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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—o�ers a di�erentiated 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.





III

KURZFASSUNG
Problemlöseaufgaben fördern nicht nur das konzeptuelle Verständnis, sondern auch 
die Entwicklung zentraler Kompetenzen für das Lösen komplexer Probleme und das 
Tre�en fundierter Entscheidungen. Insbesondere in der organischen Chemie spielen 
Repräsentationen, die sowohl explizite als auch implizite Informationen enthalten, 
eine zentrale Rolle. Studierende erleben jedoch häufig Herausforderungen dabei, 
diese Repräsentationen in ihren Problemlöseprozessen zu nutzen.

Obwohl verschiedene Instruktionsansätze das Potenzial zeigen, Studierende beim 
Problemlösen mit Repräsentationen zu unterstützen, profitieren davon häufig nur 
bestimmte Subgruppen. Demgegenüber könnte die Reflexion des eigenen 
Problemlöseprozesses, die durch die Einbindung eigener Blickbewegungen sowie 
gezielter Prompts im Rahmen einer blickbewegungsgestützten Retrospektive vertieft 
werden kann, eine di�erenzierte und individualisierte Lerngelegenheit darstellen.

Diese Dissertation untersucht den Einfluss einer solchen Reflexion auf die 
Problemlöseprozesse von Studierenden. Hierzu wurden zwei explorative Studien 
durchgeführt, 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.5c00849

Die Ergebnisse zeigen, dass die Reflexion mit einer stärker zielgerichteten 
Aufmerksamkeitsverteilung verbunden ist und dass sich – trotz individueller 
Verläufe, die durch Antwortgenauigkeit und Studierendenmerkmale geprägt waren – 
die Antwortgenauigkeit zwischen den Studierenden annäherte. Insgesamt 
verdeutlichen diese Erkenntnisse das Potenzial der Reflexion in einer 
blickbewegungsgestützten Retrospektive als personalisierten Ansatz zur 
Unterstützung von Studierenden beim Problemlösen mit Repräsentationen.
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HOW TO READ

This is regular text. Within this text, you will see black highlighted words that indicate 
subchapter titles. 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).

THIS IS THE TITLE.
And this is the formal academic title commonly used in research.

Figure 0 | This small text appears beneath a figure 
or an equation, or above a table, and provides a 
description or additional information.

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.
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FOSTERING 
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THROUGH AN 
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When individuals engage with a task for which no straightforward solution path is 
apparent, they engage in problem solving (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). 

WHY?
(i.e., Introduction)

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, visually decodable 
representation of structural 
formulas (Goodwin, 2010; 
Ho�mann & Laszlo, 1991).
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Figure 1 | Organic-chemistry representations depict 
explicitly visible features as well as implicitly present, but 
not explicitly visible, features (Ho�mann & Laszlo, 1991).

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-Ramírez 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, sca�olding, 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, di�erentiated instructional approaches aim to provide personalized 
learning experiences that support students according to their individual needs, such 
as through reflection (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 di�erent 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; 
Nückles 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 o�ering an 
additional perspective for reflection.

In the context of supporting students’ reflection, an eye tracker 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
(Holmqvist 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 o�ers 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.

4
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The purpose 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 di�er depending on the visual and conceptual a�ordances of 
organic chemistry tasks.

WHAT?
(i.e., Research Purpose)
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WITH?
(i.e., Research Design)

In study I, students received the eye-gaze-augmented retrospective between each 
pair of tasks (see Figure 2).

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

In both studies, the problem-solving task contexts of R/S configuration of asymmetric 
carbon atoms, Brønsted acid–base concept, and electrophilicity and nucleophilicity 
were chosen as they cover a wide range of visual a�ordances (i.e., task-relevant 
visually represented features) and conceptual a�ordances (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 
di�erent representations were designed (see Figure 4).

22 students
Organic Chemistry 1

24.0 ± 3.4 years
German university

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. 
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53 students
Organic Chemistry 1

22.1 ± 4.6 years
US university

N

O

N

H

H

O

O

O
N

S

N
H

H

S

N

S

OO

N

O

Task 2Task 1

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. 
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R/S configuration of 
asymmetric carbon atoms 

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.

