning may induce eye movement changes
that cannot be fully understood by isolated aspects, e.g, by
choosing one metric alone. Given that eye-tracking data is
inherently rich in spatial, temporal, and psychophysiological
information, a more integrated analysis incorporating multiple
eye-tracking metrics could offer more comprehensive access to
how students develop expertise with representations in
chemistry. Such an integrated analysis may support longitudinal
observations of eye movement changes for evaluating instruc-
tional settings or the effectiveness of eye-tracking-based adaptive
feedback systems. Accordingly, this article contributes a
methodological perspective by proposing an integrative
approach for analyzing eye movement changes, aiming to
capture the multifaceted nature of changes in students’
information processing with chemical representations across
two different settings.

Bl CAPTURING INFORMATION PROCESSING OF
REPRESENTATIONS VIA EYE-TRACKING

As the brain is unable to simultaneously process all features of a
representation, visual information is filtered by visual attention.*
The allocation of visual attention can be driven by three, often
interrelated, processes: 1) stimulus-based (bottom-up) pro-
cesses where the attention is guided by salient features outside of
the observer’s control, 2) goal-based (top-down) processes
where the attention is directed intentionally or volitionally by
the observer’s objective or task, or 3) history-based processes
where the attention is guided by previous experiences of the
observer (e.g, associations in which the selection of a target was
rewarded in the past).'>***°

While visual attention modulates visual signals in the
information processing of a representation, representational
competencies modulate how students interpret, connect,
generate, select, and use representations.46 Rau'* describes
two broad, interrelated representational competencies involved
in students’ conceptual processing of representations—sense-
making and perceptual fluency. Whereas sense-making refers to the
process of deliberately connecting representations to concepts
and establishing meaningful connections across representations,
perceptual fluency entails similar processing but in a quick and
effortless way."*

Taken together, to solve organic chemistry problems, students
rely on visual (e.g, the allocation of visual attention across a
representation) and conceptual (e.g, the interpretation of a
representation via sense-making) information processing to
identify relevant features for a particular context.

This process of information 7processing can be captured using
eye-tracking methodology.”*’ An eye-tracker records which
features a participant looked at, for how long, and in what order
within a visual stimulus. These data can be used to calculate
various informative metrics to draw conclusions about
information processing.“s’49 Metrics such as fixation duration,
fixation count, and Area of Interest (AOI) hits are particularly
useful at providing insights into whether specific features of the
representation are being processed.47 In contrast, metrics such
as pattern frequency, transitions, transition—fixation ratio, and
transition entropy may reveal underlying problem-solving
processes, as these metrics reflect the distribution and sequential
relationships of eye movements across features of the
representation.*® Additionally, a metric such as fixation disparity
may serve as an indicator of cognition since it captures subtle
variations in eye movements, possibly indicating cognitive effort
during problem-solving (for a description of those metrics, see
Table 1).*!

In the last decades, these eye-tracking metrics have been used
to characterize numerous aspects of chemistry problem-solving
processes, such as students’ strategies, use of representations, or
cognitive demand.””'**"*°™>¢ For example, Cullipher and
Sevian® investigated how students’ underlying assumptions
guide their interpretation of infrared spectra. They linked the
distribution of specific pattern frequencies to the assumptions
that students made. Students with advanced conceptual
sophistication focused mainly on the relevant features of the
spectra, such as axes and peaks. In contrast, students with lower
conceptual sophistication transitioned more frequently between
molecular features of the two given structures or returned to the
task question several times. Further, Hinze et al.” investigated
low and high prior knowledge students’ use of more familiar ball-
and-stick models vs less familiar electrostatic potential maps to
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solve problems related to electrostatic properties and chemical
interactions. Students’ mean relative fixation duration showed
that in both contexts, high prior knowledge students used more
likely the electrostatic potential maps in comparison to low prior
knowledge students. Additionally, the researchers reported that
even though students initially relied on the more familiar ball-
and-stick models, students with higher prior knowledge began to
draw on the novel electrostatic potential maps, which is reflected
in their change in eye movements.

These studies exemplify how eye-tracking research can be
used to capture differences in eye movements of students with
varying expertise levels,™'® attempting to characterize devel-
oping expertise in information processing. However, comparing
eye movements of students with different expertise levels only
indirectly represents the development of expertise as those eye
movements reflect interindividual rather than intraindividual
differences. Only a few chemistry education research studies
have analyzed these differences intraindividually, capturing
changes in eye movements stimulated by instructions on the
same students.”””** For example, Koh et al*' compared
students’ fixation disparity while solving mental rotation and
pattern comparison chirality tasks before and after playing
Mahjong for a month to investigate how periodically engaging in
pattern-matching activities influences students’ visuospatial
cognition. Similarly, Moen et al.** compared students’ saccade
count and saccade amplitude while solving mental rotation tasks
involving ball-and-stick models to investigate how mental
rotation training with 3D block cube arrangements influences
students’” encoding of the ball-and-stick representations.

Although these studies contribute valuable insights, they focus
on single eye-tracking metrics that capture specific aspects of
students’ information processing. However, developing exper-
tise may lead to varying and multifaceted eye movement changes
(i.e., changes toward more productive eye movement behavior)
that cannot be fully tracked by isolated metrics. Given the
inherently rich spatial and temporal nature of eye-tracking data
(e.g, fixation count conveys spatial information about eye
movements, while pattern frequency conveys sequential
information), a more comprehensive approach that integrates
multiple eye-tracking metrics, may yield more holistic access to
students’ developing expertise with representations.

B RESEARCH QUESTIONS

This methodological investigation aims to explore how changes
in eye movements can be characterized through an integrative
approach that considers their multifaceted nature. To this end,
we draw on two separate studies—one conducted without
instruction and one with—to illustrate how a more integrative
approach can help document the extent of change in students’
eye movements. The following research questions guided our
investigation:

RQI: How can an aggregated measure that integrates multiple
eye-tracking metrics be used to characterize changes in students’
eye movements in settings with and without instruction?

RQ2: How do single aspects of students’ eye movements (i.e.,
individual eye-tracking metrics) contribute to a comprehensive
understanding of students’ eye movement changes?

Bl RESEARCH DESIGN

Experimental Setup

Two exploratory studies were conducted to characterize changes
in students’ eye movements across two tasks on the R/S

configuration of chiral carbons, using an integrative analysis of
eye-tracking data. Participants in both studies were organic
chemistry beginner students (organic chemistry 1). At this early
stage of expertise development, students may exhibit greater
variability in eye movements and may be more responsive to
instructions, making them particularly suitable for examining
how the extent of changes in eye movements can be
characterized in educational settings.

