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Executive Summary 

Research into how learners visualize and learn quantum phenomena has been conducted in various 

ways for several decades (Küblbeck & Müller, 2002; Lichtfeldt, 1992; Müller & Wiesner, 1999; 

Wiesner, 1996). With the emergence of potential applications such as quantum computers, 

quantum cryptography and quantum sensor technology, interest in conveying quantum physics in 

an accessible, audience-appropriate way has grown markedly, corresponding competence 

frameworks for professional requirements in quantum technologies have been developed 

(European Commission et al., 2025; Greinert et al., 2022), and many representations have been 

developed or refined (e.g., Bley et al., 2024; Donhauser et al., 2024; Dür & Heusler, 2012, 2014; 

Huber & Glaser, 2024; Johnston et al., 2019; Yeung, 2020). Learners without a strong 

mathematical backgroundðwhether in schools or in professional settings (e.g., Kelly et al., 2024; 

Piña et al., 2025)ðneed approaches that make the fieldôs central element, the qubit, tangible. As 

an instructional strategy, the so-called ñspin first approachò is recommended (Dür & Heusler, 

2012; Sadaghiani, 2016; Sadaghiani & Munteanu, 2015); it introduces a two-state system early on, 

thereby enabling an early representation of the qubit. 

This dissertation investigates which aspects of visual qubit representations differ in terms of 

effectiveness in learning quantum physics, without completely ignoring the underlying 

mathematics. To that end, it introduces a category system grounded in representation research, 

physics education, and quantum science, which was evaluated by experts using four exemplary 

visual qubit representations (Bloch sphere, Quantum Bead (Huber & Glaser, 2024), Pie-chart 

Model (Qake) (Donhauser et al., 2024; Yeung, 2020) and the circle notation (Bley et al., 2024; 

Johnston et al., 2019)).  

Key objective was to find out how the features of visual qubit representations differ in terms of 

effectiveness in learning quantum physics concepts. First from an expert perspective (1) then from 

learnersô perspective (2, 3). This led to research focusing on multiple external representations, 

asking: (2) Do informational redundant qubit representations influence cognitive load and learning 

behavior? It also led to research in the context of direct application, asking: (3) Are the features 

identified by experts also beneficial for studentsô learning?  

Experts highlighted, in particular, the features for visualizing phase and amplitude, the 

combination of different representations, and the avoidance of learning difficulties or 
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misconceptions. They also agreed that no single representation could meet all requirements equally 

wellðmaking a repertoire of multiple representations essential. 

To verify these evaluations and to examine the use of multiple representations in more detail, two 

additional studies were conducted. One focused on variations of informational redundant 

representations in the context of the MachïZehnder interferometer with single photons and 

compared four groups: (1) Text only (control), (2) Text + formula, (3) Text + Bloch sphere, (4) 

Text + formula + Bloch sphere.  

No significant differences emerged in learning outcome or cognitive load. However, eye-tracking 

observations showed that groups working with the Bloch sphere exhibited a significant increase in 

transitions between text and representation. 

The other study was carried out to verify the expertsô evaluations at the learner level. Conceptual 

understanding, cognitive load, and application-oriented tasks on phase, amplitude, quantum state, 

superposition, and quantum measurement for each representation (Bloch sphere and Quantum 

Bead) were examined. The results showed that students completed the application-oriented tasks 

significantly more efficiently when using the Bloch sphere, even though no group differences 

appeared in conceptual understanding or cognitive load. These findings partially confirm the 

expert ratings and demonstrate how the category system can guide the use of other representations 

that share characteristics with the four examples investigated.  

The results indicate that our category system with representations can be applied in various 

settingsðfor instance, to experimental setups or practice-oriented scenarios in quantum 

technology. While neither study revealed group differences in conceptual understanding or 

cognitive load, the process data from eye tracking and timing measurements uncovered subtle 

distinctions in how learners interacted with the representations. 

These findings partially validate the category system: it is useful both for selecting suitable 

representations and for guiding the design of new ones.  

Research into learning with representations is far from complete, yet the feature structure presented 

here offers a solid starting point for future workðwhether on different variations of multiple 

external representations or on specific concepts such as entanglement. Overall, this dissertation 

provides an insight into the broad, complex landscape of representations in quantum physics. 
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Deutsche Zusammenfassung 

Die Art und Weise, wie sich Lernende Quantenphänomene vorstellen und erlernen, wird seit 

mehreren Jahrzehnten auf unterschiedliche Weise erforscht (Küblbeck & Müller, 2002; Lichtfeldt, 

1992; Müller & Wiesner, 1999; Wiesner, 1996). Mit dem Aufkommen von möglichen 

Anwendungen wie Quantencomputern, Quantenkryptographie oder Quantensensorik ist das 

Interesse an einer verständlichen, adressatengerechten Vermittlung der Quantenphysik deutlich 

gestiegen entsprechende Kompetenzrahmen für berufliche Anforderungen in den 

Quantentechnologien wurden entwickelt (European Commission et al., 2025; Greinert et al., 2022) 

und zahlreiche Repräsentationen ausgearbeitet oder verfeinert (Bley et al., 2024; Donhauser et al., 

2024; Dür & Heusler, 2012, 2014; Huber & Glaser, 2024; Johnston et al., 2019; Yeung, 2020). 

Lernende ohne ausgeprägten mathematischen Hintergrund ï sei es in der Schule oder im 

Berufsleben (z. B. Kelly et al., 2024; Piña et al., 2025) ï benötigen Zugänge, die das zentrale 

Element dieser Technologien, das Qubit, anschaulich und verständlich machen. Als didaktische 

Strategie empfiehlt sich der sogenannte spin first-Ansatz (Dür & Heusler, 2012; Sadaghiani, 2016; 

Sadaghiani & Munteanu, 2015); es behandelt früh ein Zwei-Zustands-System und ermöglicht so 

eine frühe Einführung von Qubit Repräsentationen. 

In dieser Dissertation wird untersucht, welche Aspekte visueller Qubit-Repräsentationen sich 

hinsichtlich ihrer Effektivität beim Erlernen der Quantenphysik unterscheiden, ohne die zugrunde 

liegende Mathematik vollständig auszublenden. Dazu wird ein Kategoriensystem vorgestellt, das 

auf Erkenntnissen der Repräsentationsforschung, der Quantenphysikdidaktik und der 

Quantenwissenschaften basiert. Experten bewerteten dieses Kategoriensystem anhand von vier 

exemplarischen Repräsentationen: Blochkugel, Quantum Bead (Huber & Glaser, 2024), 

Kuchenmodell (Qake) (Donhauser et al., 2024; Yeung, 2020) und Circle Notation (Bley et al., 

2024; Johnston et al., 2019). 

Ein zentrales Ziel war es, herauszufinden, wie sich die Merkmale visueller Qubit-Darstellungen 

im Hinblick auf ihre Wirksamkeit beim Erlernen von Konzepten der Quantenphysik 

unterscheiden. Zunächst aus der Sicht von Experten (1), dann aus der Perspektive der Lernenden 

(2, 3). Dies hat zu weiterer Forschung mit multiplen externen Repräsentationen geführt, mit der 

Frage: (1) Beeinflussen informationsredundante Repräsentationen die kognitive Belastung und das 

Lernverhalten? Und zur Forschung im Kontext der direkten Anwendung, mit der Frage: (2) Sind 
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die Merkmale, die von Experten bewertet wurden, auch für SchülerInnen förderlich für das 

Lernen? 

Die Experten betonten insbesondere die Merkmale von Darstellung für Phase und Amplitude, die 

Kombination verschiedener (mehrerer) Repräsentationen sowie die Vermeidung von 

Lernschwierigkeiten durch Fehlvorstellungen. Zugleich betonen sie, dass keine einzelne 

Darstellung alle Anforderungen gleichermaßen erfüllt ï weshalb ein Repertoire multipler 

Repräsentationen unverzichtbar sei. 