Brønsted acid-base 
concept

Electrophilicity and 
nucleophilicity 

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 a local 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 e�ects.
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The eye-gaze-augmented retrospective 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.

Looking back Awareness of essential aspects Creating alternative methods of action

• What do you conclude?
• Is the solution (not) comprehensible?
• Can you explain the solution?
• Why …?
• Would you do anything di�erently?

• Anything surprising you?
• Do you notice areas that you have 

not/strongly looked at?
• Would you do anything di�erently?
• Would you change your response?

Own response
Eye-gaze replay

Guiding prompts
Reflective questions

Task solution

Own response
Eye-gaze replay

Guiding prompts
Reflective questions

Own response
Eye-gaze replay

Retrospective think-aloud

• What did you do and think?
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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.

321

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). 



(i.e., Data Collection and Analysis)

HOW?
For the data collection 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), eye-tracking data 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 accuracy data 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 interview data 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 
di�culty, mental load, and cognitive load were collected using items from Brandriet 
& Bretz (2014), Bratfisch et al. (1972), Hart & Staveland (1988), Hart (2006), Klepsch 
et al. (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. 

9
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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. 
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For the subsequent data analysis, 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 complexity of reflections 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 di�culties 
or challenges that students encountered or still faced, reflections of higher 
complexity additionally included evaluating di�erent approaches or drawing 
consequences (see Table 2).
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Code Code description Example

Describing the 
experience (E)

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

"I focused on where the hydrogen 
atoms are. [...] And at first I had 
to think about it a bit."

Identifying an 
issue (I)

The participant verbalizes di�culties, 
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 
I’ve ever consciously seen 
something like NH- or anything 
like that before." 

Evaluating an 
approach (A)

The participant reviews their assumptions 
and behavior, or tests alternative 
assumptions and behavior (e.g., related to 
chemical concept knowledge, visual 
behavior, or general behavior).

"Maybe it can kind of flip over 
somehow, and then move up to 
that. Like, the double bond could 
flip up […]" 

Drawing a 
consequence (C)

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).

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

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

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

Reflexions of higher 
complexity

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). 

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

Reflexions of lower 
complexity

The reflection process involves describing experiences (E) 
and additionally expresses issues encountered during 
problem solving or that still persist (I). 

The reflection process involves describing experiences (E).

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

To characterize the overall change in eye movements, multiple eye-tracking metrics 
were included in the analysis. Using several metrics allows the capture of 
complementary characteristics of eye movements, thereby o�ering a more 
comprehensive picture of students’ information-processing behavior (cf. Holmqvist 
et al., 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; Tóthová 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 ∆Gaze between each 
task pair according to Equation 1 (see Chapter Changes in Eye Movements). 

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.

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

Brønsted acid-base 
concept

R/S configuration of 
asymmetric carbon atoms 
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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).
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Table 3 | Included metrics in the calculation of ∆Gaze for each pair of tasks.

R/S configuration of 
asymmetric carbon atoms 

Brønsted acid-base 
concept

Electrophilicity and 
nucleophilicity 

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

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

Absolute total fixation duration,
relative total fixation duration,
relative transitions frequency,
absolute pattern frequencyb,
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 α-carbon) 



SO?
(i.e., Results and Discussion)

To examine whether students’ initial problem-solving accuracy accounts for the 
complexity of their reflection, 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 

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."

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 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 NH3 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." [...] 

3

Mary’s reflection of lower complexity
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Identify the four positions where the molecule is 
most likely to be deprotonated by a strong base.
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issues but do not further examine the 
underlying reasons of it or extend their 
reflection beyond acknowledging the 
issue (for another example, see Gwen’s 
reflection in Chapter Students’ 
Reflection). Since the experienced 
issue did not a�ect their accurate 
response, those students may not 
perceive a need to explore the cause of 
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 e�ects, in which students 
believe they knew it all along 
(Fischho�, 1975). In these cases, the 

Figure 8 | Excerpt from Mary’s reflection of lower complexity 
at the nitrogen of the carboxamide of the task about 
Brønsted acid-base concept. The numbers correspond to 
the phases of the retrospective (see Figure 5), and the letters 
correspond to the reflection elements (see Table 1).
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Kate’s reflection of higher complexity

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

1

Kate: "I can’t quite make sense of that. I mean, 
sure, it could happen. But somehow it just felt 
strange to me." [...]

