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Executive Summary

Research into how learners visualize and learn quantum phenomena has been conducted in various
ways for several decades (Kiblbeck & Mauller, 2002; Lichtfeldt, 1992; Muller & 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; Diir & Heusler, 2012, 2014;
Huber & Glaser, 2024; Johnston et al., 2019; Yeung, 2020). Learners without a strong
mathematical background—whether in schools or in professional settings (e.g., Kelly et al., 2024;
Pifia et al., 2025)—need approaches that make the field’s central element, the qubit, tangible. As
an instructional strategy, the so-called “spin first approach” is recommended (Diir & 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
learners’ 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 students’ learning?

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

combination of different representations, and the avoidance of learning difficulties or



Vi

misconceptions. They also agreed that no single representation could meet all requirements equally

well—making 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 Mach—Zehnder 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 experts’ 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
settings—for 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 work—whether 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 Quantenphanomene vorstellen und erlernen, wird seit
mehreren Jahrzehnten auf unterschiedliche Weise erforscht (Kiiblbeck & Miiller, 2002; Lichtfeldt,
1992; Muller & Wiesner, 1999; Wiesner, 1996). Mit dem Aufkommen von mdglichen
Anwendungen wie Quantencomputern, Quantenkryptographie oder Quantensensorik ist das
Interesse an einer verstandlichen, adressatengerechten Vermittlung der Quantenphysik deutlich
gestiegen entsprechende Kompetenzranmen fir berufliche Anforderungen in den
Quantentechnologien wurden entwickelt (European Commission et al., 2025; Greinert et al., 2022)
und zahlreiche Représentationen ausgearbeitet oder verfeinert (Bley et al., 2024; Donhauser et al.,
2024; DUr & Heusler, 2012, 2014; Huber & Glaser, 2024; Johnston et al., 2019; Yeung, 2020).
Lernende ohne ausgepragten mathematischen Hintergrund — sei es in der Schule oder im
Berufsleben (z. B. Kelly et al., 2024; Pifia et al., 2025) — benétigen Zugénge, die das zentrale
Element dieser Technologien, das Qubit, anschaulich und verstandlich machen. Als didaktische
Strategie empfiehlt sich der sogenannte spin first-Ansatz (Dur & Heusler, 2012; Sadaghiani, 2016;
Sadaghiani & Munteanu, 2015); es behandelt frih ein Zwei-Zustands-System und ermdglicht so

eine frihe Einfhrung von Qubit Reprasentationen.

In dieser Dissertation wird untersucht, welche Aspekte visueller Qubit-Reprasentationen sich
hinsichtlich ihrer Effektivitat beim Erlernen der Quantenphysik unterscheiden, ohne die zugrunde
liegende Mathematik vollstandig auszublenden. Dazu wird ein Kategoriensystem vorgestellt, das
auf Erkenntnissen der Repréasentationsforschung, der Quantenphysikdidaktik und der
Quantenwissenschaften basiert. Experten bewerteten dieses Kategoriensystem anhand von vier
exemplarischen Repréasentationen: 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. Zuné&chst aus der Sicht von Experten (1), dann aus der Perspektive der Lernenden
(2, 3). Dies hat zu weiterer Forschung mit multiplen externen Représentationen gefthrt, mit der
Frage: (1) Beeinflussen informationsredundante Représentationen die kognitive Belastung und das

Lernverhalten? Und zur Forschung im Kontext der direkten Anwendung, mit der Frage: (2) Sind



viii

die Merkmale, die von Experten bewertet wurden, auch fir Schiilerinnen forderlich fur das

Lernen?

Die Experten betonten insbesondere die Merkmale von Darstellung fir Phase und Amplitude, die
Kombination verschiedener (mehrerer) Représentationen sowie die Vermeidung von
Lernschwierigkeiten durch Fehlvorstellungen. Zugleich betonen sie, dass keine einzelne
Darstellung alle Anforderungen gleichermallen erflllt — weshalb ein Repertoire multipler

Repréasentationen unverzichtbar sei.

Zur Uberprifung dieser Einschatzungen und zur genaueren Analyse des Einsatzes mehrerer
Darstellungen wurden zwei weitere Studien durchgefihrt. In einer Studie zu mehrfach
informationsredundanten Qubit-Reprasentationen 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 Uberginge (Transitionen), also einen verstarkten Wechsel der Augenbewegungen zwischen
den Représentationen auslost.

Eine weitere Studie prufte die Experteneinschatzungen direkt auf Lernenden Ebene in dem
anwendungsbezogenen Kontext von Quantencomputing. Untersucht wurden das konzeptuelle
Verstandnis, die kognitive Belastung sowie anwendungsorientierte Aufgaben mit den jeweiligen
Repréasentationen zu Phase, Amplitude, Quantenzustand, Superposition und Quantenmessung.
Hier l6sten die Schilerinnen die Aufgaben mit der Blochkugel signifikant effizienter, obwohl sich
wiederum keine Gruppenunterschiede im konzeptuellen Verstandnis oder in der kognitiven
Belastung zeigten. Diese Ergebnisse verifizieren die Expertenratings teilweise und zeigen, wie das
Kategoriensystem den Einsatz anderer, ahnlich gelagerter Repréasentationen leiten kann.

Die Befunde verdeutlichen, dass das Kategoriensystem mit Repréasentationen flexibel einsetzbar
ist — etwa in experimentellen Aufbauten oder praxisnahen Szenarien der Quantentechnologie.
Obwohl in beiden Studien keine Unterschiede im konzeptuellen Verstandnis oder in der kognitiven
Belastung gefunden wurden, legten Prozessdaten aus Eye-Tracking und Zeitmessung

Unterschiede im Umgang mit den Représentationen offen.



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

geeigneter Représentationen als auch die Entwicklung neuer Représentationen.

Die Forschung zum Lernen mit Représentationen ist keineswegs abgeschlossen; doch bietet die
hier vorgestellte Merkmalsstruktur einen soliden Ausgangspunkt flr weitere Arbeiten — etwa zum
unterschiedlichen Einsatz mit Multiple External Reprasentationen oder zu spezifischen Konzepten
wie der Verschréankung. Insgesamt liefert diese Dissertation einen ersten Einblick in das breite und

komplexe Feld der Représentationen in der Quantenphysik.
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1. General Introduction






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 contexts—from 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:

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

quantum phenomena.”

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 used—and what impact these representations have on learning.

From a learning science perspective, studying how students conceptualize quantum concepts—
such as superposition, measurement and entanglement—when 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 (Kichemann 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; Kichemann 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



simulated learning environment (e.g, Bley et al., 2025; Kohnle et al., 2014, 2020; Kiichemann 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.



1.2 Learning with Representations
Lemke (1998) showed that content is used together with representations—such as text, diagrams,
tables, photos, and equations—in scientific papers to foster the construction of meaning via
multiple external representations.
The term ‘representation’ has many meanings and different categorizations. Lemke (1998)
includes mathematical (-operational) (e.g. formula), visual-graphical (e.g. diagrams, graphs),
visual—gestural (e.g. gestures), verbal-semantic (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 Ainsworth’s 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
classifications—Design, Function, Task, and Cross-Concept—are inspired by Ainsworth’s (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



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)

Categories

Design
1. Salience
2. Dimension
3. Understanding difficulties
4. Color
Function
5. Actions/Steps
6. Interaction with
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

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.

Visual—graphical 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 learners’ cognitive

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



2021) and Schnotz’s 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)

Long-term

Mulitmedia Sensory Working Memory memo
presentation memory v
organizing words
Words >( Ears —> —_
- Selecting words Sounds Verbal Model -
Prior
integrating Knowledge
" organizing images
Pictures Eyes Images —> (Pictorial Model

Selecting images

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)

e 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



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).

e 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). Sweller’s 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 7+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).

e Active processing refers to the learner’s 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 Schnotz’s 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



pictorial (visual) representations (Mayer, 2021; Schnotz, 2005). The model posits that the capacity
to internalize, i.e. to comprehend, is contingent upon learners’ 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 role—both 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 visual-graphical 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 “Graph as pictures”—the 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 learners’ prior
knowledge can play an important role (Dutke, 1994; Hettmannsperger, 2014; Schnotz, 2014) in
preventing misconceptions like “Graph as pictures” (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 symbolic—formal representations such
as texts, equations and mathematical operators. This has historically led to various theoretical
approaches. For example, Heisenberg (1925) developed matrix mechanics, while Schrddinger
(1926) introduced wave mechanics. Soon afterwards, (Dirac, 1939) formulated an abstract
representation using bra—ket 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, visual—
graphical representations can play a crucial role by serving as intuitive bridges to abstract
mathematical structures. Alongside this formalism, visual-graphical representations have gained
increasing relevance for teaching and learning (e.g,. Bley et al., 2024; Donhauser et al., 2024;
Huber & Glaser, 2024; Just, 2020; Kiichemann 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 visual—graphic 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 content—as described in the previous section—multimedia 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. VValidation 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
analyzed—for example, the number of transitions between AOIs or the fixation duration within a
specific AOI (Holmgvist & Andersson, 2017).

Establishing a link between the data collected through eye tracking and learning performance is
proving to be acomplex 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.



13

d) Cognitive Load

In addition to time reaction, cognitive load can provide valuable insights into learners’ 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 latter—such as the Cognitive Load Test developed by Klepsch et al.,
(2017)—assess cognitive load retrospectively and can be influenced by learners’ 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 physics—especially in quantum physics—often involve a variety of
representations such as symbolic, verbal (e.g., text-based), or visual-graphical 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 competencies—
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

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

to criticize and modify representations and even to design completely new

representations.”
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 competencies—particularly connectional understanding or
meta-representational competence—requires 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
difficult 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
guantum 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
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as it enables the use of two-state system representations—which can be described by a qubit
representations—from the outset, helping to make modern concepts from quantum information
and computing more accessible (Dur & Heusler, 2012, 2014). This allows for learners to describe
quantum states, quantum measurement, probabilities in an early stage without first being
introduced to the Schrodinger equation (Sadaghiani, 2016; Sadaghiani & Munteanu, 2015). The
Schrédinger 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 Schrddinger equation) and introduces the two-state
system later (Sadaghiani, 2016; Sadaghiani & Munteanu, 2015). In the position-first approach,
wave—particle 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.
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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

Wave-—particle duality, de Broglie waves

Polarization, two-state system (spin as Double slit and electron scattering
context), probability

Dirac notation, postulate (for students: basic Wave function, properties, Schrodinger
principles), matrix notation, quantum state equation, probability, expectation value

Schrodinger equation, expectation value Infinite and finite potential pot

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 |0) and |1). The qubit representation can contextualize the content to be conveyed by
referring to possible applications of quantum technologies (Dur & Heusler, 2012), which
additionally can promotes learners’ motivation in quantum physics (Miller, 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
particle—for example, in the context of the double-slit experiment—can 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; Muller & 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 optics—focusing 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; Ozcan, 2011; Wiesner, 1996). The
background of the core concepts from the “Wesenziige der Quantenphysik” from Kublbeck and
Miiller (2002), also known as “reasoning tools for quantum physics” (Kiblbeck & Muiller, 2002;
Miller & Greinert, 2022; Muller 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
visual—graphical 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.
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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 way—for
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 paths—in this case, reflection (1) and transmission (0)—so
that, after the measurement, one classical bit of information is obtained by the measurement
signal.

Figure 3

Superposition state after the beam splitter

D1

O

?

Photon

Note: A single photon can be detected at either detector 0 (DO) or detector 1 (D1). As long as no measurement is made, the photon’s
state can be described as a superposition of the two paths—in 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:

1
l¥) = —=(0)+11))
V2 &)
After passing through the beam splitter, the photon is in a superposition state of the two
possibilities: “transmitted photon” |0) and “reflected photon™ |1). For an ideal 50:50 beam splitter,
the probability of detecting the photon in either output is %. Such processes are also investigated,

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

A combination of an experimental setup with qubit representations has already been realized by
Dur and Heusler (2012). Using visual—graphical representations such as the Bloch sphere, the
quantum state can be illustrated in an intuitive way (see Figure 4). To illustrate the measuring
process, Dur and Heusler suggest to imagine the Bloch sphere passing by “slitting” 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 (Dir and Heusler, 2012). For
example, if the state vector is close to the positive Z-axis, the experiment is more likely to
measure state |0). 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 (Dur & Heusler, 2012).
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Figure 4
Adapted from Dur and Heusler (2012)
iV
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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 photon’s 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 “Exploring the mechanisms of qubit representations
and introducing a new category system for visual representations: results from expert ratings” by L. Qerimi, S. Malone, E.
Rexigel, S. Mehlhase, J. Kuhn, & S. Kiichemann (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 Mach—Zehnder interferometer (MZI) with single photons
can be used as an example to reduce comprehension difficulties and to illuminate students’
understanding of wave—particle 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
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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 (A1-C2), under A2 literacy ‘knowledge of basic
quantum concepts and the underlying representations’ (European Commission et al., 2025;
Greinert & Miiller, 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 Mdller (European
Commission et al., 2025; Greinert et al., 2022)
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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 (Duir & 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 visual-graphical representations are helpful in
problem solving (Bley et al., 2025; Kohnle et al., 2014; Kiichemann 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 visual-graphical 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 visual—graphical 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 representations—especially of qubit representations
in the context of quantum technologies—and how features/aspects of representations affect the

cognitive processes and influence learning (see Figure 6).
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Figure 6

Goals of the studies

From an expert's point of view, there are differences in the learning-
Goal 1 . : Study 1
relevant features of qubit representations
j'
Identify differences in learning behavior and cognitive load with
Goal 2 . . . . . . Study 2
different variations of informational redundant qubit representations.

The differences in features that were evaluated by experts based on
Goal 3 qubit representations were also conducive to learning in quantum Study 3
physics for students

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

Do informationally redundant qubit
representations influence learning
behaviour and cogntive load ?

Experimental Study (Students)

According to experts, how do features of
visual qubit representations differ in their
perceived effectiveness learning in quantum
physics concepts?

Are the features that were evaluated by experts based
on qubit representations also conducive to learning in
quantum physics for students?

Experimental Study (Pupils, Secondary II)

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).
Visual-graphical representations—such as the Bloch sphere—have 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; Muller &

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

Despite the growing use and development of visual-graphical 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; Kiichemann 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 learners’ 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 (1-5) (Likert, 1932),
supplemented with the option “I don’t know”. Qualitative data were also collected from the
experts’ 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 physics—two 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:

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

of four selected visual-graphic qubit representations?

e 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
Ainsworth’s 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 learning—such 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, Mayer’s 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 2x2 between-subjects factorial design, comprising four groups: CG, I1G1, IG2 and
IG3.

e Control Group (CG): Text + static illustration
e Intervention Group 1 (IG1): CG + Dirac notation (symbolic)
e Intervention Group 2 (1G2): CG + Bloch sphere (graphical)

e Intervention Group 3 (1G3): 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 Mach-Zehnder
interferometer (MZ1). 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 representations—specifically Dirac notation and the

Bloch sphere—are used to complement an existing multimedia learning setting.
The study addressed the following research questions:

e 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?

e RQ2: Does the integration of both informationally redundant representations additionally
promote learning?

e 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 visual—
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 visual-graphical
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 learners’ 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 I1). 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 1-2 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 experts—the Bloch sphere and the Quantum Beads—with 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 visual-graphical qubit representations
affect learners’ 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:

e RQ1: To what extent do different visual-graphical 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

guantum measurement than those using the Quantum Bead.
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e RQ2: How do different visual—graphical 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.

e RQ3: How does the use of different visual—graphical 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, Kiichemann, Kuhn, Malone designed the study, Qerimi and Kiichemann developed the
questionnaires and collected the data, Qerimi and Kiichemann analyzed the data, Qerimi wrote
the first draft of the manuscript. All authors reviewed and edited the manuscript. Kiichemann
supervised the study. All authors have read and agreed to the submitted version of the

manuscript.
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1 Introduction

QP plays a central role in the development of emerging quantum technologies (QT),
which include applications such as quantum computing and quantum communication.
The growing importance of these technologies highlights the need to teach QP effectively
in order to prepare students for scientific and technological challenges. However, teaching
quantum concepts is a major educational challenge, as these concepts are often abstract
and unintuitive (e.g. [1]).

Diagrams, models, and visual aids can play a valuable role in QP education by helping
students engage with and better understand mathematical concepts. Visual-graphical rep-
resentations, in particular, are powerful tools for conveying complex quantum phenom-
ena, as they help bridge the gap between abstract mathematical formalism and intuitive
understanding. Research in representation theory indicates that combining symbolic-
mathematical elements (e.g. formulae) with visual-graphical representations enhances
conceptual understanding more effectively than representations that merely depict phe-
nomena [2].

However, common visual-graphical representations differ in their properties, and exist-
ing category systems often do not cover these differences adequately [3—6]. Against this
background, a new set of differentiation criteria was developed, drawing on recent find-
ings from representation research, quantum education, and specific aspects of quantum
sciences and technologies (see categories in Sect. 3.3). Ainsworth’s (2006) Design, Func-
tions, and Tasks Framework was used as a conceptual basis to refine and create a compre-
hensive category system for evaluating visual-graphical qubit representations [7].

Among these categories, for example the category of ‘Salience’ exemplifies how visual
design can guide learners’ attention. Salience refers to the perceptual prominence of spe-
cific features that stand out and automatically capture attention. According to Itti & Koch
(2001), salience-driven attention is primarily guided by stimulus properties, such as color,
contrast, and motion, rather than by an individual’s goals or expectations [8]. This means
that certain elements in a scene naturally attract attention due to their visual distinctive-
ness, regardless of the observer’s. While salience determines which stimuli are noticed
first, its influence on cognitive processing and learning is complex. Reynolds & Anderson
(1982) found that directing attention to specific textual information—by posing targeted
questions—led to longer reading times for relevant segments and increased reaction times
in a secondary task [9]. These results suggest that attention allocation can influence the
depth of information processing, as readers who spent more time on question-relevant
text sections also tended zu better post-test performance.

‘While Ainsworth (2006) highlights the importance of designing multiple external repre-
sentations (MERs) to support accessibility and clarity in learners’ understanding of com-
plex scientific concepts [7], Schnotz and Bannert (2003) focus on how the structure and
design of external representations influence cognitive processing [10]. Ainsworth (2006)
frames design within her DeFT framework, which emphasizes the functions of MERs.
In contrast, Schnotz and Bannert (2003) analyse design from a cognitive processing per-
spective, arguing that representations fundamentally differ in how they convey informa-
tion [10]. The distinction made by these authors between descriptive representations (e.g.
text, equations) that rely on symbolic encoding and depictive representations (e.g. dia-
grams, images) that share structural similarities with what they represent is also of in-
terest [10]. Their research highlights that the effectiveness of multiple representations
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depends not only on their function but also on their structural alignment with cogni-
tive processing demands [10]. While well-designed combinations of text and image can
enhance learning, inappropriately structured representations may interfere with the con-
struction of mental models. Both perspectives emphasise the importance of a thoughtful
representation design. Ainsworth (2006) underlines the necessity of aligning the design of
representations with their pedagogical function and the learning task [7], whereas Schnotz
and Bannert (2003) stress the importance of ensuring that representations are cognitively
compatible to support mental model construction [10].

The objective of this study is to provide educators with valuable insights into the char-
acteristics of representations that are perceived as conducive to learning, and to identify
relevant factors for designing new representations. The study relies on expert evaluations
to derive key design principles that may contribute to effective representations. Further-
more, it addresses general challenges in developing effective representations that facilitate
a solid understanding of QP (see Sect. 2.4).

The structure of the paper is as follows: Sect. 2 provides an overview of the theoretical
background, Sect. 3 outlines the methodology, Sect. 4 presents the results, and Sects. 5
and 6 discuss the implications and future research directions.

2 Theoretical background

2.1 Quantum education

Quantum science and technology doesn't change only our fundamentally view of the
world, but can also influence people’s living conditions through its influence on society
and technology. In light of the growing importance of QT, the teaching of QP plays a
central role in various stages of education and professional training (school, university,
and industry). Research has already been carried out in various directions, for example
in course structure [11-13], representational [14—16] or instructional [17—-19] and many
other. This should only show a small number of the research directions that make a con-
tribution. At the same time, it is important to ensure that QP concepts are delivered in
a sustainable and targeted manner, enabling individuals to actively contribute to the ad-
vancement of these technologies at different stages. In order to provide a basic education
in this field, suitable concepts with supporting representations [20], which are needed to
get more and deeper knowledge.

Introducing the fundamentals of QT, in particular the qubit, not only leads to new ap-
proaches in the teaching of QP but also opens up the possibility of an application-oriented
teaching methodology [18, 21, 22]. In addition to the different approaches that can be used
to introduce learners to QQT, a recently updated competence framework addresses the un-
derstanding of QT at different levels and in different relevant sectors [11, 12]. It can be
used as a guide for matching representations to the cognitive and content-related needs
of different learning levels, and as a starting point for developing appropriate teaching
materials.

The spin-first approach appears to be a suitable method for teaching the fundamentals
of QP and, with its focus on qubits as two-level systems, also for teaching QT [18, 22, 23].
This approach introduces the spin-half context with the qubit at an early stage, providing
a basic understanding of QP and, in particular, QT. In this context, the spin-1/2 system
serves as an ideal introduction, as it allows learners to work with a fundamental two-state

quantum system that can be easily contextualized in different physical implementations.
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Common examples include the spin states of an electron (spin-up/spin-down) or the po-
larization states of a photon (horizontal/vertical). By introducing spin at an early stage, this
approach establishes a clear conceptual link between the abstract concepts of QP and pos-
sible applications in QT. The reasoning tools for QP, also called the basic rules of quantum
physics, from the German “Wesenziige der Quantenphysik’ [24—26], include fundamental
concepts that describe the behavior of quantum systems.

A quantum state characterizes a physical system and encodes the probabilities of mea-
surement results. In a two-state system, such as a qubit, the state is defined by two basis
states, |0) and [1) [27]. The principle of superposition allows the system to exist in a com-
bination of these states, leading to characteristic quantum effects such as interference.

These reasoning tools [24—26] can also be addressed with the spin-first approach:

+ Quantum measurement

« Complementarity

« Indeterminism and statistical predictability

« Interference of single quantum objects

Current research has highlighted a set of fundamental concepts that educators consider
essential for teaching QP and QT. These include superposition, quantum measurement,
quantization, the Heisenberg principle, entanglement, statistical nature, wave-particle du-
ality, non-locality, decoherence, and complementarity [28].

‘Within this framework, certain concepts emerge as particularly central to understand-
ing quantum technologies. In particular, superposition and entanglement are frequently
emphasized as key concepts, as they underpin quantum computing, quantum communi-
cation, and other QT applications. Their role in enabling quantum parallelism and secure
information transfer highlights their significance beyond fundamental physics. Sadaghi-
ani et al. found that students demonstrated a higher understanding of QP concepts when
they followed the spin-first approach compared with a position-first approach [23].

To convey the complex content of QP in an intuitive and memorable way, it is essential to
create an appropriate learning environment that encompasses not only an effective teach-
ing approach but also the use of suitable representations. The selection of representations
in the context of QP is a challenging endeavour. Stadermann elucidates the complexities
in identifying useful representations in QP [29]:

‘In contrast to most classical physics topics, we cannot find a consistent visualisation
for quantum phenomena. QP offers students new views on physical reality, which con-
flict with earlier learnt classical concepts such as the nature of particles, locality, and
determinism. Scientists still discitss how — and if at all — QP should be interpreted.’

Therefore, it is essential to identify valuable elements of visual representations within
the context to generate hypotheses regarding their learning effectiveness and, potentially,

to generate new representations.

2.2 Qubit representations

The term ‘representation’ can be interpreted in many different ways. There is a diversity
of perspectives, definitions, and categorisations of representations in the context of edu-
cation. In this work, we are orientated towards Lemke [5], who analysed the construction
and conveyance of meanings through signs and symbols, both in verbal and non-verbal

languages. He found that in scientific papers, content such as text, graphs, tables, photos,
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Table 1 Example for representation in different variations

Description Example

Visual-graphical %
(e.g. diagrams, graphs, images)

Bloch sphere

Mathematical (-operational) W) =a; [0} +az |1) 1)
(e.g. formulae)
Remark: a1, € C, Zil lal?=1.

Visual-gestural
(e.g. physical or gestural movements)

e
Interaction between the teacher and the student through
physical and gestural movement

Verbal-semantic ‘Superposition can be realised with the aid of a beam splitter!
(e.g. text)

Tangible ’T ‘j
(e.g. 3D printed Bloch sphere in the hand) é e ey

A

N
——
Hand-sized 3D print of a Bloch sphere

and equations are used together because meaning is constructed through a multimodal
process. This meaning is now taken up for learning. To determine the conditions in which
this multimodality can be employed in the context of learning QP and QT, we categorise
possible representations. Examples of different types of representations that could be used
and combined in multimodal quantum instruction are shown in Table 1.

Previous research has already attempted to implement various representations in com-
bination with the spin-first approach [30]. The study included symbolic representations
such as bra-ket notation and matrix representations, graphical visualisations in the form
of histograms, colour-coded probability distributions and three-dimensional represen-
tations, as well as dynamic approaches such as time-dependent animations and simula-
tions of experiments. The results show that this combination of multiple representations
promoted conceptual understanding and the ability to translate between different forms
of representation [30]. However, challenges remain, especially in dealing with complex-
valued states and projections in Hilbert spaces [30]. A common and often used visual-
graphical representation of two-level systems is the Bloch sphere, which has several vari-
ants in its implementation [18, 22, 31]. However, a variety of other representations are
also available, for example, the “arrow” formalism by Richard Feynman [32-35] and the
Circle Notation [15, 36, 37]. In recent years, many other visualisations of qubits have been
developed and refined, for example, the Quantum Bead by Steffen Glaser’s group [38, 39],
and the pie chart model [40]: Qubit cake model (Qake, paper in progress) [41]. For the
visualisation of quantum phenomena, not only have different representations been used
and analysed, but also media such as the quantum Composer [42—44] or the Quantum
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Mechanics Visualisation Project (QuVis) [45, 46]. The field of visual-graphical quantum
representation is undergoing constant development and refinement. There is a significant
interest in making QP accessible to an interdisciplinary audience, particularly with regard
to the future development of QT [13].

Teaching QP and QT to beginners requires a structured approach to mathematical con-
cepts. While mathematical formalism is essential for a deeper understanding, its abstract
nature can pose challenges for learners with little or no prior knowledge. According to
Bouchee et al. (2021), the abstract mathematical formalism can obscure for students the
meaning of the associated concepts of QP [47]. Visual-graphical representations can serve
as an intuitive bridge to mathematical concepts—for example, the Bloch sphere helps
learners understand quantum superposition and rotations in Hilbert space and later main-
tain a connection to the underlying linear algebra. Rather than immediately introducing
formal mathematical structures, visual representations provide an entry point by illustrat-
ing abstract principles in a concrete way. They help learners develop an intuition before
moving on to the corresponding algebraic formulations, such as state vectors, operators
and unitary transformations, and can provide the link to them [12].

Learning often involves (multiple) representational resources [7], including verbal-
semantic formats (e.g., written text), mathematical-operational (e.g., equations), and vi-
sual representations [5]. Visual representations can be further categorised inte visual-
graphical representations (e.g. Bloch spheres, quantum circuits or vector diagrams) and
visual-gestural representations, which involve interactive elements such as hand gestures
by interacting with each other [5]. According to Lemke’s (1998) categorisation, also phys-
ical representations such as those used in chemistry (e.g. molecular models) also belong
to graphical representations [5]. They are part of the broader concept of representation,
which is categorised differently by different authors [4—6, 48]. Schnotz (2005), for exam-
ple, distinguishes between descriptive and depictive (pictorial) representations. Descrip-
tive representations use symbols or signs that have no direct similarity to their reference
object, while pictorial representations have a structural similarity to the depicted object
through a spatial arrangement (e.g. molecular models) [48]. Models and representation are
not the same thing. Models can be understood as representations, among other things,
but often fulfil other characteristics in their model concept. According to Kircher et al.
(2015) characteristics of models are clarity, simplicity, transparency, familiarity, produc-
tivity, importance of models [49]. As the mathematical formalism of QP is challenging
to understand and apply, visual representations of qubits can facilitate understanding by
making abstract concepts more tangible.

Therefore, teachers need to carefully evaluate their properties and determine their suit-
ability for conveying key quantum concepts. This includes checking that a representa-
tion accurately reflects the underlying mathematical principles. At the same time, learn-
ers should be encouraged to actively connect different representations, such as linking
quantum state vectors to their Bloch sphere representation. Such integration supports
mathematical understanding and reinforces structural relationships within QP. Making
these connections requires identifying relevant similarities between different representa-
tions and understanding the conventions that guide their combined use. This process is
referred to as connectional understanding [2]

As previously mentioned, qubit representations within the spin-first approach allow for

the visualization of fundamental principles of QP using a two-state system. A qubit is a
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physical system that can exist in two basis states and is described by their superposition.
Well-designed visual-graphical representations can help to illustrate concepts such as su-
perposition and measurement in a more accessible way by providing an intuitive entry
point before formal mathematical descriptions are introduced. This facilitates the teach-
ing of key QP concepts without immediately introducing the full mathematical formalism.
The focus on visual-graphical representations of qubits is a deliberate didactic strategy,
aiming to enhance the accessibility and understanding of fundamental concepts in QP.

