Effective Learning Mechanisms of External

Representations in Quantum Technology

Dissertation zum Erwerb desDoctor of Philosophy (Ph.D.)
amMunich Center of the Learning Saences
derLudwig Maximili ans Universitat

Munchen

vorgelegt van

Linda QerimtOsmani

ausErding

Minchen, 2025






First Supervisor ErstgutachterProf. Dr. Jochen KuhrbMU Minchen

SecondSupervisor ZweitgutachterProf. Dr. Harald WeinfurtelLlMU Miinchen

Weitere Mitglieder dePrifungskommissian

Prof. Dr. Frank FischelLMU Miinchen

PD Dr. Sarah Malone, Universitidt des Saarlandes

Datum der mindlichen Prifung4.10.2025






Acknowledgement

Science does not work in isolation; it requires action and interaction with otfaeirsus people

have suppded me in this work, for which | am vetlyankful

| would like to express my deepest gratitude to those who have supported and accompanied me
from day oneat my PhD My heartfelt thanks go to Jochen Kuhn. Withbistvaluableeducational

input and multifaeted advice on research and strategic thinking, this work would not have been
possible.l would also like to thank my second supervisor, Hakéleinfurter We have been
working together formany yearson the communication and experimental implementation o
guantum technologies for learners. | have always found it exciting to learn from your perspective
on quantum physics. Your expertise consistently helped me to explore different approaches and
realize that teaching quantum physics is far more meaningfuéérners than just delivering a
curriculum topicFurthermore, | would like to thank my third supervisor, Frank Fischer. You made
me see learning sciences and educational psychology in a new light. This has accompanied me
throughout the entire procesmd | am very grateful for that.would also like to thank Sarah
Malone for our excellent collaboration. We often understood each other without needing many
words.| would also like to thank Stefan Kiichemann. He helped me with every minor or major
hurdleand supported méhave learnt so much from you, thank you!

My thanks also go to Silke Stah8chopfthe Head of the PhotonLabatjana Wilkthe General
Manager of e cluster of excellence MCQSahd the Munich Quantum Valley. They enriched

this work byoffering new perspectives and engaging in practical interactions.

Finally, I would like to thank my colleagues, fellow PhD researcfiers the MCSLand family
memberg® without them, this dissertation would not have been possible. | am especiallylgratefu
to my husband, Lorihis grateful motherand my daughter, Klea, who endured many demanding
times with me and continually motivated nhe addition to mysisterElisa, who was consistently
informed and weliversed in my research procesgen though sheidn't know exactly what | was

doing

Last, lwould like to thank my parents for always encouraging me to follow myguattor giving

me the courage to believe in mysdlhank you so much!






Executive Summary

Research into how learnesisualizeand learn quantum phenomena has been conducted in various
ways for several decad@sublbeck & Muller, 2002; Lichtfeldt, 1992; Muller & Wiesner, 1999;
Wiesner, 1996) With the emergence of potential applications such as quantum computers,
guantum cryptography and quantum sensor technpiotgrest in conveying quantum physics in

an accessible, aiahceappropriate way has grown markedlgorresponding competence
frameworks for professional requirements guantum technologiehave been developed
(European Commission et al., 2025reinert et al., 202, andmanyrepresentations have been
developedr refined(e.g.,Bley et al., 2024; Donhauser et al., 2024; Dir & Heugiei2, 2014;
Huber & Glaser, 2024; Johnston et al., 2019; Yeung, 20R8arners without a strong
mathematical backgrouddwhether in schools or in professional setti(gg.,Kelly et al., 2024;
Piaetal., 2029 needappoaches that make the fiel dés cent
an instructional strategy, the-salled fispin first approach is recommendedDur & Heusler,
2012; Sadaghiani, 2016; Sadaghiani & Munteanu, 20tliB}roduces a twstate system early on,

thereby enabling an eantgpresentation of the qubit.

This dissertation investigateshich aspects of isual qubit representations differ in terms of
effectiveness in learning quantum physiagithout completely ignoring the underlying
mathematicsTo that end, it introduces a category system grounded in representation research,
physics education, and quant science, which was evaluated by experts using four exgmplar
visual qubit representatior(8loch spherg Quantum BeadHuber & Glaser, 2024)Piechart

Model (Qake)(Donhauser et al., 2024; Yeung, 2020\ the circle notatio(Bley et al., 2024;
Johnston et al., 201Q)

Key objectivewas tofind out how thefeaturesof visual qubit representations differ in terms of
effectiveness in learning quantum physics concépts from an expert perspeve (1) then from

| e ar pesspestide (2, 3)This led to researchiocusing onmultiple external representations,
asking (2) Do informational redundant qubit representations influence cognitive load and learning
behavioP It also led toresearchn the context of direct applicatioasking (3) Are the features

identified by experts also beneficial for stu

Experts highlighted, in particular, th&eaturesfor visualizing phase and amplitude, the

combination of different representationand the avoidance of learning difficulties or
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misconceptions. They also agreed that no single represertatilmmeetall requirements equally

welld making a repertoire ahultiple representatiorsssential.

To verify theseevaluationsand to examine thase of multiple representations in more detaig
additional studies wereconducted One focused orvariations of informational redundant
representations in the context of the Magbkhnder interferometewith single photonsand
compared four groups: (INext only (control), (2) Text + formula, (3) TextBloch spherg(4)

Text + formula +Bloch sphere

No significant differences emerged in learnmgcomeor cognitive load. However, eyteacking
observationshowed that groups working with tBéoch sghereexhibited a significant increase in

transitions between text and representation.

Theothest udy was carried out to veri f \ontepteal exper
understanding, cognitive load, and applicatwiented tasks ophase amplitude, quantum state,
superpositionand quantum measuremefdr each representatiafBloch sphere and Quantum

Bead) wereexamined The results showed that students completed the applieatiemed tasks
significantly more efficiently when using éBloch sphergeven 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 chacteristics with the four examples investigated.

The results indicate that our category syswsith representationsan be applied in various
setting® for instance, to experimental setups or praebigented scenarios in quantum
technology. While neithestudy 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 validatthe 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 poifdr future world whether ondifferent variations oimultiple
external representations or on specific concepts such as entanglement. Overall, this dissertation

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

Die Art und Weise, wiesich Lernende Quantenphanomewarstellenund erlernen, wird seit
mehreren Jahrzehnten auf unterschiedliche Weise erf¢k&dbibeck & Muller, 2002; Lichtfeldt,

