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ABSTRACT
Developing Pedagogical Content Knowledge (PCK) is a facet of teachers0 professional
competence. The Refined Consensus Model of PCK (RCM) emphasises a cyclical pro-
cess structure to develop an individual’s enacted PCK (ePCK) and the plan-teach-
reflect cycle must be systematically adjusted by means of feedback loops. Simple
graphic visualisation of student feedback over time provide the information for teach-
ers to improve ePCK. The research gap lies in providing teachers with an actionable
cyclic feedback process and evaluating its effectiveness. In an intervention study with
28 in-service science teachers and 137 lessons at secondary schools in Bavaria,
Germany, we analysed the effect of student feedback for developing ePCK. We com-
pared two types of visual feedback for how they influenced the teacher’s ability in
the classroom, indirectly measured as a change in the students’ assessment of lesson
quality. Lesson ratings improved slightly but not significantly when teachers used the
feedback tool. The high intra-class correlation of consecutive lesson assessments sup-
ported the use of rolling average curves in the graphics. We conclude that science
teachers can foster ePCK with the help of student feedback, which empowers teachers
in practice and serves as a valuable tool in research to investigate the development
of ePCK in greater detail.

IMPACT STATEMENT
This study shows that science teachers can foster ePCK with the help of student feed-
back, which not only empowers teachers in practice but also serves as a valuable tool
in research to investigate the development of ePCK in greater detail.
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Introduction

Developing teaching strategies and the process of teaching are dynamic processes (Hattie, 2009), with a
myriad of interrelated variables and interdependent non-linear effects on teaching outcomes (Gess-
Newsome & Lederman, 1999; Neuhaus, 2021).

Because many variables contributing to teaching skills are entangled (Alonzo et al., 2019; Carlson et al., 2019;
Mientus et al., 2022), and difficult to measure (Park, 2019) teachers have found difficulty implementing scientific-
ally acknowledged successful teaching practices (Behling et al., 2022; Shavelson, 2020). In order to develop prac-
tical teaching skills, a cyclical feedback process is needed that can provide useful information for an individual
teacher’s plan-teach-reflect cycle (Carlson et al., 2019). In recent years, various methods have been employed to
establish this cycle by digital technology, offering educators in classroom settings feedback on their teaching
methods (Suresh et al., 2021). One practical method for acquiring an accurate assessment of teaching effective-
ness is through student feedback (Wisniewski et al., 2020), and which is recognised as a significant determinant
of teaching excellence (Hattie & Timperley, 2007). Focusing on student feedback for educators through digital
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rating systems, which allow feedback to be given with a single click and delivered as an aggregate score, ena-
bles swift and highly practical responses (Bijlsma et al., 2022), preventing the loss of valuable insights otherwise
obtained through extensive feedback questionnaires (Wisniewski & Zierer, 2020). With student feedback in par-
ticular, a compromise must be found between the time spent collecting feedback, the complexity and number
of the questions and the degree of information provided by the feedback (Wisniewski & Zierer, 2021). In order
to be able to use student feedback to ensure comparability between teachers or between scientific studies, the
tendency has often been to collect student feedback with low frequency and with detailed feedback questions
(Hattie, 2009). This trend has created a clear research gap that focuses on the cyclical application of student
feedback. By opting to enhance individual teaching methodologies gradually, we chose to explore a method
involving a unified student feedback score obtained through a single student evaluation (Rollett et al., 2021). By
employing rapid and generalised student feedback, we applied such noise reduction methods as aggregation,
moving-average curves and relative data visualisation to highlight the evolving nature of practical teaching skills
to teachers (Kahneman et al., 2021).

The goal of this study was to implement student feedback for teachers into the plan-teach-reflect-
cycle and thus enable successful development of teaching skills. We developed a digital tool that ena-
bles the collection of student lesson ratings in a dynamic classroom environment, and the presentation
of the results over time as a graphical visualisation of this feedback. Two visual representations illus-
trated the temporal progression of mean ratings for a particular class. Similar to performance and devel-
opment-orientated visualisations in finance, one displays a moving-average curve, while the other
depicts a coordinate plane with the slope of relative performance on the x-axis and relative performance
on the y-axis. This approach enables teachers to monitor the ratings of current versus prior lessons and
to adapt their teaching methods to the student ratings, thus developing their teaching skills.

To provide a comprehensive understanding of the theoretical foundations, the following section sys-
tematically explores the key components: First, the evolution of theories on Pedagogical Content
Knowledge (PCK) is examined. Second, the historical shift towards a dynamic interpretation of PCK is
highlighted, culminating in the formulation of the Refined Consensus Model (RCM). Third, the conditions
necessary for the successful development of teachers’ ePCK and the methods for assessing it are dis-
cussed. Finally, the role of student feedback in fostering the development of both ePCK and pPCK is
analysed, and the research objectives and guiding questions of this study are presented. Together, these
interconnected elements form the foundation for exploring how student feedback-driven strategies can
enhance teaching effectiveness in dynamic classroom settings.