Although it has been suggested that visual-graphical qubit representations are benefi-
cial due to their accessibility and close relationship with mathematics, their perceived sim-
plicity can pose a risk that they will be misunderstood. Learners sometimes fail to recog-
nise that they are not direct representations of reality, but scientific models. A prominent
class of such difficulties is the “graph-as-picture” misconception, in which, for example,
a learner may misinterpret a line graph as a picture of a mountain [50]. The study inves-
tigated how people perceive and interpret visual graphs, with a particular focus on the
‘graph-as-picture’ misconception - the tendency to misinterpret abstract representations
as physical images [50]. Experiments were conducted with subjects who interpreted var-
ious visual graphs, supplemented by questionnaires and qualitative interviews to analyse
the influence of design elements such as colours, shapes and layouts. The results show that
visual graphs can facilitate understanding, but often lead to misinterpretation if their ab-
stract nature is not clearly communicated. Particularly relevant for visual graphical qubit
representations is that while intuitive representations can improve accessibility, they also
carry the risk of learners misinterpreting them as physical structures. Therefore, their risk
of supporting the development of misconceptions (e.g. the Bloch sphere describes the be-
haviour of a photon, then the photon is associated with the shape of the Bloch sphere as
a small sphere) should be considered when using or creating visual-graphical represen-
tations. In addition to the misinterpretations caused by visual-graphic representations,
meta-representation competences (MRC) can play a central role in avoiding these [51].
MRC enable a reflective approach to representations and promote an understanding of
their use and limitations [51]. According to diSessa, MRC is crucial for not only utilis-
ing representations, but also for critically questioning them and meaningfully integrating
them into the learning process [51]. He defines MRC as follows:

MRC includes the ability to select, produce and productively use representations but
also the abilities to critique and modify representations and even to design completely
new representations (diSessa und Sherin, 2000, p. 386).[51]

With regard to the use of qubit representations, difficulties and misconceptions in QP
have been analysed extensively by various authors [1, 52-56]. Based on our literature re-
search, the design and presentation of visual-graphical representations play a crucial role
in concept acquisition and the avoidance of misconceptions. Additionally, the manner in
which a representation is presented can influence learning outcomes and potentially lead
to difficulties [57, 58]. The following are selected misconceptions identified in the liter-
ature regarding the concepts of quantum state, quantum measurement, superposition,
entanglement and general perception (spin as rotation) that may be encountered when
using visual-graphical representations:

« Quantum state: Several studies have shown that understanding quantum states

involves several conceptual challenges. A common problem is the regression to
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classical thinking, especially with regard to the non-determinism of quantum
mechanics [56]. Students have difficulty distinguishing between pure superposition
and mixed states, and tend to overlay quantum mechanical concepts with
deterministic ideas. In addition, many students believe that a time-dependent wave
funetion automatically implies a time-dependent probability of a particle. Another
misunderstanding concerns the state after a measurement: some students incorrectly
assume that the wave function remains the same after a measurement, or that it
returns to its initial state over time [56].

Measurement: Understanding difficulties with measurement and expected value
have been identified [1, 52]. An important insight related to three-dimensional
representations comes from Singh et al. [1]. They show that students often incorrectly
assume that the states labelled x, y and z are spatially orthogonal and independent of
each other, based on their experience in classical physics, where these axes are
conventional labels for orthogonal vector components. However, if it is not explicitly
explained that the eigenstates of a quantumsystem (e.g. spin components) are vectors
in abstract Hilbert space - and not in the three-dimensional physical space in which,
for example, a magnetic field propagates - this misconception may persist and lead to
learning difficulties [1]. The role of representation is as a means of predicting
measurement results based on probabilities, rather than determining them directly.
Bouchée et al. (2021) point out that measurement is a general problem in learning QP,
which is related to the situational relevance of (linguistic) representations [47]. For
example, he mentions that learners who are confronted with the uncertainty principle
draw incorrect conclusions from the experimental physics representation (e.g.,
measurements are accompanied by errors related to the measuring device), thus
hindering their process of meaning formation [47].

‘Spin as rotation’: In a study on mental models, it was found that the majority of
participants held the misconception of ‘spin as a rotation of particles around their own
axis” [54, p. 1374].

Superposition: Many students struggle to understand that photons can exist in two
states (e.g., horizontal or vertical polarisation). The majority of students encountered
difficulty in accepting that the polarisation states of a photon can be employed as the
basis for a two-state system [1]. This issue was frequently observed in students who
exhibited a pronounced inclination towards their established understanding of
polarisation within the context of classical optics [1]. A common misconception is
that a photon can have an infinite number of polarisation states and therefore cannot
be reduced to two base states [1]. Students are strongly orientated towards polarisers,
which in classical physics can be rotated at will, thereby determining the state of the
light [1]. This idea means that they do not understand polarisation as a quantum
mechanical two-state system.

Interestingly, this resistance does not occur with spin-1/2 states, although these are
physically isomorphic to photon polarisation [1]. The reason is probably that
polarisation is usually taught in a classical context, while students only learn about
spin in quantum mechanics. As a result, they lack the connection between the two
concepts, which makes it difficult to accept polarisation as a two-state system [1].
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These difficulties also affect the understanding of superposition. If students do not
accept polarisation as a quantum mechanical two-state system, it is difficult for them

to understand that a photon can be in a superposition of these states.

.

Entanglement: To our knowledge, there are few studies that address specific
misconceptions about entanglement held by learners. Brang et al. (2024) are one of
them, who explored the perspectives of physics teachers and students on quantum
entanglement, quantum teleportation, and their applications. The study highlighted
several learner conceptions, including challenges in differentiating quantum
entanglement from superposition, misconceptions regarding the role of measurerment
in entangled states, and a limited understanding of practical applications such as
quantum communication and computing [55]. For one, they categorised some of the
participants’ responses as ‘hidden variable explanations. As they assumed that the
measurement results were predetermined by local hidden variables, reminiscent of
the EPR (Einstein, Podolsky, Rosen) perspective [55, 59]. A classical, deterministic
understanding is implicit in this view [55]. Other microconceptions were described in
the text as ‘direct influence or action at a distance! In that section, learners assumed
that one entangled particle actively influences or transmits information to its partner
particle, and even thought that manipulating one particle changes the otherina
controllable way [55]. Furthermore, the misconception that measurements on
entangled particles always show perfect (anti)correlations, regardless of the
measurement basis, was identified. To investigate common misconceptions in QP and
their teaching challenges, Majidy et al. (2024) also conducted a review and
interviewed QP instructors [20]. Their study provides an overview of misconceptions
in higher education physics, discusses their sources and remediation strategies.
Interviews have shown that many students wrongly assume that a measurement on an
entangled particle causes an immediate physical change in the partner particle [20].
Equally widespread, according to the lecturers, is the misconception that
entanglement enables information to be transmitted at faster-than-light speeds,
although quantum mechanics does not permit such communication [20]. Another key
misconception from the lecturers’ point of view is the distinction between correlation
and causality, as students often do not understand that measurements on entangled
particles only show statistical correlations, but that there is no direct influence
between them [20]. Popular scientific presentations, insufficiently precise school
material and unsuitable classical analogies were identified as the main causes of these
misconceptions [20]. To improve understanding, the researchers recommend the
targeted use of representations and simulations to make the non-local but non-causal
nature of entanglement comprehensible [20].

These findings underscore the necessity for the development of effective representa-
tions to address these conceptual gaps and to facilitate a more profound comprehension
of abstract quantum phenomena, such as entanglement.

Based on our literature research, the way visual-graphical representations are designed
plays a crucial role in concept acquisition and the avoidance of misconceptions. Addition-
ally, the manner in which a representation is presented can influence learning outcomes
and potentially lead to difficulties [57, 58].
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2.3 Describing visual-graphical qubit representations

As in other areas of physics, educators in QP are confronted with the challenge of compar-
ing and selecting appropriate representations. With this study, we want to help categorise
representations and describe them in a consistent manner to evaluate their strengths,
weaknesses, and special features. Previous categorisations of representations, such as
those proposed by Lemke [5], Schnotz [3], Kosslyn [6] and Bertin [4], differentiate visual-
graphical representations but do not support drawing conclusions about their effective-
ness or appropriate use. However, if educators could gain a deeper understanding of the
aspects of qubit representations that promote the acquisition of content knowledge, they
could assign qubit representations to different levels of learners’ prior knowledge and de-
velop more effective, targeted approaches.

In this work, we present a refined categorisation system for representation and QP vi-
sualisation research. We selected Ainsworth's Design, Functions, and Tasks (DeFT) [7] as
the conceptual framework and extended it with relevant aspects of QP representations,
including their respective potential risks of inducing misconceptions in learners. Inde-
pendent of the learning content, the DeFT Framework provides an overview of how mul-
tiple external representations (MER) can be used effectively to support students’ learn-
ing [7]. Ainsworth outlined relevant aspects of design, functions, and tasks when learn-
ing with MER. The design aspect of the DeFT framework concerns the structure of
multi-representational learning environments and how they influence learner interaction.
Specifically, it addresses how accessibility, comprehensibility, active engagement, and the
integration of multiple representations impact the effectiveness of learning. According
to Ainsworth (2006), key design considerations include the number of representations,
the distribution of information, the format of representations (e.g., text, diagrams, or ta-
bles), the sequence in which they are introduced, and the ease of translating between them.
These factors determine how learners process information and interact with different rep-
resentations. The “functions” refer to the roles that can be played by multiple represen-
tations in supporting learning: providing complementarity, constraining interpretation,
and constructing deeper understanding. These functions influence how learners process
and integrate information. The ‘tasks’ refer to the cognitive demands that learners must
manage to work effectively with these representations. In this aspect, we have differenti-
ated ourselves from Ainsworth (2006) and have focused on content-related processes and
operations that can be shown with the representations to solve tasks [7]. Together, these
aspects provide an understanding of how incorporating MER into educational settings
can influence learning processes and outcomes.

For our purpose we redefined DeFT [7] as a theoretical framework to derive useful di-
mensions for categorising visual representations (see Table 2).

Under design, categories were included that allow statements about the shape and visual
impression of a representation.

Under function, categories were included that primarily characterise the representa-
tions according to their interaction with the learners or other representations.

Under task, categories have been chosen that primarily take place in a basic QT appli-
cation or task.

Finally cross-concepts, include aspects that do not fit in the categories above (the cat-
egories are described in more detail in Sect. 3.3).
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Table 2 Refined categorisation of visual representations

Category Classification

. Salience

. Dimension Design

. Understanding difficulties

Colour

. Actions/Steps

. Interaction with mathematics

. Contiguity Functions

. Overlap/redundancy

. Complementarity

10. Predictability

11. Phase visualisation

12. Amplitude visualisation Tasks/applications
13. Concepts

14. 8uantum technology

15. Generability

16. Effort in explanation Cross-concepts

2.4 Research questions
Qur goal is to refine a categorisation of representations that allows us to make decisions
about the selection and design of visual representations for appropriate, effective, and sus-
tainable learning of QP and QT content. We use expert ratings to profile and cluster rep-
resentations and obtain answers to the research questions:

RQ1: According to experts, which differences exist between the learning-relevant fea-
tures of four selected visual-graphic qubit representations?

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

representations to promote learning?

3 Methods

To answer the research questions, we conducted online sessions in which experts were
asked to rate four visual-graphical qubit representations across 16 categories using cheat
sheets developed for the study. Rather than directly asking experts to define relevant as-
pects, we inferred their importance from expert evaluations of existing representations.
This approach allowed us to identify which features are perceived as most relevant for
learning QP and QT. The Bloch sphere, the Cirle Noation [15, 36], the Quantum Bead, a
further development of the Spindrops representation [38, 39] (second paper in progress)
and the pie-chart model: Qubit Cake Model (Qake) [41] were the four representations
evaluated by the experts (Fig. 1). The Quantum Bead is not substantially different from
the Spin Drops representation (or DROPS for short [38, 60]) for single qubits. The differ-
ence lies in the fact that the Quantum Bead is also suitable for visualising two or more
qubits, including entanglement [39], as requested in the expert rating. Therefore, we refer
here to the Quantum Bead [39].

3.1 Cheat sheets

The structure and layout of the cheat sheets with the relevant terminology were identi-
cal for each of the four representations (see supplementary material 1). Brief explanations
were given on qubits (in general), quantum states (two-state system), the representation
itself, and how the respective representations visualise the following: quantum measure-
ment, superposition, entanglement and quantum gates (X-Gate, Z-Gate and H-Gate). The
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10y 11}
Quantum Bead Circle Notation
Bloch sphere Qubit Cake Model
(Qake)

Figure 1 The Quantum Bead and Bloch sphere are three-dimensional representations, whereas the Qubit
Cake Model (Qake) and Circle Notation are two-dimensional representations. The Circle Notation uses the
third dimension for multi-quiit systems. Own illustration based on Quantum Bead [39, 60], Circle
Notation [36], the Blach sphere [19] and Qake Model [40, 41]

experts were advised first to look at the cheat sheets to familiarise themselves with all the
qubit representations and then complete the rating sheet. The cheat sheets could option-
ally remain open. Experts were asked to assess each of the four representations within the

different categories via Google Forms (https://docs.google.com/forms).

3.2 Sample

For the present study, we selected and invited experts whose current field of research is
related to QT: theoretical (N = 7), experimental (N = 5), educational (N = 7) and across all
interfaces (N = 2). A total of twenty-one experts from ten locations across four countries
(Germany, Italy, Switzerland, and the USA) were involved. Only QT experts with teaching
experience in QP were included (two professors or junior professors, nine postdoctoral
researchers, and ten PhD students). PhD students were eligible to participate only if they
were in their second year or above. The mean number of years spent engaged in research
in QP was 5.1 years (standard deviation +1.9 years). One participant with over 30 years
of experience was considered an outlier and so was not included in this average. How-
ever, the ratings of this expert was considered for the analysis in this paper in the same
way as the other data. The participants demonstrated expertise in various areas, including
mathematics, quantum optics, quantum field theory, quantum computing, and quantum
education. All experts were contacted personally or by email.

3.3 Categories
The categories for evaluation were chosen based on Ainsworth’s DeFT framework and
research on (mis-)conceptions in quantum education and quantum sciences.
1. Salience: This describes how clearly a concept is perceived through a
representation. The salience of a stimulus can depend on its intensity, novelty,
ecological validity, movement, and interactivity [61]. The signalling principle states

that learning materials are more effective when they contain cues or elements that
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draw learners’ attention to the relevant content or information or highlight the
organisation of the content [62].

Dimension: Ainsworth mentions dimensionality as a relevant design factor [7].
Although visual-graphical representations are always two-dimensional, they can
differ in whether and how three-dimensional information is visualised [7]. The
capacity for spatial abilities, including mental rotation, differs between learners of
different genders [63—65]. The visuospatial experience provided by representations
depends on whether learners can adequately perform any necessary explicit
operations (e.g. mental rotation). A study showed that spatial ability is the decisive
factor for learning success, with male participants performing better than female
participants regardless of the type of multimedia resources [64]. Three-dimensional
representations may require a higher level of spatial imagination than
two-dimensional representations, that not all learners can achieve in the same

way [64].

Understanding difficulties: This assesses whether the representations could lead to
students misunderstanding the underlying concepts. Topics should be considered
which may lead to possible understanding difficulties due to their function or
external features such as the design of the representation. Here we have limited
ourselves to certain concepts such as simple structures, quantum measurement,
superposition and entanglement by known literature. A more detailed background
on misunderstandings that can arise from visual-graphical qubit representations is
provided in Sect. 2.2 and how we implemented there in the study is shown in

Sect. 3.4

Colour: Another component of representations is the colour coding of
concepts/information. The point here is not that colour can be used to visually
draw attention, but that information is encoded with the colour, which can increase
the extrinsic cognitive load and have a detrimental effect on learning [66]. The
additional information processing through colour requires increased (extrinsic)
cognitive load and has a negative effect on learning. For example, both the colour
and the mixture of colours (in the case of a function of the representation) contain
information about the underlying content.

Actions/steps: This category describes the cognitive steps required to extract
relevant information from the representation of a concept or to perform a specific
operation with the representation. It is based on Sweller's element interactivity [66].
Learning content or representations that require numerous cognitive steps place a
significant load on working memory, which is inherently limited in its capacity to
process information effectively [67]. According to Miller, the human working
memory can typically manage only a limited number of elements, often cited as

7 4+ 2 at any given time [68]. Therefore, representations should be as comprehensive
as possible while remaining simple to avoid cognitive overload and instead provide
support to learners. It is important to distinguish between extrinsic cognitive load,
which arises from the way information is presented, and intrinsic cognitive load,
which depends on the inherent complexity of the material relative to the learner’s
prior knowledge. Certain representations might require many cognitive steps for
learners with low prior knowledge, leading to overload, yet be entirely suitable for

learners with higher levels of expertise [69].
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10.

Mathematics: For QP, the interaction between mathematics and visual-graphical
representation is an important aspect in the choice of representation. The
integration between mathematical and visual-graphical representations promotes
conceptual understanding more than one representation that visualises certain
phenomena [2, 7). Erwin Schrédinger captured the mathematical meaning of QP
succinctly when he said *.. then the mathematical apparatus of the new theory can
give us a well-defined probability distribution for every variable...” [70] emphasising
how fundamental a connectable representation is. To introduce mathematics at the
right level or to enable later levels of learning, it is important to provide access to
mathematics with visual-graphical representations.
Contiguity: This is based on the principle of contiguity described by van Gog [62],
who found that learners achieve greater learning success when text is placed next to
the graphic [71]. The combination of both proved to be conducive to learning,
which is why this category is included to consider the direct integration of a
visual-graphical qubit representation with a mathematical formula or some
additional text for a more detailed description. This could also ease the transition to
the introduction of mathematical representations.
Overlap/redudancy: There is a paucity of data concerning the impact of redundant
combinations of representations on learning outcomes. The combination of images
and written text supports the acquisition of knowledge more effectively than the
simultaneous presentation of the same information in the form of images, written
text, and speech [71]. However, a study has demonstrated that combining multiple
representations, especially text with formulae, improves problem-solving
performance in mathematics, even if they contain redundant information [72].
Furthermore, the use of multiple visual-graphic representations can be beneficial
for learning [7]. This includes the use of redundant graphical representations.
A categorisation of representations in connection with one or more redundant
representations enhances the use of MER and increases the potential to improve
learning [7]. The challenge here is to identify compatible representations and use
them in a targeted manner.
Complementarity: This describes the use of two visual-graphical representations
that complement each other. The principle of complementarity implies that the
representations differ either in the information they present or the related cognitive
processes [7]. For example, two visual-graphical representations may depict the
information of a superposition state while triggering different cognitive processes,
thus promoting learning through stronger integration [2]. Another possibility is
that one representation may depict the superposition well but not the
entanglement, whereas the other representation may visualise the entanglement but
not the superposition. Multiple representations can, therefore, be used to promote
learning if they complement each other in their representation of concepts. As in
overlap/redundancy, the categorisation of representations in relation to one or
more other complementary representations also has the potential to enhance the
effectiveness of MER and improve learning [7].

Predictability: For representations to be used effectively by learners, they should
enable predictions to be made. Thus, statements should be made about possible

measurement results, taking into account the properties or rules of the
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11.

12.

13.

14.

15.

16.

representation [73, 74]. Particularly important here are the tasks/applications
categories, which capture how certain representations can be used to demonstrate
specific applications or tasks of QT. These categories are specific to QT and the use
of the qubit in the spin-first approach.

Phase (or phase change): This is a particularly important property of a quantum
state. Global phases and relative phases were considered separately. The global
phase refers to a phase-related transformation applied to all states of a quantum
system. It has no direct influence on the observable phenomena of the system.
Relative phase refers to the phase relationship between different states within a
quantum system [75].

Amplitude: To analyses a two states system in detail, the term of ‘amplitude’ is
required in addition to ‘phase’ [75, 76]. To interpret and understand these terms as
clearly as possible, it is important to visualise them.

Concepts: The concepts (A) quantum measurement, (B) superposition, (C)
entanglement, (D) probabilistics were considered to assess which concepts are
adequately conveyed by the representations. The concepts were selected based on
relevance of the spin-first process and the reasoning tools for QP, as well as the
competence framework [11, 23, 24, 26].

Quantum technologies: This category focuses on direct application and captures
which quantum gates are adequately conveyed by the representation of
experimental components. This concerns common gates: the H-gate, the X-gate,
and the Z-gate [38].

Generability: This refers to how readily a representation can be reproduced by
learners. The difficulty or complexity required to create the representation should
be assessed. For example, in a school context, we would consider how
difficult/complex it is for learners to draw a representation in their exercise books
when they are shown it on a blackboard [7].

Effort in explanation: This aims to categorise the effort required to explain a
representation. For example, there are some representations that can illustrate
many concepts, but the effort or complexity of explaining all these concepts may be

so great that these representations are ineffective.

3.4 Rating
The structure of the ratings shown in Fig. 2 indicates the weightings assigned to the differ-

ent categories. To rate the salience, dimension and actions/steps and concepts, four items

(for each QP concept) per representation are included. For understanding difficulties, we

include the items in statements A, B, C, and D. For redundancy and complementarity, the

combinations A—F are taken into account only once. The total number of items is cal-

culated by adding the number of items on the sub-path of the characteristic of external

representation, here QP concepts, so redundancy and complementarity are not taken into

account as they are cross-representation items (32 items for one representation and 128

items for four). The number of all cross-representation items (redundancy and comple-

mentary) is shown here by 12 (6 + 6). The total number of items is calculated by multiply-

ing the 32 items by 4 (for the representations) and adding 12 cross-representation items

(into account once).
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Characteristics of external repre- Combinations of
Categories sentations (total number of items*) QP concepts representations**

Quantum state

‘Quantum measurement

salience (4)
Entanglement
Quantum state
Quantum measurement
Dimension (4)
Design
: Entanglement
Colour (1)

Statement A

Statement B

Understanding difficulties (4)

Statement C

Statement D

Mathematics (1)

Quantum state

f Quantum measurement
: Entanglement

I\ Contiguity (1) A: Quantum Bead and Circle Notation

\ Predictability (1) 8: Quantum Bead and Bloch sphere
o] intum Bead and Qake
Overlaps/redundancy (6) e

Actions/Steps (4)

Ratl ng D: Bloch sphere and Circle Notation
Complementarity (6) s i issiiinait
\ E: Circle Notation and Qake
i —_—
F: Qake an h sphere
X-Gate
Quantum Technology (3) HGate
ZGate
Amplitude (1)
Relative
Phase (2)
Global
Quantum measurement
Superposition
Concepts ()
: Entanglement
*for each representation Generability (1)
**only once per rating
for redundancy and Cross-Concept g Effort in explanation (1)
complementarity

Figure 2 Overview of the rating structure used in the expert evaluation. The diagram illustrates how different

categories were weighted across qubit representations, For a detailed explanation of the rating process, see
Sect. 34

On a Likert scale from 1 to 5 (‘strongly disagree’ to ‘strongly agree’ or the reverse),
the experts were asked to assess the four qubit representations based on 16 character-
istics. In addition to these options, the raters could select ‘I can't judge, I do not know’

for each item. Salience, Dimension and Action/Steps, were rated separately for the con-
cepts of:

« quantum state
+ quantum measurement
+ superposition and probabilistic
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« entanglement

‘We also measured how many cognitive actions/steps were required to extract informa-
tion about the above mentioned relevant concepts from each representation or to perform
a specific operation with the representation. The procedure for counting cognitive steps
was introduced through two examples in showing steps by “extraction of the slope of a
linear graph” and example 2: “divergence of a vector field’, so that it becomes clear how
‘steps’ can be recorded during graphical readout.

The example ‘extraction of the slope of a linear graph’ shows how the cognitive steps

were exemplified to the experts:

Search for the relevant x-position.
Find the corresponding points on the graph.
Read off the associated y-value.

LA

Identify another point on the graph for which the difference in y
and x can be easily determined (e.g. a point of intersection with
grid lines).

5. Find the relevant x-position of the second point.

6. Read off the corresponding y-value of the second point.

7. Determine the difference in y and x and calculate the gradient.

In this case, a total number of seven steps were required.

To systematically analyze the expert data and ensure comparability across different
scales, we transformed the original number of steps evaluations into the usual rating scale
from 1 to 5 in increments of 0.5. This transformation allows for a structured comparison
of expert assessments across all examined representations and categories. The rating 5
was used for ‘one to two steps’ and 4.5 for ‘three to four steps; with this pattern continuing
down to a rating of 2 for ‘13 to 14 steps. A rating of 1 was used if 15 or more steps were re-
quired. This transformation ensures a consistent interpretation of the expert evaluations
and facilitates statistical analysis by mapping categorical assessment onto a continuous
scale.

A lower number of steps means a lower number of cognitive processes, based on
Sweller’s [66, 77] concept of ‘element interactivity. This term is used to describe the in-
trinsic cognitive load associated with the processing of different pieces of information or
elements/aspects [66]. It encompasses the manner in which these elements interact with
each other and how they are processed by the brain in order to be understood. A higher
level of element interactivity is indicative of a greater (intrinsic) cognitive load, as it ne-
cessitates establishing more connections between the elements [66].

In understanding difficulties, the experts were asked to rate four possible statements
(A-D) that might be made from the perspective of a students who may be unfamiliar
with the respective representations. Based on works by a range of authors about men-
tal models and misconceptions in QP [1, 52-54, 78, 79], the following statements were
chosen:

A: ‘Based on the representation, I imagine the quantum object as a small sphere!

B: ‘After a beamsplitter, the qubit will be split in two directions’

C: ‘The information of the qubit was already known before the actual measurement and

was confirmed with the representation (deterministic behaviour)!
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D: ‘An entangled state is only possible with two or more qubits’

Statement D is correct and was included to capture difficulties in the transition to multi-
qubit systems, with regard to the concept of entanglement. In our work, we have lim-
ited ourselves to the fundamental requirements for understanding entanglement: go-
ing from a one-qubit to a two-qubit system. The focus was on clarifying the visual-
graphical representations, which show the necessity of at least two qubits for entangle-
ment.

For complementarity and overlaps/redundancy, following groups were formed to eval-
uate the representations in relation to each other:

QB/CN: Quantum Bead and Circle Notation

QB/B: Quantum Bead and Bloch sphere

QB/Qake: Quantum Bead and Qake

B/CN: Bloch sphere and Circle Notation

CN/Qake: Circle Notation and Qake

Qake/B: Qake and Bloch sphere

The participants were asked to provide a separate rating for the visualisation of global
and relative phases. For quantum technologies, the rating was divided into the following
topics: X-gate, Z-gate, and Hadamard gate (H-gate). The experts gave their ratings for each
gate. An attempt was made to limit the rating to simple variants of operations that could
be experimentally transferred to optical elements [80-82].

The 16 categories are taken into account, with four items to refine them in four concepts
for salience, dimension, actions/steps and also four items in concepts to specify them, which
(in general) appropriately convey the concepts. Four items were also included for under-
standing difficulties because of the four ‘statements’ describing interpretations or misin-
terpretations of concepts in QP. With phase (2 items) and quantum technologies (3 items),
there are 32 items. Participants were asked about these for all four representations, which
brings us to 128 items. Finally, the items were used in combinations due to overlaps/re-
dundancy and complementarity; here there are 12 items, bringing us in total to 140.

In addition, the experts were asked to indicate which category they thought was impor-
tant to discriminate the representations and which concepts, if any, were missing. These
were presented as free-text questions.

The responses to the free-text questions were collected in tabular form and examined for
recurring concepts and key terms. Concepts and key terms that recurred in the data were
identified and grouped into thematic categories. Particular attention was paid to specific
text passages to generate a meaningful structure, oriented on the principles in Chap. 8:
qualitative analysis and interpretation (Patton, 2002, p. 452ff.) [83]. Similar responses were
grouped together based on content-related keywords, while unique statements that did
not aligh with other responses were recorded separately and included in Sect. 4.2.5. This
approach allowed for an overview of common themes while also preserving individual

expert perspectives.

3.5 Statistical analysis

We calculated the mean and median values across design, functions, tasks, and cross-
concepts for each representation. Then, we narrowed our focus to the 16 categories and
analysed the differences between the four representations. The coefficient of variation was

calculated for each rating item. This represents the standard deviation in relation to the
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mean value and is dimensionless. If the coefficient of variation is less than or equal to 0.5,
we can say that at least 50% of the experts provided ratings close to the mean value [84, 85].
For each of the 140 rating items within the representations, we checked whether there was
at least 50% agreement. If an item rating of a representation fell below this value, this item
would not be considered further for statistical analysis, because this indicates that there
was substantial disagreement among the raters.

Next, the Levene test was used to test the homogeneity of the variances between the
representations. The Friedman test was then performed to determine whether there were
significant differences in the mean rating values between the representations. For each
rater, the ratings for each representation were converted into ranks, with the lowest rating
ranked first. For equal ratings, the ranks were assigned as the average of the positions of
the tied ratings. The ranks were summed for each representation to obtain the rank sum
for each condition. A significant Friedman test result indicates that there are differences
between the representations [86].

Raters evaluated four different representations. Each representation was rated by the
same raters in different conditions, such as quantum measurement, superposition and
probability. The ratings were made on a scale from 1 to 5, and since the same raters judged
each representation in each condition, the ratings were related (dependent).

Finally, the post hoc Wilcoxon signed rank test with Bonferroni correction was used
to identify specific differences between the representations [86]. This methodological ap-
proach enabled a precise and differentiated analysis of the data, providing deeper insights
into the variance and significance within the representations studied. In order to identify
the impact of the significant values among the representations, Cohen’s effect size d was
calculated [87].

Each representation was rated by the same rater in different conditions. Ratings were
made on a scale of 1 to 5, and because the same raters rated each representation in each
condition, the ratings were related (dependent). Given the nature of our data, we care-
fully selected non-parametric methods to ensure meaningful analysis. The coefficient of
variation was used to assess the agreement between raters, the Friedman test was chosen
as the most appropriate approach to detect significant differences in dependent samples,
and the median was used for the ordinal nature of the ratings and the mean for clarity, to
challenges reposed by a relative but expert sample.

We also calculated the correlations between the overarching categories, design, func-
tions, tasks, and cross-concepts, with Spearman’s correlation coefficient and used this
to refine our analysis of the categories. All statistical analyses were performed using R
(version 4.4.0, R Core Team, 2024). The R code used for the analysis is available on re-
quest.

4 Results

4.1 Variations in expert ratings

We calculated the coefficient of variation to determine the level of agreement between
raters for each rating item. Most coefficients of variation (Appendix B) were at or be-
low 0.5, which is usually accepted as the threshold for adequate internal agreement [84,
85], with the exception of those for the items in the categories actions/steps, and com-
plementarity, which were above 0.5. In these cases, no statement could be made due to

disagreement among the experts.
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A similar disagreement arose in the rating of entanglement within the category concepts,
resulting in its exclusion from the concepts category. The ratings for global and relative
phase visualisation were made separately for the category phase. Due to the disagreement
in the assessment of the global phase, this was also not taken into account.

For understanding difficulties in item statement B, generability for the Qake represen-
tation, and effort in explanation for the Quantum Bead representation, the level of agree-
ment was 49% agreement. Further consideration of the category understanding difficulties
was limited to statements A, C, and D, with statement B excluded due to discrepancies
between the experts. The same procedure was applied to colour for representation, gen-
erability for the Qake representation, and effort in explanation representation Quantum
Bead. If two or more representations within a category had a coefficient of variation greater

than or equal to 0.5, they were excluded completely.

4.2 Considered categories after agreement

Table 3 and 4 show the means for all categories and the significance within them. The mean
values were inverted for specific categories (understanding difficulties, colour and effort in
explanation) to provide an overview of which categories were rated higher and therefore
have a positive impact on learning. For answering RQ1 and RQ2, details are provided in
Sects. 4.2.1 - 4.2.4.

Table 3 Mean value of expert ratings for each category

Category Quantum Bead Circle Notation Blochsphere  Qake p-value
Design

Salience 333£103 288 £053 279050 311£088 =

Dimension 340+1.10 397+1.0 366+ 1.19 3994107 i

Understanding difficulties! 320+132 4244050 361+ 114 3824+1.09 i

Colour? - 408+ 1.12 490+031 129+ 046 =

Functions

Actions/steps - - - - -

Mathematics 318£129 394+ 100 4.16 £ 060 371+£092 ns.