1992; Miuller & Wiesner, 1999; Wiesner, 199a6ylit dem Aufkommen von moglichen
Anwendungen wie Quantencomputern, Quantenkryptographie oder éQsensorik ist das
Interesse an einer verstandlichen, adressatengerechten Vermittlung der Quantenphysik deutlich
gestiegen entsprechende Kompetenzrahmen fur berufliche Anforderungen in den
Quantentechnologien wurden entwick@tiropean Commission et al., 2025; Greinert et al., 2022)
und zahlreiche Reprasentationen ausgearbeitet oder ver{@legret al., 2024; Donhauser et al.,
2024; Dur & Heusler, 2012014; Huber & Glaser, 2024; Johnston et al., 2019; Yeung, 2020)
Lernende ohne ausgepragten mathematischen Hintergrusel es in der Schule oder im
Berufsleben (z. BKelly et al., 2024; Pifia et al., 202b)bendtgen Zugénge, die das zentrale
Element dieser Technologien, das Qubit, anschaulnchverstandlichmachen. Als didaktische
Strategie empfiehlt sich der sogenannte spinArsatz(Dur & Heusler, 2012; Sadaghiani, 2016;
Sadaghiani & Munteanu, 2015s behandelfriih ein ZwetZustandsSystem und ermdglicht so

eine frihe Einfihrungon Qubit Repréasentationen

In dieser Dissertation wird untersucht, welche Aspekte visueller réprasentationesich
hinsichtlich ihrer Effektivitat beim Erlernen der Quantenphysik unterscheathedie zugrunde
liegende Mathematik vollstandig auszublend@azu wird ein Kategoriesystem vorgestellt, das

auf Erkenntnissen der Reprasentationsforschung, der Quantenphysikdidaktik und der
Quantenwissenschaften basiert. Experten bewerteten diasegoriengstem anhand von vier
exemplarischen Reprasentationen: Blochkugel, Quantum BReatber & Glaser, 2024)
Kuchenmodell (QakejDonhauser et al., 2024; Yeung, 2020d Circle Notation(Bley et al.,

2024; Johnston et al., 2019)

Ein zentrales ZieWar es, herauszufinden, wie sich die Merkmale visueller €enistellungen

im Hinblick auf ihre Wirksamkeit beim Erlernen von Konzepten der Quantenphysik
untesscheiden. Zunachst aus der Sicht von Experten (1), dann aus der Perspektive der Lernenden
(2, 3) Dies hat zu weitereForschung mit multiplen externen Reprasentationen gefiihrt, mit der
Frage: (1 Beeinflussen informationsredundante Reprasentationen gingtik@ Belastung und das

Lernverhalten?nd zu Forschuig im Kontext der direkten Anwendung, mit der Frage:$&)d
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die Merkmale die von Experten bewertet wurden, auch fur Schilerinnen férderlich fur das

Lerner?

Die Experten betonten insbesondere digkvteale von Darstellung fiir Phase und Amplitude, die
Kombination verschiedener (mehrerer) Reprasentationen sowie die Vermeidung von
Lernschwierigkeiten durch Fehlvorstellungen. Zugleibbtonen sie dass keine einzelne
Darstellung alle Anforderungen gleichealRen erfllltT weshalb ein Repertoirenultipler

Repréasentationemnverzichtbar sei.

Zur Uberprufung dieser Einschatzungen und zur genaueren Analyse des Einsatzes mehrerer
Darstellungen wurden zwei weitere Studien durchgefuhrt. In einer Studie zu mehrfach
informationsredundanteQubit-Reprasentationen im Kontext des Matdhndefinterferometers

mit Einzelphotonenvurden vier Gruppen verglichen: (1) Nur Text (Kontrollgruppe), (2) Text +
Formel, (3) Text + Blochkugel, (4) Text + Formel + Blochkugel.

Es zeigen sich weder beim Lernzuwachs noch bei der kognitiven Belastung signifikante
Unterschiede. EydrackingDaten zeigen jedoch, dass Gruppen aeit Blochkugel signifikant
mehr Ubergange (Transitionen), also einen verstarkten Wechsel der Augenbewegusdgesrzwi
den Reprasentationen auslost.

Eine weitere Studie prifte die Experteneinschatzungen direkt auf Lernenden Ebene in dem
anwendungsbezogenen Kontext von Quantencomputing. Untersucht wurden das konzeptuelle
Verstandnis, die kognitive Belastung sowie andungsorientierte Aufgabenit den jeweiligen
Repréasentationeau Phase Amplitude, Quantenzustand, Superpositiord Quantenmessung

Hier lI6sten die Schilerinnen die Aufgaben mit der Blochkugel signifikant effizienter, obwohl sich
wiederum keine Gruppenterschiede 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 Reprasentationen leiten kann.

Die Bdunde verdeutlichen, dass das KategoriensysteinReprasentationeftexibel einsetzbar

ist T etwa in experimentellen Aufbauten oder praxisnahen Szenarien der Quantentechnologie.
Obwohl in beiden Studien keine Unterschiede im konzeptuellen Verstandnis ddekognitiven
Belastung gefunden wurden, legten Prozessdaten ausTriBgking und Zeitmessung

Unterschiede im Umgang mit den Reprasentationen offen.



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

geeigneter Repsentationen als auch die Entwicklung neuer Reprasentationen.

Die Forschung zum Lernen mit Reprasentationen ist keineswegs abgeschlossen; doch bietet die
hier vorgestellte Merkmalsstruktur einen soliden Ausgangspunkt fir weitere Arbetea zum
unterghiedlichen Einsatz milultiple External Repréasentationewler zu spezifischen Konzepten

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

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






1.1 Aims of the Dissertation

As quantum technologiesontinue to developt can expect to see not only changes in science but
also significantsocial changes(de Wolf, 20T). Quantum technologieare interdisciplinary,
connecting physics, computer science, and mathem@tigsde Wolf, 20T). In addition, the
promotion of a deeper conceptual understanding of quantum physics has become an important
curricular goaEuropewide and beyondEuropean Commission et al., 2Q0Z&einertet al, 2022;
KrijtenburgLewerissa et al., 2017; Stadermann & van den Berg, ;20K 2020), spanning

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

However, learning quantum physics poses particular challdrggesise it involves abstract, Ron
intuitive concepts(Corsiglia et al., 2023)hat differ significantly from classical thinking
(Marshman & Singh, 2017As Stadermanif2019 p. 1) noticed

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

guantum phenomeria.

In addition,Bouchée et al2022)point out that the abstract mathematical formalism of quantum
mechanics often obscures the underlying concepts for studemt®arly learning stageearning

with visuaklgraphicalrepresentations in quantum physics is versatile and can create a variety of
learning opportunities. In order to provide students with raoit@ableaccess to quantum physics,

and in particular tquantum technologiesit is necessary to understand how learning processes
unfold when representations are useahd what impact these representations have on learning.

From a learning science perspectistidying how studentsonceptualizeqguantumconcept8d

such as superposition, measurement and entanglémémn working with (multiple)
representations provides valuable insights inta tlnederlying cognitive processebhe attempt

to make quantum physics amplantum technologieanderstandable with represetions or
visualizations tools e.gQuantum ComposgKichemann et al., 2023; Weidner et al., 20@1)

The Quantum Mechanics Visualisation Proj€atVis(n.d.) and thedevelopment and design of
existing or new(qubit) representationshow the greaandeverincreasingnterestin 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 investigatingbisteavior of
educatorand their use of multiple extern@presentationssuch as thenline survey byRexigel

et al. (202%). There is some research on how learners deal with representations or learn in a



simulated learning environme(d.g,Bley et al., 2025; Kohnle et al., 2012020; Kiichemann et
al., 2023; Marshman et al., 202@nepromising approach to support learning irstarea is the
use ofmultimedia withvisuatgraphical representations augmented reality (AR3nvironments
(Coban et al., 2025¢lynamicvisualization toolgKohnle et al., 202Q)pr in simple online leaiing
material However, there is still no insight into the mechanigsgects of representations which

areresponsible fooutcomes

Giventhe growing importance of quantum education, more resewelisto be done on how
learners acquire quantum concegpt®ughrepresentations and how to support them in doing so.