In study I, students solved two tasks in a direct series to
explore the extent of eye movement changes without being
instructed in between. In study II, students received an eye-gaze-
augmented retrospective (i.e., a retrospective cued by eye-gaze
replays and accompanied by reflection prompts (described by
Langner and Graulich®”)) as an instruction between the tasks to
explore the extent of eye movement changes comparatively (see
Figure 1). For a detailed description of each study, see the

®
5

Study |

No intervention

% :

Study Il

Eye-gaze-augmented

E E retrospective ;j

Figure 1. Two exploratory studies were conducted. Study I conducted
without an instruction (A) and study II with an an eye-gaze-augmented
retrospective (described by Langner and Graulich®”) as an instruction
between the tasks.

sections Study I: Changes in Students’ Eye Movements without
Instruction and Study II: Changes in Students” Eye Movements
with Instruction.

In both studies, students were given the same tasks in which
they had to determine the R/S configuration of the chiral
carbons. Such visual and cognitive tasks provide a particularly
suitable context to analyze developing expertise with represen-
tation through changes in eye movements. Visually, a chiral
center can be processed in multiple ways, requiring careful
examination of the atomic priorities and spatial arrangements.
Unlike other tasks that may rely on familiar pattern recognition
when interpreting refresentations, like mechanism problems or
ranking tasks,'®**** determining R/S configuration needs
intentional and structured visual behavior. Students must
sequentially scan specific molecular features to identify the
chiral carbon atom, assign substituent priorities, and determine
their directionality. Conceptually, students can employ different
strategies to determine the R/S configuration. The rules
provided by Cahn, Ingold, and Prelog,"* which are taught in
the students’ courses can be used, but alternative methods, such
as an even number of group interchanges®® or the +1,2,5
method* also exist. Each of these strategies demands different
visuospatial reasoning. With this, determining the R/S
configuration entails a high visual and cognitive effort, making
it suitable to capture eye movement changes.
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J. Chem. Educ. XXXX, XXX, XXX—XXX

89



90

Journal of Chemical Education

pubs.acs.org/jchemeduc

Chemical Education Research

- Task 1 N - Task 2 N
Determine the configuration of the Determine the configuration of the
asymmetric carbon atoms (R/S configuration). asymmetric carbon atoms (R/S configuration).

s _ S-configured N
Z. R-configured o =
\ Y /
N%S N
o HN
S-configured
S HN 0]
o rJQ  S-configured
0o
\_ Wy, \ J

Figure 2. Design of the chirality tasks. The task solution is depicted with green circles. The chiral carbon atoms and their substituents, which are
structurally identical in both tasks, are highlighted in purple. To compare participants’ changes in eye movements between the tasks, only this identical
structural site (purple) was selected for further analysis. The task solution, as highlighted by the green circle, was not shown to the students.
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Figure 3. AOIs were defined with the limited-radius Voronoi tessellation with the radius set to the bond length. AOIs were merged to correspond to the
chiral carbon and each substituent (highlighted in teal), while the rest of the molecule was combined into a single, larger AOI (highlighted in gray).

Task Design

In both studies, students were given the same two tasks. The
prompt in each task was to Determine the configuration of the
asymmetric carbon atoms (R/S configuration). The structural
representations of molecules were large cyclic organic molecules
resembling macrolides, a class of natural products (Figure 2).
The usage of these designed molecules, created specifically for
the purpose of both studies, had several advantages. First, the
representations offer a certain realism due to their similarity to
the natural product group of macrolides. Second, the large cyclic
structure reduces the probability of gaze guidance (e.g., visually
processing the representation in the reading direction), ensuring
students engage more in visual search behavior. Most
importantly, the designed molecules allowed us to incorporate
identical structural sites into the task set. This ensured that, on a
local level, the tasks were identical, enabling a comparison of
students’ eye movements at this comparable structural site, while
on a global level, the tasks remained distinct, minimizing the risk
of a practice effect.

To ensure task clarity and that the task difficulty was
appropriate for the prior knowledge of the students, we
discussed the appropriateness of the task design with one of

the Organic Chemistry 1 course instructors and conducted a
pilot study with a small sample beforehand.

B CHARACTERIZING CHANGES IN EYE MOVEMENTS

Eye-Tracking Data Collection

While students completed the tasks, their eye movements were
tracked. The data collection was employed with a Tobii Pro X3-
120 screen-based eye-tracking system (120 Hz sampling rate)
with a 24-inch presentation monitor, a Tobii Pro External
Processing Unit, and the associated software Tobii Pro Lab in a
live viewer setup. The participants were instructed to sit at a
distance of 60 to 65 cm from the presentation monitor and to
minimize head and body movements during each task to reduce
data loss. The calibration of the system was carried out with a
nine-point calibration and a four-point validation. Immediately
after the calibration, the gaze of the students was tracked. First,
the task prompt was presented to the students. Once the task
prompt was understood, the students continued by pressing a
key. Then, the students saw a fixation cross for 2 s before the
molecule was automatically presented. The presented molecule
was scaled so that the distances between the atoms
corresponded to an eye movement of approximately 2°,

https://doi.org/10.1021/acs.jchemed.5c00849
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exceeding the accuracy of the eye-tracking system of 0.7°, as well
as the recommended 1—1.5° by Holmqpvist et al.** Hence, it can
be assumed that fixations can be allocated to the viewed atoms.
After the task was completed, the students ended it by pressing a
key again.

Data Preparation

To compare participants’ changes in eye movements across the
tasks, only the structural site, which was identical in both tasks,
was selected for further analysis (see Figure 2). This local
approach allowed for a comparison of visual behavior while
minimizing the influence of differences in the rest of the stimuli.
To ensure eye-tracking data quality, recordings of both tasks
with eye-tracking data loss exceeding 20% were excluded from
the analysis.

Participants’ accuracy of responses at the selected structural
site was scored. Students received a score of 2 if they correctly
identified the chiral center and accurately determined the
configuration, a score of 1 if they correctly identified the chiral
center but inaccurately determined the configuration, and a
score of 0 if they did not identify the chiral center.

Eye-Tracking Data Preparation

The AOIs were defined with the limited-radius Voronoi
tessellation method with a radius set to the bond length of the
molecules—a method that constructs AOIs that represent the
closest area to an atom.”” Fixations located in an AOI can be
assigned to the corresponding atom since these fixations fall in
the area closest to this atom within the radius of a bond 1en§th
(for a detailed discussion on this method, see Langner et al. ).
The AOIs within the identical structural sites were merged to
correspond to their structural features, while the rest of the
molecule was combined into a single larger AOI (Figure 3).