Kate: "So first I just tried to find the hydrogens that 
were shown.”

Kate: "But then I felt kind of uncertain, because I 
thought, I don’t think I’ve ever consciously seen 
something like NH- or anything like that before. So 
that felt kind of strange to me. […] I’ve just never 
seen that before." [...]

A

I

E

E

Kate: "Maybe it can kind of flip over somehow, and 
then move up to that. Like, the double bond could 
flip up […] And a hydrogen would be released. And 
then there’d be a double bond between the 
nitrogen and the carbon. [...] And there [Oxygen] 
would be a negative charge." [...]

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

OH

O

O

H2N

O

O

OH

O

Kate: "I rushed through it and didn’t really take 
enough time. It was just because I realized I was 
unsure and figured I wouldn’t get it right anyway." 
[...]I

2

I

3

E

Figure 9 | Excerpt from Kate’s reflection of higher 
complexity at the nitrogen of the carboxamide of 
the task about Brønsted acid-base concept. 

retrospective did not stimulate a 
reflection of higher complexity, even 
though uncertainty (Dewey, 1933; 
Schön, 1983)—along with related 
experiences such as doubt, confusion, 
concerns about not knowing, and 
lacking su�cient 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).

In the beginning, Kate also expressed 
uncertainty. After seeing the task 
solution, she generated a hypothesis to 
explain why the solution was correct. 
Building on this assumption, she 
explored the underlying reason for her 
inaccurate response and ultimately 
concluded that, in future problem-
solving situations, she should take 
more time and examine the 
representation more carefully.

Although both Mary and Kate identified 
an issue, their reflections di�er in 
complexity. This di�erence emerges in 
the third phase of the retrospective, 
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 Brønsted 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 su�cient. In such cases, 
additional experiences of inner discomfort, surprise, confusion, an unwanted 
outcome, di�culty in understanding, or a desire to make sense of the content—
known stimuli for reflection (Boyd & Fales, 1983; Mezirow, 1991; Moon, 2004a; Schön, 
1983)—elicited by receiving feedback that a structural site was determined 
inaccurately may have prompted the emergence of reflections of higher complexity. 



How the students’ initial accuracy can 
shape the complexity of students’ 
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 
of whether students had determined 
the structural site accurately or not. 
However, in the third phase, a notable 
shift emerged. Although the proportion 
of higher reflection complexity 
increased, the increase was 
substantially greater for reflections on 
inaccurately determined structural 
sites (from 22% to 89%) than for 
reflections on accurately determined 
sites (from 33% to 63%). When 
considering a broader set of students’ 
reflections, this pattern becomes even 
more pronounced (see Chapter From 
Sight to Insight).

Overall, these findings suggest that 
reflections of higher complexity are 
stimulated when students not only 
identify an issue but also faced with an 
inaccurate response (for example, see 
Kate’s reflection in Figure 9). Yet 
identifying an issue alone may or may 
not lead to more complex reflection—in 
some cases it does (for example, see 
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Susan’s reflection in Figure 10), whereas in others it does not (for example, see 
Mary’s reflection in Figure 8).

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

Susan: "Okay, Brønsted. I just went by the 
question, what can actually be deprotonated?" [...]

Susan: "I wasn’t sure about that. I think, actually, 
it’s more likely to be protonated than 
deprotonated." [...]

Susan: "But now, looking back afterwards — you’d 
actually rather have NH3

+. If anything happens 
there." 

Susan: "I don’t think I would check that option 
again now." [...]

Susan: "I really need to look at the Brønsted 
concept again, definitely."

Susan: "So I’d basically go back and review the 
whole Brønsted acid/base concept again."