The aim of this dissertation fig identify features of representations and systematically examining
their effectiveness for learners. Across several empirical studies, it explores how \aturaste
representational formats, and prior knowledge influence conceptual understanding in quantum

physicsfrom the perspectives of both learners and instructors (experts).

By integrating insights from physics education research, cognitive psycholgggseatation
theory, and domaispecific aspects relevant quantum technologieshis work contributes both
theoretical understanding and practical implications for the design of effective learning

environmentsith representations quantum physics.



1.2 Learning with Representations
Lemke (1998khowed that content is used together wégbresentatios® suchas text, diagrams,
tables, photos, and equatiénm scientificpapers to foster the construction of meaning via
multiple externalrepresentations.
The term &ér epr es entanddifferenbatefoezationrdemkg(1998 ani ng s
includes mathematicéloperationalle.g. formula), visuédigraphical (e.g. diagrams, graphs),
visual gestural (ag. gestures), verbiaemantic (e.g. textDther authors such &sertin (1983,
Kosslyn(1989 or Schnotz(2001)have proposed different ways of categorizing representations.
However, theseategorysystems are not able to determine the effectiveness of learning and its
appropriate uséBuilding on our earlier workQerimi et al., 2025)a categorizabn system(see
Table ) wasdevelogdand appked which is presenteith more detaiin Studyl (seeSection 2)
This system draws on insights from representation research, physics education and
misconceptions in quantum physics, as well as doisécifc content in quantum science and

technology.

A conceptual foundation for the overarching categoiseprovided byAi n s w dDedigh, 6 s
Function and Task (DeFTjamework, which outlines how multiple external representations can
be used effectively to supp learning/Ainsworth, 2006)Ainsworth (2006, 20083mphasizes the
importance of effective learning withnultiple external repremtationsinvolving at least two
representatios. A key finding from the metanalysis byRexigel Kuhnet al., (2024)jndicates

that the benefits of multiple external representations are not limited toestablished
combinations of two representation types. Rather, positive effects are also expected when

combining three or even more repentationgRexigel, Kuhn, et al., 2024)

The category systerin Table 1)differs from the DeFT framework but théour overarching
classificatimsd Design Function Task andCrossConcepd ar e i nspired by Ains
DeFT frameworlkwith more detaibddedfor representationthhemselvesndallow differentiation

criteria between represeations. Theycan be described as followdesign includes features

related to the visual appearance and structure of the represeriatiotion refers tafeatureghat

describe how a representation interacts with learners or with other representatitims e it

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

with fundamental applications of quantum technologies. FinahlgssConceptincludes features



that go beyond individual tasks and addressdepeonceptual connections across representations.
All 16 categories artully describedn Qerimi et al.(2025)(seeSection2).

Table 1

RefinedCategoy systenof visual representationadapted fran Qerimi et al. (2025)

Categories

Design
1. Salience
2. Dimengon
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 overarchinglassificationsDesign refers to visual and structural aspects of a representation; Function
describes its role in learning and intefat Task includes features tied to quantum applications; and-Cargsept

captures broader conceptual links across representations

Visuali graphical representations are typically not presented to learners in isolation, but rather in
combination with othr forms of external representations suctvexbal 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 s(hematz,

2005)

A descriptionof how such representatiomsmultimedia environmenta f f ect | ear ner s 6

processing is provided by Mayer 6(€TMC)o(dayer,t i v e

T



2021)a nd S c h n mtedzMwdel of Text amd)Picture Comprehension (If§&chnotz, 2005,
2014)

1.2.1 CognitiveProcesses

CTML assumes that humap®ssess two separatbannels for processing visual/pictorial and
auditory/verbal informatiorfMayer, 2021; Mayer & Fiorella, 2014ffective learning occurs
when learnes canselectrelevant informationprganizeit into coherent structures within each
modality, andintegrateit with prior knowledge and across modalitiégdayer, 2021; Schnotz,
2005 see Figure 1

Figure 1

Cognitive processes multimedialearningadaptedrom Mayer (2014, 2021)

- . : Long-term
Mulitmedia Sensory Working Memory megmor
presentation memory v

organizing words
Words >( Ears > —_— >
- Selecting words7 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 multimedraranent in the form of visual and/or verbal
representations via the eyes and/or €Ens. representations then enter the working memory via selection processes.
According to the active process by CTML proposedMayer (2021)learning involves the construction of internal
representations and their integration with prior knowledge stored intésngmemory to form a coherent mental
model(Schnotz, 2005, 2014)

The CTML is based on the three assumptiaibgutchannel dualitylimited capacityandactive

processingdMayer, 2021)

1 Dual-channel processingis receiung and processlg information through different
modalities; Mayer focusespecificallyon visual and verbal inpubllowing Paivio (1990
(Mayer, 2014, 2021; Paivio, 1990, Chap. #parning with multiple rpresentations
involves the cognitive processing of information presented through muttipdies such
as visual anderbal(Mayer, 2021; Moreno & Mayer, 2007; Paivio, 1990; Seufert, 2003)
This enables learners to integrate complementary information and makeffcient use



of their working memoryMayer, 2021)Modedescribes the form of a representation, such
as verbal (e.g. spoken or written text)vasual (nonverba) (e.g. imagesdiagrams or
animations)Mayer, 2021; Moreno & Mayer, 2007; Paivio, 1990pdality refers tahe
sensory perception (e.g. seeing or hearing).

1 Limited capacityconcerns how much informatidhe working memory can processaat
time (Mayer, 2021; Sweller, 1988; Sweller et al., 2019prder to support these processes
and enable knowledge building, the limited cognitive resources in working mehmmid
be utilizedoptimally (Mayer, 2021; Sweller et al., 2018welleiés cognitive load theory
(CLT) offers indepth perspective in this contelde distinguishes between different types
of cognitive load: intrinsic cogtive 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 processimayganizatiorand integration of learning materi@weller,
2010; Sweller et al., 2019pptimd teachingmaterials should be designeaminimize
extraneougognitive loadoptimizeintrinsic load and promote germane lgq&iveller et
al., 2019) A useful guideline for the number miformationunits that learners can process
at the same time comé&em Miller (1956). He estimated the capaciy working memory
to be appiNoRi red Madegcen®work, such as that bfayer (2014)
suggests a slightly lower range, that learners can typically process about 5 to 7 new units
of information at the santene. Above all, processes should ps@motenot only increase
theextraneougrocess by supplementing it with additional representations, but also enable
essential and generative processes to promote selectmmganizationand integrative
learning proessegMayer & Fiorella, 2014)

1 Activeprocessingef ers to the | earnerés effort to
it through organizational and structurptocessegMayer, 2024). The goal of this
integration is to connect new orimation with prior knowledge stored in lotgyrm

memory.