Contiguity 341£133 374£1.00 316130 350£099 n.s.

Predictability 3821073 4324058 405+£071 4111074 *

Tasks/applications

Concepts 338+116 4024107 341+ 1.6 419+£1.13 i
Quantum measurement 348£108 400£1.18 366106 419£1.12 >
Superposition 324+126 410+ 1.00 362+1.12 424+1.16 =
Probabilistics 343£116 395£107 333£ 115 414+£1.20 *

Quantum technolegies 388 £1.05 3874129 417 £ 056 3924127 n.s.

Phase (relative) 312+1386 453+ 061 456+ 076 4211085 i

Amplitude 330+103 450+ 051 385+088 460+050 =

Cross-concepts
Generability 210£122 329+ 106 252£075 - =
Effort in explanation? - 281+£103 210089 315+£1.14 =

The p-value was calculated using the Friedman test to determine the difference between the representations. ***p < 0,001,
"*0.< 001, and *p < 005. N5, = not significant

15 means less prone to difficulties in learning. 1 means very prone to difficulties in learning

2A high mean value means less need for representations to visualise concepts with colour. This category is based on the
need for colour representation.

3A high mean value means less ‘effort in explanation’ of the representation.
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Table 4 Mean values of function categories

Category Function

QB&CN B&QB Qake@QB  BRCN CN&Qake  QakeBCN  p-Value
Redundancy 305+£100 3454089 315£109 3504132 395+£105 3204128 *
Complementarity - - - - - - -

Combinations of representations: QB&CN = Quantum Bead and Circle Notation, B&QB = Bloch sphere and Quantum Bead,
Qake&QB = Qake and Quantum Bead, B&CN = Bloch sphere and Circle Notation, CN&Qake = Circle Notation and Qake,
Qake&CN = Qake and Circle Notation

4.2.1 Results from design categories

Based on the data, we observe that there are significant differences between the represen-
tations in the ratings for salience (%2(3) = 21.706, p < 0.001). The rating for the Quantum
Bead was significantly higher than for the Bloch sphere (4 = 0.36) and the Circle Nota-
tion (d = 0.38). In addition, there was a significant difference between Qake and the Circle
Notation with = 0.31, and between Qake and the Bloch sphere (d = 0.32). The Quantum
Bead (mean: 3.33 £+ 1.03) was rated the most salient, followed by Qake (mean: 3.11 +0.88).

Furthermore, there are significant differences in the category dimension (x>(3) = 17.810,
p <0.001), particularly between the Quantum Bead and the Circle Notation (d = 0.39) rep-
resentations and between Qake and Quantum Bead (4 = 0.38). The experts rated the Circle
Notation and Qake as more adequate regarding their spatial dimensionality. There is also
a significant positive correlation r = 0.41 between dimension and salience (95% confidence
interval of 0.31 to 0.50).

We found significant differences between the representations in the generation of mis-
conceptions respectively understanding difficulties (x*(3) = 37.090, p < 0.001). Accord-
ing to the expert ratings, the Circle Notation tends to cause fewer difficulties than the
Quantum Bead, (p < 0.001, & = 0.50), the Bloch sphere (p < 0.034, d = 0.38), and the Qake
representation (p < 0.042), d = 0.36). The experts rated the Bloch sphere and the Quan-
tum Bead as more likely to lead to understanding difficulties than the Circle Notation and
Qake.

‘We also found significant differences between the representations in the category colour
(x2(2) = 38.297, p < 0.001). Significant differences were found between the Bloch sphere
and Qake (p < 0.001, d = 0.90) and between the Circle Notation and the Bloch sphere
(p < 0.001, d = 0.69). There was also a significant difference between Qake and the Circle
Notation (p < 0.001, d = 0.86). These differences all have a high effect size. The Bloch
sphere was rated high as colour independent respectively no relevant in colour (mean:
4.90 + 0.31) while the Qake model was rated highly colour dependent to visualise the
concepts (mean: 1.29 + 0.46).

4.2.2 Results from function categories
The results indicate non-significant differences between the representations in terms of
mathematics and contiguity. Despite the similar rating regarding interaction with mathe-
matics, the Circle Notation and Qake were rated significantly higher in regarding whether
concepts (x2(3) = 37.258, p < 0.0001) such as quantum measurement, superposition, and
probabilistics were appropriately visualised.

The data indicate a significant difference in predictability (x(3) = 10.451, p = 0.015).
Moreover, there is a significant positive correlation r = 0.47 between the ratings for pre-
dictability and mathematics (95% confidence interval of 0.27 to 0.63).
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Figure 3 Experts' ratings of whether representations have the same information content of concepts.
Combinations of representations: QB&CN = Quantum Bead and Circle Notation, B&QB = Bloch sphere and
Quantum Bead, Qake&QB = Qake and Quantum Bead, B&CN = Bloch sphere and Circle Notation, CN&Qake =
Circle Notation and Qake, Qake&CN = Qake and Circle Notation

The experts rating also analysed how representations are used in combination with each
other overlap/redundancy (Fig. 3), i.e., how many complementary or redundant informa-
tion they contain. This follows prior research on MER, which suggests that redundancy
and complementarity can impact learning differently [7]. The category complementary
was not analysed further due to disagreement among the experts. However, there is a
significant difference between particular groups in overlap/redundancy (x*(5) = 16.126,
P < 0.01). Between groups QB/CN and CN/Qake (p < 0.05) a significant difference (with an
effect size of d = 0.64) could be determined, as well as between groups QB/B and Qake/B
(p =0.05, and 4 = 0.19). Between all other pairs, no significant difference could be iden-
tified. Representations with the same dimensions were assigned the highest rating values
for overlap/redundancy (QB/B: 3.45 + 0.89; CN/Qake: 3.95 + 1.05).

4.2.3 Results from task categories

As already mentioned, there was a significant difference between the expert ratings of the
suitability of the representations for visualising concepts (x2(3) = 37.258, p < 0.001). This
concerns the concepts of quantum measurement, superposition, and probabilistic. This
difference was found to exist mainly between the Circle Notation and the Bloch sphere
(d = 0.43), the Quantum Bead and the Circle Notation (d = 0.42), Qake and the Bloch
sphere (d = 0.48), and Qake and the Quantum Bead (d = 0.51). Circle Notation (mean:
4.02 £ 1.07) and Qake (mean: 3.88 & 1.05) were rated higher on average.

The results indicate significant differences in the representations regarding the visual-
isation of phase (relative) (x*(3) = 15.528, p < 0.001). Post hoc tests showed that these
differences were mainly between the Quantum Bead and Bloch sphere representations
(p <0.01, d = 0.64), and also between the Quantum Bead and Circle Notation (p < 0.01,
d = 0.60). A high effect size can be assigned to this. The Circle Notation and Qake were
rated higher on average.

There was also a significant difference in the visualisation of the amplitude (x*(3) =
29.008, p < 0.001). The data showed a difference between the Quantum Bead and Circle
Notation representations (p < 0.01, d = 0.67) and also a significant difference between the
Quantum Bead and Qake (p < 0.01, 4 = 0.76). Significant differences were also found in
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the comparisons between the Qake representation and the Bloch sphere (4 = 0.66). Qake
(mean: 4.60 + 0.52) and the Circle Notation (mean: 4.50 & 0.51) were rated higher on
average. A high effect size can be assigned to this.

Moreover, ratings for visualisation of the amplitude correlate positively with those for
the predictability category r = 0.49 (95% confidence interval of 0.30 to 0.64).

There are no significant differences between the representations concerning the cate-
gory quantum technology. This is likely due to the fact that all representations of a qubit
were visualised, thus allowing us to demonstrate the elementary operation of a quantum

computer (the X-, Z-, and H-gates).

4.2.4 Results from cross-concept categories

The data indicated significant differences between the representations in terms of effort
in explanation (x2(2) = 8.9333, p < 0.01) specifically between the Circle Notation and the
Bloch sphere (d = 0.55, p = 0.034) and between Qake and the Bloch sphere (d = 0.56, p =
0.032).

The expert assessments differed significantly across representations for the category
generability according to the Friedman test results (x%(2) = 8.4595, p < 0.01). However,
the subsequent pairwise comparisons using the Wilcoxon signed-rank test with Bonfer-
roni correction showed no significant differences between the individual representations
(p > 0.05). This suggests that, although there were overall differences in the ratings, none
of the specific pairwise differences were statistically significant after the correction for
multiple comparisons was applied.

The coefficients of variation for generability the Qake representation and effort in the ex-
planation for the Quantum Bead exceeded 0.5, indicating significant disagreement among
the experts. Due to the lack of consensus reflected in the data, these representations were
excluded from consideration in these categories.

In the following, we present an overview of the results and indicate how they can play a
role in the development of new qubit representations. Fig. 4 visualises how the four rep-
resentations differ in their profiles across categories. The categories overlap/redundancy
and complementarity are not included as they do not refer to individual representations
but to combinations of them.

It can be seen that representations were rather similar regarding the categories conti-
guity, mathermatics, and quantum technologies. However, the experts perceived consider-
able differences between the representations in the following categories: phase, amplitude,
concepts, and understanding difficulties. Moderate differences were observed for salience,
dimension, and predictability. Table 5 shows the effect sizes of the differences within the
representations. These can be helpful when deciding on the choice and creation of new
representations, in which a categorisation can be made beforehand according to similari-
ties and average, strong differences in the aspects of representations. It is essential to plan
how these are used in their tasks/applications. The mean value was inverted for under-
standing difficulties to provide an overview of which categories were rated higher and thus
have a positive impact on learning. Colour is intended to show how relevant the colour
component is for understanding the concepts and represents a limitation of the represen-
tation, which is why it is inverted.
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Comparison of Average Rating Values for Different Representations
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Figure 4 Overview of the differences in means between the representations in each category. Categories
marked with * are inverted. The mean values were inverted for understanding difficulties, that is, high values in
these items mean that experts associate the representation with a lower tendency to cause understanding
difficulties, because we want to give an overview in this figure of which categories were rated higher and are,
therefore, positive for learning. Effort in explanations is also inverted: high values in these cases mean that
experts perceive less effort in presenting information with the representation. The categories and
representations that were not analysed further due to a lack of agreement are as follows: actions/steps and
complementarity, colour for the Quantum Bead, generability for the Cake, and effort in explanations for the
Quantum Bead.

\

Table 5 Overview of effect size for each category

Category Effect sizes
Moderate to high effect
Amplitude 066 <d=<076
Phase *relative 060 <d <064
Understanding difficulties 040 <d <052
Overlap/redundancy d=064
Moderate effect
Concepts 042<d =051
Dimension d=<039
Salience 031<d=<038
No difference
Mathematics
Contiguity
Predictability
Quantum technologies

Only effect sizes for which the experts were in ag for all rep! ions are shown. Thus, colour, generability and

effort in explanations are not listed.

4.2.5 Results of the free-text questions
The experts were also asked to indicate which category they thought was important to
differentiate the representations and which concepts, if any, were missing.

An expert noted that the salience category is difficult to assess, as it is hard to fulfil the
conditions for salience via the rating.

The actions/steps category is also difficult to quantify. This is also reflected in the wide
spread of rater responses in this category, which is still meaningful for categorising the
representations, but should be recorded differently. One possibility would be to record
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the individual steps qualitatively via what is spoken or written and to quantify them via
defined sections in “steps”.

Another expert, felt that the effort in explanation category is the most important from
an educational perspective. This proves to be a good categorisation of the representation
for effective and target group-oriented use.

Some experts suggested including additional categories for correctness, enjoyment in
learning, the possible construction of real models for visualisation, and interactive soft-
ware or videos.

The following additional concepts were suggested: mixed states, partial traces, errors,
types of entanglement, entanglement entropy, systems with more than two qubits, C-X
(controlled-X) gates for two qubits in all representations, as this is essential for quantum
computing, and visualisation of multiple qubits and algerithms.

5 Discussion

The expert rating process had two goals: to identify features of qubit representations that
may support learning and to identify factors that need to be considered when developing
new qubit representations.

5.1 Interpretation of findings

The data show that, according to the experts, of the four compared representations, the
Circle Notation and Qake are especially well suited for visualising concepts such as phase
or amplitude. They provide clarification of the theoretical relationships between phase
and amplitude, which play a central role in the precise description of a quantum state.

In general, the aim in learning environments—whether in traditional instructional
materials, multimedia-based instruction, or technology-enhanced approaches such as
AR/VR—is to reduce difficulties that can arise from misconceptions in visual-graphical
representations. More attention needs to be paid to shape, dimension, and preconceptions
to avoid misunderstandings [1, 64, 79]. The exclusion of one statement (B) has shown that
it is difficult to judge on the basis of statements whether visual-graphical representations
can cause or reinforce misconceptions or difficulties.

The remaining statements allow us to identify the differences in perception between the
raters regarding the potential for triggering difficulties or false concepts in learners, with
a medium to high effect size, which is why we think it is important to consider difficulties
with regard to misconceptions.

According to the ratings, the qubit representations differ in salience, which may play a
key role in learning. The correlation of the ratings in the salience category with those in
the dimension category suggests that more salient representations like the Quantum Bead
also have more appropriate dimensionality (2D or 3D) for understanding the concept. It
is possible that this correlation is due to other factors, or that the variety of representa-
tions employed is insufficient to fully recognise this effect. Particularly highly salient rep-
resentations show a strong colour component (e.g. the Quantum Bead). Brightly coloured
representations such as the Quantum Bead are beneficial for learning if they are used to
attract attention to relevant components [62].

Moreover, the expert rating results indicate that the dimensionality of a representation
could play a role in understanding difficulties. In consideration of the theory and the find-
ings [63—65], it has already been shown that spatial dimensionality can lead to difficul-
ties in understanding. Overall, however, the expert ratings only refer to a small, selected
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number of statements regarding difficulties or misconceptions, which could potentially be
caused by learners being overwhelmed by or misinterpreting the representations’ features.

There are no significant differences between the representations regarding the finc-
tion categories for qubit representations, except for predictability and overlap/redun-
dancy. This is likely because most categories were considered elementary for qubit
representations or because the selected representations may be similar in these re-
spects.

The expert rating has shown that the individual qubit representations have different
feature profiles, which is reflected in the different strengths and weaknesses of the repre-
sentations. None of the representations could be found to be clearly superior or inferior in
all categories. In other contexts, the use of several representations, also known as multiple
representations, has proven to be useful (see Sect. 2.3). The following quotes from experts

in the free-text responses illustrate this:

{... ] But there should never be the ‘one representation, since more visual models like
the qubit cakes will always be easier to digest at first, while models like the bloch-sphere
help understand more complex topics. (Expert no. 16)

‘The Circle Notation and the quantum cake model purely represent the mathematical
tool of expressing a qubit (or several qubits). Hence they are mostly helpful to students
who are struggling with the basic math. The other two representations (Quantum Bead
and Bloch sphere) on the other hand are somewhat more advanced, because they try to
represent the fact that a qubit can be visualized in 3-dimensional space. [... ]’ (Expert
no. 3)

This emphasises how important it is to know features/aspects of qubit representations
in order to use them in a targeted and learning-promeoting way.

5.2 Further research

An attempt has been made to draw conclusions for learners from the experts’ assessments
and current learning research, but further studies are needed to verify the results and ob-
tain a more detailed perspective. Table 6 provides an overview of expert opinions on the
individual features of the representations using the mean values. This helps to raise ques-
tions for follow-up studies, such as which of the features that differ between the represen-

Table 6 Scaling of the different categories in relation to representations

Categories Quantum Bead  Circle Notation  Bloch sphere Qake
Salience | high | low Tow | middle
Dimensicn middle high middle high
Understanding difficulties! middle high middle middle
Colour? no information middle high low I
Predictability middle high middle middle
Concepts middle high middle high
Phase (relative) middle high high middle
Amplitude [ low high middle high
Generability middle middle middle no information
Effort in explanations® no information high low high

When the internal agreement amang the raters was insufficient—applying only to this representation—uwe dlassified it as ‘no
information’

I'High' means less prone to difficulties; low’ means very prone to difficulties

2'High' means that calour are not necessary to visualise concepts in QP, which is positive for representation.

3'High' means less effort is needed to explain how a representation presents information; low” means more effort is needed.
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tations according to the experts’ ratings are relevant to learning. The scaling from low to
high was chosen based on whether there were significant differences in the data from the
tests reported in this study and the corresponding orientation by mean value. If there were
no significant differences between the representations, the same category was chosen for
them. In future studies that investigate the influence of single features of representations
on learning, as many aspects as possible should be controlled to study the effect of a par-
ticular aspect. Maintaining this balance is a challenge. The gains in learning provided by
representations could be measured. In any case, a follow-up study is required to capture
the effect of the representations on learners’ achievements. It is, therefore, necessary to
investigate whether the identified features of qubit representations, which differ from ex-
pert opinion, can be transferred to the perspective of the learners and examined for their
potential to facilitate learning. For instance, it could be investigated whether certain rep-
resentations are more likely to cause difficulties than others. It would also be interesting
to investigate the relationship between predictability and amplitude visualisation in more
detail. Are there effects on learning when the amplitude is visualised more strongly in the
representations?

Draft of a study: In Table 6, the differences and similarities between the representa-
tions are shown. One possible study would be to first analyse two similar representations
that nevertheless have substantial differences in a certain category, such as the Quantum
Bead and the Bloch sphere in the salience category. The challenge, however, is to reduce
or avoid compensation effects or effects that are stronger due to other categories than in
the other representation (in this case, phase and amplitude for the Bloch sphere). Both
representations could be delivered via a learning unit for a specific concept, for exam-
ple, for superposition. Eye tracking could be used to analyse the learners’ gaze behaviour
and determine the duration of fixation. Pre- and post-tests could be used to compare the
learning gain with the representations and thus determine how high the learning gain was
when using the representations. Many other studies are possible.

As mentioned, MER can be used in different ways. When there are overlaps or redun-
dancies between representations, these can be useful for learning concepts in QP and QT.
In favour of the use of multiple representations: overlaps in representations of the same
spatial dimensionality were rated higher on average by the experts. Further research is
needed to investigate the learning potential of the use of multiple representations and, in
particular, which combinations are conducive to learning. We know from MER research
that the use of multiple representations can fulfil various functions that can promote learn-
ing with representations [7]. They can be analysed for different functions. Specifically,
there are three key functions that MERs can perform (even simultaneously) to support
the learning process:

1. supporting complementary processes

2. enabling representations to constrain each other

3. developing of deeper understanding

As part of a study, it could be examined to what extent and with combinations the use of
MER for qubit representations makes sense. The combinations from the rating can be used
for this purpose. The study could contrast learning using a combination of representations
with learning using individual representations.
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5.3 Limitations

The expert ratings provide us with a categorisation based on people with a wealth of expe-
rience, but there are also some limitations, such as the small sample size and the specific
selection of representations. The experts had a limited view of the representations as they
only had access to the contents of the cheat sheet and, where applicable, material from the
references. It is therefore possible that the strength of the representations was limited.

Additionally, the relatively high number of rating items (140) may have led to fatigue
effects among the raters, potentially influencing their responses towards the later items.
However, the structured nature of the rating aimed to minimise this effect, and raters had
the option to pause and resume their assessment at any time, ensuring that they could
complete the ratings without time pressure.

Furthermore, the categories that were not further analysed due to a lack of agreement
are not necessarily unsuitable, including complerentarity and actions/steps. With a larger
sample, it could be valuable to analyse these further. Similarly, the use of tangible tools for
visualizing representations was not included in the ratings. Due of the study as an online
survey and the highly variable and, in some cases, limited development status of tangible
tools across all representations, this aspect could not be assessed.

Moreover, while expert perspectives provide valuable insights into the structure and
conceptual affordances of representations, they do not necessarily reflect the intuitive un-
derstanding and learning processes of novice learner. Experts tend to evaluate represen-
tations based on their completeness, efficiency, and formal correctness, which may differ
from the cognitive accessibility that would be most beneficial for learners. This distinction
should be kept in mind when interpreting the findings.

Due to the lack of consensus among the raters, items in certain categories or even entire
item sets, and thus the entire category, were excluded, so that the expert ratings only offer
a limited view of the features of visual-graphical qubit representations. The concepts were
exclusively focused on the consideration of single-qubit cases. Multi-qubit systems were

not directly analysed.

6 Conclusion

The expert ratings provide key insights into the features of qubit representations that fa-
cilitate learning in QP and highlight important considerations for developing new, more
effective representations in QP education. Choosing appropriate representations is chal-
lenging. Leveraging the category system based on the DeFT framework could help make
visual representations more effective and optimise their use in different educational con-
texts.

6.1 Key insights from expert rating
« Phase and Amplitude: The expert ratings in this study suggest that representations
like the Circle Notation or Qake could be more effective in teaching fundamental QP
concepts, than the other two representations analysed in this study. The Circle
Notation was also rated highly in terms of phase and amplitude and the experts
attached particular importance to representations that clearly visualise these aspects.
In addition, representations that explicitly visualise the relative phase with an arrow or

a line, such as the Circle Notation and the Bloch sphere, received higher ratings.

.

Colour and Salience: Although colour can enhance salience for specific purposes, it
is not deemed essential for conveying the core concepts.
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« Combination of representations: Since no single representation can effectively
convey all concepts (for example, the Bloch sphere does not visualise entanglement),
multiple representations should be combined for a more comprehensive

understanding.

.

Understanding difficulties: Misconceptions can arise from different sources, and
careful consideration of these factors is necessary when developing educational
materials.

Key factors in developing new qubit representations include minimising difficulties, par-
ticularly through clear visualisation of the (relative) phase and amplitude. Our findings
indicate that the Circle Notation and the Qake model are particularly effective in visual-
ising quantum concepts and are considered easier for learners to understand. To prevent
misunderstandings, especially with less intuitive representations like the Quantum Bead
and the Bloch sphere, a more detailed introduction or explanation may be required. This
suggests that the Circle Notation or a pie chart model, like Qake, may be more suitable or
efficient for teaching the fundamental concepts of QP and QT (see Fig. 4 and Table 5).

Finally, representations such as the Bloch sphere cannot be used for all concepts (e.g., en-
tanglement), so they must be used in combination with other qubit representations when
teaching QT. According to experts, they can certainly be used for educational purposes
and may even be capable of supporting a transition to the use of MER to fill this “gap” [2, 7].
This enables a comprehensive representation of quantum concepts, particularly those that
are fundamental to QT.

These findings have important implications for the development of future teaching ma-
terials and could significantly enhance the teaching of QP. Future research should focus
on refining these representations for different educational levels and contexts, exploring
their effectiveness across diverse learning environments, and integrating additional visual
elements to further aid comprehension.

6.2 Challenges and open questions

While this study focuses on expert perspectives, an important open question remains:
How do learners perceive and learn with different representations? Future research should
involve learners in empirical studies so that it is possible to investigate how representations
support or hinder learning processes in terms of the category system.

Moreover, this study is not without limitations, including its relatively small sample
size, limited range of representations, and exclusive focus on single-qubit cases. Thus, al-
though the findings are promising, further research is needed to confirm the results across
broader settings and with more varied representations. Future studies should also inves-
tigate multi-qubit systems to provide a more comprehensive understanding of effective
representations in QP education.

By leveraging the expert-rated category system based on the DeFT Framework, edu-
cators and researchers can develop more effective visual representations that align with
learners’ needs and support deeper conceptual understanding in quantum physics educa-
tion.

Appendix A: Medians
After a significant Friedman test (see column p-value), comparing the medians between

conditions can help to identify patterns in the ratings and clarify the direction of differ-
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Table 7 Median expert rating for each category

Category Quantum Bead Circle Notation Blach sphere Qake p-value
Design
Salience 30 30 30 30 e
Dimension 40 40 4.0 40 =
Understand difficulties! 40 30 40 30 b
colour - 40 50 10 R
Function
Actions/steps - - - - -
Mathematics 30 40 40 40 ns.
Contiguity 40 40 30 40 ns.
Predictability 40 40 40 40 *
Tasks/applications
Concepts 30 40 30 50 =
Quantum measurement 30 4.0 4.0 50 =
Superposition 30 4.0 4.0 50 **
Probabilistics 40 40 30 50 *
Quantum technologies 40 40 40 40 ns.
Phase? 40 50 5.0 40 =
Amplitude 35 45 40 50 e
Cross-concepts
Generability 20 30 20 - had
Effort in explanation? - 30 20 30 **
The p-value was calculated using the Friedman test to determine the difference between the representations. ***p < 0001,
**n <001 and "p < 005, n.s. = not significant
linverted: 5 means very prone to difficulties, 1 means less prone to difficulties
2Relative Phase
3Inverted
Table 8 Medians of function categories
Category Function
QB&CN BRQB Qake&QB B&CN CN&Qake Qake&CN p-Value
Redundancy 30 35 30 40 40 30 **
Complementarity - - - - - - -

Combinations of representations: QB&CN = Quantum Bead and Circle Notation, B&QB = Bloch sphere and Quantum Bead,
Qake&QB = Qake and Quantum Bead, B&CN = Bloch sphere and Circle Notation, CN&Qake = Circle Notation and Qake,
Qake&CN = Qake and Circle Notation

ences. Medians are used to indicate central tendencies. Table 7 and Table 8 provide infor-

mation about the median rating levels.

Appendix B: Coefficient of variation

The coefficient of variation provides a measure of agreement among expert ratings by ex-
pressing the standard deviation relative to the mean (see Table 9 and 10). All items with
a value of 0.5 or higher were excluded from the analysis, as they exceed the threshold
value, indicating high variability among responses. These excluded items are highlighted
in grey in the table for better visibility. The exclusion criterion ensures that only items
with sufficiently low response variability remain in the analysis, enhancing the robust-
ness of the comparisons between the different representations. This appendix provides
an overview of the coefficient of variation values used to assess rating consistency across

categories.
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Table 9 Coefficient of variation for the total items of the categories

Item Quantum Bead Circle Notation Bloch sphere Qake
Salience_05 027 036 027 025
Salience_QM 032 035 030

Salience_Sp 029 032 031

Salience_E 037 027 040

Dimension_Q5 029 0.29 o

Dimension_OM 021 0.27

Dimension_Sp 027

Dimension_E
Actions_steps_QS
Actions_steps_QM
Actions_steps_Sp
Actions_steps_E

Understanding_difficulties_A 0.19

Understanding_difficulties_B 05 0.51
Understanding_difficulties_C 042 043
Understanding_difficulties_D 028 039
Colour 055 047
Mathematics 040 0.25
Contiguity 039 0.28
Predictability 019 018
Phase_Gl 0.64 032
Phase_RI 043 0.21
Amplitude 031 0.11
Concept_QM 031 0.27
Concept_Sp 039 0.27
Concept_E 045
Concept_prob 0.34 0.27 0.29
QT_H-Gate 027 036 036
QT_X-Gate 023 0.31 026
QT_Z-Gate 029 033 034
Generability 032 039 0.51
Effort_in_explanation 05 037 036

Any item with a coefficient of variation of 0.5 or higher was excluded from further analysis.

Table 10 Coefficient of variation for complementarity and overlap/redundancy in combination of
representations. We name the items according to the requested combinations

Item QB&CN B&OB QakedCB B&CN CNEQake QakeRCN
Redundancy 033 026 0.35 038 027 040
Complementarity 046 051 048 053 048 050

Combinations of representations: QB&CN = Quantum Bead and Circle Notation, B&QB = Bloch sphere and Quantum Bead,
Qake&QB = Qake and Quantum Bead, B&CN = Bloch sphere and Circle Notation, CN&Qake = Circle Notation and Qake,
Qake&CN = Qake and Circle Notation

Appendix C: Mean rating value (graphs)

The following section presents the mean rating values across the evaluated categories. To
facilitate comparison, the bar charts have been structured as grouped bar charts, display-
ing multiple categories for each representation side by side.

Figure 5 shows the mean values for the design-related categories, including salience, di-
mension, and understanding difficulties. Figure 6 presents the mean values for function-
related categories, including mathematics, contiguity and predictability, and Fig. 7 pro-
vides an overview of the ratings for application-related categories. These visualizations
support the analysis of differences in expert ratings across the evaluated representations.
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Comparison of Representations Across 'Design’ Categories
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Figure 5 Mean values for categories under design categories
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Figure 6 Mean values for categories under function categories

Comparison of Representations Across "Tasks/Applications' Categories
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It should be noted that the mean values presented in these figures provide an overview
of the ratings but do not necessarily indicate statistically significant differences in all cat-
egories. For a detailed statistical analysis, incorporating significance testing, please refer
to Table 3.

Abbreviations

DeFT, Design, Functions and Tasks; MER, Multiple external representations; QF, Quantum physics; QT, Quantum
technology.
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1.Quantum state

What is a quantum state? A quantum state describes a physical system and encodes
probabilties of measurement results. In a two-state {quantum) system, the quantum state s
described by two basis states. For the term basis states, let's look at a simple concept of a two-
state system: The quantum bit (qublt for short). It has the two basis states 10> and 11> [2].

1.1 Qubit

A qubit is a two-state system and is completely described by the basis states 10> and I15. This
can be, for example, an atom in the ground state (10>) and excited state (11>) or a photon (light
quantum] that can pass through two possible paths: Path 1 (10>} Path 2 (11>).

QuBit

The "Qu-" stands for quantum The term "-bi is known from
(quantum  physics). And s computer science. A classical
intended to show that the laws computer calculates and encrypts
of quantum physics apply to the binary system, i.e. with Os and 1s.
t form of bit. The special
rules that enable us to work
with this type of bit apply. What
these rules/laws look like is
shown below.

In a qubit, 11> and 10> are the so-
called basis states. The advantage
over the classic computer is that the
qubit uses properties of quantum
physics, for example a superposition
of 10> and 11>, This and much more
makes working with qubits so
special.

The qubit is often described using mathematical formulas.

Certain representations, such as Quantum Beads by the Glaser working group (1], are an
exact and complete visualization of the abstract state function | >, We can represent a two-
state quantum system (qubit) using special spheres.

1.2 Representation: Quantum Beads

Important: Quantum Beads do not represent the physical implementation of qubits but are
a general visualization of the quantum state |§> , generalizing the Bloch vector
representation|

With this representation, a single qubit is depicted as

a red and green shaded sphere (a so-called Q-Bead)
that can be rotated at will and can therefore assume
different states [1,2]. If a Q-Bead is oriented with its
red pole pointing along the z-axis, this corresponds to
the state 10>. In contrast, a Q-Bead that has its green ot

pole oriented along the Z-axis represents the state
11>, Red and green then correspond to measurement
outcomes 0 and 1, respectively.