Zur Überprüfung dieser Einschätzungen und zur genaueren Analyse des Einsatzes mehrerer 

Darstellungen wurden zwei weitere Studien durchgeführt. In einer Studie zu mehrfach 

informationsredundanten Qubit-Repräsentationen im Kontext des Mach-Zehnder-Interferometers 

mit Einzelphotonen wurden vier Gruppen verglichen: (1) Nur Text (Kontrollgruppe), (2) Text + 

Formel, (3) Text + Blochkugel, (4) Text + Formel + Blochkugel.  

Es zeigten sich weder beim Lernzuwachs noch bei der kognitiven Belastung signifikante 

Unterschiede. Eye-Tracking-Daten zeigen jedoch, dass Gruppen mit der Blochkugel signifikant 

mehr Übergänge (Transitionen), also einen verstärkten Wechsel der Augenbewegungen zwischen 

den Repräsentationen auslöst.  

Eine weitere Studie prüfte die Experteneinschätzungen direkt auf Lernenden Ebene in dem 

anwendungsbezogenen Kontext von Quantencomputing. Untersucht wurden das konzeptuelle 

Verständnis, die kognitive Belastung sowie anwendungsorientierte Aufgaben mit den jeweiligen 

Repräsentationen zu Phase, Amplitude, Quantenzustand, Superposition und Quantenmessung. 

Hier lösten die SchülerInnen die Aufgaben mit der Blochkugel signifikant effizienter, obwohl sich 

wiederum keine Gruppenunterschiede im konzeptuellen Verständnis oder in der kognitiven 

Belastung zeigten. Diese Ergebnisse verifizieren die Expertenratings teilweise und zeigen, wie das 

Kategoriensystem den Einsatz anderer, ähnlich gelagerter Repräsentationen leiten kann. 

Die Befunde verdeutlichen, dass das Kategoriensystem mit Repräsentationen flexibel einsetzbar 

ist ï etwa in experimentellen Aufbauten oder praxisnahen Szenarien der Quantentechnologie. 

Obwohl in beiden Studien keine Unterschiede im konzeptuellen Verständnis oder in der kognitiven 

Belastung gefunden wurden, legten Prozessdaten aus Eye-Tracking und Zeitmessung 

Unterschiede im Umgang mit den Repräsentationen offen. 



ix 

Damit wird das Kategoriensystem teilweise validiert: Es unterstützt sowohl die Auswahl 

geeigneter Repräsentationen als auch die Entwicklung neuer Repräsentationen.  

Die Forschung zum Lernen mit Repräsentationen ist keineswegs abgeschlossen; doch bietet die 

hier vorgestellte Merkmalsstruktur einen soliden Ausgangspunkt für weitere Arbeiten ï etwa zum 

unterschiedlichen Einsatz mit Multiple External Repräsentationen oder zu spezifischen Konzepten 

wie der Verschränkung. Insgesamt liefert diese Dissertation einen ersten Einblick in das breite und 

komplexe Feld der Repräsentationen in der Quantenphysik. 
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1.1  Aims of the Dissertation 

As quantum technologies continue to develop, it can expect to see not only changes in science but 

also significant social changes (de Wolf, 2017). Quantum technologies are interdisciplinary, 

connecting physics, computer science, and mathematics (e.g., de Wolf, 2017). In addition, the 

promotion of a deeper conceptual understanding of quantum physics has become an important 

curricular goal Europe-wide and beyond (European Commission et al., 2025; Greinert et al., 2022; 

Krijtenburg-Lewerissa et al., 2017; Stadermann & van den Berg, 2019; KMK 2020), spanning 

different educational contextsðfrom schools and universities to adult and industrial education. 

However, learning quantum physics poses particular challenges because it involves abstract, non-

intuitive concepts (Corsiglia et al., 2023) that differ significantly from classical thinking 

(Marshman & Singh, 2017). As Stadermann (2019, p. 1) noticed:  

ñIn contrast to most classical physics topics, we cannot find a consistent visualization for 

quantum phenomena.ò  

In addition, Bouchée et al. (2022) point out that the abstract mathematical formalism of quantum 

mechanics often obscures the underlying concepts for students in an early learning stage. Learning 

with visual-graphical representations in quantum physics is versatile and can create a variety of 

learning opportunities. In order to provide students with more suitable access to quantum physics, 

and in particular to quantum technologies, it is necessary to understand how learning processes 

unfold when representations are usedðand what impact these representations have on learning. 

From a learning science perspective, studying how students conceptualize quantum conceptsð

such as superposition, measurement and entanglementðwhen working with (multiple) 

representations provides valuable insights into their underlying cognitive processes. The attempt 

to make quantum physics and quantum technologies understandable with representations or 

visualizations tools e.g., Quantum Composer (Küchemann et al., 2023; Weidner et al., 2021) or 

The Quantum Mechanics Visualisation Project QuVis (n.d.) and the development and design of 

existing or new (qubit) representations show the great and ever-increasing interest in it (Bley et 

al., 2024; Donhauser et al., 2024; Huber & Glaser, 2024; Just, 2020; Küchemann et al., 2023; 

Weidner et al., 2021). There are already initial approaches to investigating the behavior of 

educators and their use of multiple external representations, such as the online survey by Rexigel 

et al. (2025). There is some research on how learners deal with representations or learn in a 
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simulated learning environment (e.g, Bley et al., 2025; Kohnle et al., 2014, 2020; Küchemann et 

al., 2023; Marshman et al., 2024). One promising approach to support learning in this area is the 

use of multimedia with visual-graphical representations or augmented reality (AR) environments 

(Coban et al., 2025), dynamic visualization tools (Kohnle et al., 2020), or in simple online learning 

material. However, there is still no insight into the mechanisms/aspects of representations which 

are responsible for outcomes.  

Given the growing importance of quantum education, more research needs to be done on how 

learners acquire quantum concepts through representations and how to support them in doing so. 

The aim of this dissertation is to identify features of representations and systematically examining 

their effectiveness for learners. Across several empirical studies, it explores how visual features, 

representational formats, and prior knowledge influence conceptual understanding in quantum 

physics from the perspectives of both learners and instructors (experts).  

By integrating insights from physics education research, cognitive psychology, representation 

theory, and domain-specific aspects relevant to quantum technologies, this work contributes both 

theoretical understanding and practical implications for the design of effective learning 

environments with representations in quantum physics. 
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1.2  Learning with Representations 

Lemke (1998) showed that content is used together with representationsðsuch as text, diagrams, 

tables, photos, and equationsðin scientific papers to foster the construction of meaning via 

multiple external representations. 

The term órepresentationô has many meanings and different categorizations. Lemke (1998) 

includes mathematical (-operational) (e.g. formula), visualïgraphical (e.g. diagrams, graphs), 

visualïgestural (e.g. gestures), verbalïsemantic (e.g. text). Other authors such as Bertin (1983), 

Kosslyn (1989) or Schnotz (2001) have proposed different ways of categorizing representations. 

However, these category systems are not able to determine the effectiveness of learning and its 

appropriate use. Building on our earlier work (Qerimi et al., 2025), a categorization system (see 

Table 1) was developed and applied, which is presented in more detail in Study 1 (see Section 2). 

This system draws on insights from representation research, physics education and 

misconceptions in quantum physics, as well as domain-specific content in quantum science and 

technology.  