An additional theoretical perspective is provided Sshnotfs Integrated Model of Text and
Picture Comprehension (ITP(chnotz, 2005, 201Avhichemphasizethat meaningful learning

results from the construction of coherent mental models that integrate propositional (verbal) and



pictorial (visual) representatioiislayer, 2021; Schnotz, 20Q5)he model posits that the capacity
to internalize i.e. to comprehend, is contingent upearnergability to semantically align verbal

and visual informtion into a unified mental representat{@&@chnotz, 2005)

Furthermoreto what learners can experience and acquire through external representations, mental
models also play a critical r@eboth those that learners bring with th&m prior experiences
(background knovddge) and those that can be intentionally supported through external

representationfutke, 1994; Hettmannsperger, 201

Cognitiveand mentalprocessespecific inquantum physis. UbbenandBitzenbauer(2022)
investigated the structure of perception through models in quantum physics, initiallgingjieg
photons as a specific example and subsequently explitvnbroader applicability ehental
models to other domair{Bitzenbauer & Ubben, 2029n this context, the concepisr mental
models in quantum physidsdelity of functionandfidelity of Gestdt are centra(Bitzenbauer &
Ubben, 2025; Ubben & Bitzenbauer, 2022; Ubben & Heusler, 2021)

Originally developed by Ubben and Heuq2021)in the context of atomic modelhese
concepts were further extended by Ubben and Bitzenl§a022, 2025)The dimensia fidelity

of Gestdt describes the mental model in which it is assumed to be like an exact visual
representation of a phenomenon or quantum ofljatben & Heusler, 2021forexample
whenusing waveaepresentatioto explain interferengehe dimensionfidelity of function
describes the mental model in which it is assumed to be the underlying abstract functionality of a
phenomenon or quantum objédttbben & Heusler, 2021Yhe goal is to guide learners from a
primarily Gestaltoriented model toward one withn@ore abstradiunctionalfidelity, in order to
support the development of alerent understanding of quantum phygiiszenbauer & Ubben,
2025)

Although it has been suggested that visgedphical representations are beneficial, their perceived
simplicity can pose a risk ofisunderstanding. Learners sometimes fail to recognize that they are
not direct representations of reality, but rather scientific mo@&éscia Garcia & Cox, 2010)

Garcia Garciaand Cox (2010 investigated how learners perceive and interpret visual gaphic

with a particular focus on the misconceptiorii@faph ap i ¢ t duthedesdency to misinterpret
abstract representations as physical images. The results showed that graphics can facilitate

understanding but often lead to misinterpretations if theirtradis nature is not clearly
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communicatedThe use of external representations and individual adaptationleather§prior
knowledgecanplay an important rol¢Dutke, 1994; Hettmannsperger, 205chnotz, 2014in
prevening misconceptiondike fiGraph ap i ¢ t (Gar@asGarcia & Cox, 201@ndto promote
the potentialof a more functional understanding of abstract rpdreena in quantum physics
(Bitzenbauer & Ubben, 2025)

Traditionally, quantum physics has bedraracterizedy symbolié¢ formal representations such

as texts, equations and mathematical operators. hesshistorically led tovarioustheoretical
approaches. For examplegisenberg (1925dleveloped matrix mechanics, whichrodinger
(1926) introduced wave mechanics. Soon afterwar@rac, 1939)formulated an abstract
representation usingral ket notation, which has since become standard in research and teaching
guantum physics and technoloddut 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 understari@ogchée et al., 2022n this context, visual
graphical representationsan play a crucial role ¥ serving as intuitive bridges to abstract
mathematical structureslongside this formalism, visugdraphical representations have gained
increasing relevance for teaching and learr{;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 thBloch spherewhich is frequently employed in higher education to
visualizetwo-stae quantum systems. Recently, new representations havealsesteveloped to
visualizequantum states in Hilbert space, such aCihade Notation(Bley et al., 2024; Johnston
et al., 2019pr the Quantum Bea@Huber & Glaser, 2024)

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

their representational characteristics have on learning processes, it is important to consider
processoriented evidencerather than just outcommriented measurefHuang et al., 2009;
Schewior & Lindner, 2024 Measures such as reaction time, task efficiency, and particgéagy

paths fromeyetrackers can r@eal cognitive strategies of which learners are often unaware. These

findingshelp to reveal how representations are processed and interpreted by learners in real time.
1.2.2 Measuring learning processs

Multimedia learning and multimedia testing partly overkaplearners are initially confronted with

a multimedia environment in both contef@&hewior & Lindner, 2024 However, a fundamental
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difference lies in their primary focus: while multimeti#arningaims to support the understanding
and processing of oten® as described in the previous seciomultimediatestingrefers to
assessment situations in which the test question is presented simultaneously with a multimedia

element such as a visual representat®ohewior & Lindner, 2024)

To examine the exteta 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 ng.learni
These include prfposttest designwith standardized achievement te@g.,Bitzenbauer et al.,

2024) response time measuremef@sgy.,Huang et al., 2009; Schewior & Lindner, 20243 well

as processgriented approaches such as eye traci@egker et al., 20224olmqvist & Andersson,

2017 Klein et al., 2021,)the analysis of learning behavior, @hd assessment of cognitive load
(e.g.,Klepsch et al., 2017; Sweller, 198811).

a) Learning gain

Learning gain measures the differentstudentperformance between twiime pointgMcGrath

et al., 2015) These two stages could come befarel after an introduction, learning unit or
teaching lessorLearners can bgestedin many waysfor examplecontentspeifically, skills-
speifically or via competacies(McGrath et al., 2015; Vermunt et al., 2018d reliably assess
learning of certain concepts and learning gain, validated test @mmsseful Validation ensures

that each item accurately measures the specific concept targeted hstihetional intervention
(e.g., testitems by Bitzenbauer et al., 2024; Waitzmann, 2028% a standard practicehe
difference betweenthe knowledge after the interventicend the knowledgerior, which are
evaluatedthrough spedfic learning resultssuch as test scores or progress in conceptual
understandingdefines the learningain However, since learning is a process, essential aspects of
this process cannot always be directly captured by collecting rédulisig 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
couldtherefore also beonsideedto become a refine perspective of the learning process with

representations.
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b) Eye tracking

To record eye movements, eyacking instruments are requirethese can be stationafg.g.
mountedon a screendr mobile devicege.g.,glasses Furthemore, suitable software (such as
Tobii Pro Studio) is required to record agthlye the gaze data. For a targeted analysis, areas of
interest (AOIs) must first be definefihese mark specific regions in the visual material, such as
different representains that are spatially separated. Various-tegeking metrics can then be
analyzed for example, the number of transitions between AOIs or the fixation duration within a
specific AOI(Holmqgvist & Andersson, 2017)

Establishing a link between the data collected through eye trpekid learningperformance is
proving to be a complex challenffdemdag & Cagiltay, 2018; Coskun & Cagiltay, 2022; . Mayer,
2010) Drawing on Coskunand Cagiltay, 2022 possibleselection organizationandintegration
processes could be clearly classifigdNsayer 014 from eye movemeninetrics e.g. time to

first fixation in selection or number of transitions in integra@lemdag & Cagiltay, 2018Eye
tracking has proven reliable for tracking the learning prodrgsthere are also inconsistencies in
the interpretation of eygacking data. The data should therefore bel useonjunction with other
tests, such as cognitivead tests or concept tests, in order to make reliable and transparent
statementge.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 thedspatial resolution of visual attention
SchewiorandLindner(2024)also emphasize reaction time as an important indicator of cognitive
processes in multimedia learniagd testingenvironmentsCLT considersthat an increase in
elemant interactivity can also lead to an increased load on workiexgory(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 diffic(Biesller, 2010; Sweller et

al., 1998) Therefore, processing time should always be interpreted in relation taciasiacy