Calculating Eye-Tracking Metrics

To characterize visual behavior through an integrated approach
and to capture the richness of spatial, temporal, and
psychophysiological information in the eye-tracking data,
multiple metrics for participants’ eye movements were
incorporated into this analysis. Table 1 lists all of the metrics
along with their descriptions.

However, since some of these measures are interrelated and
convey similar information (e.g., fixation count and fixation
duration®®®), correlation analysis and multicollinearity analysis
of unidimensional metrics (metrics that represent a single
measure and do not include multiple measures, e.g., transition
entropy) or subdimensions of multidimensional metrics (metrics
that represent a specific measure within a multimeasure metric,
e.g., total fixation duration on one of the AOIs) were conducted
on those related metrics to exclude redundant metrics,
preventing the disproportionate influence of similar information
in further analysis (see Table 1). Task 1 data was chosen for
correlation analysis and multicollinearity analysis, as it serves asa
point of origin. For correlation analysis, Spearman correlation
was chosen, as Shapiro—Wilk tests for normality revealed that
most metrics were not normally distributed (p < 0.05). Metrics
were excluded if pairs of unidimensional metrics, or the majority
of pairs of subdimensions of multidimensional metrics, had a
Spearman correlation coefficient exceeding 0.7 or falling below
—0.7, with p < 0.0S, indicating a statistically significant strong
positive or negative correlation.”’ For multicollinearity analysis,
the Variance Inflation Factor analysis was chosen. For this, a
regression model was constructed using one metric of interest as
the dependent variable and the other metrics of interest as

predictors. Subsequently, the Variance Inflation Factor was then
calculated from R Metrics were excluded if they had a Variance
Inflation Factor exceeding 10, suggesting strong multicollinear-
ity among metrics.”’ Without excluding those metrics, the
subsequent analysis would be skewed by a disproportionate
influence of specific eye movement aspects (i.e.,, overemphasis).
For example, in our case, if total fixation count—which
correlates with total fixation duration—would not have been
excluded in our analysis, students who changed their total
fixation duration with a bigger extent than students who did not
would be considered with a higher change in eye movements
since both total fixation duration and total fixation count are
taken into account to characterize the change of eye movements,
even though they convey similar information. Hence, this step is
mandatory to ensure a balanced influence of metrics to
characterize the changes in eye movements. The same metrics
were excluded for both studies. The final metrics for the
subsequent analysis are indicated in Table 1.

Change in Students’ Eye Movements

To determine the overall change in students’ eye movements
through an aggregated measure (research question 1), the
average absolute bounded normalized change across all eye-
tracking metrics between the tasks Ag,,, was calculated for each
participant individually. First, the absolute bounded normalized
change of each subdimension of the metrics, normalized by total

metricy,g., — metricy,

magnitude, A, ... = : - was calculated. The
Heic metric g, + metric, g,

result is a unitless absolute normalized value between 0 and 1.
This allows for direct comparisons across changes in eye-
tracking metrics regardless of their range, unit, or direction.
Additionally, using a bounded value ensures that increases and
decreases in magnitude are treated symmetrically. Moreover, it
helps avoid division issues when either value is zero. However, if
both values are zero, A,,,.,;. is set to zero. Second, to ensure that
unidimensional and multidimensional metrics are weighted
equally when calculating Ag,,,, the average absolute bounded
normalized change of the subdimensions of the metrics was

calculated as A, . = %2£1Amem‘c,i' Finally, the average

absolute bounded normalized change across all eye-tracking

metric,i* For a

metrics was calculated as Ag,, = % Zil
practical guide on calculating Ag,,,, please refer to the
Supporting Information.

Conceptually, A, is a unitless measure of relative difference
within an individual’s eye movements bounded between 0 and 1.
A value of 0 indicates a perfect replication of gaze behavior
across tasks, meaning no measurable change—an outcome
unlikely given the natural variability of eye-gaze behavior. Values
approaching 0 reflect high similarity, while values approaching 1
reflect increasingly different gaze patterns. The theoretical
maximum of 1 occurs only in extreme cases, such as when gaze
activity is entirely absent in one task and present in the other. It is
important to note that Ag,,, is inherently dependent on the
specific set of metrics included in its calculation. Consequently,
direct comparisons of A,,, values across studies are meaningful
only when the same metrics and computational procedures are
used. With this, Ag,,, as a composite measure of relative
difference does not describe initial eye movements and does not
indicate the extent to which individual eye-tracking metrics
change. Hence, Ag,, offers the opportunity to compare
students’ eye movement change interindividually, regardless of
their individual initial and end eye movements, which is useful
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Figure 4. Study design of study I, where students solved two tasks in immediate succession. Slides of the tasks were presented in the following order:

task prompt, fixation cross, and task molecule.

for settings where the individuality of students’ visual processing
is taken into account.

However, since Ag,,, is an aggregated measure and does not
describe specific aspects of students’ eye movement changes in
detail, we also qualitatively compared changes in individual eye-
tracking metrics (research question 2).

B STUDY I: CHANGES IN STUDENTS’ EYE
MOVEMENTS WITHOUT INSTRUCTION

Participants and Setting

Students were recruited voluntarily from two Organic
Chemistry 1 courses at a university in the southeastern United
States in 2023. The courses, taught by different instructors,
followed a traditional functional group-focused curriculum, with
Klein’s Organic Chemistry’> serving as the course textbook.
Both courses covered the content relevant to this study (i.e., the
assignment of R/S configurations using the Cahn—Ingold—
Prelog priority rules').

As a compensation for their participation, students received
extra points toward their final exam grades. The students had an
option to earn bonus points either by participating in this study
or by completing an alternative assignment. The recruitment
process, data collection, and data analysis procedures followed
the ethical standards approved by the Institutional Review Board
(IRB) (IRB-FY24-113). All participants were informed about
their rights, the option to opt out at any time, and the handling of
their data. Informed written consent was obtained prior to data
collection.

A total of 53 students participated in the study. After data
exclusions (see Data Preparation section), 38 students were
included in the final analysis. In the cohort, 34 students self-
identified as female and four students as male. The average age of
the participants was 21.9 + 5.0 years, and all of the participants
had normal or corrected-to-normal vision. All students were
native English speakers. The data collection was conducted in
English.