Susan: "But then, thinking about it afterwards... 
Well, the concepts of Brønsted bases, I just don’t 
really have them right now — apart from proton 
donor and acceptor." [...]

Susan: "But at first glance, okay, there’s definitely 
an H that could just come o�." [...]

Susan: "So yeah, that was just intuition in the first 
moment."

Figure 10 | Excerpt of Susan’s reflection of higher 
complexity at the nitrogen of the carboxamide of 
the task about Brønsted acid-base concept. 

Susan’s reflection of higher complexity
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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 e�ectively 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 e�cient 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 

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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does not threaten students’ problem-
solving accuracy, they may not engage 
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 
initial task (score of 1), reflected with 
higher complexity, and again 
responded accurately in the 
subsequent task (score of 1) (see Figure 
12, reflection of higher complexity; 
22%). This suggests that the eye-gaze-
augmented retrospective has the 
potential to support students—such as 
Susan (see Figure 10)—in engaging in 
more complex reflection that involves 
both metacognitive monitoring and 
regulation, even when they are already 
able to solve the problems accurately 
and consistently. Such students 
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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 
insu�cient explanations triggered by negative feedback that can stimulate more 
complex reflection (Dewey, 1933; Marshall et al., 2021; Schön, 1983), such 

James’s reflection of lower complexity

OH

O

O

H2N

O

O

OH

O

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

James: "The amino group caught my attention. The 
question now is whether it can actually be 
deprotonated. It itself is a base. But we also know 
other cases. I had the feeling that it could also be 
deprotonated by a strong base. I quickly decided 
on that and didn’t really think about it any further. 
[…] And then I thought more carefully again about 
the amino group. I think it can be protonated. But it 
can also be deprotonated. I know that. [...] And the 
oxygen next to it can stabilize it when it is 
negatively charged. [...] Those were the 
possibilities that would support that." [...] 

James: "My knowledge was su�cient for that. For 
sure, it was a bit of experiential knowledge."

Figure 13 | Excerpt from James’s reflection of lower 
complexity at the nitrogen of the carboxamide of 
the task about Brønsted acid-base concept. 
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dissatisfaction with one’s prior 
conceptions may also prompt 
willingness to invest e�ort (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.

Overall, the retrospective did not 
negatively influence students’ 
accuracy in subsequent problem 
solving. Mainly, students’ accuracy 
either improved or remained accurate. 
For comparison, when students did not 
receive an intervention, their accuracy 
showed little change—also when 
students were initially inaccurate (see 
Figure 12, no reflection). 

At the same time, the results suggest 
that reflections of higher complexity—
where students more deeply engaged 
with their visual behavior, conceptual 
understanding, or problem-solving 
strategies by evaluating alternatives or 
anticipating consequences—were 
associated with greater changes in 
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 di�erences, 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).

Yelenas’s reflection of higher complexity

OH

O

O

H2N

O

O

OH

O

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

Figure 14 | Excerpt of Yelena’s reflection of higher 
complexity at the nitrogen of the carboxamide of 
the task about Brønsted acid-base concept. 

Yelena: "I had a wrong approach." [...]

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 
look at the carbon atoms." [...]

Yelena: "I am aware that you can deprotonate the 
amide." [...]

Yelena: "Nitrogen has lone pairs of electrons, 
which means if a proton were to be removed there, 
nitrogen and oxygen could stabilize each other by 
shifting electrons around. [...] And then the double 
bond would shift to the oxygen, so the oxygen 
would have three lone pairs. That would make it 
negatively charged. But that doesn’t look super 
neat either, because nitrogen with a double bond is 
kind of unusual." [...]

Yelena: "Now I think, okay, I need to focus on the 
atoms that can actually be deprotonated, not just 
the carbon atoms."