(Lindner et al., 2021; Schewior & Lindner, 2024dgnitive load(Hou & Zhang, 2006pr eye

tracking data.
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d) Cognitive Load

In addition to timeeaction cognitive load can providewala bl e i nsi ghts into | e
processingHou & Zhang, 2006; Sweller, 1988, 2010; Sweller et al., 2(R&iticipantsanswer
on a scale of 1 to 7 how difficult or demanding they found a particular task or learning naterial
be(e.g.,Klepsch et al., 201@r Thees et al., 2020In addition to the numericalikert scale, there
are also other scales, suchséiding regulatoror color-differentiatedsmileys(Ouwehand et al.,
2021) The various items on the scale make it possible taw danclusions about the underlying
mental demandsAs described in the previous section, different types of cognitive load can be
distinguished. According t&weller et al.,(2011, 2019) various methods exist for measuring
cognitive load, including performance measures, secondary tasks, physiological indicators, and
subjective rating scales. The lafiesuch as the Cognitive Load Stedeveloped biKlepsch et al.,
(2017p assess cognitive load retrospectively and can be influenced byy tee r-coricepsamd f
selfassessmentKlepsch et al.,, 2017; Sweller et al., 2011; Thees et al., 2@2hough the
method is not entirely free from subjective bi8sveller et al., 2011}ktudies have shown that the
instrument provides a reliable way of assessing cognitive(iKlagsch et al., 2017; Krieglstein et
al., 2022)
All considered,it becomes clear thain order to get a comprehensive picture of learning with
representations,suitable methods formats and instruments are needddearning with
representations not only promotes cognitive processes in coalet@d competences, buging
representationalsoactivatesso-called representational competences and further prentiogéen
(Rau, 2017).

1.2.3 Representational Competence
Learning environments in phys&sespecially in quantum physigften involve a variety of
representations such as symbolic, verbal (e.g.;b@sed), or visuagraphical representations
(Lemke, 1998). Learnerseapften faced with the challenge of linking these representations and
integrating them conceptuallgiSessa & Sherin, 2000; Rau, 2014&) the same time, working
with multiple representations offers educational opportunities (Ainsworth, 2006).
In her 2017 review, Rau provides a comprehensive overview of representational comgetencies
tha is, the specific knowledge and skilisat learners need in order to work effectively with
(multiple) representations, as well as the learning processes through which these competencies are

developedRau, 2017)One of these competencies is describedomsectional 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 conventionssiiog different types of representati¢Rsau,
2017)
In contrastmetarepresentational competenceEscribea more global competences by interacting
with representationsAccording to diSessa (20Q0p. 38§ metarepresentational competencies
include
it he ability to select, produce and produc
to criticize and modify representations and even to design completely new
representationg.
Metarepresentational competenciesn encouragdearners to developn 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 compete@icpsticularly connectional understang or
metarepresentational competerdceequires tailored instructional suppqRau, 2017) These
competencies can be fostered through a combinatico@él mediatedsensemaking pocess
nonverbal inductive learning, and reflective engagement with multiple representations, depending
on the type of competence being addre¢Bedl, 2017)
1.3 Representations in Quatum Physics
The theoreticalaspectsand cognitive processes discussed in the previous sections provide a
foundation for understanding learning with representations. However, quantum physics presents
particular challenges: its contenwisry abstract, donmated bymathematicalormalism, and often
unintuitive for learners(Corsglia et al., 2023; Marshman & Singh, 2017y this context,
representations are not meraglucationattools butserve as mediators between mathematical
formalism and conceptual understandiAgvide range of represenitansis available.lt is more
difficult to find consistent representations in quantum physics than in other domains of physics
(Stadermann2019) 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 quantuethnologies.
The spinfirst approachntroduces a two-state systensuch aghe behavior ofphotonor electron
spin earlier than the positiefirst approach(see Table 2)Sadaghiani, 2016; Sadaghiani &
Munteanu, 2015)Froman educationgberspectivethe spinfirst approach is particularly valuable
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as it enableshe use oftwo-statesystemrepresentatiords which can bedescribedby a qubit
representatiords from the outset, helping to make modern concepts from quantum information
and computingnore accessibldur & Heusler, 2012, 20147 his allowsfor learnergo describe
guantum statesquantum measuremenprobabilities in an early stage without first being
introducd tothe Schrddinger equatidi®adaghiani, 2016; Sadaghiani & Munteanu, 20Thg
Schrédinger equatiois important of courseand can be connectéua laer stage depending on
the prior knowledge of the target group.

In contrast, theositionfirst approachfollows a more historically motivated progression (e.g.,
doubleslit experiment, wave functioand Schrédinger equation) and introduces the-staie
system later(Sadaghiani, 2016; Sadaghiani & Munteanu, 20Irfbthe positiorfirst approach,
waved particle duality is further discussed via the dowdlie experiment and allows for a
deepening of this conflict, which learners often furdntuitiveto accept.

Both instructional approaches allow for an introduttito quantum physicand quantum
technology Which approacls more accessibldéepends on the target group and the objectives of
the lesson.

In the context of designing instruct®rhat introduce quantum technologies and quantum
computing, thespinfirst approach offers a focused entry point through the representation-of two
state systems.Every two-state systentan be represented layqubit representationA qubit
representatiosandepictthe state of a quantum object, e.g.hlebaviorof a photon aftepassing
through a beam splitter.
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Table 2

Overview spin-first compared tgositionirst, modified fromSadaghiani (2016)

Spin-First PositiorFirst

Birth of modern physis, blaclkodyradiation

Photoelectric effect

Structure of the atom, Thomson & Rutherford models

Wavd particle duality, de Broglie waves

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

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

Schrddinger equatiomexpectatiorvalue Infinite andfinite potential pot

é é

1.3.1 Qubit Representatios
According to Benjamin Schuhmachet905) qubits are thefundamentalunits of quantum
information. Qubit representationdescribequantum states dfvo-level systems, represented in
the basigmoandgpd The qubit representatioran contextualize the cdent to be conveyed by
referring to possible applications of quantum technolod2dr & Heusler, 2012) which
additionallycanpromotedearnerémotivationin quantum physicéMiller, 2006)
Both in scientific literature and in educational practice, various visual, symlawiit,formal
representations have been establisteath bringing its own potentials and challenges for
supporting student learnin@dennig et al., 2024; Hu, Li, Mong, et al., 2024; Hu, Li, & Singh,
2024; Wawro et al., 2020)

As Lautesse et al., 201oint out, the simultaneous use of classical models such as wave and
particled for example, in the context of the doulslé experimend 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 challengedycationatask.