Data were collected in single eye-tracking sessions as part of a
larger study. Students solved the two tasks in immediate

succession (Figure 4). The participants were asked to solve the
tasks mentally before recording their answers on a sheet of paper
that depicted the respective molecule. This approach was chosen
to ensure, first, minimal head and body movements during data
collection and, second, that concurrent verbalizations of
responses did not influence students’ cognitive load or visual
behavior.®!

Results and Discussion

In study I, the overall change in students’ eye movements,
described by the average absolute bounded normalized change
across all included eye-tracking metrics Ag,,, across all students,
was 0.32 + 0.13 (see Figure S). While a value of 0.32 might
suggest a low-to-moderate magnitude of change, Ag,, is
bounded between 0 and 1, and no established threshold yet
exists to define what constitutes a small or large value in this
context. Accordingly, Ag,,, should currently be understood as a
comparative rather than absolute measure, gaining interpretative
value only when contrasted across data sets, for example,
between students, tasks, or studies within the same context.

Students’ eye movement changes ranged from 0.09 to 0.60.
Since the identical chiral carbon atoms are differently embedded
in the molecules shown in the tasks (see Figure 2), we assumed
that changes in students’ eye movements are, to some extent,
driven by the stimulus-based attention allocation.'> However,
we did not expect the extent of variability observed in these
changes. Given that specific eye movements are linked to
success,”>* 15573775 it is highly likely that a change in success,
e.g., from unproductive to productive problem solving, results in
greater changes in students’ eye movements.

Interestingly, this relation of change in success and increased
change in eye-movement did not emerge between students’
score change and Ag,,,. In study I, most of the students did not
change their success scores and retained their initial score in task
1 as well as in task 2 (Figure S). That students in study I
maintained their scores is not surprising, since students did not
receive instruction in between tasks. One could assume that they
would have a low change in Ag,,, even though they were mostly
unsuccessful in both tasks. Nevertheless, they showed quite a
range of Ag,,,. This could be interpreted as an indicator that

https://doi.org/10.1021/acsjchemed.5c00849
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Figure 5. Overall change of students’ eye movements in study I
described by the average absolute bounded normalized change.
Increases and decreases in success (a gain or loss of one or two points)
are aggregated.

these students are in a stage of developing expertise, i.e., still
figuring out how to approach the identification of the R/S
configuration. Students’ use of representations, while still
learning, is highly individual and depends on their developing
sense-making and fluency skills,"* visuosgatial abilities,”*”” as well
as their previous experiences.12’44’ ° For example, some
consistently successful students may be certain in their
problem-solving approach and are more guided by top-down
processes, applying their strategies consistently and showing
smaller changes in eye movements. Others, though equally
successful, show higher changes, indicating that they may not yet
have an established or stable strategy in how they typically
approach such problems and may be more influenced by
bottom-up processes, leading to less consistent use of specific
strategies or rules. Similarly, the magnitude of changes in eye
movements made among consistently unsuccessful students
varied. Aligned with observations of Téthova et al.*® and
Tothova and Rusek,”® the task demands in these cases likely
exceeded students’ capabilities, and therefore, their eye
movements may reflect random search rather than consistently
deliberate information processing, as their strategy repertoire is
limited. These observations suggest that the magnitude of eye
movement changes is not necessarily directly tied to deliberate
information processing or problem-solving success.

This finding highlights the importance of considering multiple
measures when evaluating the development of expertise or
cognitive change, as eye movements may reveal shifts that
performance metrics alone cannot detect, rather than relying on
single metrics that distinguish between low and high performers.

Since Ag,,, is an aggregated measure, a more careful
examination of the involved individual metrics is necessary to
provide more detailed insights. To illustrate the changes in
students’ eye movements in detail, we present the cases of
Danielle and Benjamin (Figure 6). Like most participants (30
out of 38 students), both maintained their scores across the

tasks, with Danielle scoring 2 and Benjamin scoring 0 in both
tasks.

Even though Danielle distributed her visual attention more
evenly across the substituents (ie., a more balanced fixation
duration across substituents AOIs) and demonstrated more
visuospatial cognition (i.e., higher fixation disparity), overall,
Danielle showed a similar visual pattern across both tasks (i.e.,
small changes in pattern frequency of switching between the chiral
carbon and substituents, pattern frequency of switching between
substituents, transition—fixation ratio, and transition entropy) (see
Figure 6A). Considering all of these aspects, her eye movement
changes suggest that Danielle made only minor changes to her
visual strategy across the tasks, maintaining her initial successful
approach of continuously shifting between the central carbon
and its residues, relating them to each other. Her changes in eye
movements, described by Ag,,,, mainly result from changes in
fixation disparity.

In contrast to Danielle, Benjamin started focusing more on the
central carbon and the ethyl substituent (i.e., a higher fixation
duration on these AOIs). He was making more consecutive
transitions between the carbon and substituents (i.e., a higher
pattern frequency of switching between the chiral carbon and
substituents and a higher transition—fixation ratio) in the post-
task. In contrast, he did not exhibit direct comparisons between
the substituents (i.e., lower pattern frequency of switching between
substituents) (see Figure 6B). Taking all of these factors into
account, it can be concluded that Benjamin adjusted his visual
behavior to anchor his gaze more frequently on the chiral carbon
center, repeatedly shifting between the central carbon and its
residues, comparable to the strategy employed by Danielle.

Both cases reflect observed tendencies in the sample,
substantiating that variability in eye movements is not
necessarily tied to performance outcomes but may signal
different stages of developing expertise. Danielle is an example
of a student with a relatively stable visual strategy, consistent
with a developing or consolidating problem-solving approach. In
contrast, Benjamin represents students with a less stable visual
strategy, which could reflect attempts to establish a problem-
solving approach that has not yet led to task success.

Danielle and Benjamin are exemplary students who did not
undergo any intervention between the tasks. Therefore, their
changes in eye movements are likely driven by how the chiral
carbon is embedded in the molecular representation (see Figure
2), by a practice effect (e.g., task familiarity) or by variations
arising from (un)established strategic approaches to solving the
tasks.

The cases of Danielle and Benjamin, who share similar Ag,,,
values (0.32 and 0.31), illustrate that, while an aggregated
measure like Ag,, is useful for characterizing the overall
magnitude of eye movement changes between two tasks, it is
essential to examine the underlying metrics in detail to draw
meaningful conclusions about how those eye movements
actually changed.