"
QM IO waeLaNckmsTITUY

Own isuabzaton based on Huber B Giser (2024} |

Exploring Qubit Representations
Quantum Beads (Q-Beads)

cha Mehiase,

2. Quantum measurement 4. Entanglement

The colors of Quantum Beads can be used to If qubits are entangled with each other, the measurement result of one qubit
obtain  information on  measurement determines the result of the other. This connection is represented by
probabilities. ntanglement be E-Be: [1]. When qubits are entangled, they share

‘common information.

The color at the top of a Q-8ead determines.
the probability of measuring O (red) or 1
(green) when we measure along the z-axis.

Maximally entangled two-qubit states are represented by completely black Q-
Beads and 3 blue, yellow or black E-Bead [1], but all three colors can also exist at
the same time (see following example).

.

The following example illustrates how information is read from the sphere . .

o Q-Bead 1 Q-Bead 2

slong the 2-Axis)

Quantum Bead ‘
— 100%

These can be also used to read out
f a quantum state.

£-Beads have the colors blue, black or

about
£
Coorsong
0% \ /Sx — 100%

If we want to measure a single qubit, we look at the corresponding Q-Bead along

the measurement axis (here: 2-axis). If the color along the measurement direction

is completely red or green at the time of the the anticorrelated
quantum state 0 {red) or 1 {green) is obtained with a probability of 100 %.

k

Outcomes

i s & Glever (2024

If the Q-Bead is black at the time of the measurement, there is a 50/50 probabllity
of the measurement result being O (red) or 1 (green). At the time of the
measurement, the qubit was in a superposition of the quantum basis states. If
measurements are performed in a direction other than the z-axs, other
measurement results can also be obtained according to the color code in the
respective direction.

n the case of two entangled qubits, blue means that that the measurement
results in opposite outcomes, i.¢. 01 or 10 means that identically oriented
pairs are obtained.

Black means that the measurement results for the two qubits are uncorrelated.

3. Superposition and Probabilities

If the Q-Bead is tilted away from the z-axis, we call this 2 superposition state.
In the right hand example, the Q-Bead is tilted at the time of the
measurement and is dark red at the top. This allows us to tell that it is more
likely to measure 0.

Nevertheless, there is also a chance to measure 1. The exact probabilities can
be obtained from the scale provided in section 2

Didaktik
der Physik

5. Quantum Technologies

What do single-qubit operations {quantum gates) of a quantum computer look fike in this
representation?

X-Gate
In quantum computing, the X-gate is equivalent to the classical NOT-gate. If an X-gate is applied to
one of the basis states 10> or 11>, the state is negated. Formally, this means:
X]0)= 1)
X11)= 10)
The X-gate rotates a Q-Bead by 180 degrees around the X-axis.

One starts with a qubit in state 10> (see example 1, measurement along the z-axis) and one applies
an X-gate, the Q-Bead is rotated by 180 degrees around the X-axis and results in state 11> (green),

Y
‘ =
Z¥— X
Z-Gate
When a Z-gate is applied to a qubit, there is a phase shift of the |1) state by 180 degrees.
Formally, this means:
Z|0) = |0}
2)1)=-11)

100%

The Z-gate rotates a Q-Bead by 180 degrees around the Z-axis.

One starts with a superposition state :\125 + 1)) as in example 2, the qubit remains in a
superposition but the orientation of the Q-Bead changes {result: 1/ (foy = 1)

RN Sebagy Semsl ¥ )

50% 50%

e 2. own isushantion b on Muer  Glase (2

The Hadamard gate is often used to generate superpositions. If a qubit is in the state [0) and the
H-gate is applied, we formally get:

1
HI0) = —= (J0) + |1
10) <MA_V 1)

This means that the qubit results in a superposition of the states |0) and |1). The proba!
measuring the state [0) or |1} is 50%. Using Quantum Beads, we have certain rules that are
linked to the spatial directions and the rotation of the spheres (tip: use the right-hand rule to
help you). To understand the H-Gate we start with a single Q-Bead oriented as shown on the
right side (state (05)

The Hadamard gate'rotates a Q-Bead by 180 degrees around the XZ axis (angle bisector
between the X-and Z-axes).

We start with a qubit in state 10> (red) (measurement along the Z-axis) and apply an H-gate. The
Q-Bead is rotated by 180 degrees around the XZ-axis. A superposition state is created which
results in either 0 (red) or 1 (green) with equal probabilities when being measured

Y
L @110 -0®

50% 50%

Bamgle 3. own vsuslization based oo Hubse & Giscer [2026) (1
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1.Quantum state

What is a quantum state? A quantum state describes a physical system and encodes
probabilities of measurement results. In a two-state (quantum) system, the quantum state is
described by two basis states. For the term basis states, let's look at a simple concept of a two-
state system: The quantum bit (qubit for short). It has the two basis states 10> and 11> [2].

1.1 Qubit

A qubit is a two-state system and is completely described by the basis states 10> and I1>. This
can be, for example, an atom in the ground state (10>) and excited state {11>) or a photon (light
quantum) that can pass through two possible paths: Path 1 (10>} Path 2 (11>).

QuBit

The "Qu-" stands for quantum The term ™bit" is known from
(quantum  physics).  And computer  science. A classical
intended to show that the laws computer calculates and encrypts in
of quantum physics apply to the binary system, i.e. with Os and 1s.
this form of bit. The special In a qubit, 11> and 10> are the so-
rules that enable us to work called basis states. The advantage
with this type of bit apply. What over the classic computer is that the
these rules/laws look like is qubit uses properties of quantum
shown below. physics, for example a superposition
of 10> and 11>. This and much more
makes working with qubits so
special.

The qubit is often described using mathematical formulas.

Certain representations, such as the circle notation (CN) of Johnston et al, 2019, provide a
representation of the mathematical formulas. We now want to represent a two-state

quantum system, or qubit, in circle notation.

1.2 Representation: Circle notation (CN)

Important: Two circles represent a qubit system and not individual quantum objects or

even a division of these.

The representation is a two-state system with the basis states 10> and [1>. Each basis state is
described by an empty circle. The inner area of the circle ") describes the

probability of measuring the respective basis state, and the orientation of the line describes

the phase. Since we have exactly two basis states for a qubit, it is described with two circles.

PhotonLab

2. Quantum measurement

1-Qubit Case:
|¥) = a,|0) + az|1)

Example 1 shows the circular notation with the magnitudes of the amplitudes
@y as filled inner circles with the radius |ay 2| and their phase ¢ of a, = e/?|a;|
as an angle between the radial line and a vertical line.

The following example lllustrates [3] how information is read from the CN.

e sk e

2 e prase
7 marks &
T smpiute

i
0) +V0.2 e'2]1)

Exsmple 3, cwn viksuSiation besed on 3.

Second Example 1- qubit: If you compare the areas of the inner circles, you can
see that the measurement of 0 is more likely than the measurement of 1. The
state 10> is completely filled with color, 5o there is a 100% probability of measuring
the state 0 [1):

Exampe 2, oun viuseaton bases o 3,

The measurement of a single qubit leads to the collapse of a superposition state of
0 0r 1 {more details in the next section). This applies analogously to measurements
of n qubits.

The probabilities of measuring 0 or 1 are given by the area of the inner circle of the

basis states. For several qubits, it is the sum of the areas that correspond to the
value 10r 0 (1).

3. Superposition and Probabilities

4. Entanglement

Entangled states are multi-qubit states that cannot be separated. By paying
attention to the symmetry except for one complex factor of the basis states, you
can recognize whether a state is entangled or not. The example 5 shows you how

1o Interpret the symmetry axis.

[—

Qubit 11 is Binked to every basis state of
aubit 2, creating a 20 array. Amglitudes
follow the standard Kronackar product

The system's separsbity & depicted by 8
reen symmetry axisThe coefficient ratio
wor _aty mia

along this axis’s T3 =52 = VE e

If there is no symmetry, we talk about an entangled state (see example 6).

Symmetry axis, which provides visual support to
visually assess whether qubits are entangled or not.

A transformation can be used to create an
entangled state from the non-entangled state and
the reverse, as shown on the image on the left.
Here we see an entangled state due to the lack of
symmetry.

2.

Transformation here: CNOT gate (Controlled Not-
Gate), transforms an entangled state into a non-
entangled state. The control qubit is #1, the target

is #2. The gate changes the state of the target
qubit when the control qubit is 1. This can be
represented by swapping along the axis of qubit

The last state is not entangled, as shown by the
green symmetry axis (- coefficient ratio).

Remark: The presentation Is similar to the contents of the representational

by Bettina Just *

At the beginning, the qubit can be described with the basis state 10>, after a transformation by, for
example, the Hadamard gate, the quantum state is in a superposition of 10> and 11>, the probability of

measuring one of these states corresponds to 50% (see share of the inner circle, blu

. The Hadamard gate

transforms a state into a superposed state (superposition state), whereby it reverses the phase if the basic

state 11> is "started" (see before the transformation, full inner circle for basic state 11>). This means that

state 1 was known before the transformation. That shows you Example 3.

Example 4 is not a phase shift, since the basic state 0 was "started" before the transformation, but it shows

you how a superposition state in CN (4] look:

Kompakt® [5]

Exampie 3, oun vsstiston bases on

00 -0@®

Exampie 8, oun vssasiaton bases on 3],
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5. Quantum Technologies
What do single-qubit operations (quantum gates) of a quantum computer look like in this
representation?

X-Gate
In quantum computing, the X-gate is equivalent to the classical NOT-gate. If an X-gate is applied to
one of the basis states 10> or 11>, the state is negated. Formally, this means:

X|0)= 1)

X|1)=10)
If an X-gate is applied to a qubit in one of the basis states 10> or 11>, the state is reversed. This is
very clearly shown by the CN. The orientation of the lines and the inner circle surfaces are
transformed to the other basis state.

20/80 probability
x - \\/ - | oor1
o — » ;

(LR p—A———
Z-Gate

When a Z-gate is applied to a qubit, there is 3 phase shift of the |1) state by 180 degrees.
Formally, this means:

Z|0) = |0}

Zi1)=-11)
If a Z-gate s applied to a qubit, the state |1) is phase-shifted by 180 degrees. The basic state 10>
remains the same, only the line is rotated by minus Pi for the state I1>. In the CN, this clearly
means:

20/80 probability
N Oorl
Exampie 3, cun wisaaabon based o 3],

Hadamard Gate (H-Gate
The Hadamard gate is often used to generate superpositions. If a qubit is in the state |0) and the
H-gate is applied, we formally get:

1
H|0) = -1 10y + |1)

This means that the qubit is in a superposition of the states |0) and |1). The probability of

measuring the state |0) or |1) is 50%. By circle notation, the rules already mentioned apply with

the inner circle area and the orientation of the line describing the phase.

As already mentioned, the H-gate)is often used to generate superpositions. If a qubit is in the state

10) and the H-gate is applied, we obtain a superposition with the CN:

50/50 probability
\r Oor1

ity of measuring 11> or 10> after the H-gate is 50% in each case, so the inner circle areas
are evenly filled. If we have a qubit in the state 1) and apply the H-gate, we get:

[ ———
Here, the qubit s also in a superposition, but with a phase shift (rotation of the line by ) between
the states |0) and |1).
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1.Quantum state

s a quantum state? A quantum state describes a physical system and encodes

ies of measurement results. In a two-state (quantum) system, the quantum state is

described by two basis states. For the term basis states, let's look at a simple concept of a two-
state system: The quantum bit (qubit for short). It has the two basis states 10> and 11> [2].

1.1 Qubit

A qubit is a two-state system and is completely described by the basis states 10> and 11>. Thi
can be, for example, an atom in the ground state (10>) and excited state {11>) or a photon (light
quantum] that can pass through two possible paths: Path 1 (10>} Path 2 (11>).

QuBit

The "Qu-" stands for quantum The term is known from
(quantum  physics). And is computer ce. A classical
intended to show that the laws computer calculates and encrypts in
of quantum physics apply to the binary system, i.e. with Os and 1s.
this form of bit. The special In a qubit, 11> and 10> are the so-
rules that enable us to work called basis states. The advantage
with this type of bit apply. What over the classic computer is that the
these rules/laws look like is qubit uses properties of quantum
shown below. physics, for example a superposition
of 10> and 11>. This and much more
makes working with qubits so
special.

The qubit is often described using mathematical formulas.

Exploring Qubit Representations
Bloch sphere

2. Quantum measurement 4. Entanglement

To illustrate the measuring process, Diir and Heusler suggest that you imagine the The Bloch sphere can be used to visualize product states, but not entangled
i direction. We consider the stat
usual measuring axis in the Z direction. Thus, the measurement ensures that the Bell states are exceptions. In the following, a Bell state will be shown with the
state vector must be oriented in either the positive or negative Z direction by For led state, der two qubits
passing through the slit, see example 1. The probability of obtaining a
result is ined by the angle between the slit W2} = al0) + B11) und [¥5) = ¥10) + 511),
and the state vector [1). For example, if the state vector is close to the positive Z- Pa——
axis, it is more likely to measure state 10>.

i.e. two Bloch spheres and their basis states (see example 4).

The common state of the two independent
qubits i linked by the tensor product ®.

Example 5 visualizes a fully entangled

v ur . quantum system, which resuits from the
3 /AP "V ) superposition of 101> and 1105, looks as
3 9 » + 7 follows with the help of the Bloch spheres:
[ ——

a 00):00-®

e et e, Oan vaultionted e 1. )

Entangled states are created by connecting the basis vectors of the originally
independent qubits to form a separate Bloch sphere, which is characterized by
double arrow directions. ,The double arrows identify antipodes on the
generalized Bloch sphere® ([1]).

Eamele 1: Mesurement, Omn vauliation based cn 1)

The “slits" are only to be understood as helpful objects to illustrate the
measuring process and have no direct physical meaning!

3. Superposition and Probabilities

The manipulation of qubits corresponds to the rotation of the vector arrow in the Bloch

Certain representations, such as the Bloch sphere with the didactic interpretation of Diir and
Heusler, 2012, provide an image of the mathematical formulas. We now want to show a two-
state quantum system or qubit using the Bloch sphere,

1.2 Representation: Bloch sphere

Important: do not represent the q object, but describe its behavior!

A qubit is represented by a vector of length 1. Vertical basis states are antiparallel on the
Bloch sphere. The brackets around the spheres represent an algebraic structure (so-called Bra-
Ket notation) in quantum physics and will not be considered further for the time being (1].

MCQST PhotonlLab

MAX-PLANCK-INSTITUT

One way to implement a qubit is to use jal photons (light quanta), for

example using the orientation of the polarization. The State |0)= |H) is given by the horizontal

polarization of the photon, the state |1)=|V) corresponds to vertical polarization, The
I as follows:

e
I+) = ,\m:<v+ 1)

Superposition states can be realized with the aid of beam splitter cubes. Example 2 illustrates
the superposition state. Here, a photon - diagonally polarized - is observed at a polarizing
beam splitter cube, which can either be transmitted (horizontal polarization) or reflected
(vertical polarization). The probabilities for each are 50%. As long as we do not measure, the
photon is in superposition of both possibilities, i.e. vertical and horizontal polarization.

a state can also
sa.n_aa:me:..__uu:nag.;.»unﬁ:_u_nwmzai«.

e 3:Superpeniton secren sn, O vauliston Sased o 1]

5. Quantum Technologies
What do single-qubi tions (quantum gates) of fook like in this
representation?

X-Gate
In quantum computing, the X-gate Is equivalent to the classical NOT-gate. If an X-gate is applied to
one of the basis states 10> or |13, the state is negated. Formally, this means:
X|0) = 11)
X|1) = |0)
[Rotation rules: Vector i 180" around the ( arrow).

If the X-gate is applied to the |0) ), the qubit is to the 11> state.
o> 0>

(100%)
\r measurement 1

P p—
Z-Gate
When a Z-gate is applied to a qubit, there is a phase shift of the |1) state by 180 degrees. Formally,
this means:
Z|0) = 10)
211)=-11)
Rotation rules: Vector arrow is rotated 180° around the Z-axis (see red arrow).

When the 2-gate is applied, the qubit i transformed into another state by rotating 180° around
the Z-axis. Its effect can best be seen with quantum states on the equatorial plane.

[ o>
50/50 probability
\r 1or0

-
Eampie 7, own veusliation

Hadamard Gate (H-Gate
The Hadamard gate is often used to generate superpositi
H-gate is applied, we formally get:

i
iz

This means that the qubit is in a superposition of the states |0)
and 11). The probability of measuring the state |0) or |1} is 50%.

HI0) = <= (10) + [1))

When the Hadamard gate is applied to the 0) state (see blue
vector arrow), it converts the qubit into a superposition of the
10> and |1> states. Example 8 shows you:

Pt

> o

Rotation rules: 180" around the XZ-Axis (see red arrow).

When the Hadamard gate is applied to the |1) state (see blue
vector arrow), it converts the qubit into a superposition of the
10> and | 1> states. Example 9 shows you:

Rotation rules: 180° around the XZ-Axis (see red arrow).
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1.Quantum state

What is a quanum state? A quantum state describes a physical system and encodes
probabilities of measurement results. In a twa-state (quantum] system, the quantum state is
described by two basis states. For the term basis states, let's lock at a simple concept of a two-
state system: The quantum bit {qubit for short). It has the two basis states 10> and 11> 2],

1.1 Qubit

A qubit is 3 two-state system and is completely described by the basis states 10> and 11>, This
r example, an atom in the ground state (10x) and excited state (11> or a photen
guantum] that can pass through two possible paths: Path 1 (102) Path 2 (112).

QuBit

The "Qu-" stands for quantum The term "-bit" is known from ]

{quantum  physics). And s computer ience. A classical
intended to show that the laws computer calculates and encrypts in
of quantum physics apply to the binary system, with 0s and 1s.
this form of bit. The special In & qubit, 11> and 10> are the so-
fules that enable us to work called basis states. The advantage
with this type of bit apply. What over the classic computer is that the
these rules/laws look like is qubit uses properties of quantum
shown below. physics, for example a superposition
of 10> and 11>, This and much more
makes working with qubits so
spes

The qubit is often described using mathematical formulas.

Certain representations, such as the qubit cake model (Qake Model) by Donhauser et al.,
are an image of the mathematical formulas. We now want to represent a two-state
quantum system or qubit using the QuCake mode|

1.2 Representation: Qubit cake model (Qake Model)

Important: Two
a division of these.

2 qubit system and n objects or even

The qubit is represented by a circle. The basis states are

distinguished by color. As in examale 1, the basis state 10> )
is colored yellow and the basis state 11 is colored blue, 11)
The ratia of the colared areas represents the probability

amplitude [1].

|Qubity = 0} + 1)

Exploring Qubit Representations
Qubit Cake Model (Qake Model)

2. Quantum measurement

The measurement of a single qubit leads to the collapse of a superposition state
of 0 and 1 (reference is made to the superposition state in the next section). The
probabilities of measuring 0 or 1 are given by the area fraction of the basis states,
which are distinguished by different colors {yellaw, blue).

Example 1- Qubit: If you compare the colored areas of the circle, you can see that
the measurement of O is mare likely than the measurement of 1.

state [1)

e =

State |0
P00 =3P =075

Exinp 1, O ssuaiaition e o 11,

The phase is displayed depending on the orientation of the inner arrow, The
arrow is displayed according ta ¢ in complexe Eulerformelormel orientated.

The first phase is visualized as follows:

[ e ——r

Example 3 shows haw the phase is used and what formal effects it can have.

Lt
Al +H_5

ith the basis states 11> and 10> (see example 4). The
ied with the praperticn of the respective color of the area
content.

\Qubity =

1
)+ =1
&

According to example 2, the superposition state consists of yellow and blue, There is 2 50%
probability of measuring either yellow or blue. After the measurement, the superposition is
destroyed and the qubit is measured as either O [yellow] or 1 {blue).

4. Entanglement

If qubits are entangled with each other, the measurement result of one qubit
determines the result of the other. This connection is represented by colors

In the case of the basis states of the i qublts mi
form of mixed colars.

*Yellow and red become orange,
liow and green form light green,

*blue and red form violet

elc...
The circle sectors af the colors are illustrated in the entangled state according to
their probablities. A double barder around the entangled state should make it
clear that we are talking about an entanglement of 2 qubits. If there are three or
more, additional circle outlines are added (example 5 shows the process, but is
not entangled).

lquarr) = QuBIT2) = lauET1 QUBIT2) =

= 1o Ziay
J

T —————
ke with kb crcle bomdu.For 3 it 1

o e 3 i i ade e 50,00,
Exsmpie 3, o st ention s o 1. G &

Example 6 serves to illustrate the representation with multiple gu
entanglement.

State |1}
pl1) = layl* = 05

5. Quantum Technologies

What do single-qubit operations (quantum gates) of a quantum computer look like in this
representation?

X-Gate

In quantum computing, the X-gate is equivalent to the classical NOT-gate. If an X-gate is applied ta
©one of the basis states 10> or |1, the state is negated. Formally, this means:

If you start with a circle that has a calor component of yellow and blue (0 and 1), these companents
swap after an X-gate,

X

Erample 7, D sualastion besed o0 1]

Z-Gate
When a Z-gate is applied to a qubit, there is a phase shift of the | 1} state by 180 degrees
Formally, this means:

zjoy=

Zj1y=-I1}

Z

DT —ry

If you start with a superposition state as in example 8, the superposition state remains, but the
orientation of the arrow changes.

Hadamard Gate (H-Gate,
The Hadamard gate is often used to generate superpesitions. If a qubit is in the state |0) and the
H-gate is applied, we formally get:

1
Hloy = = 10y + 110

This means that the qublt is in a superposition of the states |0) and |1). The probability of
measuring the state |0} or |1} is 50%. By Oake Model ist looks like this:

H H

a3, O waualastin basea o (1.
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3. Study 2: Learning quantum properties with
informationally redundant external representations:

An eye-tracking study
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Learning quantum properties with informationally redundant external

representations: An eye-tracking study
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Recent research indicates that the use of Multiple External Representations (MERs) has the po-
tential to support learning, especially in complex scientific areas, such as quantum physies. In par-
ticular, the provision of informationally redundant external representations ean have advantageous
effects on learning outcomes. This is of special relevance for quantum education, where various ex-
ternal representations are available and their effective use is recognised as crucial to student learning.
However, research on the effects of informationally redundant external representations in quantum
learning is limited. The present study aims to contribute to the development of effective learning
materials by investigating the effects of informationally redundant external representations on stu-
dents’ learning of quantum physics. Using a between-subjects design, 113 students were randomly
assigned to one of four conditions. The control group learnt with a traditional multimedia learning
unit on the behaviour of a single photon in a Mach-Zehnder interferometer. The three intervention
groups received redundant essential information in the Dirac formalism, the Bloch sphere, or both.
The use of eye tracking enabled insight into the learning process depending on the external repre-
sentations provided. While the results indicate no effect of the study condition on learning outcomes
(content knowledge and cognitive load), the analysis of visual behaviour reveals decreased learning
efficiency with the addition of the Bloch sphere to the multimedia learning unit. The results are
discussed based on current insight in learning with MERs. The study emphasises the need for care-
ful instructional design to balance the associated cognitive load when learning with informationally
redundant external representations.

INTRODUCTION
Background and Motivation

Science education, particularly in the domain of
physics, is characterised hy the effective use of exter-
nal representations. These may include textual descrip-
tions, equations and formulas, diagrams, and graphs,
or educators’ explanations. This is especially the case
for complex physics concepts, such as those encountered
in the context of quantum physics, a field characterised
by its abstract principles and counterintuitive phenom-
ena. In such cases, external representations play a cru-
cial role in the communication and education of the sub-
ject [1]. It has been shown that quantum education

based on classical analogies often leads to conceptual dif-
ficulties [2]. Consequently, the judicious use of exter-
nal representations in quantum physics education is es-
sential to prevent misconceptions and facilitate a more
profound understanding of quantum phenomena. Across
a range of science, technology, engineering and mathe-
matics {Science, Technology, Engineering, & Mathemat-
ics (STEM)) disciplines, the use of multiple external rep-
resentations (MERs) has been evidenced as an effective
tool for fostering student learning (for an overview, see
[3, 4]). This is particularly the case in contexts charac-
terised by high complexity [5]. Consequently, it may also
prove to be a valuable method for assisting students in
the effective acquisition of quantum concepts.
Understanding key concepts in quantum physics has
become increasingly important in recent decades as the
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relevance of quantum technologies has grown [6]. With
its rapidly developing pillars of quantum communication,
quantum computation, quantum simulation, and quan-
tum sensing, a particular focus is placed on two-state
systems, commonly referred to as qubits. The intro-
duction of a qubit and its quantum properties has been
demonstrated to be an effective method to introduce the
fundamental principles of quantum physics and quantum
technologies [7, 8]. The behaviour of a single photon in
a Mach-Zehnder interferometer (Mach-Zehnder Interfer-
ometer (MZI)) is a common experimental approach that
provides a valuable foundation to understand fundamen-
tal quantum concepts [9]. Studies show that the MZI
is a helpful tool to reduce comprehension difficulties and
improve students’ understanding of wave-particle duality
and the probabilistic nature of quantum measurement, as
it demonstrates the principles of quantum mechanics in
a tangible experimental setting [9]. Despite the intro-
duction of a variety of teaching strategies in quantum
physics in recent years [10], quantum physics concepts
continue to present a considerable challenge to learners
across different levels of education and academic back-
grounds [11, 12]. Indeed, previous research indicates that
developing a comprehensive understanding of quantum
physics requires a substantial shift in perspective, diverg-
ing from classical concepts, which often leads to miscon-
ceptions [1].

The use of MERs with shared information enables dif-
ferent representations of the same essential information.
Tt is important to emphasize that informational redun-
dancy in this context refers specifically to the essential in-
formation aligned with the learning objective. For exam-
ple, the understanding that the general state of a qubit is
a superposition of two basis states can be conveyed either
through Dirac notation or via a graphical representation
such as the Bloch sphere. Both external representations
hold the essential information that the general state of a
qubit is a superposition of two basis states, yet they differ
in the additional information they convey and the man-
ner in which it is presented. These differences provide
learners with complementary perspectives on the concept
and can support learning by engaging distinct cognitive
processes [13].

The aim of this study is to investigate the potential of
MERs, particularly those that are informationally redun-
dant, to facilitate the learning of fundamental quantum
properties, illustrated by the single-photon behaviour in

a MZL

Learning with MERs

The acquisition of scientific knowledge is contingent on
the use of suitable external representations. These serve
as the foundations for effective communication, allowing
us to convey information in a multitude of formats tai-

lored to the specific requirements of the situation. Tt
is generally accepted that there is a distinction to be
made between symbolic representations, encompassing
text, equation, and formula, and graphical representa-
tions, which include, for example, diagram and graph
[14, 15]. In contrast to symbolic external representations,
which are based on symbols that bear no direct resem-
blance to the referent, graphical external representations
are based on icons that share structural characteristics
with the referent, such as similarity in shape or form
[15].

Current research indicates that the use of MERs has
the potential to facilitate learning in different STEM con-
texts, in contrast to the use of a single external repre-
sentation citeAinsworth.2021. In this context, a notable
focus has been on the advantages of learning with text
and pictures, known as multimedia learning, compared
to learning through text alone [16]. The beneficial ef-
fect of combining text and pictures, as opposed to text
alone, is commonly referred to as the multimedia prin-
ciple [17]. According to cognitive theories such as the
Cognitive Theory of Multimedia Learning (CTML) and
the Integrated Theory of Text and Picture Comprehen-
sion (ITPC), the multimedia principle can he explained
by a more efficient use of cognitive resources due to the
dual structure of sensory memory and working mem-
ory, which allows for parallel processing of symbolic and
graphical structures [15, 18]. In line with the CTML,
the cognitive process of learning with MERs consists of
three fundamental stages, including selection, organisa-
tion, and integration processes [18]. First, learners must
select relevant information encoded in the external rep-
resentations provided. Second, they need to organise
the relevant information into mental structures. Third,
learners must use these mental structures to build a com-
prehensive mental model by combining them with exist-
ing knowledge retrieved from long-term memory. The
benefits of MERs have also been identified for various
combinations of symbolic and graphical representations
[19]. In particular, recent research has shown that the
advantages of MERs are not limited to heterogeneous
combinations of symbolic and graphical external repre-
sentations. In fact, they can also be detected at a similar
level in homogenecus combinations of multiple symbolic
external representations [20, 21]. The ITPC, developed
by Schnotz and Bannert, complements this perspective
by highlighting the importance of semantic coherence
between representations [22]. According to the ITPC,
graphical representations only have the potential to fa-
cilitate learning only if they are semantically aligned with
the accompanying symbolic representation(s) and do not
contain any contradictory information [23, 24].

In addition to the cognitive theories of multimedia
learning, the Design, Functions, and Tasks (DeFT)
framework defines three main functions that MERs can
fulfil to support learning [3, 13]. Regardless of the spe-



cific types of external representations combined, MERs
can facilitate learning by complementing each other, con-
straining each other, or constructing a deeper under-
standing [13]. In doing so, external representations can
complement each other, either through information or
through cognitive processes induced by the different rep-
resentation of information. They ean constrain cogni-
tive processing by focusing attention on relevant aspects.
Finally, they can construct deeper understanding by al-
lowing learners to integrate information from different
sources of information [13].

The DeFT framework provides explanations for the
learning effectiveness of various combinations of exter-
nal representations, particularly for learning with infor-
mationally redundant representations. Providing MERs
with shared information has the potential to support
learners by inducing different cognitive processes and
thus providing different access to the essential informa-
tion [13]. In their recent meta-analysis, [19] found that
the provision of additional informationally redundant ex-
ternal representations has the potential to help students
use cognitive resources more efficiently without provid-
ing additional essential information. As a possible ex-
planation for the beneficial effects of a higher number of
MERs with shared information, the authors suggest that
additional informationally redundant external represen-
tations increase the options for choosing the most appro-
priate external representation [19]. However, in order to
benefit from multiple sources of the same information,
learners need representational competence [25, 26]. Ac-
cording to [25] representational competence covers three
areas of expertise. First, conceptual competencies are
needed, including visual understanding of each external
representation and connectional understanding of how
the representations relate to each other. Second, learners
need perceptual competencies to be able to apply visual
and connectional understanding fluently. The third area
of competence is given by meta-representational compe-
tencies, including the ability to choose an appropriate ex-
ternal representation based on the learning setting and
personal characteristics [25].