Prior instructional experiences from classical physics may inadvertantdgr further learning

as learners ofterety on familiar but incompatible mode{Krijtenburg-Lewerissa et al., 2017,
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Majidy, 2024; Merzel et al., 2024; Miller & Wiesner, 1999; Singh & Marshman, 28irtgh and
Marshman (2015)provide empirical evidence of students strugging, for example in
conceptualizingohoton polarization states as orthogonal vectors in adimensional Hilbert
space(Singh & Marshman, 2015)instead, learners frequently interpreted these phenomena
through the lens of classical opticéocusing on physical components like wave plates or
polarization rotatorsTher classicabssociatiorof polarizationwith light waves thatafterpassing
through a polarizerare filtered in oneorientation or waveplatethat the orientationrotated
accordingly, hindersecognition ofthe abstract vector nature of polarization as a quantum state
(Singh & Marshman, 2015Notably, such difficulties did not @cur when students dealt with
electronicspinbased systemthat they did not know from classical physics less@iagh &
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 extecathese
impede their understanding (sBeuchée et al., 2022; Brang et al., 2024; Fischler & Lichtfeldt,
1992; KrijtenburgLewerissa et al., 2017; Majidy, 2024; Ozcan, 2011; Wiesner, 1996
background of theore concepts from thi@Vesenzlige der Quantenphysfkom Kiblbeck and
M¢l | er (200 2)reasoaihgsots forkqmantuwmphysac® (Kiiblbeck & Miller, 2002;
Miller & Greinert, 202; Mduller et al, 2021) which include key concepts relevant to
understanding modern quantum technolodMsrzel et al., 2024)such as entanglemerdre
central concepts of this work. Potential misconceptiomgd arisefrom the designaspectsof
visual graphical qubit representatioasdhave beedentified based on empirical findingshich

was thetheoretical base of Study(Qerimi et al., 2025)As anaspect ofearning difficulties it is

included as mown category in the categosystem (see Tablb.

These insights emphasize the crucidé rof representationd he selection and design efsual
representations.g.the Bloch sphergFigure 2)in quantum physics lessons must be guided not
only by their explanatory powerbut also by their potential to accidentally reinforce
misconceptionslo support conceptual learning while minimizing the risk of reinforcing classical
misconceptions, it issefulto analyze and design representations that are cognitively accessible,

mathematically consistent, and visually meaningful.
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Figure 2

Bloch sphees

Note. Demonstration o& visualgraphical qubit representatiomhe Bloch spherenaps any pure state to a point on
the surface of a unit sphere, using spherical coordinates to express quantum states georttetffeatiya way to
represent quantn phenomena such as superposition, phase differences, by a vector rotai&ioch spherean

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

Moreover it is importanto note that real) experimental setuglso constitutes a form of
representatiofLemke,1998; Schnotz, 2014)As KozmaandRussell(1997)alreadyrecognized
scientific experiments can significantly support the learning of scientific concepts. Particularly
interesting is the fact that twaiatesystems can be realized inimple and authentic wayfor
example, bydiscussng thequbit state of a photon after a beam splitter (see Figurehe bit

values 1 and 0O are assigned tophéh® in this casereflection(1) and transmissio(D)d so

that after the measurement, one slaal 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 measuremettiéphuadas
state can be described a superposition of the two paihis other words, it can be represented as a simplestatequantum

system.
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And the qubit statean bealsorepresentedhathematically as follows:

o p o o
$a — guo Pa
48 (1)
After passing through the beam splitter, the photon is in a superposition state of the two
possibilities fitransmitted photahgmandrireflected photn &0 Foran ideal 50:50 beam splitter,
the probability of deteatig the photon in eitheyutput is¥2. Such processes are also investigated,

for example, in the context of quantum randommber generatog.g Furst,2011).

A combinationof anexperimental setuwith qubit representatiortsas alreadyeenrealizedby
Dur andHeusler (2012)Using visualgraphical representations such asBhech sphergthe
guantum state can be illustrated in an intuitive &g Figurel). To illustrate the measuring
process, Dir and Heuslarggestto imagine the Bloch sphere passingfisittingod in a certain
spatial directionThe usual measuring axstaken to bén theZ direction sothe measurement
ensures that the state vector must be oriented in either the positive or négiateedon by
passing through the slithe probability of obtaining a corresponding measurement result is
determined by the angle between the slit and the state ¥Bétoand Heusler, 2012For
example, if the state vector is close to the posihaxis,the experimenis more likely to
measure statgm In Figure 4 theslit representthe possible outconwof the experiment, as
previously mentioned in the context of the beam splitter. It serves merely as an illustrative aid for
the measurement procggdir & Heusler, 2012)
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Figure 4
Adapted from Dur and Heusler (2012
iV
+) — il W)
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Note The figureestablishes bnk between the experiment and BBch spherenodel, providing a description of the quantum

w3l

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

splitters is used to describe the photonds quant utpotsst ate. Th
always realised and no intermediate state eXisisgur e ori ginally created feapreserdiaionp!| ori ng
and introducing a new category system for visual representat

Rexigel, S. Mehlhase, J. Kuhn, & S. Kiichemann (202B)] Quantum Technology, (13, 45. Licensed under CC BY 4.0

(http://creativecommons.org/licenses/by/%.0/

Research haalsodemonstrated that the Mdadehnder interferometer (MZiyith single photons
can be used as an examptereduce comprehension difficils and toilluminate studentd
understanding of wav@article duality, the probabilisticatureof quantum measurement, and the
principles of quanturphysicswithin a tangible experimental settiflglarshman & Singh, 2017)
Otherstudieson the use of thBloch sphereshowthat it serves as an effective cognitive aid for
learning about qubitéHu, Li, Mong, et al., 2024; Hu, Li, & Singh, 2024)

In quantum technologcal contexts employng qubit representationan combination with
experimental setups like thelZl with single photonshas been demonstrated to facilitate
comprehension of fundamental concepts including quantum compuwigg Ekert, 2010.
Quantumgates including the NOT gatesan bedemonstratedsing the MZiwith single photons
(Ekert, 2010) While further gates including the Controlled NOT(CNOT), can also be
demonstrated via extensions rnuulti-qubit systemsthes are not describedn detail here.In

addition, various quantum technology approaches caerdizedthroughvisuatgraphical qubit
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representations, such asingthe Bloch spherdo describehe behavior of single photons tine
MZI.

This highlights tle potential of combining multipkexternakepresentationst allows fundamental
principles and applications of quantum technologies to be conveyed in an authentic learning
environmentmaking quantum physi@nd quantum technologiesore tangible and aessible for

learners.
1.3.2 Relevance of Quantum Technologies in Education

The use of representations in teaching materials, lessons or other learning oppoutsin#ses]

on instructional or curriculum guidelines for teaching or lessons. These vary frontyctaunt

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

was developeda structured system for recording and describing the competences and skills
required in the field of quantum technolo@yisprovides a overviewof the content relevant for

learning in quantum technologies from an@ global perspective (see Figuse (European
Commission et al., 202%reinert et b, 2022). The current version (April 2025) even shows that,
according to the languageientedskill levels (ALi C2) , under A2 | iteracy O
guantum concepts and t h(Buropeand@mmigsiomed al.r 22br e s e n
Greinert & Miller, 2025, pl5), representationsf two-levelsystemslay a relevant role both in

the initial phase (level 1) anat an advanced level (level $3ee Figure5). The Competence
Framework is more strongly orientated towagpdsfessionatraining, but can be used in the early

stages (1 and 2) for learners widhv prior knowledgelike students
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Figure 5
Competenc&ramework for Quanturechmlogiesadapted frontGreinert and MullefEuropean

Commission et al., 202%reinert et al., 202
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Note. Content Map of theCompetence Framewoirfor QuantumTechnologies Across domain levels 1 to 8, the
competencéamework addresses simple fundamentals of quantum physics and quantum technology (levels 1 and 2)
to core device or implementation for realization sucheagral atoms imnopticallattice (levels 3 and 4ndin-depth

study of quantum technology systems amate concretapplications (levels 5 to 8).