B STUDY Il: CHANGES IN STUDENTS’ EYE
MOVEMENTS WITH INSTRUCTION

Participants and Setting

Students were recruited voluntarily from an Organic Chemistry
1 course at a German university in 2021. The course followed a
traditional curriculum and was structured by functional groups,
mechanism types, and structure—property-relationships, with
Buddrus and Schmidt”® serving as the course textbook. The
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Figure 6. Changes in single eye movements metrics of consistently successful student Danielle (A) and consistently unsuccessful student Benjamin (B)
from task 1 to task 2. The direction and length of the arrows indicate the changes in each individual metric.

course covered the content relevant to this study (i.e., the
assignment of R/S configurations using the Cahn—Ingold—

Prelog priority rules'®).

Students from the German university did not receive any form
of compensation for their participation in the study. While IRB
approval is not a requirement at German universities, the

recruitment process, data collection, and data analysis

procedures followed ethical standards. All participants were

informed about their rights, the option to opt out at any time,

and the handling of their data. Informed written consent was

obtained prior to the data collection.
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Figure 7. Study design of study II, in which students solved two tasks with the eye-gaze-augmented retrospective described by Langner and Graulich®”
as an intervention between them. The task slides were the same as those used in study I and were presented in the same order.

In total, 22 students participated in the study. Following data
exclusion (see Data Preparation section), 18 students remained
in the final analysis. From these students, 14 students self-
identified as female and four students as male. The average age of
the participants was 24.0 + 3.6 years, and all had normal or
corrected-to-normal vision. All of the students were native
German speakers. The data collection was conducted in
German.

Data were collected in single eye-tracking and interview
sessions as part of a larger study. The task set that was carried out
consisted of the same two tasks that were used in study I (see
Figure 2), but with an intervention between them. During the
tasks, the participants’ eye movements were tracked with the
same procedure as in study I. As an intervention, an eye-gaze-
augmented retrospective was carried out (see Figure 7). During
the eye-gaze-augmented retrospective, the participants reflected
on their problem-solving process on different structural sites of
the molecule of task 1 while watching their own eye-gaze replay.
The eye-gaze-augmented retrospective consisted of three
consecutive phases: 1) an eye-gaze-cued retrospective think-
aloud, followed by 2) reflection prompts, and finally, 3) the
addition of the task solution along with further reflection
prompts.

In a pilot study, students demonstrated that they could
interpret fixations and saccades depicted in the eye-gaze replay
after a brief explanation and use the replay to reflect on their
problem-solving process.

This study was previously reported by Langner and
Graulich,®” with a focus on students’ reflections during the
eye-gaze-augmented retrospective. For a detailed description of
the procedure and the corresponding results on students’
reflection, see Langner and Graulich.*’

Results and Discussion

In study II, the overall change in students’ eye movements
described by Ag,,, across all students was 0.23 + 0.09, ranging
from 0.07 to 0.40 (see Figure 8). These Ag,,, values are lower
than those observed in study I. A comparative discussion of both
studies is provided in the Putting It All Together section. In the
following section, the focus remains on the results of study II.
The majority of students maintained a score of 2 across the
two tasks. In this study, consistent success appeared to be
associated with smaller overall changes in the eye movements.
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Figure 8. Overall change of students’ eye movements in study II
described by the average absolute bounded normalized change.
Increases and decreases in success (a gain or loss of one or two points)
are aggregated.

The intervention seemed to encourage previously successful
students to maintain or reinforce consistent visual behavior (i.e.,
lower Ag,,.) across tasks, while stimulating previously
unsuccessful students to adjust their visual behavior to a greater
extent (i.e., greater Ag,,,) (see Figure 8). This observation aligns
with the qualitative findings of this study as reported by Langner
and Graulich,”” who observed that, during the intervention,
successful students often reported that they did not perceive the
need to change their behavior. In contrast, the intervention
mainly stimulated unsuccessful students to primarily reflect on
their visual behavior, leading them to formulate intentions to
focus more on relevant structural features, look more closely, or
proceed more sequentially.

This suggests that the intervention stimulated successful
students to reproduce or even reinforce productive visual
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Figure 9. Changes in single eye movement metrics of Kate (A) and Ava (B) from task 1 to task 2. While Kate remained successful across both tasks, Ava
improved from being unsuccessful in task 1 to successful in task 2. The direction and length of the arrows indicate the change in each individual metric.

behavior, while unsuccessful students were prompted to change Kate distributed her visual attention more evenly across the
their visual behavior more strongly—as seen by the cases of Kate chiral carbon and its substituents (i.e., a more balanced fixation
and Ava (see Figure 9). Kate, with a Ag,, of 0.21, was duration across AOIs), while making more consecutive
consistently successful across both tasks, while Ava, with a Ag,,, transitions between the carbon and substituents (i.e., a higher
of 0.40, improved from being unsuccessful in task 1 to successful pattern frequency of switching between chiral carbon and
in task 2. substituents and pattern frequency of switching between sub-
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stituents), without altering randomness and distribution of her
gaze (i.e, small changes in transition entropy and transition—
fixation ratio), and demonstrating more visuospatial cognition
(i.e., higher fixation disparity) in the post-task (see Figure 9A).
Given all of these factors, her change in eye movements suggests
that she reinforced her initial strategy of continuously shifting
between the chiral carbon and its substituents, as well as among
the substituents themselves, to relate them to each other and
determine the R/S configuration.

Unlike Kate, Ava changed her focus from the ethyl substituent
to the central carbon and the amine substituent (i.e., a lower
fixation duration on ethyl AOI and higher fixation durations on
chiral carbon and amine AOIs). She showed more consecutive
transitions between the carbon and its substituents (i.e., a higher
pattern frequency of switching between the chiral carbon and
substituents and a higher transition—fixation ratio), with
increased randomness in her gaze (i.e., higher transition entropy)
and less visuospatial cognition (i.e., lower fixation disparity) in
the post-task (see Figure 9B). Based on these factors, her eye
movement changes suggest that Ava changed her visual behavior
to anchor her gaze more often on the chiral carbon center,
thereby repeatedly shifting between the central carbon and its
residues.

Taking into account that both Kate and Ava either reinforced
or changed their problem-solving strategy, from an embodied
and extended cognition perspective, their changes in eye
movements can be interpreted as a fine-tuning of their
perceptual-sensorimotor system.80

Both cases reflect broader tendencies in study II, where
consistently successful students rather reinforced productive
visual behavior, while previously unsuccessful students tended to
adjust their visual behavior more strongly. Kate represents
students whose lower changes in eye movements align with
stable and effective visual behavior, which was further
consolidated through the intervention. Ava, in contrast, is an
example for students with higher changes in eye movements,
whose visual behavior changed more substantially and was
accompanied by improved task performance.