A conceptual foundation for the overarching categories is provided by Ainsworthôs Design, 

Function and Task (DeFT) framework, which outlines how multiple external representations can 

be used effectively to support learning (Ainsworth, 2006). Ainsworth (2006, 2008) emphasizes the 

importance of effective learning with multiple external representations involving at least two 

representations. A key finding from the meta-analysis by Rexigel, Kuhn et al., (2024) indicates 

that the benefits of multiple external representations are not limited to well-established 

combinations of two representation types. Rather, positive effects are also expected when 

combining three or even more representations (Rexigel, Kuhn, et al., 2024). 

The category system (in Table 1) differs from the DeFT framework but the four overarching 

classificationsðDesign, Function, Task, and Cross-Conceptðare inspired by Ainsworthôs (2006) 

DeFT framework with more detail added for representations themselves and allow differentiation 

criteria between representations. They can be described as follows: Design includes features 

related to the visual appearance and structure of the representation. Function refers to features that 

describe how a representation interacts with learners or with other representations and the role it 

plays in the learning process. The Task cluster encompasses features that are directly associated 

with fundamental applications of quantum technologies. Finally, Cross-Concept includes features 
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that go beyond individual tasks and address broader conceptual connections across representations. 

All 16 categories are fully described in Qerimi et al. (2025) (see Section 2). 

Table 1 

Refined Category system of visual representations adapted from Qerimi et al. (2025) 

 

 

Note: The four overarching classifications: Design refers to visual and structural aspects of a representation; Function 

describes its role in learning and interaction; Task includes features tied to quantum applications; and Cross-Concept 

captures broader conceptual links across representations.  

Visualïgraphical representations are typically not presented to learners in isolation, but rather in 

combination with other forms of external representations such as verbal texts or mathematical 

formulas. A key challenge for learners is to comprehend each representation, extract the essential 

information, and integrate these elements to form coherent mental models or schemas (Schnotz, 

2005).  

A description of how such representations in multimedia environments affect learnersô cognitive 

processing is provided by Mayerôs Cognitive Theory of Multimedia Learning (CTML) (Mayer, 

Categories 

Design 

  1. Salience 

  2. Dimension 

  3. Understanding difficulties 

  4. Color 

Function 

  5. Actions/Steps 

  6. Interaction with 

mathematics   7. Contiguity 

  8. Overlaps/Redundancy 

  9. Complementary 

  10. Predictability 

Tasks 

  11. Phase 

  12. Amplitude 

  13. Concepts 

  14. Quantum Technology 

Cross-Concept 

  15. Generability 

  16. Effort in explanations 
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2021) and Schnotzôs Integrated Model of Text and Picture Comprehension (ITPC) (Schnotz, 2005, 

2014).  

1.2.1 Cognitive Processes  

CTML assumes that humans possess two separate channels for processing visual/pictorial and 

auditory/verbal information (Mayer, 2021; Mayer & Fiorella, 2014). Effective learning occurs 

when learners can select relevant information, organize it into coherent structures within each 

modality, and integrate it with prior knowledge and across modalities (Mayer, 2021; Schnotz, 

2005, see Figure 1).  

Figure 1 

Cognitive processes in multimedia learning adapted from Mayer (2014, 2021) 

Note. First, the sensory register must be accessible via a multimedia environment in the form of visual and/or verbal 

representations via the eyes and/or ears. The representations then enter the working memory via selection processes. 

According to the active process by CTML proposed by Mayer (2021) learning involves the construction of internal 

representations and their integration with prior knowledge stored in long-term memory to form a coherent mental 

model (Schnotz, 2005, 2014).  

The CTML is based on the three assumptions about channel duality, limited capacity and active 

processing (Mayer, 2021) 

¶ Dual-channel processing is receiving and processing information through different 

modalities; Mayer focuses specifically on visual and verbal input, following Paivio (1990) 

(Mayer, 2014, 2021; Paivio, 1990, Chap. 4). Learning with multiple representations 

involves the cognitive processing of information presented through multiple modes, such 

as visual and verbal (Mayer, 2021; Moreno & Mayer, 2007; Paivio, 1990; Seufert, 2003). 

This enables learners to integrate complementary information and make more efficient use 
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of their working memory (Mayer, 2021). Mode describes the form of a representation, such 

as verbal (e.g. spoken or written text) or visual (non-verbal) (e.g. images, diagrams or 

animations) (Mayer, 2021; Moreno & Mayer, 2007; Paivio, 1990). Modality refers to the 

sensory perception (e.g. seeing or hearing). 

¶ Limited capacity concerns how much information the working memory can process at a 

time (Mayer, 2021; Sweller, 1988; Sweller et al., 2019). In order to support these processes 

and enable knowledge building, the limited cognitive resources in working memory should 

be utilized optimally (Mayer, 2021; Sweller et al., 2019). Swellerôs cognitive load theory 

(CLT) offers in-depth perspective in this context. He distinguishes between different types 

of cognitive load: intrinsic cognitive load (ICL), which is caused by the inherent 

complexity of the learning content; extraneous cognitive load (ECL), which can be caused 

by poor implementation in the instructional design; and germane cognitive load (GCL), 

which supports the processing, organization and integration of learning material (Sweller, 

2010; Sweller et al., 2019). Optimal teaching materials should be designed to minimize 

extraneous cognitive load, optimize intrinsic load and promote germane load (Sweller et 

al., 2019). A useful guideline for the number of information units that learners can process 

at the same time comes from Miller (1956). He estimated the capacity of working memory 

to be approximately 7Ñ 2 elements. More recent work, such as that of Mayer (2014), 

suggests a slightly lower range, that learners can typically process about 5 to 7 new units 

of information at the same time. Above all, processes should be promote not only increase 

the extraneous process by supplementing it with additional representations, but also enable 

essential and generative processes to promote selection or organization and integrative 

learning processes (Mayer & Fiorella, 2014). 

¶ Active processing refers to the learnerôs effort to select relevant information and to process 

it through organizational and structural processes (Mayer, 2021). The goal of this 

integration is to connect new information with prior knowledge stored in long-term 

memory. 

An additional theoretical perspective is provided by Schnotzôs Integrated Model of Text and 

Picture Comprehension (ITPC) (Schnotz, 2005, 2014), which emphasizes that meaningful learning 

results from the construction of coherent mental models that integrate propositional (verbal) and 
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pictorial (visual) representations (Mayer, 2021; Schnotz, 2005). The model posits that the capacity 

to internalize, i.e. to comprehend, is contingent upon learnersô ability to semantically align verbal 

and visual information into a unified mental representation (Schnotz, 2005).  

Furthermore, to what learners can experience and acquire through external representations, mental 

models also play a critical roleðboth those that learners bring with them from prior experiences 

(background knowledge) and those that can be intentionally supported through external 

representations (Dutke, 1994; Hettmannsperger, 2014).  

 

Cognitive and mental processes specific in quantum physics: Ubben and Bitzenbauer, (2022) 

investigated the structure of perception through models in quantum physics, initially using single 

photons as a specific example and subsequently exploring the broader applicability of mental 

models to other domains (Bitzenbauer & Ubben, 2025). In this context, the concepts for mental 

models in quantum physics, fidelity of function and fidelity of Gestalt are central (Bitzenbauer & 

Ubben, 2025; Ubben & Bitzenbauer, 2022; Ubben & Heusler, 2021).  

Originally developed by Ubben and Heusler (2021) in the context of atomic models, these 

concepts were further extended by Ubben and Bitzenbauer (2022, 2025). The dimension fidelity 

of Gestalt describes the mental model in which it is assumed to be like an exact visual 

representation of a phenomenon or quantum object (Ubben & Heusler, 2021). For example, 

when using wave representation to explain interference, the dimension fidelity of function 

describes the mental model in which it is assumed to be the underlying abstract functionality of a 

phenomenon or quantum object (Ubben & Heusler, 2021). The goal is to guide learners from a 

primarily Gestalt-oriented model toward one with a more abstract functional fidelity, in order to 

support the development of a coherent understanding of quantum physics (Bitzenbauer & Ubben, 

2025). 