In addition to the orientation toward frameworks or curricular structures faetigbleuse and
utilization of representationsappoaches that allow learners to be reached in teaching sequences

also play a rolén teaching quantum technology for learners

The importance of qubit representations and the conceptual understanding of quantum physics can
be effectively demonstrated usitigg spin-first approaci{Dur & Heusler, 2012, 2014; Sadaghiani,

2016; Sadaghiani & Munteanu, 2015fudies have already shown that the urtdeding qubit
processesepresentedn the Bloch spheremaysupportlearning(Hu, Li, Mong, et al., 2024; Hu,

Li, & Singh, 2024) Other studies show that visuigkaphical representatierare helpful in
problem solvingBley et al., 2025Kohnle et al., 204; Kiichemann et al., 2023)
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Despite this, there has been a lack of systematic research into agpebtdeaturesin visual
representations effectively support learning processes in quaptwysics and quantum

technology.

To addresshis gap,Study 1developed a featuleasedcategorysystem The system was

evaluated by experts of four exemplary visgaaphical qubit representations.

The insights fronstudy linformed the design @tudy 2, which investigated how learners
engage with multiple informationalredundant representations and how these influence

understanding.

Finally, Study 3applied the expeithased evaluatiorfsom Study 1to learner data in order

to assess how expéadentified features translate into actual learnintgomes.

1.4General Research Questions and Overview of the Cumulative

Dissertation

This cumulative dissertation addresses the question of howigsaghical representations can
support the learning of fundamental concepts in quantum plgrsicguantum tectologies The
focus lies on understanding tlieatures that make certain representations more effefttive
learningthan others, from both theoretical and empirical perspeciigegoalsareto investigate
how learners engage with diffetezxternal repesentationd especiallyof qubit representations
in the context of quantum technologleand howfeaturesdspects of representatioaffect the

cognitive processeandinfluence learningsee Figure 6)
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Figure 6

Goalsof the studies

From an expert's point of view, there are differences in the learning-

Goal 1 . : Study 1
relevant features of qubit representations

!

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 addresshesegoals three empirical studies were conducted that build upon each other

methodologically and conceptually:

- Study lexplores theoretical mechanisms and introduces a category sygtesxpert

ratingof qubit representations.

- Study 2 investigates how the integration of informationally redundamubit

representations (e.g., Dirac notation @&idch spherg affects learning processes, using

eyetracking toanalyzevisual attention and integratidoehavior

- Study 3compares qubit representatiomsterms of their effects on learnimgin, task

performancen accuracy and timeand cognitive load among upper secondary students.

Together, these studies offer a myplérspective insight into learning with representations in

guantum physics and contute 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 ($&gure?) highlightstheinterplay between quantuspecific

expertise, didactics, and learning scienc&srough this interdisciplinary perspectiva

comprehensive understandicgnbe developed of how quantum physics can be effectively taught

and learned using representationbisTintegrative 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 &igh school students).

Figure 7

Structure of the dissertaticand 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 ant
target group in the study.
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1.4.1 Outline of Studyl

Learningquantum physics is particularly challenging, as the subject is characterized by abstract
coneepts, strong formalism, and frequent conflicts with classical intui{l@ossiglia et al., 2023)

Visuali graphical representatiofissuch as th8loch spherd have already been shown to support
learningabout qubits by providing conceptualcass to otherwise abstract cont@dtl, Li, &

Singh, 2024) Their potential as @ridge between mathematical formalism and conceptual
understandingnakes them especially attractive for educational purp@smschée et al(2022)

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

guantum pysics concepts for studeritsthe beginning

However, in quantum physics, it remains difficult to identify representations thabadine
scientifically accurate and accessible to learnpasticularly without requiring extensive prior
knowledge in matheatics (Stadermann 2019. The risk of triggering or reinforcing
misconcefpions is high (KrijtenburgLewerissa et al., 2017; Lautesse et al., 2015; Miuller &

Wiesner, 1999if representationare not carefully designeahd introduced

Despite the growing usand developmertf visual graphical representatioriBley 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., 2@1Kichemann eal., 2023) a systematic understanding of which
representational features support learnengd how these features are realized across different
representationsis still lacking To address this gap, the study developechi@gorysystem
comprising 16 ategories that describe features that promote learning. These categories were
selected at the intersection of representation research, quantum education, and aspects of quantum
science and technologieA. top-down processvas followedto evaluatefour exenplary qubit
representations using thisategory system by experts in quantum physics and quantum
technologiesnd after thafto investigate the learr&& p e r sTwentybne experts from ten
institutions across Germany, Italy, Switzerland, and th& pP&ticipatedn the online ratingia

Google FormsThe rating was conducted using a fpeint Likert scale (5) (Likert, 1932)

suppl emented with t hQualitatipet datavere afsd coltbcied &ram tHen o wo .
expert® perspective via fregext questionsto discern which criteria are important for

differentiating representations ataiidentify conceptsnissng from the rating.
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To ensure a welihformed and comparable evaluation;cstledcheat sheetsvere developed for
eachqubit representation (see supplementary materigeiction 2. Study XQerimi et al., 2025)

These were uniformly designed and included elvant information needed for the ratirdl
expertshad teaching experience in quantum physitgo professorgunior professors, nine
postdoctoral researchers, and ten PhD students (only those in their second year or above were
eligible). Their primaryesearch focus was theoretical{ 7), experimentaln(= 5), educational

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

guantumphysics research for 5.1 years (SD = 1.9 years).

The aim of this study wa® tsystematically analyzaifferentiation criteriakey features and the
educationalpotential of qubit representations. The investigation focused not only on their
suitability for conveying fundamental quantum physics conaaptn expenperspectivebutalso

the risk topromotemisconceptions.

The study addressed the following research questions:

T RQ1:According to experts, which differences exist between the learslegant features

of four selected visualraphic qubit representations?

T RQ2:Accordingto experts, what factors should be considered when creating new qubit

representations to promote learning?
No hypotheses wefermulated as the study adopted an exploratory approach.