Despite the potential advantages of MERs with shared
information, previous research has also revealed instances
where the provision of multiple informationally redun-
dant representations hinders learning. According to
the redundancy principle in its traditional form, learn-
ing with pictures and spoken text is more beneficial
to learning than the additional presentation of printed
text [27]. Based on the most prominent version of
the Cognitive Load Theory (CLT), cognitive load when
learning can he categorised in extraneous cognitive load
(Extraneous Cognitive Load (ECL)), intrinsic cognitive
load (Intrinsic Cognitive Load (ICL)), and germane cog-
nitive load (Germane Cognitive Load (GCL)). Extrane-
ous cognitive load is the result of the learner’s interaction
with elements introduced by the instructional design and

should be reduced when learning with MERs to support
learning [28]. In contrast, ICL is the result of the learner’s
interaction with those elements that are intrinsic to the
task and must be processed in parallel. Finally, GCL
is determined by the amount of cognitive resources allo-
cated to ICL rather than ECL [28]. Various approaches
exist for measuring cognitive load. However, in the con-
text of multimedia learning, subjective rating scales are
most commonly used [29]. Although such scales are in-
fluenced by retrospective self-assessment and individual
self-concept [30], several instruments have been devel-
oped and validated in recent years to provide reliable
instruments for assessing ECL, ICL and GCL separately
in diverse educational settings (for an overview, see [29]).

The CLT provides an explanatory approach for the
redundancy principle. Each external representation pro-
vided to learners constitutes an additional source of in-
formation that needs to be processed and coordinated,
resulting in an increase in ECL [31]. In line with this,
avoiding informationally redundant external representa-
tions frees cognitive resources for learning [31]. However,
it has been shown that the learner characteristics play an
important role in the effectiveness of redundant external
representations [32]. While the presentation of redun-
dant information in different forms may be valuable for
novices in providing different accesses to the relevant in-
formation, this advantage may diminish with increasing
expertise. This is because the additional external presen-
tation does not add value, but only increases ECL. This
constitutes the expertise-reversal prineiple [32, 33].

Thus, previous research both supports advantageous
effects of learning with multiple informationally redun-
dant external representations [13, 19] and disadvanta-
geous effects [31].

The relevance of Dirac notation and the Bloch
sphere in Quantum Education

Especially in the field of quantum technology educa-
tion the Bloch sphere and Dirac notation have been iden-
tified as external representations with high relevance [4].
In educational contexts, conceptual advantages of the
Dirac notation were recently discussed [34], with the re-
sults suggesting that the use of the Dirac notation facil-
itates the sensemaking of mathematics (probability rule,
superpositions, orthogonality) and physics (connection
to phenomena such as polarisation, measurements, and
wave functions) and therefore acts as a bridge between
mathematical structures and physical phenomena. The
use of the Dirac notation has been shown to facilitate the
understanding of intricate concepts in quantum mechan-
ics [35, 36]. In particular, the Dirac notation provides
a concise representation of eigenvalues and eigenstates,
establishing a strong connection between mathematical
and physical concepts.

79



80

While symbolic representations are often used in quan-
tum education to formally explain quantum phenomena,
graphical representations, such as the Bloch sphere, pro-
vide a vivid way to visualise and facilitate the under-
standing of quantum states [e.g., 37]. However, previ-
ous research has also revealed some difficulties in learn-
ing with the Bloch sphere. For example, students were
found to have learning difficulties in constructing Bloch
sphere states, understanding relative and global phases,
and describing measurements when learning with the
Bloch sphere [37]. Every dynamic of a quantum state can
be interpreted in the Bloch sphere as a rotation of the
state vector. When dynamic content is presented stat-
ically, learners have to perform cognitively demanding
mental transformations that are closely related to spa-
tial visualisation skills [38]. While learners with high spa-
tial competencies are capable of executing such processes
mentally, learners with low spatial competencies benefit
more from external animations [38]. Consequently, learn-
ers with higher spatial competences, in particular those
with superior mental rotation skills, may benefit more
from the Bloch sphere than those with less developed
mental rotation ability. Tests such as the RCube-Vis
test [39] provide a differentiated measure of individual
differences in mental rotation ability, while minimising
the influence of other visual processing factors. In the
RCube-Vis test, two static representations of a Rubik’s
Cube are presented simultaneously, one in a rotated po-
sition and the other solved. The participant has to de-
cide whether the presented cubes can he transformed into
each other. Similar to the rotation of the Bloch vector
within the Bloch sphere, the individual layers of the cube
must be mentally rotated.

Interaction of visual and cognitive processes in
learning with MERs

The use of eye-tracking technology has proven to be a
valuable tool in gaining insight into cognitive processing
when learning with MERs [40, 41]. For example, Klein et
al. (2020) found that eye tracking provides valuable in-
sight into the cognitive processes involved in graph com-
prehension, revealing different visual attention patterns
when students solve kinematics problems depending on
their response accuracy and confidence [42]. Accord-
ing to the systematic review by Hahn and Klein (2022),
the analysis of gaze transitions also provides valuable in-
sight into how learners integrate different sources of infor-
mation, revealing differences in cognitive processing and
problem-solving strategies [43]. For instance, the number
of transitions, defined as gaze shifts between defined ar-
eas of interest, such as different external representations,
is a commonly used measure of learners’ integration pro-
cesses [40]. Current research suggests that the frequency
of transitions reflects the degree of cognitive interplay be-
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tween text and visualisations, with more transitions in-
dicating active efforts to connect both sources [e.g., 44].
Canham and Hegarty (2010) showed that learners with
higher prior knowledge focus their transitions on task-
relevant features [45], while those with less knowledge
may allocate their attention inefliciently. Similarly, Han-
nus and Hydna (1999) found that high-achieving students
made more targeted transitions between text and illus-
trations in science textbooks than low-achieving students
[46], highlighting the importance of deliberate gaze shifts
for effective comprehension. In addition, transitions can
be influenced hy design features. Visually salient or cued
elements tend to attract attention and promote smoother
transitions between different components of the material
[47].

Research Questions

Learning quantum physics is particularly challenging
due to its abstract and counterintuitive nature. Current
research suggests that the use of MERs with shared in-
formation may be an effective way of supporting learn-
ing through a more efficient use of cognitive rescurces
compared to learning with a single one [19]. However,
it is not clear whether integration processes are respon-
sible for this advantage or the fact that learners have
the opportunity to choose the most appropriate external
representation as opposed to learning with an individual
representation. For example, [20] showed that the num-
ber of transitions between heterogeneous combinations
of text and picture was higher than the number of tran-
sitions between homogeneous symbolic combinations of
text and equation. This could suggest that in the case
of heterogeneous combinations of symbolic and graphi-
cal representations, integration processes are more likely
to provide advantages of MERs and, in the case of ho-
mogeneous combinations, the possibility of choosing an
appropriate one. In light of the previous considerations,
we investigate three research questions:

RQ1: Does adding an information-redundant symbolic-
mathematical or graphical geometric representa-
tion to a multimedia learning unit enhance learning
(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?

This study was preregistered on the Open Science
Framework (OSF) to ensure transparency and rigour [48].



METHODS
Participants

A total of 113 students from three German universities
(RPTU Kaiserslautern-Landau, Ludwig-Maximilians-
Universitat Miinchen, and Saarland University) partic-
ipated in the study. Participants were selected from a
variety of fields related to STEM and randomly assigned
to one of four groups: the control group (N = 28), the
intervention group IG1 (N = 28), the intervention group
IG2 (N = 28) or the intervention group IG3 (N = 29). A
detailed overview of the number of participants in each
group according to the field of study can be found in
Table I. Three participants did not specify their field of
study. In total, 71 men and 40 women were involved
in the study. Two participants declined to specify their
gender.

Discipline CG IG1 IG2 IG3
Physics 18 17 15 16
Mathematics 1 1 0 2
Biology 2 1 4 3
Biophysics 1 0 0 1
Business 1 0 0 0
Chemistry 0 1 1 0
Education 0 6 4 7
Engineering 3 1 1 0
Pharmacy 1 1 0 0
NA 1 0 2 0

Table I: Number of participants in each of the four
study conditions (CG, IG1, 1G2, IG3) depending on the
stated field of study.

Study Design and Procedure

The study employed a between-subjects design with a
2 x 2 factorial structure. Each participant was randomly
assigned to one of four study conditions. All partici-
pants were individually presented with the same multi-
media learning unit, which consisted of complementary
text and image elements that provided non-redundant in-
formation. This baseline unit was identical for all groups.
The participants’ visual behaviour was recorded using a
Tobii Pro Nano eye tracker during the learning unit. A
nine-point calibration was performed immediately prior
to the start of the learning unit to ensure data accuracy.

Two factors were manipulated:

1. The presence or absence of an additional graphic-
geometric representation (Bloch sphere) that pro-
vided redundant information to the text (factor 1:

graphic-geometric representation present vs. ab-
sent).

2. The presence or absence of an additional symbolic-
mathematical representation (equation) that was
also informationally redundant to the text (factor 2:
symbolic-mathematical representation present vs.
ahsent).

This design resulted in four experimental groups:

¢ A control group (CG) that received only the base-
line multimedia unit without any additional redun-
dant representations,

o Intervention Group 1 (IG1), which received the
baseline unit plus a graphic-geometric representa-
tion,

o Intervention Group 2 (IG2), which received the
baseline unit plus a symbolic-mathematical repre-
sentation, and

o Intervention Group 3 (IG3), which received the
baseline unit plus both the additional graphic-
geometrical and the symbolic-mathematical repre-
sentation.

The entire study was conducted through digital means
on a computer. The study procedure is described in Fig-
ure 1. In the following paragraphs, we will elucidate the
individual stages and materials used in more detail.

Materials

Participants were first given an overview of the bhasic
principles of physies as they relate to light, including a
description of the properties of photons. In this regard,
the authors designed and recorded a video for use in this
study. The participants were permitted to pause, rewind,
and fast-forward the video as often as they desired. The
video itself did not make any reference to the Dirac for-
malism or the Bloch sphere. Similar to the first introduc-
tory video, the participants were presented with another
pre-recorded video outlining the components of the MZI.
This introduction encompassed the identification of each
component and a description of its function within the
interferometer.

After a general introduction to the subject, each par-
ticipant was introduced to the external representations
specific to their respective group. A brief introductory
video was prepared for the Dirac formalism and the Bloch
sphere, respectively, in which the method for describing a
photon state with the respective external representation
was outlined. As in the general introduction, partici-
pants were allowed to pause, rewind, and fast-forward
as often as they wanted. Participants were instructed to
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Posttest (content knowledge)

A A

Mental rotation test

Figure 1: Tllustration of the individual stages of the
study four the four study conditions CG, IG1, 1G2, and
IG3. Note: Eq., Equation; RC, representational
competence.

move on to the test phase at their own discretion, ide-
ally after feeling confident in their understanding of the
external representation. In the representational compe-
tence test, the students were presented with a specific
photon state represented in a given external representa-
tion and were asked to select the corresponding state in a
sample of four presented in another external representa-
tion. Depending on the condition assigned, participants
worked on different versions of the representational com-
petence test (see Figure 1). The control group was not
subjected to this phase of the study. Participants in IG1
completed the test for translations between equation and
text and IG2 for translations between Bloch sphere and
text. Participantsin IG3 were asked for both translations
between equation and text and Bloch sphere and text, as
they were introduced to both additional external repre-
sentations. In addition, IG3 was tasked with translating
directly between equation and Bloch sphere. For each
set of external representations, participants had to solve
four equivalent tasks which differed only in the specific
state present. An example task for translating between
equation and text is provided in Figure 2.

As a third stage of the study, the prior content knowl-
edge of the participants was evaluated. A total of five

A photon is in the following state:

1
Ikb):E oy +1un

Select the answer that describes the same state:

o]

The state of the photon is the basis state up.

o]

The state of the photon is an equal superposition
of the basis states p and down with a relative phase of x.

el

The state of the photon is the basis state down.

=}

The state of the photon is an equal superposition
of the basis states up and down with a relative phase of 0.

Figure 2: Example item of the representational
competence test for the translation between text and
equation. Analogous items were used for the translation
between text and Bloch sphere and equation and Bloch
sphere.

content-related multiple-choice items were selected from
a questionnaire developed by [49] to assess students’ use
of quantum reasoning. The questionnaire was designed
and validated to assess students’ understanding of the
core ideas of Probability, Superposition, and Interference
(PSI) and has been developed specifically for high school
and early undergraduate students (e.g., physics students
in their first to third semester). Modifications were made
to the items to align them with the formulations used in
the study. The items and options were presented in a
randomised sequence. In addition to solving the items,
the students were asked to indicate their level of confi-
dence in answering each item on a six-point Likert scale,
ranging from "very unsure” to "very sure.”

The learning unit comprised three consecutive stages,
corresponding to the scenarios of a photon striking a
beam splitter, the addition of a second beam splitter, and
the measurement following the second beam splitter. For
each stage, participants received a one-page study sheet
tailored to their specific study group, with external rep-
resentations adapted accordingly (see Figure 3). For each
stage of the learning unit, participants were asked to an-
swer two to three questions about the content presented
in the corresponding material. The students were allowed
to switch between the study material and the questions
as often as they needed to complete the task. Across
the conditions, the participants spent comparable time
on the learning unit, with 12.03 minutes (SD = 5.07) in
CG, 12.08 minutes (SD = 4.49) in IG1, 12.89 minutes
(SD = 5.10) in IG2, and 13.01 minutes (SD = 5.33) in
1G3.

The learning unit was presented on a 22-inch computer
screen with a resolution of 1920 x 1080 pixels. To capture



the visual attention of students during learning, their eye
movements were recorded with a stationary Tobii Pro
Nano eye tracker. Different types of eye movement (fix-
ations and saccades) were identified using the Identifica-
tion by Velocity Treshold (I-VT) algorithm with thresh-
olds of 8500°/s? for acceleration and 30°/s for velocity.
A nine-point calibration was performed before the learn-
ing unit for each participant to ensure the accuracy of the
detected data. If necessary, the calibration was repeated
until it was deemed suitable.

The cognitive load of the participants was evaluated
after the completion of the learning unit. For this pur-
pose, the instrument developed by Klepsch et al. [50] was
chosen, as it provides a validated measure of the different
types of cognitive load (ICL, ECL, GCL) in a scale from
1 to 7 (disagree or fully agree). The test instrument used
is developed and validated in the same language as that
of the study participants (German), which was henefi-
cial in its application. It consists of eight items designed
to assess cognitive load during the learning, unit on the
basis of statements. Moreover, compared to other instru-
ments, such as the one proposed by Leppink et al. [51],
the items were found to align best with the learning con-
text of our study. Subsequently, the content knowledge
test based on [52] was conducted as a post-test. The
test was identical to the one administered as a pretest,
with the exception of a randomised order of items and
answer options. The capacity for mental rotation was
evaluated through the administration of the RCube-Vis
test, as proposed by [39].

Data Analysis

Concerning RQ 1, we analysed the performance and
cognitive load of the intervention groups IG1 and IG2
compared to the control group CG. The performance
of each participant was measured in terms of the pro-
portion of correctly solved items, both before and after
the learning unit. The cognitive load was calculated on
the basis of subjective ratings according to the dimen-
sions of ECL, ICL, and GCL. To investigate possible
differences in performance and cognitive load between
the study conditions, we performed a multiple linear re-
gression for each outcome measure, including the pretest
accuracy and condition as independent variables.

In order to address RQ2, we also included IG3, receiv-
ing both additional external representations, in the re-
spective multiple linear regressions for performance and
cognitive load measures. To establish a linear relation-
ship between each outcome and the condition variable,
we transformed the four conditions (CG, I1G1, IG2, and
IG3) into dummy variables in ascending order according
to their average scores on the respective outcome mea-
sure. As representational competence and mental rota-
tion ability were considered potential influencing factors

a priori, we subsequently analysed both variables to de-
termine correlations with participants’ performance and
cognitive load. To this end, representational competence
was defined as the proportion of correct responses on the
representational competence test. The mean log-time for
correct responses on the mental rotation test was used
as a measure of students’ mental rotation speed. In line
with previous works [53, 54] participants with less than
70% correct answers were excluded from the analysis.
In doing so, we ensure a reasonable level of accuracy to
derive valid information about spatial ability from the
time measure. Scatterplots were created to illustrate the
relationship between the variables and each of the out-
come measures. In order to enhance the robustness of
the subsequent statistical analyses, the multiple linear
regressions were extended to include the respective vari-
able where feasible.

Third, to answer R(Q} 3, we performed an analysis of
the visual behaviour exhibited by the students within
the learning unit. In line with comparable studies in
the research field, the areas of interest (AOls) were des-
ignated for each external representation included in the
learning unit, depending on the condition [40]. In the
maximum case of condition (3, each slide of the learn-
ing unit comprised four pairs of AOls, associated with the
illustration, the text, the equation, and the Bloch sphere
(see 3). We considered transitions between two AOIs of
different external representations [40], while transitions
between the both AQIs for one representation type were
omitted. The raw data was detected using the software
Tobii Pro Lab, and Python was employed for the identi-
fication of transitions, defined as shifts of fixations from
one AOI to another. For this purpose, only fixations
within the predefined AQIs were taken into account. The
total number of transitions made hy the students within
the learning unit was analysed using a one-way analysis
Analysis of Variance (ANOVA) with the condition (CG,
IG1, IG2, 1G3) as independent variable. Moreover, to
gain further insight into the distribution of transitions
contingent on the specific external representations incor-
porated into the material in the intervention groups, we
conducted an unpaired-sample t-test to compare the rel-
ative number of transitions from and to the equation for
IG1 and from and to the Bloch sphere for IG2. Simi-
larly, we conducted a paired-samples t-test to compare
the relative number of transitions for the two additional
external representations in IG3. All statistical analyses
were performed with RStudio, version 2023.06.0. Unless
otherwise stated, the prerequisites for the respective sta-
tistical procedure were verified and found to be satisfied.
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The photon passes a beam splitter.

Case 1: Hitting the dielectric layer

Asingle photon passes a beam splitter. Depending on the orientation of the beam splitter, two distinct cases must be conside red.

Case Z: Hitting the glass surface.

—_— lllustration
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Figure 3: Study material for the initial stage of the learning unit, as presented to group IG3. In about half of the
cases, the placement of the equation and the Bloch sphere was reversed. Depending on the study group, the Dirac
formalism and/or the Bloch sphere were omitted. The areas of interest selected for the Eye Tracking (ET) analysis
are highlighted in colour.
Note. The text was translated into English for publication, but the study used a German version.

RESULTS
Learning Effectiveness

An overview of the descriptive results for the pretest
accuracy, posttest accuracy, and the cognitive load, in
terms of ECL, ICL, and GCL, is presented in Fig-
ure 4 for each of the four conditions involved in the
study. To identify potential differences in student learn-
ing across the four conditions, we performed a mul-
tiple linear regression analysis for each outcome mea-
sure, including the condition and the pretest accu-
racy as independent variables. The results indicated
an overall effect for the accuracy post (F(4,108) =
142, p < .001***, R® = 0345, RZ, = 0.320) and
the ICL (F(4,108) = 4.525, p < .001*~, R2
0.144, dej = 0.112). In contrast, no significant over-
all effect could be identified for the ECL (F'(4,108) =
1.165, p = .33, R? = 0.041, R2,; = 0.006) and the GCL

(F(4,108) = 1.547, p = .19, R* = 0.054, RZ,, = 0.019).

a

The results for each independent variable in the statisti-
cally significant outcomes of the accuracy post and ICL
visualized in Figure 4 are presented in Table II.

In order to increase the robustness of the previous anal-
yses, we analysed the effect of participants’ representa-
tional competence in the external representations rele-
vant for the respective intervention group, as well as their
mental rotation ability for participants learning with the
Bloch sphere. The findings revealed that the participants
demonstrated notably strong performance in the repre-
sentational competence test. Based on the 49 data sets
available for IG2 and IG3 (M = 0.911, SD = 0.167), it
was observed that 71.43% of the participants attained the
maximum score, indicating a high level of proficiency in
the external representations provided. Due to the ceiling
effect, the data proved to be unsuitable for identifying
potential correlations. Furthermore, we conducted scat-
terplots to illustrate the relationship between the mental
rotation ability of participants in 1G2 and IG3, learning
with the Bloch sphere, and each of the outcome measures
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Pigure 4: Standardized mean values for the accuracy
pre, the accuracy post, ECL, GCL, and ICL for the
study conditions CG, IG1 and 1G2 (28 participants
each) and IG3 (29 participants). The error bars
represent one standard error.

B SE i p
Accuracy post
Intercept (IG2)  1.798 0.273 6.698 < .0017""
CG 0.137 0.257 0.532 .60
IG1 -0.041 0.256 -0.159 87
IG3 0.064 0.258 0.248 .80
Accuracy pre 0.514 0.071 7.284 < .001%""
ICL
Intercept (CG)  4.601 0.299 15.365 < .0017""
IG1 0.250 0.258 0.966 .34
IG2 0.444 0.260 1.706 .09
IG3 0.516 0.257 2.010 .05°
Accuracy pre -0.256 0.071 -3,687 < .0017""

Table II: Individual results for the coefficients of the
conditions (CG, IG1, IG2, and IG3) and the pretest
accuracy (accuracy pre) of the multiple linear regression
for the outcome measures of accuracy post, as well as
the ICL. *p < .05, ™*p < .001

(see Figure 5).

To analyse possible correlations between mental rota-
tion ability and learning outcomes when learning with
the Bloch sphere, we performed an extended multiple
linear regression for each outcome measure, i.e. accuracy
post, ICL, ECL and GCL, based on the data of the 44
participants included in the analysis. In doing so, we in-
cluded the learners’ average log time for correct answers
in the R-Cube-Vis test as an additional independent vari-
able to the pretest accuracy. The analysis yielded a sig-
nificant overall effect for the accuracy post (F(2,41) =
18.01, p < .001***, R* = 0468, Rz, = 0.442) and ICL
(F(2,41) = 3.356, p=.04*, R? =0.141, Rgdj— = 0.099).
However, no significant correlation was identified be-
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Figure 5: Scatterplots of the mental rotation ability and
(a) the accuracy post (b) the ICL (c) the ECL, and (d)
the GCL based on the data from 44 participants from
IG2 and IG3.

tween mental rotation ahility scores and the precision
of either of the two outcome measures accuracy post
(8 = 0081, SE = 0.087, ¢ — 0.924, p — .36) and
ICL (8 = —0.083, SE = 0.069, t = —1.207, p = .23)
(see Table III). Similarly to the basis regression, the

85



86

overall effect for the outcomes of ECL and GCL could
not be determined to be statistically significant (ECL:
F(2,41) = 0411, p = 67, R? = 0.0QO,Rgdj = —0.028,
GCL: F(2,41) = 2.516, p = .09, R* = 0.109, R}, =
0.066).

5 SE t P
Accuracy post
Intercept 0.137 0.176 0.778 44
Accuracy pre  0.617 0.105 5.902 < .001"""
MR speed 0.081 0.087 0.924 .36
ICL
Intercept 0.874 0.139 6.302 < .001"""
Acecuracy pre —0.186 0.082 —2.259 029
MR speed —0.083 0.069 —1.207 .23

Table III: Summary of regression coefficients of the
multiple linear regression for Accuracy pre and MR
speed (mental rotation speed) for the outcome measures
Accuracy post and ICL, for which significant overall
effects were found. No significant effects of mental
rotation speed were ohserved. *p < .05, ***p < .001

Visual Behaviour

The descriptive results for the total number of tran-
sitions kit are presented in Table IV. The one-way
ANOVA with the condition (CG, IG1, 1G2, IG3) as the
independent variable and the total number of transitions
as the dependent variable yielded a significant overall ef-
fect F'(3,94) = 8.802, p <« .001***. The results of the
subsequent pairwise t-tests with Bonferroni correction
are presented in Table V, including the t-value ¢, degree
of freedom df, the Bonferroni corrected p-value poq; and
the effect size Cohen’s d for each t-test.

Condition N Riot 8D

CG 24 60.58 41.38
1G1 23 79.22 39.52
I1G2 22 107.59 58.07
IG3 25 122.72 44.48

Table IV: Descriptive data of the number of participants
N, the mean total number of transitions k;,: and the
standard deviation SD for each of the four conditions.

We calculated the relative number of transitions from
and to the equation kypj oq for IG1 and the Bloch sphere
Erer,p for IG2. Moreover, we calculated the relative num-
ber of transitions for the two additional external repre-
sentations in IG3. The results are presented in Table
VI. Since IG3 was presented with the equation and the
Bloch sphere at the same time, transitions between the
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Conditions i daf Padi d
IG1 vs. CG 1.58 45 .73 0.46
I1G2 vs. CG 3.18 44 .02* 0.94
IG3 vs. CG 5.06 47 < .0017"" 1.45
I1G2 vs. IGL 1.92 43 37 0.57
I1G3 vs. IGL 3.57 46 .01 1.03

IG3 vs. IG2 1.01 45 1.00 0.30

Table V: Results of the pairwise t-tests for the total
number of transitions kys: between the four conditions
CQG, IG1, IG2, and IG3 with Bonferroni corrected
p-values pagj and effect size Cohen’s d. **p < .01,
***p < .001.

additional external representations are included in both
krel,eq and krerp. Therefore, for IG3, the sum of ket eq
and krer s is not necessarily equal to the total number
of transitions made hy the participants. The unpaired t-
test for the intervention groups IG1 and IG2 did not yield
statistically significant differences for krereq and kperp
(t(44) = 1.74, p = .09). Furthermore, the correspond-
ing paired sample t-test for the intervention group 1G3
did not reveal significant differences (£{24) = —0.81, p =
A42).

Condition N Eyet,eq Eret,b SD
IG1 23 0.54 — 0.17
1G2 22 — 0.46 0.15
1G3 25 0.48 0.52 0.14

Table VI: Overview over the number of participants N,
the relative number of transitions from and to the
equation krel,eq and the Bloch sphere ko p, and the
standard deviation SD for each of the intervention
groups.

DISCUSSION

The objective of this study was to investigate the ef-
fects of extending a multimedia learning unit with addi-
tional symbolic external representation, specifically equa-
tions expressed in the Dirac formalism, or a graphical
representation, namely the Bloch sphere, on students
learning of quantum properties. In particular, both addi-
tional external representations are redundant in terms of
the relevant information content, given the multimedia
basis of the text and illustration.

Learning Effectiveness

In regard to RQ1, no significant effects on students’
content knowledge could be detected when learning with



the additional symbolic external representation or when
provided with the additional graphical external repre-
sentation, in comparison to the basis multimedia unit.
Contrary to previous results and assumptions [19], the
provision of more informational redundant external rep-
resentations was not associated with better learning out-
comes. Similarly, students enrolled in IG1, who re-
ceived additional instruction through equations, and stu-
dents enrolled in IG2, who received additional instruction
through the Bloch sphere, exhibited comparable cogni-
tive load (as indicated by ICL, ECL and GCL) to that
observed in the CG, who were provided with the fun-
damental multimedia setting alone. Consequently, with
regard to RQ1, providing students with an additional
symbolic or graphical external representation did not re-
sult in discernible improvements in content knowledge
or cognitive load. Therefore, the findings of this study
do not support the conclusions of previous research in
other contexts [e.g., 20], proposing a possible advantage
of learning with MERs with shared essential informa-
tion. According to the DeFT framework, MERs with
shared essential information have the potential to im-
prove learning outcomes by prompting different cognitive
processes or providing the opportunity to choose the ex-
ternal representation most appropriate for learning [3],
especially in settings of more than two external repre-
sentations [19]. Despite the fact that the vast majority
of the participants demonstrated a high level of profi-
ciency in using the external representations provided, as
evidenced hy their notable achievements in the represen-
tational competence test, the findings suggest that the
learners in this study did not realise the potential ben-
efits of learning with multiple informational redundant
external representations. However, the incorporation of
additional redundant representations did neither result
in a decline in students’ learning outcomes, as measured
by content knowledge and cognitive load. Consequently,
the analysed outcomes do not provide clear support for
the preceding research that indicated positive effects of
the incorporation of redundant external representations
in students’ learning [e.g, 3, 19], or negative effects [31].
One explanation for the absence of observed effects might
be found in the measurement tools used to assess content
knowledge and cognitive load. While both instruments
employed in this study are validated, it is possible that
they lack sufficient sensitivity to detect differences in the
given context. An alternative explanation may be found
in a more intricate interaction of student characteristics
and the effect of redundant external representations on
learning quantum properties.

In order to account for possible influencing factors of
the findings, especially for students learning with the
additional Bloch sphere, data were collected about stu-
dents’ representational competence and mental rotation
ability. The participants obtalned commendable results
in the representational competence test, suggesting a
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high level of proficiency in the use of the respective exter-
nal representations that were presented. Consequently,
it is not reasonable to assume that any potential ben-
efits of the additional redundant representation would
be outweighed by inadequate representational competen-
cies. Considering the potential impact of mental rotation
ahility on the efficacy of learning using the Bloch sphere,
the absence of a significant correlation between mental
rotation ability and either performance or cognitive load
indicates that, if such effects exist, they are overshad-
owed by the influence of prior knowledge on the learning
outcome. A possible explanation for the lack of effects of
mental rotation ability on learning with the Bloch sphere
might also be that the learning tasks used in our study
did not require continuous or complex spatial transfor-
mations. It is possible that the learners have relied more
on conceptual or symbolic strategies. In addition, di-
dactic support is provided by the clear display of the
directions of vector rotation. This may have reduced the
need for high mental rotation ability, thus diminishing
the predictive power of individual differences in spatial
ability in this context. Nevertheless, given the limited
number of participants, particularly with regard to their
mental rotation ability (k = 45), and the consequent lim-
ited statistical power, it is possible that some statistically
significant results may have been missed.

With regard to RQ2, we also investigated the poten-
tial impact of incorporating both informationally redun-
dant external representations into the multimedia learn-
ing unit (IG3). As in the intervention groups IG1 and
IG2, who received one of the two additional external rep-
resentations, the presentation of the equation and the
Bloch sphere did not result in an improved knowledge
of the content. However, students who learnt with the
maximum combination of four external representations
demonstrated an increased ICL. Following the CLT [55]
and the CTML [18] the results imply that the addi-
tion of MERs with informational redundancy leads to
enhanced element interactivity and, correspondingly, en-
hanced essential processing. According to Mayer’s defi-
nition, learning with both additional external represen-
tations is associated with greater cognitive processing in
order to represent the essential information in working
memory [18]. As IG3 did not result in an enhancement
of content knowledge, the findings indicate that the pro-
vision of supplementary external representations induced
students to perceive the learning content as more com-
plex and challenging, with no evident advantages in con-
tent knowledge.

In consideration of RQ1 and RQ2, the provision of
an additional informationally redundant symbolic or/and
graphical external representation was not associated with
advanced learning outcomes.
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Visual Behaviour and Learning Effectiveness

The analysis of the learning outcome in relation to
the presence of additional informationally redundant ex-
ternal representations indicated that there was no dis-
cernible impact on students’ content knowledge when
learning with a multimedia learning unit. However, the
analysis of the cognitive load of the students when learn-
ing indicated that the participants in IG3, who received
the maximum set of four external representations, ex-
perienced a higher level of ICL than the participants in
CG@G, who learnt in the basic multimedia setting with two
complementary external representations. This suggests
that, although there were no differences in final content
knowledge, the additional external representations may
have prompted the use of different learning strategies.
To gain insight into the learning processes employed ac-
cording to the study condition, we conducted an analysis
of the visual behaviour exhibited by students during the
learning process. In line with previous research, we anal-
ysed the total and relative number of transitions between
external representations as an indicator of attempted in-
tegration processes [41].