Although it has been suggested that visualïgraphical representations are beneficial, their perceived 

simplicity can pose a risk of misunderstanding. Learners sometimes fail to recognize that they are 

not direct representations of reality, but rather scientific models (Garcia Garcia & Cox, 2010). 

Garcia Garcia and Cox (2010) investigated how learners perceive and interpret visual graphics, 

with a particular focus on the misconception of ñGraph as picturesòðthe tendency to misinterpret 

abstract representations as physical images. The results showed that graphics can facilitate 

understanding but often lead to misinterpretations if their abstract nature is not clearly 
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communicated. The use of external representations and individual adaptation to the learnersô prior 

knowledge can play an important role (Dutke, 1994; Hettmannsperger, 2014; Schnotz, 2014) in 

preventing misconceptions like ñGraph as picturesò (Garcia Garcia & Cox, 2010) and to promote 

the potential of a more functional understanding of abstract phenomena in quantum physics 

(Bitzenbauer & Ubben, 2025). 

Traditionally, quantum physics has been characterized by symbolicïformal representations such 

as texts, equations and mathematical operators. This has historically led to various theoretical 

approaches. For example, Heisenberg (1925) developed matrix mechanics, while Schrödinger 

(1926) introduced wave mechanics. Soon afterwards, (Dirac, 1939) formulated an abstract 

representation using braïket notation, which has since become standard in research and teaching 

quantum physics and technology. But the abstract mathematical formalism of quantum physics 

can obscure the conceptual meaning behind symbolic expressions, making it difficult for learners 

in an early stadium to develop a deep understanding (Bouchée et al., 2022). In this context, visualï

graphical representations can play a crucial role by serving as intuitive bridges to abstract 

mathematical structures. Alongside this formalism, visualïgraphical representations have gained 

increasing relevance for teaching and learning (e.g,. Bley et al., 2024; Donhauser et al., 2024; 

Huber & Glaser, 2024; Just, 2020; Küchemann et al., 2023; Weidner et al., 2021).  

A well-known example is the Bloch sphere, which is frequently employed in higher education to 

visualize two-state quantum systems. Recently, new representations have been also developed to 

visualize quantum states in Hilbert space, such as the Circle Notation (Bley et al., 2024; Johnston 

et al., 2019) or the Quantum Bead (Huber & Glaser, 2024).  

In order to better understand the use of visualïgraphic representations, as well as the effect that 

their representational characteristics have on learning processes, it is important to consider 

process-oriented evidence rather than just outcome-oriented measures (Huang et al., 2009; 

Schewior & Lindner, 2024). Measures such as reaction time, task efficiency, and particularly gaze 

paths from eye trackers, can reveal cognitive strategies of which learners are often unaware. These 

findings help to reveal how representations are processed and interpreted by learners in real time. 

1.2.2 Measuring learning processes  

Multimedia learning and multimedia testing partly overlap, as learners are initially confronted with 

a multimedia environment in both contexts (Schewior & Lindner, 2024). However, a fundamental 
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difference lies in their primary focus: while multimedia learning aims to support the understanding 

and processing of contentðas described in the previous sectionðmultimedia testing refers to 

assessment situations in which the test question is presented simultaneously with a multimedia 

element such as a visual representation (Schewior & Lindner, 2024).  

To examine the extent to which the implemented representations support learning, various methods 

could be used in empirical educational research to capture both cognitive changes, such as 

knowledge acquisition or conceptual understanding, and the performative aspects of learning. 

These include pre-/posttest designs with standardized achievement tests (e.g., Bitzenbauer et al., 

2024), response time measurements (e.g., Huang et al., 2009; Schewior & Lindner, 2024), as well 

as process-oriented approaches such as eye tracking (Becker et al., 2022; Holmqvist & Andersson, 

2017; Klein et al., 2021), the analysis of learning behavior, and the assessment of cognitive load 

(e.g., Klepsch et al., 2017; Sweller, 1988, 2011). 

a) Learning gain 

Learning gain measures the difference in students performance between two time points (McGrath 

et al., 2015). These two stages could come before and after an introduction, learning unit or 

teaching lesson. Learners can be tested in many ways, for example content-specifically, skills-

specifically or via competencies (McGrath et al., 2015; Vermunt et al., 2018). To reliably assess 

learning of certain concepts and learning gain, validated test items are useful. Validation ensures 

that each item accurately measures the specific concept targeted by the instructional intervention 

(e.g., test items by Bitzenbauer et al., 2024; Waitzmann, 2023). As a standard practice, the 

difference between the knowledge after the intervention and the knowledge prior, which are 

evaluated through specific learning results such as test scores or progress in conceptual 

understanding, defines the learning gain. However, since learning is a process, essential aspects of 

this process cannot always be directly captured by collecting results (Huang et al., 2009). 

In order to gain a comprehensive impression of how learners deal with representations, process-

related data such as eye movements (e.g. using eye tracking), reaction times or cognitive load 

could therefore also be considered to become a refine perspective of the learning process with 

representations.  
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b) Eye tracking  

To record eye movements, eye-tracking instruments are required. These can be stationary (e.g. 

mounted on a screen) or mobile devices (e.g., glasses). Furthermore, suitable software (such as 

Tobii Pro Studio) is required to record and analyze the gaze data. For a targeted analysis, areas of 

interest (AOIs) must first be defined. These mark specific regions in the visual material, such as 

different representations that are spatially separated. Various eye-tracking metrics can then be 

analyzedðfor example, the number of transitions between AOIs or the fixation duration within a 

specific AOI (Holmqvist & Andersson, 2017). 

Establishing a link between the data collected through eye tracking and learning performance is 

proving to be a complex challenge (Alemdag & Cagiltay, 2018; Coskun & Cagiltay, 2022; . Mayer, 

2010). Drawing on Coskun and Cagiltay, 2022, possible selection, organization and integration 

processes could be clearly classified by Mayer (2014) from eye movement metrics, e.g. time to 

first fixation in selection or number of transitions in integration (Alemdag & Cagiltay, 2018). Eye 

tracking has proven reliable for tracking the learning process, but, there are also inconsistencies in 

the interpretation of eye-tracking data. The data should therefore be used in conjunction with other 

tests, such as cognitive load tests or concept tests, in order to make reliable and transparent 

statements (e.g., Van Gog & Jarodzka, 2013).  

c) Time reaction  

Hou & Zhang (2006) demonstrated that visual information processing is highly dependent on 

viewing time: the longer a visual stimulus is observed, the more detail can be perceived. They 

found a clear relationship between reaction time and the spatial resolution of visual attention. 

Schewior and Lindner (2024) also emphasize reaction time as an important indicator of cognitive 

processes in multimedia learning and testing environments. CLT considers that an increase in 

element interactivity can also lead to an increased load on working memory (Sweller et al., 1998, 

2019). This has been shown to lead to an increase in processing time and may indicate either deeper 

cognitive engagement, increased effort or comprehension difficulties (Sweller, 2010; Sweller et 

al., 1998). Therefore, processing time should always be interpreted in relation to task accuracy 

(Lindner et al., 2021; Schewior & Lindner, 2024), cognitive load (Hou & Zhang, 2006) or eye-

tracking data.  
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d) Cognitive Load 

In addition to time reaction, cognitive load can provide valuable insights into learnersô information 

processing (Hou & Zhang, 2006; Sweller, 1988, 2010; Sweller et al., 2019). Participants answer 

on a scale of 1 to 7 how difficult or demanding they found a particular task or learning material to 

be (e.g., Klepsch et al., 2017 or Thees et al., 2020). In addition to the numerical Likert scale, there 

are also other scales, such as sliding regulator or color-differentiated smileys (Ouwehand et al., 

2021). The various items on the scale make it possible to draw conclusions about the underlying 

mental demands. As described in the previous section, different types of cognitive load can be 

distinguished. According to Sweller et al., (2011, 2019), various methods exist for measuring 

cognitive load, including performance measures, secondary tasks, physiological indicators, and 

subjective rating scales. The latterðsuch as the Cognitive Load Test developed by Klepsch et al., 

(2017)ðassess cognitive load retrospectively and can be influenced by learnersô self-concept and 

self-assessment (Klepsch et al., 2017; Sweller et al., 2011; Thees et al., 2020). Although the 

method is not entirely free from subjective bias (Sweller et al., 2011), studies have shown that the 

instrument provides a reliable way of assessing cognitive load (Klepsch et al., 2017; Krieglstein et 

al., 2022).  