Beyond this, the study sought to derokesign principles for future peesentationshat support
effective and sustainable learning in the context of quantum physics and quantum techriologies
doing so, it contributes to the overarching research question of this disseratoomding to
experts, how do features of visugubit representations differ in their perceived effectiveness

learning in quanturphysics concepts?
1.4.2 Outline of Study 2

The effective use of multiple external representations (MERS) has already been emphasized in
Ainsworthos wor k, p 2esign,i Functioast Tagks (DbFRT)amewgdrk h e r
(Ainsworth, 2006) In this framework and in heearlier work, Ainsworth outlines different
functions that MERs can serve in learrdnguch as promoting deeper understanding, constraining

interpretation, or fulfilling complementary rolé&insworth, 1999, 2006)The latter refers to the
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idea that representations may convegundant informatiobut, due to their differentnodalities
they can activateomplementary cognitiv@rocessesand thus enhance learnin@Ainsworth,
2006)

At the same time, Ma e rCognitive Theory of Multimedia Learning (CTML)ighlights the
redundancy principle, which describbsw redundant information can unnecessarily burden

cognitive resourcesvhich may hinder learninfMayer & Fiorella, 2014)

However,Ott et al.(2018)found out that students performed better on mathematical preblem
solving tasks when they hatcess tonultiple, even redundant, representatiofdditionally,
experts in Study 1 pointed out that learning in quantum physics particularly benefits from the

combination and alternation of multiple representat{@erimi et al., 2025)

Still, it remains uncleaunder whichconditionsredundant information actually supports more
effective formation ofconceptual understanding quantum physicsTo address this issue, the
study used a 2x2 betwesnbjects factorial design, comprising four groups: CG, 1G1, IG2 and
IG3.

1 Contol Group (CG): Text + static illustration
1 Intervention Group 1 (IG1): CG + Dirac notation (symbolic)
1 Intervention Group 2 (IG2): CG Bloch spherdgraphical)

1 Intervention Group 3 (IG3): CG + Dirac notatiorBloch sphergsymbolic + graphical)

A totd numberof 113 STEM students were randomly assigned to one of these groups. All
participants worked with a multimedia learning environment on the Madinder

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

To evaluate learning outcomand cognitive processing, participants completedgme posttests
of content knowledgéwWaitzmann, 2023; Waitzmann et al., 202@pgnitive load was assessed
using validated questionnaires that measured extraneous, intrinsic and germdKéemsh et
al., 2017)During the learning phase, eye movemevesge tracked and recordadhile the learning
unit was beig completed. Finally, spatial abilities were measured usingal rotation test
(RCube Vis testFehringer, 2020)
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Study 2investigates whether and how the leagnof quantum physical properties is improved
when informationally redundant external representafiasecifically Dirac notation anthe

Bloch spherd are used to complement an existing multimedia learning setting.
The study addressed the following resbaguestions:

1 RQ1: Does adding an informatieredundant symbolimathematical or graphical
geometric representation to a multimedia learning unit enhance leainingrris of
content knowledge and cognitive load) of quantum properties?

1 RQ2:Does the integtion of both informationally redundant representations additionally
promote learning?

1 RQ3: Are advantages in learning with informaticedundant representations correlated
with visual integration processes across representationsatber the selectiorof 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, dontributes taddressinghe 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 talistraatessof its concepts and the
difficulty of bridging the gap between formalism and conceptual understariR@pyesentation
research shows that combining symbaheathematical elements (e.g. equations) with visual
graphical representations promotesonceptual understanding more effectively than
representations that merely depict phenomg@ng., Ainsworth, 1999, 2006Mayer, 2021)
Although the previous expert ratingn Study lidentified relevant features of visiigraphical

gubit representations (Qerimi et al., 2025), the impact of these representations on actual student
learning remains uncleafo keep the study as simple as possifwe, representation®uantum

Bead andBloch sphergwere compared directly. The focus was on those features that showed
significant differences between the Quantum Beaddmch sphereThese included, in particular,

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

superposition.
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In context of school students in particuldre aimwasto understand how desiguich as salience
and the depiction of applicatieapecific features suchas visualization of superpotion,
demonstrating quantum measurement, phase or amplitude bffec r task rpsrformance,

learninggain, cognitive load and retention.

To address this gap, this study employed a mixed factorial designtwatlmepresentation
(Quantum Beads v&loch spherg as the betweesubjects factqrand test occasion (prgoost,

and followup tests) as the withisubjects factotime). The study involved a tot& = 149 high

school students (secondary. I§oncept understanding was assessed throughapdpostests
(Bitzenbauer et al., 2024; Hu, Li, & Singh, 2024; Waitzmann, 2023; Waitzmann et al., 2024)
while task performanceas measurelly procesgime (inmillisecondg and accuracy. Cognitive

load was measured using validated scales for intrinsic, extraneous, and germ#keefussth et

al., 2017) and participants provided confidence ratings to indicate the certainty of their answers.
To investigatemid-term retention, a follovup test (posttest 2) was carried ouR Wweeks later

with the same items in the prand posttest.

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

by expert§ theBloch spherand theQuantumBead$ with the goal of linking expert evaluations

to student learning outcomes and prodessed indicators such task efficiency and cognitive

resource usespecifically, the studgvaluatée how thetwo visual graphical qubit representations
affect | earnerso understanding of quantum pro
it soughtto empirically \alidate whether the expert assessments from Study 1 align with actual

learning behavior.
The study addressed the following research questions:

1 RQ1: To what extent do different visuagraphical representations (Quantum Bead vs.

Bloch sphergfoster learningjuantum concepts differently?

H1.1: Participants who learn with thBloch sphereachieve a higher learning
outcome than those who learn with the Quantum Bead representation.
H1.2: Participants using thBloch sphergoerform more efficiently on applicatien
oriented quantum taskshase gate, amplitude, quantum state, superposéiuh,

guantum measuremethian those using the Quantum Bead.
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1 RQ2: How do different visudlgraphical representatiorBloch sphere's. Quantum Bead)

affect the use of cognitiveseurces in the learning of quantum concepts?

H2: Participants who learn with thgloch sphereshow a more effective use of

cognitive resources than those who learn with the Quantum Bead.

1 RQS3: How does the use of different visugtaphical representation®antum Bead and

Bloch spherginfluence mediunterm retention of fundamental quantum concepts?

H3: Learners who used thBloch spheredemonstrate higher mediutarm
retention of basic quantum concepts compared to those who used the Quantum
Bead.

This study contributes to the overarching research question of the dissertatethe features
that were evaluated by experts based on qubit representations also conducive to learning in

guantum 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, Kichemann, Kuhn, Malortesigned the study, Qerimi and Kiichemann developed the
guestionnaires and collected the data, Qeand Kichemann 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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comprehensive category system for evaluating visual QP representations for
educational use, grounded in Ainsworths (2006) DeFT Framework.

Twenty-one experts from four countries evaluated this category system using four
qubit representations: the Bloch sphere, Circle Notation, Quantum Bead, and the pie
chart (Qake) model. This evaluation enabled us to assess the discriminative power of
our criteria and to gain expert-based insights into the perceived effectiveness of each
representation in supporting the learning of QP concepts. It evaluated how well each
representation conveyed quantum concepts such as quantum state, measurement,
superposition, entanglement, and quantum technologies (X-, Z-, and H-gates) across
16 criteria.

The results showed significant differences in the effectiveness of these
representations, particularly in conveying key concepts like superposition and
measurement from an expert perspective. Additionally, expert ratings indicated
notable variations in the potential of each representation to induce misconceptions,
linked to differences in shape, measurement behaviour, and requirements for
understanding entanglement. We also discuss considerations for developing new
representations and suggest directions for future empirical studies.
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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

Page 6 of 36



Qerimi et al. EPY Quantum Technelogy (2025) 1245

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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