Yelena: "That wasn’t necessarily a conscious 
decision […] When I think about the molecule, I 
mainly think about the basic structure and not 
about the substituents. I’m not sure if that makes 
sense. [...] The whole time I was thinking that the 
carbon atoms had to be deprotonated." [...]
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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 
e�ectively 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 
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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 II are depicted (right). 
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accuracy and eye movements both reflect 
how students engage with and navigate a 
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 
et al., 2022; Karch et al., 2019; Pavlin et al., 
2019; Pavlin & Slapničar, 2021; Slapničar 
et al., 2021; Slapničar 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 
the groups are not as clearly 
distinguishable (see Figure 16, study II).

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

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). 
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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.

To examine whether the relationships between reflection complexity and changes in 
performance di�er depending on the visual and conceptual a�ordances of organic 
chemistry tasks, 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 Brønsted 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 
di�erential 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 Brønsted acid-base concept contexts, almost no student could do this in 
the electrophilicity and nucleophilicity context. Identifying the β-carbon of the α,β-
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 Brønsted acid-base concept and electrophilicity 
and nucleophilicity contexts, eye-movement changes do not clearly di�erentiate 
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 a�ordances of the three contexts 
di�er substantially.
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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 a�ordances and comparatively lower conceptual a�ordances, 
suggesting that changes in students’ problem-solving accuracy are more directly 
mirrored in their eye movements.

In contrast, in the Brønsted 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 e�ects 
(cf. Fox & Whitesell, 2004; Klein, 2020). This involve higher conceptual a�ordances 
and comparatively lower visual a�ordances, shifting processing toward internal 
attention and resulting in less observable eye movement changes. 
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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 (N = 3). 
For comparison, the change of students’ score of study II are depicted (right). 
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Figure 18 | Mean change of students’ eye 
movements in each task pair in relation to 
students’ reflection in study I (left). Note: In 
study I, in reflection of lower complexity in 
the electrophilicity and nucleophilicity 
task set the sample size was low (N = 3). For 
comparison, the change of students’ eye 
movements of study II are depicted (right). 

El
ec

tr
op

hi
lic

it
y 

an
d 

nu
cl

eo
ph

ili
ci

ty
 

B
rø

ns
te

d 
ac

id
-b

as
e 

co
nc

ep
t

B
rø

ns
te

d 
ac

id
-b

as
e 

co
nc

ep
t

0.50

0.25

0

0.50

0.25

0

N
o 

re
fle

ct
io

n

R
efl

ec
tio

n 
of

hi
gh

er
 c

om
pl

ex
ity

R
efl

ec
tio

n 
of

 
lo

w
er

 c
om

pl
ex

ity

0.50

0.25

0C
ha

ng
e 

of
 s

tu
de

nt
s'

 e
ye

 m
ov

em
en

ts
 Δ

G
az

e

0

R
/S

 c
on

fig
ur

at
io

n 
of

 
as

ym
m

et
ri

c 
ca

rb
on

 a
to

m
s 

El
ec

tr
op

hi
lic

it
y 

an
d 

nu
cl

eo
ph

ili
ci

ty
 

B
rø

ns
te

d 
ac

id
-b

as
e 

co
nc

ep
t

B
rø

ns
te

d 
ac

id
-b

as
e 

co
nc

ep
t

0.50

0.25

Study IIStudy I

C
ha

ng
e 

of
 s

tu
de

nt
s'

 e
ye

 m
ov

em
en

ts
 Δ

G
az

e

 A
cc

ur
ac

y 
ch

an
ge

N
o 

ac
cu

ra
cy

 c
ha

ng
e

0

 A
cc

ur
ac

y 
ch

an
ge

N
o 

ac
cu

ra
cy

 c
ha

ng
e

0.50

0.25

0

0.50

0.25

0

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 II 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 di�er 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 a�ordances 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 limitations 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 di�ered in several aspects (e.g., native 
language, course instructor, textbook), and these di�erences 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 e�ects of gaze-augmented reflection.