All considered, it becomes clear that, in order to get a comprehensive picture of learning with 

representations, suitable methods, formats and instruments are needed. Learning with 

representations not only promotes cognitive processes in content-related competences, but using 

representations also activates so-called representational competences and further promotes them 

(Rau, 2017).  

1.2.3 Representational Competence  

Learning environments in physicsðespecially in quantum physicsðoften involve a variety of 

representations such as symbolic, verbal (e.g., text-based), or visualïgraphical representations 

(Lemke, 1998). Learners are often faced with the challenge of linking these representations and 

integrating them conceptually (diSessa & Sherin, 2000; Rau, 2017). At the same time, working 

with multiple representations offers educational opportunities (Ainsworth, 2006). 

In her 2017 review, Rau provides a comprehensive overview of representational competenciesð

that is, the specific knowledge and skills that learners need in order to work effectively with 

(multiple) representations, as well as the learning processes through which these competencies are 

developed (Rau, 2017). One of these competencies is described as connectional understanding, 
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the ability to relate multiple visual representations to each other, to identify relevant similarities 

between them, and to understand the conventions for using different types of representations (Rau, 

2017). 

In contrast, meta-representational competencies describe a more global competences by interacting 

with representations. According to diSessa (2000, p. 386) meta-representational competencies 

include 

ñéthe ability to select, produce and productively use representations, but also the ability 

to criticize and modify representations and even to design completely new 

representations.ò 

Meta-representational competencies can encourage learners to develop an understanding of the 

roles that representations play and their potential limitations. This can lead to greater transparency 

and reflection on possible misconceptions. 

The development of representational competenciesðparticularly connectional understanding or 

meta-representational competenceðrequires tailored instructional support (Rau, 2017). These 

competencies can be fostered through a combination of social mediated sense-making process, 

nonverbal inductive learning, and reflective engagement with multiple representations, depending 

on the type of competence being addressed (Rau, 2017).  

1.3  Representations in Quantum Physics 

The theoretical aspects and cognitive processes discussed in the previous sections provide a 

foundation for understanding learning with representations. However, quantum physics presents 

particular challenges: its content is very abstract, dominated by mathematical formalism, and often 

unintuitive for learners (Corsiglia et al., 2023; Marshman & Singh, 2017). In this context, 

representations are not merely educational tools but serve as mediators between mathematical 

formalism and conceptual understanding. A wide range of representations is available. It is more 

diff icult to find consistent representations in quantum physics than in other domains of physics 

(Stadermann, 2019). It is important that representations in quantum physics remain connectable 

and transferable to mathematics, as they play an important role in the deeper understanding of 

quantum physics and quantum technologies. 

The spin-first approach introduces a two-state system such as the behavior of photon or electron 

spin earlier than the position-first approach (see Table 2) (Sadaghiani, 2016; Sadaghiani & 

Munteanu, 2015). From an educational perspective, the spin-first approach is particularly valuable 



15 

 

as it enables the use of two-state system representationsðwhich can be described by a qubit 

representationsðfrom the outset, helping to make modern concepts from quantum information 

and computing more accessible (Dür & Heusler, 2012, 2014). This allows for learners to describe 

quantum states, quantum measurement, probabilities in an early stage without first being 

introduced to the Schrödinger equation (Sadaghiani, 2016; Sadaghiani & Munteanu, 2015). The 

Schrödinger equation is important, of course, and can be connected in a later stage depending on 

the prior knowledge of the target group. 

In contrast, the position-first approach follows a more historically motivated progression (e.g., 

double-slit experiment, wave function and Schrödinger equation) and introduces the two-state 

system later (Sadaghiani, 2016; Sadaghiani & Munteanu, 2015). In the position-first approach, 

waveïparticle duality is further discussed via the double-slit experiment and allows for a 

deepening of this conflict, which learners often find unintuitive to accept. 

Both instructional approaches allow for an introduction to quantum physics and quantum 

technology. Which approach is more accessible depends on the target group and the objectives of 

the lesson. 

In the context of designing instructions that introduce quantum technologies and quantum 

computing, the spin-first approach offers a focused entry point through the representation of two-

state systems. Every two-state system can be represented by a qubit representation. A qubit 

representation can depict the state of a quantum object, e.g. the behavior of a photon after passing 

through a beam splitter.  

  



16 

Table 2 

Overview: spin-first compared to position-first, modified from Sadaghiani (2016) 

Spin-First Position-First 

Birth of modern physics, blackbody radiation 

Photoelectric effect 

Structure of the atom, Thomson & Rutherford models 

Waveïparticle duality, de Broglie waves 

Polarization, two-state system (spin as 

context), probability 

Double slit and electron scattering 

Dirac notation, postulate (for students: basic 

principles), matrix notation, quantum state  

Wave function, properties, Schrödinger 

equation, probability, expectation value 

Schrödinger equation, expectation value Infinite and finite potential pot 

é  é 

 

1.3.1 Qubit Representations 

According to Benjamin Schuhmacher (1995), qubits are the fundamental units of quantum 

information. Qubit representations describe quantum states of two-level systems, represented in 

the basis ȿπἃ and ȿρἃ. The qubit representation can contextualize the content to be conveyed by 

referring to possible applications of quantum technologies (Dür & Heusler, 2012), which 

additionally can promotes learnersô motivation in quantum physics (Müller, 2006).  

Both in scientific literature and in educational practice, various visual, symbolic, and formal 

representations have been established, each bringing its own potentials and challenges for 

supporting student learning (Hennig et al., 2024; Hu, Li, Mong, et al., 2024; Hu, Li, & Singh, 

2024; Wawro et al., 2020). 

As Lautesse et al., 2015 point out, the simultaneous use of classical models such as wave and 

particleðfor example, in the context of the double-slit experimentðcan lead to confusion, as it 

does not provide a coherent overall model. Moreover, there is a risk of reinforcing or even creating 

misconceptions (Lautesse et al., 2015). This makes the selection and use of appropriate 

representations a particularly challenging educational task.  