A higher number of transitions between external repre-
sentations can be related to students’ learning outcome in
different ways. Research has indicated that an increased
number of transitions is associated with better under-
standing and transfer performance when learning with
MERs [e.g., 56, 57]. In other contexts, frequent tran-
sitions between external representations can also be in-
dicative of processing difficulties and have a detrimental
effect on learning success [40, 41]. Consequently, a high
number of transitions may reflect successful integration
processes or processing difficulties [41]. It is therefore
essential to consider hoth the instructional design of ex-
ternal representations, individual learner characteristics
and the learning outcome when interpreting transition
frequency as a proxy for learning effectiveness.

The statistical analysis indicates that students demon-
strated a higher total number of transitions between the
external representations presented when the Bloch sphere
was provided as an additional graphical external repre-
sentation in the learning material. This was observed not
only in IG2, who learnt only with the additional Bloch
sphere, but also in IG3, who learnt both with the ad-
ditional equation in the Dirac notation and the Bloch
sphere. Given that an additional external representa-
tion, even if it does not provide any new information
content, represents a further processing source, it is rea-
sonable to expect an increase in integrations with more
representations. However, the results indicate that the
enhancement in transitions is only related to the presen-
tation of the additional graphical external representation,
not the symbolic one. Although the basic multimedia
unit comprised a symbolic external representation (text)

12

and a graphical one (illustration), the essential informa-
tion about the quantum state in different phases when
passing the MZI is conveyed by the text. Moreover, the
text constitutes the informationally redundant reference
representation. Therefore, redundant information is still
presented in the homogeneous combination of text and
equation for IG1l. In contrast, the incorporation of the
Bloch sphere results in the presentation of redundant in-
formation in the heterogeneous combination of text and
Bloch sphere for IG2. Consequently, the increase in at-
tempted integration hbehaviour exhibited by participants
learning with the Bloch sphere is consistent with the find-
ings of previous research [e.g., 20]. Here, a higher number
of transitions was ohserved in heterogeneous combina-
tions of MERs compared to homogeneous combinations
comprising only symbolic external representations [20].

In line with the previous considerations, an increase in
the number of transitions was not only observed when
comparing CG, who received the basic multimedia set-
ting, with IG2 or IG3, who received either the additional
Bloch sphere (IG2) or additional equations using the
Dirac formalism and the Bloch sphere (IG3). An increase
in transitions was also detected when IG1, which received
additional equations, was compared to IG3, where the
Bloch sphere was added to the IG1 setting. While in
IG1 the essential information regarding the basis state
itself is provided by a homogeneous combination of text
and equation, redundantly, the additional Bloch sphere
in IG3 results in a presentation of redundant information
across the heterogeneous combination of text, equation
and Bloch sphere. Once more, the presentation of a het-
erogeneous combination of redundant representations, in
this case given hy text, equation and Bloch sphere, is as-
sociated with an increase in attempted integration pro-
cesses, in line with previous research [20]. It can thus
be concluded that in the present study the Bloch sphere
plays a central role in the learning process, encourag-
ing learners to proactively seek to connect information
from different sources by facilitating the presentation of
redundant information in heterogeneous external repre-
sentations.

Interestingly, these increased transitions were not lim-
ited to the Bloch sphere itself with the other external
representations presented, as indicated hy the subsequent
analysis of transitions to and from the additional exter-
nal representation. When comparing [G1, receiving addi-
tional equations and IG2, receiving the additional Bloch
sphere, similar relative numbers of transitions were found
for each of the additional external representations. Sim-
ilar findings were observed when the relative number of
transitions from and to the equation and the Bloch sphere
in group IG3 was considered. As a result, the provision
of the Bloch sphere appears to encourage an increased
level of attempted integration that encompasses all of
the learning material. This could indicate an attempt to
establish connections between the various external repre-



sentations with the aim of developing a more comprehen-
sive understanding. Although the integration of diverse
external representations can he advantageous [25], the
additional cognitive effort required did not result in im-
proved learning outcomes. Consequently, the approach
was not eflicient in the context of this study. We found
ceiling effects in the representational competence test,
conducted previous to the learning unit. This suggests
that learners were well-versed in handling the external
representations used in the study. Consequently, the ob-
served increase in transitions is unlikely to result from
insufficient representational competence.

Another possible explanation for the observed cog-
nitive processing differences might lie in the design of
the graphical external representation itselfl. The Bloch
sphere is not only based on icons, the fundamental unit
of any graphical external representation [15]. It also in-
corporates symbolic elements to signify the fundamental
states and the labelling of the axes. Thus, it combines
properties of both graphical and symbolic representa-
tions, which are partly also found in the other external
representations provided. In particular, the Bloch sphere
encompasses the presentation of the two basis states in
Dirac notation, as also included in the equation. Con-
sequently, the additional equation may be regarded as a
logical reference point, as it unifies the symbolic represen-
tation of the basis states in terms of the Dirac notation.
Tt can thus be concluded that the promotion of unused
cognitive processing may be attributed to the particular
characteristics of the Bloch sphere, rather than being a
phenomenon inherent to graphical external representa-
tions.

Limitations and Future Research

There are some limitations in our study that may serve
as a starting point for further research. In the current
study, the incorporation of a redundant graphical exter-
nal representation, the Bloch sphere, was found to be as-
sociated with less efficient learning processes. Despite the
lack of detected benefits in terms of content knowledge
and cognitive load, it is possible that the test methods
employed have failed to identify potential benefits of the
Bloch sphere. For instance, it is conceivable that more
profound integration processes may have led to the for-
mation of more robust and connectible schemata, which
were not detected by the outcome assessments used. Nev-
ertheless, the eye-tracking analysis conducted proved to
be highly sensitive, uncovering differences that a sim-
ple multiple-choice post-test would not have heen able to
detect. It may be advantageous for further research to
focus on outcome measurements that are more sensitive,
and to extend the scope of immediate performance as-
sessments. For example, conceptual knowledge could be
measured through open-ended explanations or concept-
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mapping tasks to assess a deeper understanding of the
underlying principles. Transfer effects might be eval-
uated by examining how well learners apply acquired
knowledge to new problems or different contexts. Ad-
ditionally, follow-up tests, such as delayed assessments,
could provide insight into the long-term retention and
solidity of learning effects.

The ET analysis conducted may provide a foundation
for subsequent fine-grained analyses of students’ cogni-
tive processes when learning with MERs in quantum ed-
ucation. The present study provides initial insights into
the different visual processing of the Dirac formalism and
the Bloch sphere in the given context. Further studies
could focus on which elements of the external represen-
tations are relevant for the respective visual processing.
For instance, subsequent studies could investigate which
parts of the text precede or follow the transition to or
from the equation and Bloch sphere. This approach may
facilitate a more precise understanding of the relevant
elements of the representations involved in the learning
process.

To gain further insight into the generalisability of the
findings, more research is required on different combina-
tions of informationally redundant external representa-
tions. In particular, future studies could explore addi-
tional graphical external representations commonly used
in quantum physics, such as Feynman diagrams [58] or
recent external representations such as the Circle nota-
tion [59, 60]. Investigating these alternatives could help
determine whether the observed facilitation of integra-
tion behaviour is specific to the Bloch sphere or reflects
a more general phenomenon of heterogeneous MERs with
shared information. At this point, it is unclear whether
the different learning strategles associated with the ad-
ditional symbolic and graphical external representation
are a generalisable phenomenon across different types of
external representations or whether they are triggered by
individual characteristics of the Dirac formalism and the
Bloch sphere. Future research should include different
symbolic and graphical external representations to inves-
tigate whether the findings can be replicated.

Another limitation of our study is that most of the
participants had a STEM background and were already
accustomed to mathematical formulas as external repre-
sentations in their studies, which may have influenced
their perception and processing of these external repre-
sentations. We did not detect an increased cognitive load
associated with their use, which might be explained by
the fact that STEM students are already familiar with
this type of external representation from their studies.
This familiarity could have mitigated the cognitive de-
mands typically associated with the processing of com-
plex symbolic external representations.

Furthermore, investigating the effects of Neta-
Representational Competencies (MRC) when learning
with informationally redundant external representations
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could be a valuable addition to future research. Tt could
provide deeper insight into how learners choose and use
external representations effectively. As diSessa (2004)
states,

"MRC ineludes the ability to select, pro-
duce, and use external representations pro-
ductively, as well as the ability to critique,
modify, and even design entirely new repre-
sentations.” [61]

Addressing MRC in future studies would allow a more
nuanced understanding of the strategies associated with
learning with redundant external representations and re-
lated learning outcomes.

CONCLUSION

This study provides initial insight into the role of re-
dundant external representations in learning fundamen-
tal quantum concepts in the context of the MZI. Tt
is among the first investigations into the use of MERs
in this domain, particularly with regard to their effects
on learning and cognitive processing. Consequently, the
findings cannot yet be directly translated into concrete
recommendations for teaching. However, one key obser-
vation is that adding one or more informationally redun-
dant external representations to multimedia learning ma-
terials in the field of quantum properties does not neces-
sarily lead to significant learning gains or losses.

Nevertheless, the inclusion of graphical-geometric ex-
ternal representations, such as the Bloch sphere, appears
to encourage learners to attempt integration between dif-
ferent external representations. This is reflected in an
increase in transition behaviour, which, in turn, results
in higher intrinsic cognitive load (ICL). These findings
align with prior research on MERs, which suggests that
graphical external representations may facilitate cogni-
tive integration, even if this does not directly translate
into measurable learning henefits [15, 20].

Although this study does not yet allow definitive con-
clusions regarding practical applications, it demonstrates
that the choice of external representations significantly
influences how learners interact with the material. Fur-
ther targeted research in quantum physics education with
MERs is therefore warranted.

Practical Implication

The findings provide preliminary insights into how re-
dundant external representations influence learning pro-
cesses in complex domains such as quantum physics. Al-
though no differences in learning outcomes were detected
depending on the number and type of informationally
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redundant MERs included, differences in cognitive pro-
cessing suggest that the design of instructional materials
should carefully consider the role of additional external
representations. In particular, the inefficient visual be-
haviour observed when learning with the Bloch sphere
suggests that additional scaffolding or targeted cues may
be necessary to help learners effectively integrate such
external representations.

Key aspects to consider for the design of instructional
material, especially in the context of quantum physics:

1. Strategic integration of redundant external
representations: The use of additional external
representations should be approached deliberately,
balancing their potential to promote visual integra-
tion with their impact on cognitive load [3, 62].

2. Developing representational competence:
Learning materials should not only support the un-
derstanding of individual external representations,
but also help learners develop the ahility to tran-
sition between different formats. Graphical exter-
nal representations, such as the Bloch sphere, may
foster these transitions. While this might not di-
rectly enhance content learning, it could contribute
to representational fluency by facilitating students
ability to connect MERs efficiently [25].

3. Supporting learners in handling complex ex-
ternal representations:
plex graphical external representations, such as the
Bloch sphere, may only be fully realised if the
learners receive adequate support. Scaffolding ap-
proaches, including guided instructions or struc-
tured tasks, could be beneficial in helping students
navigate and integrate these external representa-
tions effectively [16].

The henefits of com-
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Visual-graphical qubit representations offer a means to introduce abstract quantum concepts —
such as quantum state, superposition, or measurement — in an accessible manner, particularly for
learners with low prior knowledge. Building on a previous expert rating of the mechanisms of qubit
representations, this study compared two representations — the Bloch sphere and the Quantum
Bead — in terms of learning outcomes, task performance, cognitive load, and mid-term retention.
The study was conducted with N=149 secondary school students. The study assessed conceptual
understanding via pre- and post-tests, application-oriented task performance by measuring accuracy
per time, and cognitive load via intrinsic, extrinsic and germane dimensions. A follow-up test after
1-2 weeks assessed medium-term retention. Results showed no significant effect of representation
type on post-test learning outcomes. However, process data revealed that learners using the Bloch
sphere completed application-oriented tasks significantly more efficiently. The cognitive load was
similar in both groups. Mid-term retention of quantum concepts was stable across groups, and early
learning performance emerged as the strongest predictor of mid-term retention.

In conclusion, these findings emphasize that instructional impact is not solely determined by
outcome measures, but also by how representations influence cognitive processing, task integration,

The Bloch sphere

and learners’ interaction with complex content.

I. INTRODUCTION
A. Motivation und Backgroud

Learning in Quantum physics (QP) has become in-
creasingly relevant, not least because of the growing im-
portance of emerging Quantum technologies (QT) such
as quantum computing, quantum ecryptography, and
quantum sensing. The physical conditions under which
these technologies can be realised, for example, through
ion traps, superconducting or neutral atoms, and are
an active subject of fundamental research(e.g. [1]). Key
concepts such as quantum measurement, superposition,
probability, and entanglement are essential across all im-
plementations. The interest in teaching these concepts
now spans a broad spectrum of learners from school to
industry with varying levels of prior knowledge and di-
verse learning goals [2, 3]. The use of representations
in QP enables learners to gain access to an otherwise
highly abstract and formalised world. Particularly in a
school context, where mathematical skills are often not

yet fully developed, suitable representations can help to
make fundamental concepts of QP understandable. Var-
ious forms of representation are available in QP, rang-
ing from symbolic-mathematical representations (such
as Dirac notation or Schrodinger formalism) to visual-
graphical representations such as the Bloch sphere. The
latter offer the possibility of making central concepts such
as superposition, measurement or quantum state acces-
sible by visual means, independently of an intensively
formal derivation [4, 5]. The review by Donhauser et al.
(2024) analyses teaching and learning elements, innova-
tive tools and process-oriented studies from the period
between 2018 and early 2024 [6]. The results show that
more than half of the articles examined are based on
the qubit idea methodology or are preparing for it [6].
This demonstrates the upcoming relevance of qubits as
teaching strategies [6]. In particular, external represen-
tations of two-level quantum systems — referred to as
qubits — combined with the ’spin-first’ approach, are well
suited for introducing the elementary structure of QP
in a clear and accessible manner and for embedding it
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into contextualised learning environments [5, 7, 8]. Vi-
sual representations can establish a connection between
phenomena and concepts, thereby supporting conceptual
development. In QP, it is more difficult to find consis-
tent visualisations than for classical physics lessons [9],
so the selection and design of suitable representations
is of particular importance. In our previous study, we
identified 16 features of visual-graphical qubit represen-
tations that are generally capable of supporting students
during learning with visual representations [10]. These
features were rated by experts on a scale of 1 to 5 for spe-
cific qubit representations. The results show that experts
anticipate differences in the support of specific learning
processes and suggest that certain representations acti-
vate different mechanisms in the learning process [10].
The expert ratings provide insights into how qubit rep-
resentations are evaluated with regard to features that
support learning. However, it remains unclear how stu-
dents actually perceive these representations and benefit
from them. In the present study, two representations
were selected based on their expert ratings to investigate
whether differences in learning outcomes emerge and to
what extent these align with the expert evaluations. To
address this aspect, we focus on the following research
questions (RQs) and research hypotheses (RHs).

B. Research Questions and Hypotheses

The study examines whether visual representations
support students’ conceptual understanding of QP,
and whether the Bloch sphere and quantum beads
representations differ in their instructional effectiveness,
particularly in the context of QT.

RQ1: To what extent do different visual-graphical
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
efficient on application-oriented quantum tasks in phase
gate, amplitude, quantum state, superposition, quantum
measurement, than those using the Quantum Bead.

RQ2: How do different visual-graphical 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 visual-graphic repre-
sentations (Quantum Bead and Bloch sphere) influence
medium-term retention of fundamental quantum con-

cepts?

H3: Learners who learned the Bloch sphere will demon-
strate higher medium-term retention of basic quantum
concepts compared to those who use the Quantum Bead.

II. THEORY

A. Theoretical Foundations of Representational
Learning

Learning environments in physics — especially in QP —
often involve a variety of representations, such as sym-
bolic, verbal (e.g. text-based) or visual- graphical repre-
sentations [11]. Learners are often faced with the chal-
lenge of linking these representations and integrating
them conceptually. At the same time, working with mul-
tiple representations offers educational opportunities. A
key finding of the meta-analysis by Rexigel et al. (2025)
suggests that the advantages of Multiple external repre-
sentations (MERs) are not limited to established com-
binations of two forms of representation [12]. Positive
effects are also evident when three or more representa-
tions are combined [12].

A key task for learners is to understand the individ-
ual representations and to extract and connect essential
information from them in order to form coherent mental
representations (schemata) [13, 14]. The cognitive pro-
cesses involved in this integration are described, for ex-
ample, in the Cognitive Theory of Multimedia Learning
(Cognitive Theory of Multimedia Learning (CTML) [15].
The CTML is based on fundamental assumptions such
as the limited capacity of working memory and posits
processes such as selecting, organizing, and integrating
(SOI) information as central to meaningful learning [16].
To support these processes and facilitate efficient learn-
ing, instructional design should aim to optimize the use
of limited working memory resources, thereby promoting
effective learning outcomes.

These considerations set the stage for examining the
cognitive mechanisms that underlie learning with (mul-
tiple) external representations.

Cognitive Theory of Multimedie Learning

The multimedia principle states that learners under-
stand content better when it is presented both ver-
bally and visually than when it is purely text-based [16].
Learning QP with multiple representation offers the op-
portunity to utilise this advantage and support students
in the learning process [15].

The CTML is based on the following three assump-
tions: channel duality, limited capacity and active pro-
cessing [16]. The term ‘dual channels’ refers to different
modalities, such as visual and verbal perception [16].
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Figure 1: Based on the multi-store model of memory,
cognitive processing involves the temporary storage and
manipulation of information in working memory.
Through processes such as rehearsal, elaboration, and
integration, information is transferred to mid-term
memory and linked to prior knowledge. Effective
learning requires meaningful organization and retrieval
of both existing and newly acquired information.

Limited capacity refers to the limited number of infor-
mation in working memory that can be processed simul-
taneously [16-18]. Active processing involves selecting
relevant information so that it can be further processed
through organisational and structural processes [16]. The
goal of this integration is to connect new information
with existing knowledge.

Mayer (2014) sees multimedia design as a possible ap-
proach to support learners in mental modelling [16].

According to Mayer (2014), two implications for mul-
timedia design can be derived from this assumption: (1)
The material presented should have a coherent structure
and (2) the message should provide learners with guid-
ance on how the structure can be constructed [15].

To support this goal, multimedia design can bhe used
strategically, in combination with knowledge and findings
of representational mechanisms, to shape the design of
learning environments and promote the development of
a functional mental model [10, 15, 19].

Cognitive Load

Any new information presented to a learner puts a
strain on working memory, which refers to the short-term
memory system and has a limited capacity to process
and organise information (see Figure 1) [15, 17, 18]. Ide-
ally, learning processes in working memory allow not only
for processing but also for initial integration with prior
knowledge. According to Sweller (1998), cognitive load
can be categorised into three types [18]:

e intrinsic cognitive load, which arises from the inher-
ent complexity and difficulty of the learning mate-
rial,

e extraneous cognitive load, which is caused by irrel-
evant or poorly designed information from outside

the content, and

e germane cognitive load, which refers to the pro-
portion of cognitive resources that directly support
learning and the construction of mental structures.

The interplay between new information about repre-
sentation and concepts in QP can increase and strain
processing capacity, thereby becoming a barrier to learn-
ing [17]. But Sweller (1988, 1998) also demonstrates, that
highlighted elements in instructional materials can facil-
itate processing and thereby enhance learning [18, 20].
However, visual-graphical representations have the po-
tential to reduce cognitive load if they are accessible and
stimulate learners’ prior knowledge and different process-
ing channels [15, 21]. The Cognitive Load Theory (CLT)
emphasizes that learning is most effective when instruc-
tional design takes into account the limitations of work-
ing memory[18]. Selecting appropriate representations
plays a crucial role in optimizing cognitive load — not
necessarily by reducing it, but by aligning it with the
task and learners’ prior knowledge.

Process-Based Indicators of Learning

Learning success is often assessed based on learning
outcomes such as test results or progress in conceptual
understanding. However, learning is a process and
important aspects of this process cannot always be
captured directly by measuring outcomes (e.g. [22]).

Time: To gain a deeper insight into how learners deal
with representations and tasks, it is essential to consider
process-related indicators such as reaction time, subjec-
tive confidence or even visual attention (e.g. through eye
tracking). Hou and Zhang (2006) show that visual infor-
mation processing is dependent on processing time [23].
The longer a visual stimulus is viewed, the greater the
resolvable depth of detail, particularly for complex or
finely structured content. The authors present a model
to quantify the information capacity of attention [23]. In
this model, Hou and Zhang propose that visual attention
dynamically adjusts its resolution over time and that this
relationship can be described quantitatively. Their find-
ings demonstrate a clear relationship between reaction
time and the spatial resolution of attention [23]. As em-
phasized by Schewior and Lindner (2024), response time
serves as an important indicator of cognitive processes in
multimedia testing formats [24]. In the context of multi-
media learning and testing [24, 25|, representational pic-
tures (RPs) is a term that describes images that depict
conceptually relevant content and aim to support under-
standing by visually representing the underlying subject
matter [24], in our interpretation: visual-graphical rep-
resentations.
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The review by Schewior & Linder (2024) shows that,
performance-based studies on the effects of learning with
visual-graphical representations often show mixed re-
sults, while process-based indicators such as time on
task can provide deeper insights into the cognitive im-
pact of visual-graphical representations. Several stud-
ies found no significant changes in time on task when
visual-graphical representations were included compared
to text-only materials (e.g., [24-27]), while others re-
ported either shorter ([28, 29]) or longer task dura-
tions [24, 30]. However, eye-tracking data reveal that
learners spend less time processing textual elements and
instead focus more on visual components when visual-
graphical representations are present [24, 25, 31]. This
shift in attention suggests that visual-graphical represen-
tations may not change overall task time but do influence
how time is allocated during problem solving. Further-
more, visual-graphical representations appear to facili-
tate the construction of mental representations in early
problem phases and aid in updating them during later
stages [24, 25]. These findings highlight that even when
time-on-task effects are ambiguous, visual-graphical rep-
resentations can have measurable effects on learners’ cog-
nitive processes.

From the perspective of Cognitive Load Theory [32],
tasks with high element interactivity require more
working memory resources due to increased intrinsic
cognitive load. According to Sweller et al. (1998, 2019),
the interactivity of elements in a task determines the
intrinsic cognitive load, as multiple interacting elements
must be processed simultaneously and integrated mean-
ingfully [17, 32]. This suggests that tasks with high
element interactivity are likely to require greater working
memory resources, which may he reflected in increased
processing time. Depending on the context of the task,
longer processing times may be associated with increased
cognitive effort, deeper engagement, or conversely with
uncertainty and difficulties in understanding. As such,
processing time should be interpreted with caution and
always in relation to task performance and cognitive load.

Cognitive Load: In addition to the processing time,
the cognitive load can provide information on the
processing of the information. According to Sweller et
al.  (2011), various methods exist to measure cogni-
tive load, including performance measures, secondary
tasks, physiological indicators, and subjective rating
scales [33]. The latter — such as the Cognitive Load Test
developed by Klepsch et al. (2017) — assess cognitive
load retrospectively and may be influenced by learners’
self-assessment and self-concept [33, 34].

Self-assessment: In  addition, learners’  self-
assessment (e.g.  confidence in their answers) can
serve as a metacognitive indicator of meaningful learn-
ing processes [24, 35]. Concepts that are processed

with a higher level of subjective confidence are more
likely to be stored in mid-term memory and can be
retrieved. A comprehensive understanding of learning
therefore requires not only outcome-oriented data but
also process-oriented data, such as processing time or
mental effort during the learning phase.

B. Mechanisms/Aspects of qubit representations

In order to enhance comprehension of the manner in
which visual-graphical qubit representations can facili-
tate learning in QP, a comprehensive category system
was developed [10]. This system was employed in the
structuring and evaluation of pivotal representational
features in our previous research. The category system,
which is grounded in the Design, Functions, and Tasks
(DeFT) framework (Ainsworth, 2006) and has been ex-
tended by findings from quantum education, was applied
in an expert rating [19]. In this study, four represen-
tations (Bloch sphere, Quantum Bead [36], Circle No-
tation [37, 38|, and a pi chart model: Qake [39]) were
evaluated by experts across 16 features based on their
perceived potential to facilitate learning. According to
the ratings, representations differ in how well they ad-
dressed central quantum concepts such as quantum state,
superposition, and measurement [10]. In particular, the
experts evaluated whether and how well the representa-
tions depict phase and amplitude — two essential compo-
nents of understanding QP. The Bloch sphere and Circle
Notation were rated as more suitable for visualizing rel-
ative phase than the Quantum Bead and Qake represen-
tations. Another category assessed by the experts was
visual salience, which is the extent to which visual ele-
ments draw attention. Salience refers to how strongly a
stimulus stands out in a particular context and attracts
attention [40]. In educational contexts, this character-
istic is crucial, as salient stimuli can effectively direct
learners’ attention and support cognitive processing[41—
43]. According to Cowan (1999), salient elements play
a central role in the control of attention within working
memory [44].

In this context, the Quantum Bead emerged as a
particularly noteworthy element, garnering high ratings
from experts who recognised its 3D design and utilisa-
tion of colour as key characteristics contributing to its
prominence.

Overall, the expert evaluations make clear that dif-
ferent representations have different strengths and limi-
tations, depending on the learning goal, the conceptual
focus, and the visual and cognitive accessibility. It is ev-
ident that these insights provide a valuable basis for the
selection or design of representations that are not only
visually engaging but also educational effective. In order
to facilitate a more profound comprehension of the man-
ner in which the insights of the experts can be applied



by learners, the following study was conducted.

Based on differences identified through expert eval-
uations, specifically in Phase, Amplitude, Salience and
Concepts on the representations: the Bloch sphere and
the Quantum Bead, the study was conducted. To ex-
amine whether and how the expert-identified differences
between the representations translate into differences in
student learning, we used application-oriented tasks in-
volving each representation. These tasks were analyzed
with regard to processing time. We also measured con-
tent knowledge [45—47] and cognitive load [34] to learn
more about the effects of different qubit representations
on students’ learning and the mid-term effects.

II1. METHOD
A. Piloting

A pilot study was carried out with N=8 participants
(N=3 in group Bloch sphere and N=5 in group Quan-
tum Bead) to ensure that the learning material and test
items were neither too difficult or too easy. The neces-
sity to modify the material and items was rendered oh-
solete by the students’ feedback, which indicated that
the material was comprehensible and the items were nei-
ther excessively challenging nor unduly simplistic. The
methodology employed in the pilot study was replicated
for the main study, as no adverse effects were observed
in either case.

B. Participants

The sample in the main study comprised N = 149
upper secondary school students in Bavaria. The par-
ticipants were distributed across class level 11 (n = 46),
level 12 (n = 32) and level 13 (n = 52) (between the
ages of 15 and 18). For n = 20 participants, no informa-
tion on the class level was available. Participants were
primarily recruited through teachers who had scheduled
visits to the student lab (PhotonLab) at the Max Planck
Institute of Quantum Optics. These teachers were con-
tacted in advance and asked whether they would be will-
ing to participate in the study with their classes. Upon
agreement, the entire class took part, provided that stu-
dents presented a signed consent form from their legal
guardians.

C. Study design and process

The study followed a structured sequence (see Fig-
ure 2).

The study was designed as a mixed design with a
between-subjects factor (representation: Quantum Bead

Prior knowledge test (3 items)
Pretest Concept test | 1s)
Ishihara test (12 items)

1. Motivation (Context QT)

2. Introduction to Representation 1 or 2
3. Application-oriented tasks (5 items)

»Learning unit”

Concept test (7 items)

Posttest -
MO Cognitive load test (7 items)

School year, er and interest in physics

Demographic data
(3 items)

(voluntary)

Follow-up Posttest
(after 1-2

Concept test (7 items)

Figure 2: Schematic overview of the process: After
pseudonymised registration and a colour perception
screening (Ishihara test), the participants completed a
prior knowledge test and a conceptual pretest. This was
followed by a learning unit that included an
introduction to the respective representation and
application-oriented tasks. The participants then
completed a posttest and an assessment of cognitive
load (based on Klepsch et al., 2017) [34]. A follow-up
(Posttesta) test was conducted 1-2 weeks later to assess
medium-term retention performance.

or Bloch sphere) and a within-subjects factor (testing
time: pretest, posttest, follow-up-test (Posttests)).

First, all participants completed a pseudonymised sur-
vey. A colour perception test (Ishihara test) was con-
ducted [48] to rule out possible difficulties in interpreting
the colour-coded Quantum Bead representations. If par-
ticipants have three or more errors in the test, partici-
pants in the group of quantum beads were excluded [49].
Following this, prior knowledge was assessed using three
items related to waves, electromagnetic radiation, and
beam splitters (items were used[46]. In the pretest phase,
students responded to conceptual questions on QP, which
were later repeated in the posttest to evaluate learning
gains and the follow-up test (items were used [45-47].
A learning unit followed, consisting of a motivational
introduction and an explanation of the assigned visual
representation (Bloch sphere or Quantum Bead). Af-
ter that, application-related tasks were carried out with
the corresponding representations of the concepts, quan-
tum state, superposition, quantum measurement, quan-
tum measurement /quantum state, phase and amplitude.
The time taken to complete the tasks was measured in
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milliseconds [ms]. After the learning phase, the posttest
was conducted. To assess cognitive load during the learn-
ing process, items based on Klepsch et al. (2017) were
administered [34]. Finally, a follow-up test (Posttests)
was carried out 1-2 weeks later to examine the retention
of knowledge over time.

D. Selection of representations and Materials of the
Learning unit

To ensure a fair comparison, two three-dimensional
representations were used that differed primarily in the
specific features under investigation. The Quantum
Beads use colour-coded structures to visualise quantum
concepts, while the Bloch sphere uses the classic spherical
representation with vector arrows. Concrete: The Bloch
sphere represents the state of a single qubit as a vector
on the surface of a unit sphere, offering a geometric in-
terpretation of superposition and phase through spatial
rotation. In contrast, Quantum Beads visualize quan-
tum states using a red-green color gradient mapped onto
a sphere: red indicates a high probability of measuring
—0), green corresponds to —1) — each relative to the
conventional Z-axis measurement. Intermediate colors,
such as black, represent a 50/50 superposition. As the
quantum state evolves, the sphere rotates, and the visible
color at the top changes accordingly (see Figure 3).