Study II uses the example of an eye-gaze-augmented
retrospective to illustrate how Ag,,, could serve as a measure
to broadly characterize the effect of an intervention by
comparing students’ pre- and post-task eye movements. Still,
as illustrated by the cases of Kate and Ava, a clearer and more
detailed understanding emerges when individual metrics are
examined integratively to draw meaningful conclusions about
students’ behavioral change.

B PUTTING IT ALL TOGETHER

RQ1: How Can an Aggregated Measure That Integrates
Multiple Eye-Tracking Metrics Be Used to Characterize
Changes in Students’ Eye Movements in Settings with and
without Instruction?

Both study I and study II explored how the aggregated measure
Agaz. could inform the characterization of eye movement
changes, with and without an intervention in between. At first
glance, the findings appear contradictory.

On the one hand, in study I, the variability of Ag,,, was
notably high (see Figure S). No clear trend emerged, as both,
high and low Ag,, values were spread across consistently
successful and unsuccessful students alike—suggesting eye
movement changes are not necessarily directly tied to task
scores. On the other hand, in study II, students who maintained

consistent performance across tasks exhibited lower Ag,,,
values, indicating fewer overall changes in eye movements.
Those students whose scores increased or decreased showed
higher Ag,,, values, indicating more pronounced changes (see
Figure 8). Still, it remains unclear whether this trend applies
equally to consistently successful and unsuccessful students, as
the data set primarily included consistently successful students.

Although studies I and II are not directly comparable, due to
differences in the absence or presence of an intervention,
students’ university, course instructor, and textbook, the results
of A, in both studies (see Figures S and 8) may serve as an
initial indicator of how A, could provide access to developing
expertise with representations. It is important to emphasize,
however, that the studies were not intended to serve as a
comparison between the groups. Rather, the aim was to
characterize changes in eye movements in two distinct
settings—one without and one with an intervention between
the tasks. Without such an intervention, Ag,,, likely reflects a
mixture of individual differences based on eye movement
changes driven by a changed stimulus, a practice effect, or still
developing problem-solving strategies. In contrast, an inter-
vention like the one used in study II appears to structure
students’ engagement in a way that allowed Ag,,, to mean-
ingfully reflect the extent of visual behavioral and cognitive
change stimulated by the intervention.

For example, the results from both studies suggest that the
intervention in study II stimulated already successful students to
maintain more consistent visual behavior across the tasks,
compared to the students in study I. The design of the eye-gaze-
augmented retrospective and the reinforcement of accurate
responses due to the task solution superimposed in the eye-gaze
replay guided already successful students to allocate their
attention more intentionally. This fostered a goal-driven
approach while simultaneously reducing stimulus-driven
attention allocation by making their visual behavior explicit
and formulating intentions for subsequent problem-solving
processes (for more information, see Langner and Graulich®”).

While existing eye-tracking research already explores
aggregated measures of multiple metrics—such as composite
indices, machine learning-based aggregations, or regression-
based modeling®' ~**—that may integratively characterize eye
movements, these approaches are presently applied only to the
analysis of eye movements themselves and are not yet employed
for monitoring changes in them.

In contrast, other methods based on similarity algorithms—
such as correlation maps, Needleman—Wunsch algorithm, or
Levenshtein distance”***—using aspects of the spatial and
temporal information that eye-tracking data convey, can be used
to characterizes changes in eye movements.

In Figure 10, Ag,, is contrasted with the Levenshtein
distance,”® which was calculated from collapsed AOI sequences
and normalized by the longest sequence length.®”

While absolute mean values were higher for the normalized
Levenshtein distance than for Ag,,,, both methods revealed the
same relative pattern—with larger changes in study I than in
study II. This convergence suggests that the observed results in
both studies are robust across analytic approaches. The
divergence in magnitude, however, reflects their conceptual
differences. The normalized Levenshtein distance captures only
specific aspects of spatial and temporal information (i.e., the
sequence of AOIs visited). As a result, it is highly sensitive to
scanpath variations but less sensitive to differences in other
aspects such as fixation duration. In contrast, Ag,,, integrates
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Figure 10. Mean changes in eye movements, characterized by Ag,,
(left) and by the Levenshtein distance® calculated from collapsed AOI
sequences and normalized by the length of the longest collapsed
string,"” of study I (A) and study II (B).

multiple eye-tracking metrics, encompassing multiple spatial,
temporal, and psychophysiological information, and is therefore
sensitive to a broader range of variations. This does not imply
that Levenshtein distance or related methods are less valuable,
but rather, they are particularly advantageous in contexts where
fine-grained scanpath sensitivity is required, as they can highlight
nuanced changes in AOI sequences. In settings where it is not
yet clear which aspects of eye movements may change due to
instruction, practice, or other influences or where multiple eye
movement aspects may change simultaneously, there is a lack of
singular quantitative measures that encapsulate the magnitude

of these changes. The A,,, measure addresses this gap. The use
of Ag,. can, thus, assist eye-tracking researchers in analyzing
overall eye movement changes with a systematic, transparent,
and easy-to-use statistical composite calculation without
resorting to more complex or cumbersome methods, such as
dimensionality reduction or predictive modeling.

RQ2: How Do Single Aspects of Students’ Eye Movements
(i.e., Individual Eye-Tracking Metrics) Contribute to a
Comprehensive Understanding of Students’ Eye
Movement Changes?

Studies I and II demonstrated that in addition to an aggregated
measure such as Ag,,, it is essential to examine the involved
metrics in detail. The cases of Danielle, Benjamin, Kate, and Ava
(see Figures 6 and 9) illustrated that Ag,,, may be useful for
estimating the overall magnitude of eye movement changes, but
that similar Ag,,, values do not necessarily reflect the same eye
movement changes. Therefore, it does not provide information
about the extent of specific individual changes.

Only by considering the change of individual eye-tracking
metrics together can the change in eye movements be fully
characterized. This becomes evident by comparing Danielle’s
and Kate’s changes in eye movements (see Figures 6A and 9A).
Regarding their transition entropy, transition—fixation ratio, and
fixation disparity, their changes in eye movements seem similar.
However, by considering the other metrics, such as fixation
duration and pattern frequency, the full picture of their eye
movement changes emerges, indicating that Kate reinforced her
strategy, while Danielle did not.