Prior instructional experiences from classical physics may inadvertently hinder further learning, 

as learners often rely on familiar but incompatible models (Krijtenburg-Lewerissa et al., 2017; 
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Majidy, 2024; Merzel et al., 2024; Müller & Wiesner, 1999; Singh & Marshman, 2015). Singh and 

Marshman (2015) provide empirical evidence of students struggling, for example, in 

conceptualizing photon polarization states as orthogonal vectors in a two-dimensional Hilbert 

space (Singh & Marshman, 2015). Instead, learners frequently interpreted these phenomena 

through the lens of classical opticsðfocusing on physical components like wave plates or 

polarization rotators. Their classical association of polarization with light waves that, after passing 

through a polarizer are filtered in one orientation, or waveplate that the orientation rotated 

accordingly, hinders recognition of the abstract vector nature of polarization as a quantum state 

(Singh & Marshman, 2015). Notably, such difficulties did not occur when students dealt with 

electronic spin-based systems that they did not know from classical physics lessons (Singh & 

Marshman, 2015). The authors mentioned are not the only ones to have investigated how learners 

deal with misconceptions or incompletely formed quantum concepts, and to what extent these can 

impede their understanding (see Bouchée et al., 2022; Brang et al., 2024; Fischler & Lichtfeldt, 

1992; Krijtenburg-Lewerissa et al., 2017; Majidy, 2024; Özcan, 2011; Wiesner, 1996). The 

background of the core concepts from the ñWesenzüge der Quantenphysikò from Küblbeck and 

M¿ller (2002), also known as ñreasoning tools for quantum physicsò (Küblbeck & Müller, 2002; 

Müller & Greinert, 2022; Müller et al., 2021), which include key concepts relevant to 

understanding modern quantum technologies (Merzel et al., 2024), such as entanglement, are 

central concepts of this work. Potential misconceptions could arise from the design aspects of 

visualïgraphical qubit representations and have been identified based on empirical findings, which 

was the theoretical base of Study 1 (Qerimi et al., 2025). As an aspect of learning difficulties, it is 

included as an own category in the category system (see Table 1).  

These insights emphasize the crucial role of representations: The selection and design of visual 

representations e.g. the Bloch sphere (Figure 2) in quantum physics lessons must be guided not 

only by their explanatory power, but also by their potential to accidentally reinforce 

misconceptions. To support conceptual learning while minimizing the risk of reinforcing classical 

misconceptions, it is useful to analyze and design representations that are cognitively accessible, 

mathematically consistent, and visually meaningful. 

 

 



18 

Figure 2 

Bloch sphere 

 

 

 

 

 

Note. Demonstration of a visual-graphical qubit representation. The Bloch sphere maps any pure state to a point on 

the surface of a unit sphere, using spherical coordinates to express quantum states geometrically. It offers a way to 

represent quantum phenomena such as superposition, phase differences, by a vector rotation. The Bloch sphere can 

be used to visualize product states, but not entangled states. Bell states are exceptions.  

 

Moreover it is important to note that a (real) experimental setup also constitutes a form of 

representation (Lemke, 1998.; Schnotz, 2014). As Kozma and Russell (1997) already recognized, 

scientific experiments can significantly support the learning of scientific concepts. Particularly 

interesting is the fact that two-state systems can be realized in a simple and authentic wayðfor 

example, by discussing the qubit state of a photon after a beam splitter (see Figure 3). The bit 

values 1 and 0 are assigned to the pathsðin this case, reflection (1) and transmission (0)ðso 

that, after the measurement, one classical bit of information is obtained by the measurement 

signal.  

Figure 3  

Superposition state after the beam splitter 

 

 

 

 

Note: A single photon can be detected at either detector 0 (D0) or detector 1 (D1). As long as no measurement is made, the photonôs 

state can be described as a superposition of the two pathsðin other words, it can be represented as a simple two-state quantum 

system. 
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And the qubit state can be also represented mathematically as follows: 

ȿ‪ἃ   
ρ

Ѝς
 ȿπἃ ȿρἃ  

 

(1) 

After passing through the beam splitter, the photon is in a superposition state of the two 

possibilities: ñtransmitted photonò ȿπἃ and ñreflected photonò ȿρἃ. For an ideal 50:50 beam splitter, 

the probability of detecting the photon in either output is ½. Such processes are also investigated, 

for example, in the context of quantum random number generators (e.g. Fürst, 2011). 

A combination of an experimental setup with qubit representations has already been realized by 

Dür and Heusler (2012). Using visualïgraphical representations such as the Bloch sphere, the 

quantum state can be illustrated in an intuitive way (see Figure 4). To illustrate the measuring 

process, Dür and Heusler suggest to imagine the Bloch sphere passing by ñslittingò in a certain 

spatial direction. The usual measuring axis is taken to be in the Z direction, so the measurement 

ensures that the state vector must be oriented in either the positive or negative Z direction by 

passing through the slit. The probability of obtaining a corresponding measurement result is 

determined by the angle between the slit and the state vector (Dür and Heusler, 2012). For 

example, if the state vector is close to the positive Z-axis, the experiment is more likely to 

measure state ȿπἃ. In Figure 4, the slit represents the possible outcomes of the experiment, as 

previously mentioned in the context of the beam splitter. It serves merely as an illustrative aid for 

the measurement process (Dür & Heusler, 2012). 
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Figure 4  

Adapted from Dür and Heusler (2012) 

 

 

 

 

 

 

 

 

Note. The figure establishes a link between the experiment and the Bloch sphere model, providing a description of the quantum 

state after a beam splitter and depicting the possible measurement outcomes. The polarization of photons at polarizing beam 

splitters is used to describe the photonôs quantum state. The slit illustrates that, after measurement, one of the possible outputs is 

always realised and no intermediate state exists. Figure originally created for ñExploring the mechanisms of qubit representations 

and introducing a new category system for visual representations: results from expert ratingsò by L. Qerimi, S. Malone, E. 

Rexigel, S. Mehlhase, J. Kuhn, & S. Küchemann (2025), EPJ Quantum Technology, 12(1), 45. Licensed under CC BY 4.0 

(http://creativecommons.org/licenses/by/4.0/). 

Research has also demonstrated that the MachïZehnder interferometer (MZI) with single photons 

can be used as an example to reduce comprehension difficulties and to illuminate studentsô 

understanding of waveïparticle duality, the probabilistic nature of quantum measurement, and the 

principles of quantum physics within a tangible experimental setting (Marshman & Singh, 2017). 

Other studies on the use of the Bloch sphere show that it serves as an effective cognitive aid for 

learning about qubits (Hu, Li, Mong, et al., 2024; Hu, Li, & Singh, 2024). 

In quantum technological contexts, employing qubit representations in combination with 

experimental setups like the MZI with single photons has been demonstrated to facilitate 

comprehension of fundamental concepts including quantum computing (e.g., Ekert, 2010). 

Quantum gates, including the NOT gate, can be demonstrated using the MZI with single photons 

(Ekert, 2010). While further gates, including the Controlled NOT (CNOT), can also be 

demonstrated via extensions to multi-qubit systems, these are not described in detail here. In 

addition, various quantum technology approaches can be realized through visual-graphical qubit 

http://creativecommons.org/licenses/by/4.0/
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representations, such as using the Bloch sphere to describe the behavior of single photons in the 

MZI.  

This highlights the potential of combining multiple external representations: it allows fundamental 

principles and applications of quantum technologies to be conveyed in an authentic learning 

environment, making quantum physics and quantum technologies more tangible and accessible for 

learners. 

1.3.2 Relevance of Quantum Technologies in Education 

The use of representations in teaching materials, lessons or other learning opportunities us based 

on instructional or curriculum guidelines for teaching or lessons. These vary from country to 

country but, in 2021, the European Competence Framework for Quantum Technologies (CFQT) 

was developed, a structured system for recording and describing the competences and skills 

required in the field of quantum technology. This provides an overview of the content relevant for 

learning in quantum technologies from a more global perspective (see Figure 5) (European 

Commission et al., 2025; Greinert et al., 2022). The current version (April 2025) even shows that, 

according to the language-oriented skill levels (A1ïC2), under A2 literacy óknowledge of basic 

quantum concepts and the underlying representationsô (European Commission et al., 2025; 

Greinert & Müller, 2025, p. 15), representations of two-level-systems play a relevant role both in 

the initial phase (level 1) and at an advanced level (level 5) (see Figure 5). The Competence 

Framework is more strongly orientated towards professional training, but can be used in the early 

stages (1 and 2) for learners with low prior knowledge, like students.  
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Figure 5  

Competence Framework for Quantum Technologies adapted from Greinert and Müller (European 

Commission et al., 2025; Greinert et al., 2022) 

 

 

 

 

 

 

 

 

 

 

Note. Content Map of the Competence Framework for Quantum Technologies: Across domain levels 1 to 8, the 

competence framework addresses simple fundamentals of quantum physics and quantum technology (levels 1 and 2) 

to core device or implementation for realization such as neutral atoms in an optical lattice (levels 3 and 4) and in-depth 

study of quantum technology systems and more concrete applications (levels 5 to 8). 