0>

0% 25% 50% 75% 100%
Probability of measurement 1

Figure 3: The Bloch sphere is shown on the left, while
the Quantum Beads and their bar chart are on the
right. The latter serves as a guide to the meaning of the
colour changes. Images are self-created. Quantum Bead
adapted from [36]

The learning materials were delivered digitally via
iPads and were identical in content, structure and lan-
guage, differing only in the way quantum information
was represented. The unit was embedded in SoSci Survey
(https://www.soscisurvey.de/en/index). Participants in
group 1 received a version with the Quantum Bead, while
group 2 worked with the Bloch sphere. Both groups start
with the same context about quantum computing and
the relevance of qubits, central concepts of QP, includ-
ing quantum states, superposition, quantum measure-
ment, phase (in form of a phase gate) and amplitude,

followed by the introduction of the relevant representa-
tions (see Figure 4). The explanations were kept sim-
ple and adapted to the prior knowledge of the secondary

school students.
Motivation (quantum
technologies)
Group 1: Group 2:
Q-Bead Bloch sphere
Application-related Application-related
tasks tasks

Figure 4: Structure of the learning unit and the
application-oriented tasks.

After the introduction, the participants worked on five
application-oriented tasks directly related to the respec-
tive representation. The tasks could only be solved once
the essential information had been extracted from the
representation. The tasks were designed as multiple-
choice questions and targeted specific aspects of the rep-
resentations (e.g., spatial orientation, probability distri-
bution, rotations, phase and amplitude). For each task,
the processing time in milliseconds [ms| was recorded to
allow for process-oriented analysis. An example task re-
quiring participants to determine the probability of mea-
suring |1) using the Bloch sphere is shown in Figure 5.

The material for the learning unit, including subse-
quent application-oriented tasks (example in figure 5,
could be made available on request (Note:The material
is in german language.

E. Statistical Methods

Various statistical methods were used to answer the
research questions and test the hypotheses. First, an
Analysis of variance (ANOVA) was planned to exam-
ine the influence of the different forms of presentation
(Quantum Bead vs. block sphere) on learning success,
while at the same time controlling for the effects of co-
variates such as prior knowledge or pre-test performance.
However, due to the violation of the homogeneity of the
regression slopes, a classic ANCOVA was not used and a
multiple linear regression model was used instead. This
allowed the predictors and their effects on the post-test
score to be modelled separately.

To evaluate the application-oriented tasks, we consid-



Task 1: Quantum measurement /-state

What is the probability of measuring |1)7

A: 100%
B: 50%
C: 30%
D: 0%

Figure 5: Task 1: Quantum measurement,/ -state for
the Bloch sphere group.The same task was set for
Quantum Bead.

ered three variables: the number of correctly solved tasks
(task accuracy), the total time spent on all tasks in sec-
onds (task time), and the ratio of correct solutions to
time (efficiency). Since the data did not meet the as-
sumptions for an ANOVA—particularly due to a lack of
normal distribution—we used Mann—Whitney U tests to
compare the groups.

A multivariate analysis of variance (MANOVA) was
conducted to the effects of representation type on cogni-
tive load. Three dependent variables were considered si-
multaneously: intrinsic cognitive load (ICL), extraneous
cognitive load (ECL) and germane cognitive load (GCL).
This procedure is particularly suitable for investigating
multivariate effects when it is suspected that the depen-
dent variables interact with each other, as is the case with
the cognitive load dimensions. In the event of significant
main effects, subsequent post-hoc tests were carried out,
whereby the Bonferroni correction was applied to control
for the alpha error in multiple comparisons.

The effect sizes of the results were given in Cohen’s d
to better classify their practical relevance. This measure
allows the size of an effect to be estimated independently
of the sample size. In case of violations of the normal
distribution assumption, in particular with smaller sam-
ples or skewed distributions, Wilcoxon tests were used
as a non-parametric alternative to the t-test in order to
be able to make robust statements about differences bhe-
tween two measurement points or groups.

To evaluate whether group differences emerged in
medium-term retention, an Analysis of Covariance (AN-
COVA) was conducted. In this model, the depen-
dent variable was the test performance in the follow-up
posttest (Posttesto). The independent variable was the
representation group (Quantum Bead vs. Bloch sphere),

and the covariate was the performance in the immediate
posttest (Posttest;), which served to control for individ-
ual differences in initial learning successes.

To analyse the development of learning over time, not
only between Posttest; and Posttesta, but across the en-
tire learning process, a mixed ANOVA with repeated
measures was conducted. The within-subjects factor was
time (Pretest, Posttest;, Posttests), and the between-
subjects factor was the representation group (Quantum
Bead vs. Bloch sphere). In addition, a separate mixed
ANOVA with repeated measures was performed for re-
sponse confidence across the same three time points, in
order to investigate changes in learners’ perceived confi-
dence over the course of the study.

All statistical analyses were performed in R (version
4.4.0; R Core Team, 2024), and the corresponding anal-
ysis scripts are available upon request.

IV. RESULTS
A. Sample considered

The final sample consisted of N = 146 students. Due
to suspected red-green color vision deficiency, three par-
ticipants were excluded from the analysis [49]. Of the re-
maining participants, 85 identified as male, 46 as female,
1 as diverse, and 14 did not provide gender information.
Group allocation was balanced: 75 students were ran-
domly assigned to the Quantum Bead group (23 female,
46 male, 1 diverse, 5 no gender specified), and 71 to the
Bloch sphere group (23 female, 39 male, 0 diverse, 9 no
gender specified).

B. RQ1 — Learning Outcome Based on
Representation Type

Pre-Post Comparison: Wilcoxon signed-rank tests re-
vealed significant learning gains in both groups from
pretest to posttest in Bloch sphere (V' = 238, p < .001)
and in the Quantum Bead (V' = 370, p < .01) group,
indicating that students improved regardless of represen-
tation.

To investigate whether learners’ outcomes differ as
a function of the visual representation used (Quantum
Bead vs. Bloch sphere), we first explored pre-post dif-
ferences and then conducted a multiple linear regression
analysis controlling for covariates.

Multiple Linear Regression (MLR). To test the effect
of the representation while controlling for prior knowl-
edge and pretest performance, we conducted a multi-
ple regression analysis with the posttest score as depen-
dent variable. The model included the predictor vari-
ables group, pretest, and prior knowledge. The regression
model was statistically significant overall, F'(3,142) =
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29.21, p < .001, explaining R? = .38 of the variance in
posttest scores (adjusted R? = .37).

Y; =0.42 + 0.08- X3; + 0.55- Xo; +0.30- Xg; +£ (1)

Y; = Posttest score; X1; = Group (0 = Bloch, 1 = Q-Bead); Xo;

= Pretest score; X3; = Prior knowledge; ¢ = residual error.

As shown in Table I, pretest performance (p < .001)
and prior knowledge (p = .008) were significant predic-
tors of posttest outcomes. The representation group,
however, had no significant effect (p = .703). Thus, par-
ticipants with higher pretest and prior knowledge scores
tended to perform better on the posttest, regardless of
the representation used.

Table I: Multiple Linear Regression Coefficients
Predicting Posttest Score

Predictor Estimate Std. Error ¢t p

(Intercept) 0.420 0.526  0.80 .426
Group (X1)* 0.083 0217 0.38 .703
Pretest Score (X2) 0.547 0.068  8.00 ***
Prior Knowledge (X3) 0.300 0.112  2.68 *x

* Dummy coding was introduced to correctly account for the
group variable (categorical variable) in the regression equation.
Significance levels: *** p < .001, ** p < .01, * p < .05

Summary: Overall, no direct effect of representa-
tion on posttest performance was observed. Learning
gains occurred in both groups, and individual differences
(pretest, prior knowledge) had stronger predictive value
than the type of representation.

C. RQ1 - Task Performance

To evaluate the application-oriented performance when
learning with the visual-graphical representations, par-
ticipants solved five applications-oriented tasks address-
ing key quantum concepts: quantum state, superposi-
tion, quantum measurement, as well as phase gate and
amplitude with the representations (see Figure 2). Five
tasks were set for this. The fourth, the phase gate task
was excluded. The task did not differentiate between
groups, indicating that it may not have been sensitive
enough to capture group-specific effects of the represen-
tation. Tt was excluded for further analysis.

For the remaining tasks, the following indicators were
calculated for each participant:

e Task accuracy: Number of correctly solved tasks

(0-4)

e Task time: Total time spent on all tasks (trans-
ferred in seconds [s])

e Efficiency: Correct solutions divided by time

Task accuracy and Task time: Descriptive results
showed that participants in the Quantum Bead group
solved on average [2.99] tasks correctly (SD = [1.09]),
compared to [3.27] in the Bloch sphere group (SD =
[1.00]). The average task time was [11.40] s in the Bloch
sphere group (SD = [3.95]), and [18.20] s in the Quan-
tum Bead group (SD = [7.10]). No significant differ-
ence was found between the two representations for re-
sponse accuracy (W = 2906.5, p = .090). However, a
highly significant difference was found for the response
time (W = 882, p < .001, r = .56), with the group with
the Bloch sphere completing the tasks significantly faster.
This is also clearly shown in Figure 6.

Average Accuracy & Time by Representation
Comparison: Average Accuracy Comparison: Time (s}

25

w

Average Accuracy
o

Bloch Sphere  Quantum Bead
Representation

Bloch Sphere  Quantum Bead
Representation

Figure 6: Mean response time (seconds) and the
standard deviation (SD) after representation. The
Bloch sphere group showed significantly shorter
processing times.

Efficiency: The efficiency (correct answers per sec-
ond) was slightly higher in the Bloch sphere group (M =
[0.823], SD = [0.162]) than in the Quantum Bead group
(M = [0.187], 8D = [0.099]). The Mann-Whitney U
test revealed a significant difference in efficiency in task
performance between the groups (W = 3642, p < .001),
with a medium effect size according to Cohen (r = .48).

Summary: Task accuracy and task time were also an-
alyzed separately. While no significant difference was
found between the two groups in terms of accuracy, a
highly significant difference was observed in task time:
participants in the Bloch sphere group completed the
tasks substantially faster. Consequently, learning pro-
cesses with the Bloch sphere representation were more
efficient—measured as correct answers per second.

D. RQ2: Cognitive Load differences between groups

To investigate whether different visual-graphical rep-
resentations lead to a more effective use of cognitive re-
sources, a multivariate analysis of variance (MANOVA)
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Figure 7: Mean efficency score and SD: The tasks were
answered much more efficiently by pupils as soon as
they were presented with the Bloch sphere. The
efficiency score is significantly higher in the Bloch
sphere group.

was conducted. The independent variable was study
group (Quantum Bead vs. Bloch sphere), and the de-
pendent variables were three types of cognitive load: in-
trinsic cognitive load (ICL), extraneous cognitive load
(ECL), and germane cognitive load (GCL).

Descriptive statistics indicated only slight differences
between the groups. For ICL, the Bloch sphere group
had a mean of M = 4.59 (SD = 1.18), while the Quan-
tum Bead group had a mean of M = 4.63 (SD = 1.04).
Regarding ECL, participants in the Bloch sphere group
reported M = 3.95 (SD = 1.33), and the Quantum Bead
group M = 4.17 (SD = 1.25). In terms of GCL, the
Bloch sphere group scored slightly higher (M = 5.13,
SD = 0.97) than the Quantum Bead group (M = 4.94,
SD =1.03).

The results of the MANOVA revealed no statistically
significant overall effect of group on the combined cogni-
tive load measures, Pillai's Trace = 0.0186, I'(3,148) =
0.90, p = .440.

Suwmmary:

e Hence, no significant group differences were found
for any type of cognitive load.

e These findings suggest that the use of different
visual-graphical representations did not lead to sig-
nificantly different cognitive load experiences be-
tween the groups.

Comparison of Cognitive Load Types
B Bloch Sphere

6 B Quantum Bead
4
2
0
ECL ICL

GCL
Cognitive Load Type

Score

Figure 8: Mean cognitive load score and SD. There
were no significant differences between the groups.

E. Results for RQ3: Medium-Term Retention of
Quantum Concepts

To examine potential differences in the retention of
information, participants were asked to complete the
same posttest items again approximately 1-2 weeks later.
Using their pseudonymised codes, responses could be
matched to the initial data set. As not all participants
completed the follow-up test, the sample size was accord-
ingly reduced.

To assess medium-term retention, an ANCOVA was
conducted using the follow-up posttest score (Posttests)
as the dependent variable. The independent variable
was the representation group (Quantum Bead vs. Bloch
sphere), with the immediate posttest score (Posttesty) as
covariate.

Sample: The analysis included N = 98 students
(Group 1: n = 53, Group 2: n = 45). Group 1 included
15 females, 32 males, 1 diverse, and 5 participants with-
out gender information. Group 2 consisted of 17 females,
20 males, and 8 without gender information.

The covariate Posttest; significantly predicted the
follow-up posttest score (Posttest) (F(1,97) = 18.82,
p < .001), indicating that higher scores in the immedi-
ate posttest were associated with better mid-term per-
formance. However, there was no significant group ef-
fect on follow-up performance when controlling for prior
performance (F(1,97) = 0.03, p = .863). The means
were nearly identical between groups (Quantum Bead:

M = 3.44, Bloch sphere: M = 3.49).
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Table II: ANCOVA results for predicting mid-term
retention (Posttest_2)

Predictor Sum Sq Mean Sq F p

Posttest_1 43.34 43.34 18.82 ***
Group 0.07 0.07 0.03 ns.
Residuals 223.43 2.30

Note. *** p < .001; n.s. = not significant. The covariate
Posttest_1 significantly predicted Posttest_2 performance.
No group differences were observed after controlling for
Posttest_1.

Mized ANOVA with repeated measure: Development of
learning process

To examine the development of coneeptual under-
standing over time, a mixed ANOVA with repeated mea-
sure was conducted with time as a within-subjects factor
(Pretest — Posttesty — Posttests ).

The analysis vielded a significant main effect of time,
F(2,188) = 4.23, p = .016, 2 = .013, indicating
a learning effect. No significant group difference was
found, F(1,94) = 0.82, p = .818, and the interaction
time x group was also non-significant, F'(2,188) = 0.10,
p = .902. Post-hoc analyses revealed significant differ-
ences between the pretest and both posttests (p < .001),
but no difference between Posttest; and Posttests. The
learning gains remained stable over time following the
learning unit.

Mized ANOVA with repeated measure: Development of
Confidence

‘We also analyzed response security over time using a
mixed ANOVA with repeated measures. It showed a sig-
nificant main effect of the test time, F'(2,186) = 39.36,
p < .001,n = .29, indicating a significant increase in re-
sponse certainty over time. Figure 9 shows a descrip-
tive difference in response confidence between the groups
after the learning unit; however, this difference is not
statistically significant (p = .066). Post hoc analyses re-
vealed significant differences between pretest and both
posttests (p < .001), but no difference between posttest
and posttest 2 see Figure 9. Confidence gains remained
stable over time after the learning unit.

Summary

o ANCOVA: After controlling for Posttest_1, no sig-
nificant group difference in Posttest 2 (p = .863);
Posttest_1 was a strong predictor of retention.

e Learning process: Significant improvement over
time (p = .016); no difference between groups (p =
.821).
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Figure 9: Response confidence over time and the SD.
Confidence increased significantly, with no significant
group difference after the learning unit.

e Confidence: Increased significantly after instruc-
tion (p < .001); remained stable over time; no
group X time interaction.

V. DISCUSSION
A. Learning Outcome and Task performance

A comparison of pre- and posttest scores revealed
learning gains overall, but no significant differences bhe-
tween the two instructional groups. As both groups re-
ceived identical textual explanations—differing only in
the type of visual representation introduced—this sug-
gests that while the inclusion of a representation may
have supported learning in general, the specific repre-
sentational features under investigation contributed only
marginally to differences in conceptual learning out-
comes.

However, process-based data from the application-
oriented tasks on amplitude, superposition, quantum
measurement, and quantum state revealed clear differ-
ences in processing time and efficiency. This indicates
that learning with visual-graphical representations can
indeed vary — especially in terms of how learners process
and apply information [17, 24, 25].

The results of our study support the assumptions made
by experts in the prior expert rating: the Bloch sphere
appears to be more effective for application-oriented tasks
involving representations. This is also reflected in the



task results — learners in this group were significantly
more efficient (task/time) in answering questions related
to quantum state, amplitude, superposition, and quan-
tum measurement.

The results also suggest that the Bloch sphere enabled
more efficient task processing, while the higher salience
attributed to the Quantum Bead — according to the ex-
pert ratings — did not produce a compensatory effect.
Based on the qualitative data from the expert rating (free
text responses), it was already noted that the category
of salience poses a challenge in the rating process, as the
necessary conditions for salience are difficult to achieve
in a static rating context [10]. This issue is also reflected
in the present study, which found that visual salience
alone did not result better. Another possible explana-
tion is that specific aspects such as phase difference or
amplitude are more easily localized via the vector arrow
in the Bloch sphere and helps to highlighted the rele-
vant aspect better [17, 50]. This may allow learners to
extract relevant information more quickly and efficiently
compared to the Quantum Bead representation, where
such features are less visually explicit. The clearer direc-
tional cues in the Bloch sphere may have helped to guide
learners’ attention more effectively toward conceptually
relevant elements.

The effectiveness of the Bloch sphere as a cognitive
support medium for learning about quantum computing
has already been highlighted in previous studies [47]. The
more efficient processing of application-oriented tasks
with the Bloch sphere may be attributed to the clearer
and more structured visualization of key information—
especially phase. The distinct direction vector and visible
coordinate axes allow learners to extract relevant infor-
mation more directly, for example when estimating mea-
surement probabilities along the Z-axis. In such cases, a
simple projection of the state vector onto the Z-axis is
sufficient to infer the likely measurement outcome.

In contrast, while the Quantum Beads were perceived
as visually salient, their use of color gradients and state-
dependent rotation appears to spatially delocalize rele-
vant information. For instance, learners must interpret
the color at the top of the bead—ranging from red to
green—to estimate probabilities, which may be less im-
mediate and require additional cognitive steps. This may
increase cognitive load and lead to longer task processing
times, as learners must first interpret and integrate the
visual information.

On the other hand, studies suggest that increased at-
tention can be associated with more intensive informa-
tion processing (e.g. [15, 44, 51]). Interestingly, however,
the longer processing times in the Quantum Bead group
did not lead to significant differences in pre-to-posttest
learning gains. This suggests that while Quantum Beads
may influence attention and processing time, they do not
necessarily result in improved learning outcomes. One
possible explanation is that the increased salience re-
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quired learners to invest more cognitive resources, but
without yielding additional learning benefits.

According to Cognitive Load Theory, the split-
attention effect is particularly relevant in the context
of text-image combinations [18]. This effect states that
spatially separating related visual information sources —
such as text and image — can increase cognitive load and
thereby impair learning performance [18]. In this case,
the students in the Quantum Bead group had to inter-
pret both representations (bar and sphere) in order to
arrive at a clear solution (see figure 3). The reduced
efficiency observed in the application-oriented task per-
formance may thus be attributed to the split-attention
effect. To mitigate this effect, the representations were
placed in close spatial proximity. However, no differences
in cognitive load were found.

These findings suggest that the instructional impact
of visual representations should not only be assessed by
learning outcomes, but also by their role in supporting
cognitive processing and structuring task performance.

B. Cognitive Load differences between groups

This study investigated whether different visual-
graphical representations (Bloch sphere and Quantum
Bead) facilitate different effective use of cognitive re-
sources when learning QP concepts. Based on expert
rating and cognitive load theory, we expected differences
in cognitive load in particular [10, 18, 20]. However, the
MANOVA showed no significant group differences in in-
trinsic, extraneous or germane cognitive load. Although
the Bloch sphere group reported slightly higher germane
load and slightly lower extraneous load than the Quan-
tum Bead group, these differences were not statistically
significant. Therefore, the hypothesis was not supported
by the data.

Although the efficiency results suggest that partici-
pants in the Bloch Sphere group processed information
more quickly, this did not result in a significantly lower
self-reported cognitive load. According to Sweller et
al. (2019), differences in cognitive load should become
apparent when information is easier to locate or pro-
cess [17]. The absence of such differences in our data
may be due to the limitations of the subjective rating
method employed. Retrospective self-assessments, such
as the one employed here, are sensitive to individual in-
terpretation and prior expectations [33]. In future stud-
ies, it may be advisable to use more objective measures of
cognitive load, such as dual-task paradigms or eye track-
ing, or to use rating scales that are more closely tailored
to the specific demands of the learning material. Alter-
natively, a within-subjects design, in which each partic-
ipant works with multiple representations and compares
their perceived cognitive load across different conditions,
could offer greater sensitivity to subtle differences in cog-
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nitive demands. An other possible explanation is that
both representations were presented in a clearly struc-
tured and well-supported learning environment, which is
likely to have reduced extraneous load in both groups.
In addition, both representations were unfamiliar to the
learners, which may have led to similar levels of cognitive
processing in both conditions. In contrast to the expec-
tations from the expert rating, the visual salience of the
Quantum Bead alone did not lead to an efficient use of
cognitive resources or enhanced processing—possibly be-
cause the learners lacked prior experience with this type
of representation [10, 44]. These findings suggest that the
impact of a representation depends not only on its design,
but also on how well it relates to learners’ prior knowl-
edge and how it is embedded in the instructional context.
‘While previous studies (e.g., [44]; [52]) have highlighted
the role of salience in directing attention, this effect did
not translate into measurable differences in cognitive load
in our study.

C. Medium-Term Retention of learning

The analysis of medium-term retention (RQ3) re-
vealed no significant differences between the represen-
tation groups after controlling for immediate post-test
performance. This finding indicates that, while the rep-
resentations varied in terms of processing efficiency dur-
ing the tasks, there were no significant differences in the
retention of the concepts over time. The strongest predic-
tor of follow-up (Posttests) performance was the immedi-
ate posttest result, suggesting that early learning success
played a crucial role in mid-term retention. These results
are consistent with long-established findings by Hattie,
who showed that prior knowledge is a strong indicator of
overall learning outcomes [53].

The repeated-measures ANOVA showed that learning
gains were maintained after the learning unit but did
not increase further, pointing to a stabilisation effect
rather than continued learning. Both groups improved
over time and followed a similar learning trajectory, with
no evidence that one group retained information more
effectively than the other. With regard to learners’ re-
sponse confidence, a significant increase was observed
over time, which remained stable after the instructional
phase. Learners thus became more confident following
the intervention, and this confidence was sustained in
the follow-up. Although the Bloch sphere group showed
slightly higher confidence values, the difference was not
statistically significant (F(1,93) = 3.45, p = .063), and
both groups developed similarly.

As noted in the review by Schewior&Lindner (2024),
the present findings similarly indicate that response con-
fidence increased through the use of visual-graphical rep-
resentations—regardless of group—and remained stable
over time [24].
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VI. LIMITATIONS

The conclusions of the study are primarily be drawn
based on process-related (time reaction) data regarding
the processing time of the two representations (Bloch
sphere vs. Quantum Beads). More detailed insights into
the processing mechanisms — such as fixation duration,
gaze patterns, or visual attention distribution — would
have required the use of eye-tracking data. Using spe-
cific gaze data, it would have been possible to recognise
how often and for how long the learners looked at the
presentation until they answered the task.

It should also be noted that the majority of partici-
pants came from a school student group that had already
shown an interest in QP prior to the study. Recruitment
took place mainly in the context of scheduled visits to
the student lab at the Max Planck Institute of Quantum
Optics, which may have led to a certain degree of prior
content exposure or motivation.

Another limitation concerns the short time (1-2 weeks)
interval between the two posttests. It is possible that
participants remembered their previous answers and re-
sponded accordingly, which may have influenced the mea-
sured stability of learning outcomes.

Furthermore, it is worth mentioning that working with
the Q-Beads may have posed additional demands on
learners, as they needed to integrate two representational
elements (color bars and the Quantum Bead). Alter-
natively, some learners may have already internalised
which color corresponds to which state—without this
prior knowledge being explicitly controlled for in the
study.

The evaluation of salience was based on an expert rat-
ing and did not reflect the subjective perception of the
learners themselves. It therefore remains unclear whether
visually highlighted elements were actually perceived and
processed more strongly during learning.

VII. FUTURE RESEARCH

Given that expert ratings revealed both strengths and
limitations across all representations, future studies could
build on this work by systematically comparing addi-
tional representational features [10]. For example, it
would be valuable to examine which specific quantum
concepts or instructional goals benefit most from the use
of Quantum Beads in classroom settings. Furthermore,
future research could explore learning scenarios in which
multiple qubit representations are provided simultane-
ously, to investigate potential advantages of representa-
tional flexibility. To examine the impact of design fea-
tures such as salience or visual complexity more directly,
methodologies like eye tracking could be employed to gain
deeper insight into learners’ visual attention and process-
ing strategies.



VIII. CONCLUSION

This study investigated the influence of two visual-
graphical representations—the Bloch sphere and Quan-
tum Beads—on students’ learning of QP concepts in
the context of quantum computing. Ovwerall, no signif-
icant differences in learning outcomes were observed be-
tween the two groups in the pre-post comparison. How-
ever, clear differences emerged in process-related mea-
sures during task completion: participants in the Bloch
sphere group completed application-oriented tasks signif-
icantly faster and more efficiently. This suggests that the
Bloch sphere may better support cognitive processing,
particularly in terms of quickly identifying and apply-
ing relevant information [17]. The more efficient process-
ing of application-oriented tasks when using the Bloch
sphere may be due to the fact that the distinct vec-
tor arrow and the visible coordinate axes within the
sphere [17] — an advantage also confirmed by expert rat-
ings in [10]. In contrast, the higher visual salience of
the Quantum Beads did not lead to improved learning
outcomes or efficiency, but was associated with longer
processing times—possibly due to increased cognitive de-
mands when interpreting the representation. Rather,
it can be assumed that the use of color gradients and
sphere rotation delocalizes relevant information, thereby
increasing cognitive load and processing time for learn-
ers. No significant group differences were found in terms
of cognitive load. This may be explained by the lim-
ited validity of retrospective self-reports [33], as well
as the structured learning environment, which likely re-
duced extraneous load for all participants. Similarly,
no significant differences were found between the rep-
resentations in terms of medium-term retention. Both
groups maintained their learning gains over time. Over-
all, the findings suggest that not all visually salient rep-
resentations are equally effective for learning. Although
Quantum Beads were more visually prominent, the Bloch
sphere enabled more efficient task performance. Future
research should therefore take a more differentiated look
at the alignment between representational features and
specific learning goals, and employ more objective meth-
ods—such as eye tracking—to assess cognitive processing
more precisely.

Appendixes
Task Performance for each Task

The following figures show the mean efficiency scores
and standard errors (SE) for each task performance item,
separated by group. We see a clear difference between the
groups in terms of quantum state and quantum measure-
ment, which is also evident in amplitude and superposi-
tion. It appears that the students using the Bloch sphere
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are more efficient in all of the tasks mentioned. For the
phase task, no significant difference was found between
the representations.
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The aim of this dissertation is to identify and categorize the aspects/features of qubit representation
with regard to their suitability for learning, and to analyze, quantify and verify their individual
characteristics in order to optimize their targeted use. For this purpose, a category system was
developed and evaluated by experts (Study 1). The analysis sought to determine how features of
visual-graphical qubit representations differ in their perceived effectiveness learning in quantum
physics concepts. The experts’ evaluation and the category system then formed the basis for Study
2 and Study 3. These further studies investigated the impact of different features from the learners’
perspective. This included investigating whether information-redundant combinations of
representations influence learning and cognitive behavior (Study 2), and whether application-
oriented features (e.g. phase, amplitude, or superposition) of different qubit representations, which
experts had rated high or low for learning, are also transferable to students learning quantum
physics. In Section 5.2, the theoretical implications and transferability of the category system are
discussed in the following. Practical recommendations are then derived in Section 5.3. Finally, the
limitations of the work (in Section 5.4), open questions for future research in Section 5.5, and the

central conclusions are presented in Section 6.
5.1 Summary of the central Results

Study 1 (Qerimi et al., 2025):

This study aimed to determine, from an expert perspective, which features of visual qubit
representations are relevant differentiated criteria for effective learning in quantum physics and
quantum technologies. Existing categorizations of representations (e.g., Bertin, 1983; Kosslyn,
1989; Lemke,1998; Schnotz, 2001) are not extensively specified in learning so the objective was
to demonstrate that visual representations can be systematically categorized with regard to their
features that offer potential to support learning. To categorize the qubit representations, insights
from representational research, physics education, and key concepts necessary for understanding

guantum technologies were considered to determine a set of aspects and features.

The aspects and features were transferred into a category system, informed theoretically by
Ainsworth’s (2006) DeFT framework. This includes overarching classifications such as design,

function, task, and cross-concepts—the latter referring to overarching aspects and transferability.

To empirically ground the category system, 21 experts from the fields of physics education, and

areas of quantum technology science research participated in the online rating.
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The qubit representations were evaluated with regard to their effectiveness in conveying the
following core concepts:

e Quantum State

e Superposition

e Quantum measurement

e Entanglement

e Quantum technology applications, particularly through basic gates (Hadamard gate,
X-gate, Z-gate)

In addition to the structured rating, experts were given the opportunity to provide free-text
feedback. They could indicate which categories they considered important for distinguishing

between the representations, and which concepts they felt had not been sufficiently considered.

When low agreement occurred among the experts (i.e. when less than 50% of the ratings were in
the range around the mean value), certain categories and representations were excluded from
further analyses (von der Gracht, 2012; Zinn et al., 2001). This specifically applied to the ratings

to the concept of entanglement.

The results show that, within the design categories, salience stood out in particular: The Quantum
Bead representation was rated by experts as significantly more salient than all other qubit
representations. Specifically, the Quantum Bead was rated as the most visually prominent
representation in terms of salience with a moderate effect size between the other qubit
representations (0.31 < d < 0.39). However, several experts noted in their free-text responses that

they found this category difficult to define or evaluate.

In the learning difficulties categories, the experts rated Circle Notation as less prone to causing
learning difficulties than the Quantum Bead, the Bloch sphere, or the Qake model with a moderate
to high effect size between the representations (0.40 < d < 0.52). In the color category, the Bloch
sphere was considered more flexible, as it remains interpretable even without color highlighting.
In contrast, the Qake model relies heavily on color coding, which is used to convey essential
information about the quantum state (see cheat sheets for more explanation of the single qubit
representations). This can limit the usability of the Qake model and other representations that rely

on their color component, as they always require the color overlay to use the representation.
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Among the function categories, only minor differences in predictability were observed. Overall,
the representations were rated as highly similar in their functional characteristics as qubit

representations.