Theory

The evolution of PCK

Since the concept of pedagogical content knowledge (PCK) was coined 35 years ago, understanding how
subject-specific, experience-based knowledge forms and transforms other realms of knowledge (pedagogical,
content) has increased significantly (Shulman, 1986). A major contribution to the success of the PCK concept
is its emphasis on subject-specific student needs and flexible teaching strategies. For instance, addressing
preconceptions significantly influences student outcomes in science classes (Driver et al., 1994).

The scientific models constructed around or integrating PCK have undergone a fascinating evolution
(see Figure 1) that integrates empirical findings and adapts to the needs of both practitioners and sci-
ence education researchers (Carlson et al., 2019).

PCK encompasses the interplay of content, action and teacher rationale, with a particular emphasis on
enhancing topic-specific student outcomes. Beyond this, it also considers factors such as fostering students’
motivation and enjoyment of learning, reflecting its broader role in shaping effective teaching practices
(Berry et al., 2015). Discussions often revolve around PCK’s distinctiveness compared to pedagogical and con-
tent knowledge (Magnusson et al., 1999). PCK’s transformation of various knowledge types through action
underscores its dynamic nature and unique professional role for teachers (Shulman, 1987). Despite unclear
boundaries, PCK’s appeal lies in defining competencies required for expert science teachers and influencing
related research (Marks, 1990; Shulman, 1987).
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Models like the Grossman and Magnusson frameworks guide teachers in embedding scientifically
meaningful learning experiences, illustrating PCK’s specificity and non-linearity (Grossman, 1990;
Magnusson et al., 1999).

From these models, the consensus model of PCK emerged, emphasising its dynamic nature during
teaching and its focus on explicit scientific teaching skills across subjects, topics and concepts (Berry
et al., 2015; Gess-Newsome et al., 2019). In its latest consensus version, the model emphasises the practi-
tioner’s perspective of PCK and draws further attention to the many feedback loops involved in the
development of PCK in practice. The illustration of these feedback loops shows the pedagogical reason-
ing cycles of instruction, also called the plan-teach-reflect-cycle (Carlson et al., 2019). The different layers
of the model are interconnected through filters for and enhancers of knowledge exchange, emphasising
the inherent dynamic character and non-linearity of the model. These hypothesised filters and enhancers
should be considered as catalysts for knowledge exchange, rather than causal links or correlated factors
expected for a linear model (Carlson et al., 2019). Although the RCM focuses on distinct realms within
PCK, it acknowledges Shulmans first definition of PCK that the ‘ (… ) broader professional knowledge
bases are foundational to teacher PCK’ (Carlson et al., 2019).

A dynamic interpretation of the Refined Consensus Model

The RCM situates science teaching practice – via the pedagogical reasoning cycle – at its core. The
dynamic aspect of ePCK is emphasised in the whole model; in the paper presenting the model,

Figure 1. Evolution of the Refined Consensus Model. Initial foci of development are included in the next evolutionary
step of the model. In all stages adaptions are made by the scientific community to adjust for the needs of a changing
practitioner environment.
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the word ‘dynamic’ appears 41 times and within the section on ePCK with 7 mentions alone
(Carlson et al., 2019). Three distinct components interact dynamically with situational teaching behav-
iours: enacted PCK (ePCK), personal PCK (pPCK) and collective PCK (cPCK). Enacted PCK represents situ-
ation-specific teacher actions, emphasising its context-dependent and dynamic nature (Carlson et al.,
2019). This concept is illustrated by the ‘cone’ analogy, where ePCK slices represent individual teaching
episodes (Figure 2). A complete representation of ePCK, as depicted in Figure 3, shows these slices form-
ing a cohesive structure, signifying the teacher’s cumulative teaching potential. This approach is particu-
larly necessary because it captures the dynamic and situation-specific nature of teaching, addressing
gaps in static models and providing a more nuanced understanding of teacher actions within diverse
contexts. Moreover, it advances the field by proposing a framework that systematically integrates indi-
vidual teaching episodes into a coherent model of professional growth (Carlson et al., 2019).

This kit of actionable individual skill and knowledge tools, called ePCK, is embedded in the second
component of PCK, personal PCK (pPCK).

Personal PCK evolves as teachers articulate aspects of their ePCK, transforming situational insights
into conscious knowledge. Conversely, pPCK employed in action becomes ePCK. The dynamic inter-
change between ePCK and pPCK is illustrated through the ‘spinning top’ analogy, where pPCK serves as
the handle driving the rotation of ePCK, and the spinning top itself represents the interplay between
knowledge forms (Figure 4). Moreover, collective PCK, derived from the broader professional community,
serves as another source for developing personal PCK (Irmer et al., 2023).

Figure 2. One slice of ePCK. The teaching cycle with its three components illustrated as a triangular slice. The illustra-
tion of the slice focuses on a single aspect of ePCK as, for example, dealing with a student error or cognitive activation
in a specific situation.