Finally, although the contexts examined here cover di�erent visual and conceptual 
a�ordances, 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 di�culties 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 conclusion 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 di�er fundamentally across contexts 
with di�erent visual and conceptual a�ordances—however, changes in accuracy 
were more clearly mirrored by changes in eye movements in tasks with higher visual 
and lower conceptual a�ordances, 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 di�erent 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 di�culties, di�erences, and learning consequences, demonstrates 
considerable potential for integration into an adaptive intelligent tutoring system 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 AI 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; Wul� 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 AI 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, sca�old 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 sca�old 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 
AI 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 AI 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, AI processing, and eye-gaze-augmented retrospective, allowing 
students to receive support for as long as they choose. Across successive cycles, the 
AI tutor can provide additional prompts or visual sca�olds 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 sca�olding 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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Return: 0
...

Fixations: 1
Duration: 2
Dwell: 1
Return: 0
...

Fixations: 1
Duration: 3
Dwell: 1
Return: 0
...

Fixations: 2
Duration: 4
Dwell: 2
Return: 1
...

Fixations: 1
Duration: 2
Dwell: 1
Return: 0
... Fixations: 4

Duration: 8
Dwell: 3
Return: 2
...

Fixations: 3
Duration: 4
Dwell: 3
Return: 2
...



72



73



74



75



76



77



78



79



80



81



82



83



84



85

In this chapter, the original paper is represented. It is reproduced from Langner, 
Sahba, Popova, & Graulich (2025) under the terms of the Creative Commons 
Attribution License CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/).

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

CHANGES IN 
EYE MOVEMENTS

Δ Gaze 



86



87



88



89



90



91



92



93



94



95



96



97



98



99



100



101



102



103

APPENDICES
Appendix A 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 äußern. [normal replay speed of the eye-gaze replay]

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

3. Gab es etwas das dich überrascht 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 könnte der Grund dafür sein?

6. Würdest du konzeptuell oder visuell etwas anders machen, wenn du nochmal die 
Chance hättest diese oder eine ähnliche Aufgabe zu lösen?

Würdest du chemisch/inhaltlich ähnlich oder anders denken?

Würdest du ähnlich oder anders schauen?

7. Würdest du etwas an deiner abgegebenen Lösung verändern?

Was hat dich dazu bewegt deine Lösung zu verändern?

8. Gleiche deine Lösung mit der Musterlösung ab. Was schließt du daraus? [task solution 
is superimposed]

Ist die Musterlösung nachvollziehbar? Kannst du sie erklären?

Was könnte der Grund dafür sein, dass du auf eine andere Lösung gekommen bist?

Was könnte der Grund dafür sein, dass du diese Stelle nicht markiert hast?

Kannst du an deinen Blicken erkennen, woran das liegen könnte?

9. Würdest du nun konzeptuell oder visuell etwas anders machen, wenn du nochmal die 
Chance hättest diese oder eine ähnliche Aufgabe zu lösen?

Würdest du chemisch/inhaltlich ähnlich oder anders denken?

Würdest du ähnlich oder anders schauen?
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Appendix B Demographic questionnaires in the students’ native language

1. Wie alt sind Sie?

2. Mit welchem Geschlecht identifizieren Sie sich?

3. Beherrschen Sie Deutsch auf Muttersprachniveau?

4. Welches Studienfach studieren sie? (Bei Lehramt mit Fächern.)

5. In welchem Fachsemeter befinden Sie sich zurzeit?

6. Besuchten Sie die Vorlesung Organische Sto�chemie (OC1)? In welchem Semester 
zuletzt?

7. Haben Sie die Klausur zum Modul Organische Sto�chemie (OC1) bestanden? Wann 
war das?

weiblich männlich

Ja Nein

Ja Nein

Ja Nein

divers anderes Geschlecht: keine Antwort

St
ud

y 
I

1. What is your age?

2. What gender do you identify as?

3. Please specify your ethnicity. (If more than one answer applies, please check more.)

4.Do you speak English on a native level?

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?

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

female

Caucasian African-American Latino or Hispanic

Asian Native American Native Hawaiian or 
Pacific Islander

male

Yes No

Yes No

Yes No

diverse other: prefer not to say

prefer not to say

St
ud

y 
II other: unkown
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Appendix C Stimuli used in study I and II

R/S configuration of asymmetric carbon atoms
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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—o�ers a di�erentiated 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.