This detailed and comprehensive view of eye movement
changes also allows for estimating the influence of instructional
settings on students’ eye movements. The intervention in study
II modulated students’ visual behavior. For example, most of the
consistently successful students exhibited one or more of the
following eye movement changes: 1) distributing their visual
attention evenly across the chiral carbon and its substituents, as
reflected in a more balanced absolute and relative total fixation
duration (eight out of ten), 2) reinforcing their own productive
visual strategy, as reflected in the pattern frequency (seven out of
ten), or 3) demonstrating higher visuospatial cognition, as
reflected in the fixation disparity (seven out of ten).

Overall, while A, provides a broad overview of changes in
eye movements, a deeper and more nuanced understanding
emerges when individual eye-tracking metrics are examined in
conjunction. Since the choice of analyzed metrics is regularly
motivated by the task type, stimulus, hypothesis, or research
question,"*” which introduces a risk of selective reporting bias,
our method mitigates this issue by incorporating multiple
metrics.

Limitations

The primary limitation of our investigation is that no additional
data were used to interpret students’ behavior in study I. The
eye-tracking data alone only allow us to infer how students
processed the stimuli, but not what they were thinking.’ While
this is sufficient to illustrate the potential of our method, it does
not substitute for triangulation with additional data.

Moreover, in both studies, a majority of students self-
identified as female. Since participation was voluntary, this
imbalance likely reflects voluntary participation rather than the
overall composition of the courses. Given that gender has been
associated with differences in visuospatial ability, which may, in
turn, affect performance in tasks such as determining R/S
configurations, this imbalance represents a limitation of our
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studies. However, this factor was not within the scope of the
present work.

Another limitation is the small sample size of study II. Since it
was exploratory and required a higher degree of effort, the
number of participants was kept at approximately 20 students.
While this sample size might be sufficient for eye-tracking
studies in chemistry education research to generate first insight
to inform future research,’® it nonetheless may be under-
powered to reliably detect small- to medium-sized effects. As a
result, the informative value and generalizability of the findings
remain constrained. In addition, the small sample size restricts
the use of inferential statistics needed to robustly examine
potential differences in Ag,,, of studies I and II. Consequently,
any claims about differences between those groups should be
considered tentative, as they are based on holistic comparisons
of descriptive quantitative data rather than on statistically
supported inferences.

In addition, studies I and II are not directly comparable. Even
though students in both studies took Organic Chemistry 1
courses that covered the relevant content, taught the assignment
of R/S configurations using the same method, followed a
traditional functional group—focused curriculum, and com-
pleted the studies in their native language with equivalent
prompts, the samples in each study differ in language (English vs
German), university (southeastern US university vs German
university), incentive structure (extra points toward their final
exam grades vs no incentive), course instructor (two US course
instructors vs one German course instructor), and textbook
(Klein’s Organic Chemistry”> vs Buddrus and Schmidt’®).
Hence, the differences in the studies’ samples should be taken
into account when comparing their result. Nevertheless, the
results may serve as an initial indicator to estimate how A,
could provide access to developing expertise with representa-
tions.

Furthermore, there is currently no clear threshold for what
constitutes a small or high Ag,,. Its magnitude is likely
influenced by student characteristics, their performance on
tasks, task properties, and the specific metrics included in its
calculation. At present, Ag,, values should therefore be
interpreted within the context of the given studies or as a
comparative measure rather than against a universal benchmark.

Finally, our analysis focused on changes in students’ eye
movements on one identical structural site in the task set. While
this local approach allowed for a comparison of visual behavior,
changes driven by overall differences in the stimuli limit the
ability to make more general statements about problem-solving
on other structural sites.

Taking these limitations into account, further research with a
larger and directly comparable sample across additional
chemistry domains is necessary to verify our initial observation
in general and across different domains, as well as to establish
normative reference ranges for Ag,,.

H CONCLUSION

In this exploratory investigation of two studies without and with
an intervention, we demonstrated a method for how changes in
students’ eye movements across chemistry tasks could be
characterized through an integrative approach. This is achieved
by first calculating the average absolute bounded normalized
change across multiple eye-tracking metrics to provide the
aggregated measure of change Ag,,. Second, the change of
individual eye-tracking metrics in conjunction is considered to
capture more detailed and nuanced insights.

With this, the demonstrated method considers the multi-
faceted nature of eye-tracking data. A,,, offers a comprehensive
overview of overall changes in eye movement behavior and,
therefore, indicates the degree of consistency in students’ visual
behavior when working with representations. Since this
composite measure does not describe the pre and post status
of eye movements and does not indicate the extent to which a
single individual eye-tracking metric change, a complementary
analysis of individual eye-tracking metrics is recommended.

Moreover, this systematic and transparent approach may
avoid the risk of data-fishing or selective reporting bias. While
prior chemistry education eye-tracking studies focused on
differences in specific metrics between successful and
unsuccessful students to highlight group dispar-
ities, > V37377588 this approach risks overlooking other
important eye movement aspects, such as individual adaptations
in visual attention as indicators of a change in using
representations or problem-solving strategies, or random
variances due to a limited repertoire of strategies. Thus, by
integrating multiple metrics, those aspects, which may not be
directly reflected in the task score, could be captured.
Considering the body of literature on eye movements and
their underlying meaning in educational contexts,>****~%* a
more comprehensive analysis of eye movement changes by
including multiple metrics—such as the one demonstrated
here—could help capture these additional aspects.

Beyond the methodological contributions, the findings also
provide implications for instruction. High changes in students’
visual behavior may indicate uncertainty or the absence of clear
strategies, suggesting that guidance that includes visual,
conceptual, and strategical cues, such as highlighting,”>
scaffolding,”” eye movement modeling examples,” or worked
examples,” could support students in developing more
consistent and proficient use of representations. Additionally,
instructions using eye-gaze augmentation and reflection may
yield the potential to support students in reproducing or
reinforcing productive visual behavior or changing unproductive
visual behavior.

Finally, this method could support longitudinal observations
of eye movement changes, enabling researchers to assess the
effect of instructional settings over time. Furthermore, an
integrative analysis of intraindividual learning progression using
eye-tracking could contribute to the development of an adaptive
feedback system based on eye-tracking—an area of increasing
interest in science education eye-tracking research.'?°~'%
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APPENDICES

German semi-structured interview protocol of the eye-gaze-augmented
retrospective in study I.