In contrast, the task category revealed a key aspect: the appropriate depiction of the superposition,
guantum measurement, and probability concepts for learners. As already mentioned, the
entanglement has been excluded. According to the experts, the representations differed in their

visualizations of the concepts.

For the concepts (quantum measurement, superposition and probabilistic) significant differences
emerged particularly between Circle Notation and the Qake model, as well as between the Bloch
sphere and the Quantum Bead. Significant differences were also found regarding the visualization
of phase and amplitude. The Bloch sphere received the highest rating in the visualization of
(relative) phase with a high effect size between the representations (0.60 < d < 0.64). In the
visualization of amplitude, the Qake pie-chart model received the highest rating, followed by
Circle Notation and the Bloch sphere with a high effect size between the representations (0.66 <
d < 0.67). The Bloch sphere was rated higher than Quantum Beads for the visualization of both
phase and amplitude.

In the cross-concept categories (generability and effort in explanations), only one notable
difference appeared: the Bloch sphere was rated as requiring more explanatory effort than Circle
Notation and the Qake model. The Quantum Bead was excluded from the effort in explanations
category due to a lack of consensus among the experts. No differences were found in the post hoc
test between the representations in the generability category, so we could not identify which qubit
representations are easier to generate or create on e.g. a blackboard or in an exercise book than

others.

A central theme in the expert free-text response was the idea that conceptual understanding in
guantum physics cannot be achieved through a single representation alone. Instead, using multiple

external representations (MERS) was emphasized as essential for effective learning.

This perspective is reflected in the following free-text comment from an expert:
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“But there should never be the ‘one representation’, since more visual models like the qubit
cakes will always be easier to digest at first, while models like the Bloch-sphere help

understand more complex topics.” (Qerimi et al., 2025, p. 26)

Overall, the expert rating makes clear that different representations have different strengths and
limitations. For example, the Quantum Bead is more salient, Circle Notation is considered to rate
lower in learning difficulties with regard to misconceptions, the Bloch sphere is considered to have
a significantly higher visualization of the phase, and the Qake model is considered to offer a higher
visualization of the amplitude. The findings serve as an important foundation for developing

representations that combine visual clarity with educational value.

In order to facilitate a deeper understanding of how learners can apply the insights provided by the
experts, Studies 2 and 3 were conducted. These studies build upon the theoretical foundation of
the category system as well as the expert rating data and free-text feedback, which highlighted the

relevance of multiple representations in learning quantum physics.
Study 2 (Rexigel & Qerimi et al., 2025):

Using multiple representations can effectively support learning (Ainsworth, 2006, 2008). One
advantage is that combining multiple representation has the potential to compensate for the
limitations of a single representation mode (Mayer, 2021; Schnotz, 2001): if only one
representation is used, limitations may arise due to its modality or its inability to clearly convey
certain concepts. According to Mayer’s multimedia principle, these limitations can be overcome
by combining complementary representations (Mayer, 2021). This allows each representation to
contribute its specific strengths while compensating for the limitations of the others, which is

essential for effective learning (Ainsworth, 2006).

Although Ainsworth’s DeFT framework advocates multiple external representations (MERS) for
deeper understanding, and Mayer’s CTML warns that redundant information can overload
cognitive resources, mixed findings (e.g., Ott et al., 2018) and the expert rating in Study 1 leave
open the conditions under which informational redundancy truly benefits conceptual learning in

quantum physics.

To investigate whether informationally redundant qubit representations influence cognitive load

and learning behavior, a 2x2 between-subjects study was conducted with 113 STEM students
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learning about the behavior of single photons in a Mach—Zehnder interferometer. The study
involved a control group (text and illustration) with three intervention groups that received
additional Dirac notation, Bloch-sphere visuals, or both. Cognitive load, eye movements, and
learning outcomes were collected to determine whether the provision of MERs with informational

redundancy improves understanding of quantum-physical properties.

Study 2 showed that, among all four conditions, no statistically significant differences emerged in
content knowledge gains from pre- to posttest. Thus, adding Dirac notation, Bloch-sphere visuals,
or their combination did not enhance conceptual learning relative to the text + illustration control.
No group differences appeared for the cognitive load. ICL, GCL and ECL were in a similar range
in all groups. A high ICL was shown in students who learned with the maximum combination of
four external representations. In light of the CLT (Sweller, 1998, 2019), this suggests that the
addition of multiple external representations with informational redundancy leads to increased
element interactivity and correspondingly increased essential processing. But there was no
significant difference between the groups in ICL und 1G3, showing no significant improvement or

deterioration in students’ content knowledge.

In addition, learners who learned with the Bloch sphere (1G2, 1G3) made significantly more cross-
representational transitions than those without it, which indicates integration (Alemdag &
Cagiltay, 2018). This corresponds with data from Gegenfurtner et al. (2011) who shows that, in
cases of redundant representations, transition behavior decreases when experts focus on one
representation, whereas it increases significantly among novices. Since the study involved learners
in the early stages of learning quantum physics, it is reasonable to assume that they were novices
in this field. Dirac notation alone (IG1) did not elicit a comparable effect. Despite this heightened
attempt at integration, the groups with the Bloch sphere (IG2 and 1G3) showed no corresponding
boost in the learning outcome. Participants displayed generally high representational competence
scores, and mental rotation ability did not predict learning performance. The increased number of
transitions in 1G2 and IG3 could indicate that integration in representational competence was
promoted, creating translation between representations or identification of relevant similarities
between the representations, i.e. conceptual understanding (in the sense of Rau, 2017). This

possibility was not investigated in the study.
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The study demonstrates, for the first time, the results of adding informational redundant external
qubit representations to instruction on fundamental quantum concepts. No significant learning
gains resulted, yet graphical-geometric visuals such as the Bloch sphere could prompt integrative
viewing behavior, underscoring that the choice of representations shapes learner interaction and
that further research on multiple external representations in quantum physics education is

warranted.
Study 3 (Qerimi et al., 2025):

Study 1 both sorted the aspects/features underlying this work into a category system and, through
expert ratings, identified differences among the various visual-graphical qubit representations.
Study 3 builds directly on these findings to develop insights from secondary school students’

perspective.

Using a between-subjects design, the study measured students’ conceptual understanding with pre-
and posttests after a learning unit. The learning unit provided a motivational introduction to
guantum computing using qubit representations and drew partly on the spin first approach,

specifically, the section introducing a two-state system. N = 149 students were involved.

Study 3 investigates whether visual qubit representations support students’ conceptual
understanding in quantum physics and whether two types of qubit representations (the Bloch
sphere and Quantum Beads)—especially in the context of quantum technologies—differ in their

instructional effectiveness.

To investigate whether the expert-identified differences among the representations translate into
differences in students’ learning, the study administered application-oriented tasks that required
each student to work with the same representation that they had studied during the learning unit.
The representation was displayed, and a question was posed, to be answered exclusively by reading
the information contained in that representation. The tasks were analyzed for response time and
accuracy. The quotient of accuracy and time was determined for the efficiency of the application-
oriented tasks. In study 3, conceptual understanding and cognitive load were also measured, then
a follow-up posttest was administered 1-2 weeks later to investigated mid-term retention. Taken
together, these measures provide a more comprehensive view of how different qubit

representations influenced students’ learning.
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The central results of study 3 show that conceptual understanding did not differ significantly
between the experimental groups: both achieved comparable learning gain. But, overall, both
groups achieved significant learning gains (Bloch sphere (V = 238, p <.001); Quantum Bead (V =
370, p <.01)). A reason could be that, in both groups, the spin-first instruction combined with a
visual-graphical qubit representation was implemented. This is reflected in the theoretical
approach predicted by Dir and Heusler (2012): a qubit representation combined with the spin-first
approach is a promising teaching method for students with limited prior knowledge of quantum
physics. However, it should be noted that no control group was included, so these results require

further validation.

Process data from the application-oriented tasks, however, revealed that students who worked with
the Bloch sphere were markedly more efficient: they responded items on quantum state, quantum
measurement, superposition, and amplitude significantly faster without losing accuracy. In the task
for phase, there was no difference between the two groups. The accuracy remained similarly high
in both groups, yet the Bloch sphere group required substantially less time, resulting in a higher

efficiency index (accuracy divided by response time).

Despite this time advantage—contrary to expectations based on Sweller’s cognitive-load theory—
no significant difference emerged in perceived cognitive load, indicating that the Bloch sphere did
not demonstrably differ in its demand on cognitive resources (Sweller et al., 2019). This may also
be due to the test instrument; a questionnaire was chosen here that retrospectively (after the
learning unit) records the perceived cognitive load (Sweller, 2011). In addition, the evaluation
depends on the participants’ self-assessment, which can deviate from the actual value when self-
perception is difficult. Finally, the mid-term retention test showed that learning remained stable in

both groups, with no rapid decline in performance.

To summarize, the results show: They corroborate expert ratings, that task-specific features of the
Bloch sphere—most notably the explicit visualization of amplitude, and the conceptual depiction
of superposition, quantum measurement and probabilistic behavior—are critical for efficient

learning, even though this representation is generally rated as less visually salient.

5.2 Theoretical Implications

The category system developed draws on three intersecting domains—representation research,

quantum education, and quantum science and technology—and can be theoretically implemented
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in various ways. Most of the features of the category system-—design, function, and cross-
concepts—capture general representational features that are equally relevant to other STEM areas
on (multiple) external representations in biology (e.g., Tsui & Treagust, 2013) or chemistry (e.g.,
Gilbert & Treagust, 2009). Only the overarching tasks classification is explicitly linked to quantum
physics and technology contexts and specifies how a given representation is applied within that

domain (see Figure 8).

The expert ratings from Study 1 could be partially verified by Studies 2 and 3. In Study 1,
differences between representations were identified from an expert’s perspective, illustrating that
these features can vary in intensity. In Study 2 and Study 3, the learners’ perspective was
investigated. In Study 2, the number of transitions increased in the eye-tracking data when visual—
graphical representations (the Bloch sphere) were used with other representations, indicating
integration attempts. Study 3 investigated specific features in the tasks classification from the
learners’ perspective. Process data were used to verify some of the features evaluated by the

experts.

The combination of the category system and these evaluations provides a solid basis for selecting
or designing representations in practice in the context of quantum physics. In Study 2, it is assumed
that learning with redundant representations can ultimately be used in different context. Ott et al.
(2018) used redundant representations in problem solving in mathematics and demonstrated their
positive effect, and showed that this can be transferred to other STEM subjects. In the following,
the features of the categorization system that theoretically allow transfer to other areas are

discussed.
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Figure 8

Overview of the transferability of the category system from Table 1

Cateqories
Design
1. Salience
2. Dimension
3. Understanding difficulties
4. Color
Function
5. Actions/Steps
6. Interaction with mathematics
7. Contiquity
i 8. Overlaps/Redundancy Include aspects that could be
Domain- 9. Complementary transferred to representations in
specific 10. Predictability other STEM disciplines.
Tasks
11. Phase
12. Amplitude
13. Concepts
14, Quantum Technologv
Cross-Concept
15. Generability
16. Effort in explanations

Design features such as salience, spatial dimensionality and the use of color play crucial roles in
learning with visual-graphic representations, irrespective of the quantum physics context. Only
the “understanding difficulties” category is domain-specific in misconceptions but also includes

more general issues like the graphs-as-pictures problem (Garcia Garcia & Cox, 2010).

In the category system, salience describes how much a representation catches the learner's eye and
directs their attention (Higgins, 1996). Considering Mayer’s signaling principle and the studies
from Alpizar et al. (2020) meta-analysis shows that targeted highlighting focuses attention and
thus improves learning. For example, studies using static diagrams and spoken explanations have
shown that signaling effectively directs learners’ attention, even outside the specific quantum
context (Jamet, 2014). Study 1 also showed that experts rated representations with the
characteristics of the Quantum Bead as significantly more salient, including the strong color
contrast from red to green and the round shape. However, the results of study 3 show that these

characteristics of the Quantum Bead are not especially relevant to the effectiveness of learning.

Similarly, the spatial dimensions of a representation can be transferred to the category system.
Ainsworth (2006) explicitly refers to dimensionality as a key design parameter. Studies show that
female learners in particular have greater problems with three-dimensional representations than
male learners (Castro-Alonso & Jansen, 2019; Heo & Toomey, 2020; Saha & Halder, 2016). Heo
& Toomey (2020) also shows that visual-spatial abilities are a significant predictor of learning

success and that male test subjects achieve higher performance regardless of the multimedia
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representation used. Three-dimensional representations seem, therefore, to require a higher degree
of spatial reasoning than two-dimensional ones, which is not equally available to all learners (Heo
& Toomey, 2020). Chemistry, for example, uses 3D models to explain bonds and reaction
mechanisms at the molecular level (e.g. ball-and-stick or space-filling models), while biology
illustrates structure—function relationships over scales from macromolecules to entire cells (e.g.
ribbon models for proteins). Vijapurkar et al. (2014) found that pupils had difficulty switching
from a 2D cell representation to a 3D one. Dimensionality is, therefore, a critical aspect that should
be systematically considered for learning when selecting and designing representations.

Another way in which representations can convey information is through color coding. For this
reason, color was included as a feature. However, the additional information processing required
by colors increases cognitive load and has a negative effect on learning (Sweller, 1994). For
example, both the color and the color mixture (in the case of a representation function) contain
information about the underlying content. For example, the ratings from Study 1 show that the
Qake model strongly needs to be visualized in color and is, therefore, restrictive, while the Bloch
sphere is much more flexible as it can clearly visualize the concepts even without color. In a cell
representation in biology, where two cells are connected to each other, the cell model changes
specifically to a certain color depending on the connection. This also applies to other connections.
This arrangement of color coding is actually very rare in representations, but it is not specific to

quantum mechanical situations, but is rather a property that can occur in representations in general.

A similar pattern emerges when the function aspects of the representations were examined. The
actions/steps illustrate the cognitive operations needed to visualize domain-specific concepts; they
reflect the element interactivity described by Sweller (2010). Element interactivity refers to the
portion of intrinsic cognitive load that arises when multiple pieces of information—or elements—
must be processed together (Sweller, 2010). The more tightly these elements have to be connected,
the higher the element interactivity becomes, because working memory must establish and

maintain a greater number of relationships among them (Sweller, 2010).

In this context, the number of actions/steps indicates how many cognitive steps must be performed
simultaneously to use a representation to convey a concept, and is therefore applicable to any type

and domain of representation.
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Additional features such as interaction with mathematics and predictability were included because
mathematics plays a central, interdisciplinary role in STEM disciplines, and predictive power is

an inherent aspect of modeling, as described in detail by Kircher (2015).

The continuity feature aligns with Mayer’s contiguity principle in multimedia learning: content
and representations should be positioned to maintain spatial proximity (Mayer, 2021). This
principle applies to any domain-specific instructional unit that employs representations. In
addition, Noetel et al. (2022) demonstrates the advantage of contiguity in both spatial and temporal
terms, referring to the meta-analysis by Ginns (2006), which suggests that this can lead to
significant learning gains, particularly when learning materials are complex. It can also be helpful
for various complex materials by using external representations in STEM, for example by
combining verbal and visual-graphical representations that are spatially close to describe the
individual components of the visual representation (e.g., in biology, the cell nucleus and its
components are explained through a combination of visual representation and written text.) In
addition, the two supplementary categories—Redundancy/Overlap and Complementarity—are
derived from Ainsworth’s functional aspects for MERs (Ainsworth, 2006); they are designed to
capture the general use of multiple representations in STEM contexts, independent of whether
guantum physics is involved. Against the context of Mayer’s redundancy principle (Mayer &
Fiorella, 2014) and the findings from Study 2, it is not yet possible to draw a definitive statement
as to whether multiple redundant representations are fundamentally conducive or hindering to
learning; at the same time, however, the data do not support argument against a positive effect.
The increased number of transitions in the eye-tracking data of groups IG 2 and IG 3 provides
initial indications of integration processes (Kragten et al., 2015; O’Keefe et al., 2014). The
transferability of these results to other STEM subjects is possible and has already been
demonstrated in mathematics by Ott et al. (2018).

In addition, Ainsworth remark on the generatability of representations and their practical feasibility
(Ainsworth, 2006, 2008). Generability refers to how easily a representation can be reproduced on
the media available in a classroom—whether paper, an iPad, or a whiteboard. The explanatory
effort required is another cross-disciplinary criterion, as it strongly influences which representation
is ultimately selected, depending on time, targets and resources. Consequently, both generatability
and explanatory effort are embedded as core elements within the overarching cross-concepts

category of our framework.
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All of the categories what were identified can be applied to other disciplines and STEM domains
in which representations play a central role, informing both the selection and use of suitable
representations. Although the expert rating data were collected specifically for qubit
representations, they nevertheless underscore the relevance of these categories; their partially

confirmation in Study 2 and Study 3.

The overarching “task” classification contains concrete application points that are invariably
domain-specific and thus particularly important. Representations must ultimately be effective
within their subject context. As Krey & Schwanewedel (2018, chap. 10, p. 159) note, “without
subject-specific representations, scientific ideas and thoughts can only be processed, formulated
and communicated to a limited extent”. Consequently, each field should determine which
overarching concepts are most relevant to its own domain.
5.3 Practical Implications

The category system we developed is designed to help instructors make informed decisions about
which visual-graphical representations to use, based on their instructional goals and their learners’
prior knowledge. Each representation has distinct strengths and limitations. The expert ratings
from Study 1 were partially confirmed by Study 2 and Study 3, so the combination of the category
system and the expert ratings offers an opportunity for selecting appropriate representations.

Findings from Study 1 suggest that experts perceive the Quantum Bead as more salient than the
other qubit representations. Prior research shows that salient objects can guide attention (Parr &
Friston, 2019) in learning (Cowan, 1999; Itti & Koch, 2001; Rumbaugh et al., 2007). Quantum
Beads have potential to spark learners’ interest in the complex phenomena of quantum physics,
drawing their attention to relevant concepts. They are, therefore, an appropriate choice when the
primary teaching objective is to stimulate curiosity and initial interest. However, this salience

advantage did not translate into greater processing efficiency in Study 3.

Self-determination theory (Deci & Ryan, 2008; Ryan & Deci, 2000) provides clues for building
on the initial interest in sustainable motivation and enabling a more intensive engagement with
quantum physics. This includes the learner’s need for autonomy, competence and social
relatedness (Ryan & Deci, 2000). Meeting these needs requires varied, time-intensive learning
opportunities in which students can (a) work independently with the representation, (b) experience

mastery of their operations, and (c) present their findings to the class.



127

For a more efficient teaching unit and learning material, suggest the results of Study 3 that the
Bloch sphere is particularly effective in conveying concepts such as quantum states, quantum
measurement, superposition and amplitudes. Although the Quantum Bead was given a higher
rating in the salience category, no compensating effect could be identified. Furthermore, it became
clear that certain aspects such as phase difference or amplitude are easier to locate using the vector
arrow on the Bloch sphere. This could be one of the reasons why the experts in Study 1 rated the
Bloch sphere higher than the Quantum Beads in these aspects. The Bloch sphere helps to highlight
aspects relevant to learning and enables learners to extract relevant information more quickly and
efficiently than the Quantum Beads representation. The clearer directional cues in the Bloch sphere
may also have helped to focus learners’ attention more effectively on conceptually relevant
elements. The study of Hu, Li, Mong, et al. (2024) had previously shown that the Bloch sphere

was helpful for learning quantum computing.

Gegenfurtner et al. (2011) shows that experts focus on one explicit representation when there are
several redundant representations, whereas beginners (novices) switch frequently between the
redundant representations. These transition processes could indicate integration processes
(Alemdag & Cagiltay, 2018), but they could also indicate confusion on the part of the learner,
especially if they are at an early stage of learning quantum physics. From the results of Study 2 it
can be deduced that, when redundant multiple external representations are employed, instructors
could explicitly guide students, with low (novice level) prior knowledge, on when and why to
switch between different representations of quantum systems, thereby avoiding unnecessary, non-
productive transitions. Building on the findings from Study 2 regarding redundant representations,
the learning unit in study 3 was designed so that text and supplementary illustrations were
purposefully integrated with the visual qubit representation. Partial redundancy was employed:
essential information was intentionally overlapped to illuminate the connections among
representations, while each medium also contributed unique additional content. The significant
learning gains in both groups in study 3 could indicate the effectiveness of this partially redundant
design and indicate that it offers a promising model for introductory instruction in quantum physics
and quantum technologies. On the one hand, it can be recommended to introduce or guide novices
to different informational redundant representations during lessons in order to promote integration

processes and to learn more effectively or, on the other hand, to try to choose partially
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informational-redundant representations in order to enable students to promote integration

processes more independently.

The results of study 3 suggests that designing a learning unit based on the spin-first approach could
beneficial—a point already advocated by Dur and Heusler (2012) and further supported by the
learning gains observed in both groups of Study 3. To provide students with an accessible entry
point into quantum technologies, the curriculum needs to be adapted to spin-first content
sequencing (Sadaghiani, 2016; Sadaghiani & Munteanu, 2015). This makes it possible to introduce
qubit representations early on (Dur and Heusler 2012). The spin-first approach also offers
opportunity to introduce core principles such as quantum measurement, probabilistic reasoning,
and complementarity (Miller & Mishina, 2021), which are now already part of many german
curriculum (KMK, 2021), while simultaneously placing them in a meaningful and more relevant
technology context. Palmgren et al., (2022) shows that spin-first curriculum reforms have already

occurred in some countries, such as Finland.
5.4 Limitations

The development of the category system, including expert ratings, provides a theoretical and
empirical basis for selecting and evaluating representations in future work. Nevertheless, it cannot
be ruled out that other relevant categories exist that have not yet been considered due to the current
state of knowledge or future technological developments. For example, the category system
developed here only partially respects the interactivity of representations and does not take
embodiment aspects into account. Dzsotjan et al. (2021) demonstrates how embodiment and
augmented reality have been combined to aid understanding of graphs, in a process described as
‘Walk the Graph’. The learner’s bodily steps and variations in speed are used to visually project
the slope of the graph in AR (Dzsotjan et al., 2021). These aspects may become much more

important for learning with representations in the near future.

In addition, only certain of the identified categories could be investigated on learners in studies 2
and 3. In addition, the category of learning difficulties—that can be caused or exacerbated by
misconceptions which, in turn, are triggered by visual-graphical representations—have not been

studied for their effects on the learners.



129

In addition, the expert rating was developed by consulting only a relatively small group of experts
with varying degrees of expertise in quantum physics and quantum technologies; nevertheless, this

assessment serves as the basis for the subsequent studies.

Study 3 confirms the category system in principle, but only considered two representations (the
Bloch sphere and Quantum Bead). Unlike in the expert rating, no differences were found for the
‘phase’ task in Study 3. This could be due to the complexity of the test task (phase gate) or to the
fact that both representations may have made the phase concept difficult for learners to access. In
general, it is hardly possible to examine features in complete isolation; compensatory effects
between different properties of a representation can never be completely ruled out in empirical

studies.

In study 2, the investigation of redundant representations in the context of the Mach—Zehnder
interferometer (MZI) with single photons may have been unclear to the students. The instructions
included an illustration of the MZI together with text, formulas and/or Bloch spheres. However,
the relevant phenomena in the interference arm can be explained clearly using an explicit wave
diagram—a representation that was missing from the learning material of the study, but which has
proven to be helpful in other studies (Marshman & Singh, 2017). This limitation suggests that the
complexity of the experimental setup, combined with the multiple redundant representations,

resulted in overly demanding instructions and suboptimal use of representations.

The process-related analyses in Study 3 were primarily based on processing times, but it cannot
be directly determined whether this was due to the processing of the respective representations.
Supplementary eye-tracking data could reveal whether and in which area of the visual—graphical
representation (e.g., on the Bloch vector) the learners’ attention was actually focused (Holmqvist

& Andersson, 2017), thereby further refining the interpretation of the efficiency findings.

The primary aim of Study 3 was not, however, to systematically evaluate the spin-first approach.
The learning gain observed in both groups in Study 3 may therefore also be due to factors that
were not captured, such as the structure of the learning environment, the multimedia design or
motivational influences. No reliable statements can be made about these aspects at present; they

require further research.
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5.5 Directions for Future Research

One goal pursued by the implementation of external representations is to make learning content
more efficient and sustainable (Ainsworth, 2006). The use of external representations that target
functional thinking (Ubben & Bitzenbauer, 2022; Ubben & Heusler, 2021) enables the
development of coherent mental models in quantum physics. These representations can facilitate
learning and improve learners’ connectivity. Large language models (LLMs) can be used to
promote functional thinking via external representations in a targeted and individualized way.
Kasneci et al. (2023) highlights the potential of LLMs for instruction, particularly in the realm of
personalized learning. LLMs can analyze students’ texts, respond to their answers, and deliver
tailor-made feedback precisely matched to the learners’ needs (Kasneci et al., 2023). Building on
the features developed in the category system, it could be possible to design an interconnected
platform that uses Al-driven feedback to meet learners exactly where they are in their
(mis)conceptions about quantum systems or quantum objects. Platforms that integrate large
language models such as GPT-40 already exist, for example LEAP (Steinert et al., 2024). They
allow teachers to formulate tasks in advance and assign them to the LLM so that learners receive
formative feedback (Steinert et al., 2024). The category system can be used to classify the inputs
and highlight features that are suitable and relevant for the learner, enabling the LLM to initiate
conceptual changes step by step (depending on prior knowledge) and offering the potential to
promote functional thinking. Such a system could make potential misunderstandings transparent
while simultaneously outlining ways to avoid them during the learning process (see Duit, 2020 for
handling misconceptions). For example, from a strongly Gestalt-based mental model “photon is a
particle/sphere” to a more functional thinking “representations such as the Bloch sphere describe
the behavior of a photon and not the photon itself” (Ubben & Bitzenbauer, 2022; Ubben & Heusler,
2021).

Moreover, this approach would also allow representations to be introduced gradually or switched
easily, for example, starting with the two-dimensional Bloch sphere, then moving to the three-
dimensional version, and finally linking to the underlying mathematics. In this way, the content
can be systematically aligned with students’ prior knowledge and learning progress without

overloading their cognitive resources (Sweller et al., 2019).
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Although the use of such Al technologies in the context of quantum physics has so far received
little research attention, it holds considerable promise for developing effective and adaptive

learning environments.

The introduction of personalized feedback systems creates the opportunity to meet learners where
they currently are with their ideas about visualization. Personalized feedback can build functional
thinking and stimulate a change of concept if ideas deviate from physically correct direction.
Feedback can be provided in different ways—in person by teachers or in interaction with learning
partners—but technologies with LLMs offer the potential to respond to learners individually and,

indeed, severally at the same time when there is a large audience.

Ainsworth (2006) has already demonstrated that employing—or switching between—multiple
representations can effectively support learning. However, even after Study 2 it remains unclear
under which conditions and through which mechanisms the successful use of multiple external
representations (MERS) is promoted. Study 1 merely suggested that representations of the same
dimensionality tend to be perceived as redundant. The category system from Study 1 also explicitly
lists the category “contiguity”. In this case, it is intended to describe the spatial contiguity that was
not optimal in terms of the positioning of the information-redundant qubit representations used in
Study 2. Further studies could investigate whether spatial contiguity exerts an influence on
learning with information-redundant representations, or could investigate how different visual—
graphical representations of the same dimensionality (2D/3D) can be used most effectively for
learners. Using more than two representations appears to offer additional learning potential
(Rexigel, Kuhn, et al., 2024). To identify the key mechanisms at play, further research is needed

that systematically examines both complementary and redundant combinations of representations.

Study 3 provides process-based data showing that participants worked significantly more
efficiently with the Bloch-sphere representation. Eye-tracking could yield more precise insights
into how learners extract information from the representations, for example by analyzing fixation
durations (individual focus points) and transition processes (shifts between text and visualization)
(e.g. Hahn & Kilein, 2023). Such gaze data would reveal where learners’ attention (Klein et al.,
2020) is directed and clarify whether the Quantum Beads, rated by experts in Study 1 as

particularly salient, indeed possess this quality.
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This dissertation points to various directions for further research: On the one hand, it concerns
supporting learners through formative feedback in order to guide personalized learning with regard
to (mis)conceptions through conceptual change to further mental models more in functional
thinking. On the other hand, it lends itself to more intensive investigation of the use of multiple
external representations and the identification of mechanisms conducive to learning for a change
of representation. Finally, for further studies using visual-graphical representations, in addition to
time recording in Study 3, parallel recording using eye-tracking data would be useful to enable
more concrete connections to be made and to learn more about the representation strategies of

learners who solved the tasks more successfully and quickly.
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6. Conclusion

This dissertation developed a category system that structures the use of representations in quantum
physics and quantum technologies in a way that promotes learning. The expert rating in Study 1
showed that specific features—such as the visualization of amplitude and (relative) phase—as well
as more global factors such as learning difficulties and the targeted use of redundant/overlapping
representations played a strong role in distinguishing them from each other among the four
representations rated (medium to high effect size). Subsequent studies with students provided
additional insights into the effect of redundant representations and domain-specific requirements
for learning quantum physics and quantum technologies.

In Study 2, no group differences were found in either learning gains or cognitive load. However,
the eye-tracking data indicate initial integration processes: with the inclusion of a visual-graphical
representation—specifically the Bloch sphere—the number of transitions between the graphical
and the other representations increased significantly. Study 3 confirmed that students worked more
efficiently on application-oriented tasks with the Bloch sphere; several features of this
representation highlighted by experts could thus be partially verified. The Quantum Bead, which
experts rated highly for salience, did not, however, yield any measurable advantage in the study.

No differences in learning outcome or cognitive load were found here between groups.

Nevertheless, the results illustrate that process-related data do provide deep insights into learning
with representations and confirm several assumptions of the category system and expert

evaluations.

However, the view is limited, as the expert rating drew only on a small sample of experts (21).
The process-related eye-tracking data from Study 2 show that the increased transitions may not
have been effective enough in the groups with the Bloch sphere, as there were no learning
differences. The implementation of the learning unit from study 3 with the spin-first approach
proved successful for both groups, but there was no control group to refer to specifically. This

shows that further research in this area is worthwhile.

Further research is needed particularly with regard to the learning difficulties category, which is
crucial for the didactic preparation of content, and on how multiple representations can be used in
a targeted manner, taking into account the characteristics described in the category system. In the

context of quantum physics education, the purposeful use of multiple representations in learning
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environments can enhance learning, for example by combining visual-graphical representations
during experimentation with the simultaneous display of mathematical formulas to illustrate basis

states and their superposition.

Well-designed multimedia environments using appropriate (multiple) representations hold great
promise for leveraging the unique affordances of learning quantum physics and effectively
supporting student learning. The integration of different forms of representation opens up the
possibility of designing learning environments in quantum physics that lower the entry barrier and
could support conceptual understanding (Ainsworth, 2006; Mayer, 2021; Schnotz, 2005; Sweller
etal., 2019).
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