In addition to the orientation toward frameworks or curricular structures for the sensible use and 

utilization of representations, approaches that allow learners to be reached in teaching sequences 

also play a role in teaching quantum technology for learners.  

The importance of qubit representations and the conceptual understanding of quantum physics can 

be effectively demonstrated using the spin-first approach (Dür & Heusler, 2012, 2014; Sadaghiani, 

2016; Sadaghiani & Munteanu, 2015). Studies have already shown that the understanding qubit 

processes represented on the Bloch sphere may support learning (Hu, Li, Mong, et al., 2024; Hu, 

Li, & Singh, 2024). Other studies show that visualïgraphical representations are helpful in 

problem solving (Bley et al., 2025; Kohnle et al., 2014; Küchemann et al., 2023).  
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Despite this, there has been a lack of systematic research into which aspects/features in visual 

representations effectively support learning processes in quantum physics and quantum 

technology.  

To address this gap, Study 1 developed a feature-based category system. The system was 

evaluated by experts of four exemplary visualïgraphical qubit representations. 

The insights from Study 1 informed the design of Study 2, which investigated how learners 

engage with multiple informational-redundant representations and how these influence 

understanding.  

Finally, Study 3 applied the expert-based evaluations from Study 1 to learner data in order 

to assess how expert-identified features translate into actual learning outcomes. 

1.4  General Research Questions and Overview of the Cumulative 

Dissertation 

This cumulative dissertation addresses the question of how visualïgraphical representations can 

support the learning of fundamental concepts in quantum physics and quantum technologies. The 

focus lies on understanding the features that make certain representations more effective for 

learning than others, from both theoretical and empirical perspectives. Its goals are to investigate 

how learners engage with different external representationsðespecially of qubit representations 

in the context of quantum technologiesðand how features/aspects of representations affect the 

cognitive processes and influence learning (see Figure 6). 

 

 

 

 

 

 

 

 



24 

Figure 6  

Goals of the studies  

 

To address these goals, three empirical studies were conducted that build upon each other 

methodologically and conceptually: 

- Study 1 explores theoretical mechanisms and introduces a category system with expert 

rating of qubit representations.  

- Study 2 investigates how the integration of informationally redundant qubit 

representations (e.g., Dirac notation and Bloch sphere) affects learning processes, using 

eye-tracking to analyze visual attention and integration behavior.  

- Study 3 compares qubit representations in terms of their effects on learning gain, task 

performance in accuracy and time, and cognitive load among upper secondary students. 

Together, these studies offer a multi-perspective insight into learning with representations in 

quantum physics and contribute to a deeper theoretical and empirical understanding of how 

instructional materials and learning environments can be designed to support meaningful learning 

in complex scientific domains. 

The structure of this dissertation (see Figure 7) highlights the interplay between quantum-specific 

expertise, didactics, and learning sciences. Through this interdisciplinary perspective, a 

comprehensive understanding can be developed of how quantum physics can be effectively taught 

and learned using representations. This integrative perspective also shapes the methodological 

approach: the starting point is a categorization system evaluated by experts, which serves as the 
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theoretical and empirical foundation for the selection and assessment of representations in the 

subsequent studies (by students and high school students).  

Figure 7  

Structure of the dissertation and main research questions 

 

 

 

 

 

 

  

Note. Structure of the context, the associated research questions and the applied methodological strategies and the main 

target group in the study.  
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1.4.1 Outline of Study 1 

Learning quantum physics is particularly challenging, as the subject is characterized by abstract 

concepts, strong formalism, and frequent conflicts with classical intuitions (Corsiglia et al., 2023). 

Visualïgraphical representationsðsuch as the Bloch sphereðhave already been shown to support 

learning about qubits by providing conceptual access to otherwise abstract content (Hu, Li, & 

Singh, 2024). Their potential as a bridge between mathematical formalism and conceptual 

understanding makes them especially attractive for educational purposes. Bouchée et al. (2022) 

even emphasize that abstract mathematical formalism can obscure the underlying meaning of 

quantum physics concepts for students in the beginning. 

However, in quantum physics, it remains difficult to identify representations that are both 

scientifically accurate and accessible to learners, particularly without requiring extensive prior 

knowledge in mathematics (Stadermann, 2019). The risk of triggering or reinforcing 

misconceptions is high (Krijtenburg-Lewerissa et al., 2017; Lautesse et al., 2015; Müller & 

Wiesner, 1999) if representations are not carefully designed and introduced.  

Despite the growing use and development of visualïgraphical representations (Bley et al., 2024, 

2025; Coban et al., 2025; Hu, Li, Mong, et al., 2024; Huber & Glaser, 2024; Johnston et al., 2019; 

Just, 2020; Kohnle et al., 2014; Küchemann et al., 2023), a systematic understanding of which 

representational features support learning, and how these features are realized across different 

representations, is still lacking. To address this gap, the study developed a category system 

comprising 16 categories that describe features that promote learning. These categories were 

selected at the intersection of representation research, quantum education, and aspects of quantum 

science and technologies. A top-down process was followed to evaluate four exemplary qubit 

representations using this category system by experts in quantum physics and quantum 

technologies and, after that, to investigate the learnersô perspective. Twenty-one experts from ten 

institutions across Germany, Italy, Switzerland, and the USA participated in the online rating via 

Google Forms. The rating was conducted using a five-point Likert scale (1ï5) (Likert, 1932), 

supplemented with the option ñI donôt knowò. Qualitative data were also collected from the 

expertsô perspective via free-text questions to discern which criteria are important for 

differentiating representations and to identify concepts missing from the rating. 
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To ensure a well-informed and comparable evaluation, so-called cheat sheets were developed for 

each qubit representation (see supplementary material in Section 2. Study 1, Qerimi et al., 2025). 

These were uniformly designed and included all relevant information needed for the rating. All 

experts had teaching experience in quantum physicsðtwo professors/junior professors, nine 

postdoctoral researchers, and ten PhD students (only those in their second year or above were 

eligible). Their primary research focus was theoretical (n = 7), experimental (n = 5), educational 

(n = 7), or interdisciplinary (n = 2) in quantum technology. On average, they had been engaged in 

quantum-physics research for 5.1 years (SD = 1.9 years). 

The aim of this study was to systematically analyze differentiation criteria, key features and the 

educational potential of qubit representations. The investigation focused not only on their 

suitability for conveying fundamental quantum physics concepts on an expert perspective, but also 

the risk to promote misconceptions. 

The study addressed the following research questions: 

¶ RQ1: According to experts, which differences exist between the learning-relevant features 

of four selected visual-graphic qubit representations? 

¶ RQ2: According to experts, what factors should be considered when creating new qubit 

representations to promote learning? 

No hypotheses were formulated, as the study adopted an exploratory approach.  

Beyond this, the study sought to derive design principles for future representations that support 

effective and sustainable learning in the context of quantum physics and quantum technologies. In 

doing so, it contributes to the overarching research question of this dissertation: According to 

experts, how do features of visual qubit representations differ in their perceived effectiveness 

learning in quantum physics concepts? 