1. Bitte schaue dir einmal deine Blickbewegungen an. Du kannst gerne spontan deine
Gedanken dufern. [normal replay speed of the eye-gaze replay]

2. Bitte beschreibe deinen Loseprozess anhand deiner Blickbewegungen so ausfiihrlich
wie moglich. Versuche dabei jedoch nicht die Aufgabe erneut zu lésen. Berichte dabei,
was du gemacht und was du gedacht hast. Es diirfen sich Informationen doppeln. Sprich
alles laut aus, egal wie irrelevant es erscheint. Solltest du unsicher iiber deine
Erinnerungen sein, dufere dies bitte auch. Du kannst jederzeit das Video deiner
Blickbewegungen pausieren, nach vorne oder hinten springen, und es dir so oft
anschauen, wie du mochtest. [replay speed was reduced to half the normal replay speed]

Looking back

3. Gab es etwas das dich tiberrascht hat?

4. Gab es etwas das nicht mit deiner Erinnerung zusammengepasst hat?

5. Sind dir Bereiche aufgefallen, die nicht/sehr wenig/sehr stark betrachtet wurden?
Was kéonnte der Grund dafiir sein?

6. Wiirdest du konzeptuell oder visuell etwas anders machen, wenn du nochmal die
Chance hdttest diese oder eine chnliche Aufgabe zu lésen?

Wiirdest du chemisch/inhaltlich ¢hnlich oder anders denken?
Wiirdest du cihnlich oder anders schauen?

7. Wiirdest du etwas an deiner abgegebenen Losung verdndern?

Awareness of essential aspects

Was hat dich dazu bewegt deine Losung zu verdndern?

8. Gleiche deine Losung mit der Musterlésung ab. Was schlieft du daraus? [task solution
is superimposed]

Ist die Musterlosung nachvollziehbar? Kannst du sie erkldren?

Was kénnte der Grund dafiir sein, dass du auf eine andere Lésung gekommen bist?
Was konnte der Grund dafiir sein, dass du diese Stelle nicht markiert hast?
Kannst du an deinen Blicken erkennen, woran das liegen kénnte?

9. Wiirdest du nun konzeptuell oder visuell etwas anders machen, wenn du nochmal die
Chance hdttest diese oder eine chnliche Aufgabe zu lésen?

Creating alternative
methods of action

Wiirdest du chemisch/inhaltlich ¢hnlich oder anders denken?

Wiirdest du cihnlich oder anders schauen?
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AVe)elhileib @i Demographic questionnaires in the students’ native language

1. Wie alt sind Sie?

2. Mit welchem Geschlecht identifizieren Sie sich?

O weiblich [ maénnlich [divers [Janderes Geschlecht: []keine Antwort

3. Beherrschen Sie Deutsch auf Muttersprachniveau?

— OJa O Nein
>~
g 4. Welches Studienfach studieren sie? (Bei Lehramt mit Fachern.)
—
wn
5. In welchem Fachsemeter befinden Sie sich zurzeit?
6. Besuchten Sie die Vorlesung Organische Stoffchemie (OC1)? In welchem Semester
zuletzt?
OJa O Nein
7. Haben Sie die Klausur zum Modul Organische Stoffchemie (OC1) bestanden? Wann
war das?
OJa O Nein
1. What is your age?
2. What gender do you identify as?
Ofemale [Omale [Odiverse [Oother: O prefer not to say
3. Please specify your ethnicity. (If more than one answer applies, please check more.)
[ Caucasian [ African-American [ Latino or Hispanic
[ Asian [ Native American Nat%ve Hawaiian or
Pacific Islander
= O other: O unkown O prefer not to say
>
e
=}
—
wn

4.Do you speak English on a native level?

O Yes O No

5. What do you major in?

6. What semester are you in?

7. Did you attend the lecture in Organic Chemistry (OC1)? During which semester last?

[ Yes [0 No

8. Did you pass the exam for the module Organic Chemistry (OC1)? What time was this?

O Yes O No
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AV elhile i d® Stimuli used in study I and II

Task 1 molecule Fixation cross Task prompt

Task 2 molecule

R/S configuration of asymmetric carbon atoms

Study I

Study II

Bestimme die Konfiguration der
asymmetrischen C-Atome (R/S-Konfiguration).

Determine the configuration of the
asymmetric carbon atoms (R/S configuration).
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Task 1 molecule Fixation cross Task prompt

Task 2 molecule

106

Bronsted acid-base concept

Study I

Study II

vier Stellen an denen das folgs kil am ehesten
von einer starken Base deprotoniert wird.

Identify the four positions where the molecule is most likely
to be deprotonated by a strong base.




Task 1 molecule Fixation cross Task prompt

Task 2 molecule

Electrophilicity and nucleophilicity

Study I

Study II

Identifiziere die Stellen an denen sich elektrophile Zentren befinden,
(Das sind solche, die von Nukleophilen angegriffen werden kénnen.)

Identify electrophilic centers.
(These are those that can be attacked by a nuleophile.)
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Problem-solving activities support conceptual understanding and the development
of competencies needed to resolve problems and make informed decisions. In
organic chemistry, problem solving relies heavily on representations that encode
both explicit and implicit information. However, students often struggle to use these
representations in their problem solving.

Although various instructions have been shown to support problem solving with
representations, they often benefit only specific subgroups of students. In contrast,
reflection on one’s own problem solving—enhanced by showing students their eye
movements and providing guiding prompts in an eye-gaze-augmented
retrospective—offers a differentiated and personalized approach. This dissertation
investigated the influence of such gaze-augmented reflection on students’ problem
solving in two exploratory studies—with and without the retrospective.

This investigation integrates and extends the methodological and empirical
foundations established in:

Langner A. & Graulich N. (2024). From sight to insight — reflection processes
in an eye-gaze-augmented retrospective. International Journal of Science
Education, 1-24. https://doi.org/10.1080/09500693.2024.2430804

Langner A., Hain L., & Graulich N. (2025). Defining Areas of Interest in
Organic Chemistry Education Eye-Tracking Research. Journal of Chemical
Education, 102(3), 1285-1297. https://doi.org/10.1021/acs.jchemed.4c00830

Langner A., Sahba M., Popova M., & Graulich N. (2025). An Integrated
Approach to Characterizing Changes in Organic. Journal of Chemical
Education. https://doi.org/10.1021/acs.jchemed.5c00849

The findings indicate that gaze-augmented reflection was associated with more goal-
driven allocation of attention and that, despite highly individual trajectories shaped
by initial problem-solving accuracy and student characteristics, accuracy converged
across students. Overall, these findings highlight the potential of gaze-augmented
reflection as a personalized approach to supporting students’ problem solving with
representations.