1.4.2 Outline of Study 2 

The effective use of multiple external representations (MERs) has already been emphasized in 

Ainsworthôs work, particularly through her Design, Functions, Tasks (DeFT) framework 

(Ainsworth, 2006). In this framework and in her earlier work, Ainsworth outlines different 

functions that MERs can serve in learningðsuch as promoting deeper understanding, constraining 

interpretation, or fulfilling complementary roles (Ainsworth, 1999, 2006). The latter refers to the 
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idea that representations may convey redundant information but, due to their different modalities, 

they can activate complementary cognitive processes and thus enhance learning (Ainsworth, 

2006). 

At the same time, Mayerôs Cognitive Theory of Multimedia Learning (CTML) highlights the 

redundancy principle, which describes how redundant information can unnecessarily burden 

cognitive resources, which may hinder learning (Mayer & Fiorella, 2014). 

However, Ott et al. (2018) found out that students performed better on mathematical problem-

solving tasks when they had access to multiple, even redundant, representations. Additionally, 

experts in Study 1 pointed out that learning in quantum physics particularly benefits from the 

combination and alternation of multiple representations (Qerimi et al., 2025).  

Still, it remains unclear under which conditions redundant information actually supports more 

effective formation of conceptual understanding in quantum physics. To address this issue, the 

study used a 2×2 between-subjects factorial design, comprising four groups: CG, IG1, IG2 and 

IG3.  

¶ Control Group (CG): Text + static illustration 

 

¶ Intervention Group 1 (IG1): CG + Dirac notation (symbolic) 

 

¶ Intervention Group 2 (IG2): CG + Bloch sphere (graphical) 

 

¶ Intervention Group 3 (IG3): CG + Dirac notation + Bloch sphere (symbolic + graphical)  

 

A total number of 113 STEM students were randomly assigned to one of these groups. All 

participants worked with a multimedia learning environment on the MachïZehnder 

interferometer (MZI). The experimental manipulation was as follows: 

To evaluate learning outcomes and cognitive processing, participants completed pre- and posttests 

of content knowledge (Waitzmann, 2023; Waitzmann et al., 2024). Cognitive load was assessed 

using validated questionnaires that measured extraneous, intrinsic and germane load (Klepsch et 

al., 2017). During the learning phase, eye movements were tracked and recorded while the learning 

unit was being completed. Finally, spatial abilities were measured using a mental rotation test 

(RCube Vis test, Fehringer, 2020).  
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Study 2 investigates whether and how the learning of quantum physical properties is improved 

when informationally redundant external representationsðspecifically Dirac notation and the 

Bloch sphereðare used to complement an existing multimedia learning setting. 

The study addressed the following research questions: 

¶ RQ1: Does adding an information-redundant symbolic-mathematical or graphical 

geometric representation to a multimedia learning unit enhance learning (in terms of 

content knowledge and cognitive load) of quantum properties? 

¶ RQ2: Does the integration of both informationally redundant representations additionally 

promote learning? 

¶ RQ3: Are advantages in learning with information-redundant representations correlated 

with visual integration processes across representations or, rather, the selection of one 

preferred representation? 

Furthermore, the study examined how learners interact with redundant representations and to what 

extent both the number and the type of representations influence conceptual understanding and 

cognitive load. In doing so, it contributes to addressing the overarching research question of this 

dissertation: Do informationally redundant qubit representations influence cognitive load and 

learning behavior? 

1.4.3 Outline of Study 3 

Learning quantum physics remains challenging due to the abstractness of its concepts and the 

difficulty of bridging the gap between formalism and conceptual understanding. Representation 

research shows that combining symbolic mathematical elements (e.g. equations) with visualï

graphical representations promotes conceptual understanding more effectively than 

representations that merely depict phenomena (e.g., Ainsworth, 1999, 2006; Mayer, 2021). 

Although the previous expert rating in Study 1 identified relevant features of visualïgraphical 

qubit representations (Qerimi et al., 2025), the impact of these representations on actual student 

learning remains unclear. To keep the study as simple as possible, two representations (Quantum 

Bead and Bloch sphere) were compared directly. The focus was on those features that showed 

significant differences between the Quantum Bead and Bloch sphere. These included, in particular, 

the salience in visualizing phase and amplitude, as well as the conveying key concepts such as 

superposition. 
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In context of school students in particular, the aim was to understand how design such as salience 

and the depiction of application-specific features such as visualization of superposition, 

demonstrating quantum measurement, phase or amplitude affect learnersô task performance, 

learning gain, cognitive load and retention. 

To address this gap, this study employed a mixed factorial design with two representations 

(Quantum Beads vs. Bloch sphere) as the between-subjects factor, and test occasion (pre-, post-, 

and follow-up tests) as the within-subjects factor (time). The study involved a total N = 149 high 

school students (secondary II). Concept understanding was assessed through pre- and posttests 

(Bitzenbauer et al., 2024; Hu, Li, & Singh, 2024; Waitzmann, 2023; Waitzmann et al., 2024), 

while task performance was measured by process time (in milliseconds) and accuracy. Cognitive 

load was measured using validated scales for intrinsic, extraneous, and germane load (Klepsch et 

al., 2017), and participants provided confidence ratings to indicate the certainty of their answers. 

To investigate mid-term retention, a follow-up test (posttest 2) was carried out 1ï2 weeks later 

with the same items in the pre- and posttest. 

This study aimed to address this gap by comparing two representations that were previously rated 

by expertsðthe Bloch sphere and the Quantum Beadsðwith the goal of linking expert evaluations 

to student learning outcomes and process-based indicators such as task efficiency and cognitive 

resource use. Specifically, the study evaluated how the two visualïgraphical qubit representations 

affect learnersô understanding of quantum properties, cognitive load, and retention. In particular, 

it sought to empirically validate whether the expert assessments from Study 1 align with actual 

learning behavior. 

The study addressed the following research questions: 

¶ RQ1: To what extent do different visualïgraphical representations (Quantum Bead vs. 

Bloch sphere) foster learning quantum concepts differently? 

H1.1: Participants who learn with the Bloch sphere achieve a higher learning 

outcome than those who learn with the Quantum Bead representation. 

H1.2: Participants using the Bloch sphere perform more efficiently on application-

oriented quantum tasks in phase gate, amplitude, quantum state, superposition, and 

quantum measurement than those using the Quantum Bead. 
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¶ RQ2: How do different visualïgraphical representations (Bloch sphere vs. Quantum Bead) 

affect the use of cognitive resources in the learning of quantum concepts? 

H2: Participants who learn with the Bloch sphere show a more effective use of 

cognitive resources than those who learn with the Quantum Bead. 

¶ RQ3: How does the use of different visualïgraphical representations (Quantum Bead and 

Bloch sphere) influence medium-term retention of fundamental quantum concepts? 

H3: Learners who used the Bloch sphere demonstrate higher medium-term 

retention of basic quantum concepts compared to those who used the Quantum 

Bead. 

This study contributes to the overarching research question of the dissertation: Are the features 

that were evaluated by experts based on qubit representations also conducive to learning in 

quantum physics for students?  
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2. Study 1: Exploring the mechanisms of qubit 

representations and introducing a new category system 

for visual representations: Results from expert ratings 

Contribution:  

Qerimi, Küchemann, Kuhn, Malone designed the study, Qerimi and Küchemann developed the 

questionnaires and collected the data, Qerimi and Küchemann analyzed the data, Qerimi wrote 

the first draft of the manuscript. All authors reviewed and edited the manuscript. Küchemann 

supervised the study. All authors have read and agreed to the submitted version of the 

manuscript. 

 

Reference: Qerimi, L., Malone, S., Rexigel, E., Mehlhase, S., Kuhn, J., & Küchemann, S. 

(2025). Exploring the mechanisms of qubit representations and introducing a new category 

system for visual representations: results from expert ratings. EPJ Quantum Technology, 

12(1), 45. 
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