Figure 3. Integral parts of ePCK. The teaching cycle with its three components illustrated as an integral part of ePCK.
The situation-specific slices of ePCK taken together form the integral ePCK of an individual teacher, illustrated as a
cone.
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Not all of the actionable knowledge and skills displayed by a teacher as ePCK in a myriad of teaching
situations can be articulated and recognised by the teacher or to any other observer (Behling et al.,
2022), but only by means of communication and interaction with the professional community via verbal
reasoning (McGuinness & Wittgenstein, 2012). The pedagogical content knowledge of the scientific com-
munity as a whole, called collective pedagogical content knowledge (cPCK), forms a second source of
information (in addition to ePCK) for the development of pPCK. Just as the relationship between ePCK
and pPCK is symmetrical, so is that between pPCK and cPCK. One source of development for cCPK of
the whole scientific community is the expressible, articulable body of knowledge of all teachers (Seidel
& Shavelson, 2007).

This framework also emphasises the transformative potential of collective insights, ensuring that indi-
vidual teacher development aligns with broader professional standards and advances collaborative prac-
tices in science education.

In terms of the spinning top analogy cPCK can be considered the hand on the top’s axis, which
emerges from the contribution of many teacher practitioners (Figure 5).

Whereas cPCK is a shared property of many subjects, especially in their scientific community, pPCK
and ePCK are particular to each teacher. Moreover, general cPCK cannot be transferred unchanged to an
individual pPCK, as the translation and integration depends on the learning context, which comprises all
circumstances and factors, such as education policy and curriculum, political influences and many indi-
vidual attributes (Carlson et al., 2019). The broader learning environment acts as a catalyst, mediating
these components’ interactions. The learning context can be seen as an environment in which each top
is spinning (Figure 6), and just as the top’s behaviour is crucially dependent on the surface it spins on,
each teacher0s individual knowledge and set of skills is mediated by the learning context. It is important
to emphasise that the influence of the learning environment on the whole body of PCK does not fit a
causal model. The learning environment functions rather like a catalyst, or in the words of the RCM as
‘filter and amplification on the feedback loops of the PCK’ (Carlson et al., 2019). Catalysts and filters per-
form differently and dynamically for every teacher and ultimately shape the actual teaching performance
in the classroom.

Figure 4. pPCK arising from ePCK. Resembling a spinning top, pPCK emerges as the rotational axis from ePCK, and
pPCK can be transformed into the movement (ePCK) of the top.

COGENT EDUCATION 5



Conditions for the successful development of teacher ePCK

The RCM underscores the interdependence of ePCK and pPCK, highlighting their emergence from
broader knowledge bases. Research emphasises the importance of integrating fragmented knowledge
into deep structures via experience and training (Carlson et al., 2019; Gess-Newsome & Lederman, 1999;
Shulman, 1986). From this the question arises of how to foster individual, situation-dependent ePCK and
pPCK as concepts that are more than, yet different from, the sum of their constituents (Morine-
Dershimer & Kent, 1999).

The current state-of-the-art education curricula for teachers in teacher programs already achieve the
development of measurable pPCK and ePCK (Behling et al., 2022; Irmer et al., 2023; Kramer et al., 2020).
It is rather the search for, and identification of, factors influencing the successful implementation of

Figure 5. (a) Interrelation of cPCK and personal components of PCK: CPCK seen as a hand driving pPCK. cPCK can be
considered a way of gauging a teacher’s pPCK and ultimately teaching behaviour in many situations as ePCK. (b)
Interrelation of cPCK and personal components of PCK: CPCK fed by pPCK. The contribution of many teachers’ pPCK to
the body of knowledge of a scientific didactic community in form of cPCK is illustrated by one hand controlling many
spinning tops of pPCK and ePCK.

Figure 6. Influence of learning environment on PCK. Under different learning environments A and B, teachers display
different sets of ePCK, pPCK which interact differently with cPCK.
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actionable pPCK into ePCK across different teaching situations, or sustainable ePCK, that poses difficul-
ties (Behling et al., 2022). This search has found two factors of importance; the learning context or envi-
ronment and the development of ePCK and pPCK through action and experience (Morine-Dershimer &
Kent, 1999; Sabers et al., 1991). Many studies highlight the importance of integration of initially superfi-
cial and fragmented pieces of knowledge and skills into internalised deep knowledge structures through
training (Lederman & Gess-Newsome, 1999; Tobin & McRobbie, 1999). For the development of ePCK –
teaching experience, or at least critical reflection on teaching practices is needed (Davidowitz &
Potgieter, 2016); in the absence of practical training of contextualised teaching situations, individual PCK
does not improve (Drits-Esser et al., 2017; F€ortsch et al., 2016). To a large extent the question of how to
improve ePCK in practice systematically remains unclear (Mientus et al., 2022; Sorge et al., 2019). This
approach addresses these challenges by advocating for iterative feedback cycles and experiential learn-
ing, ensuring that teacher growth is both evidence-based and adaptable to evolving classroom dynam-
ics. Furthermore, it advances current understanding by linking the theoretical constructs of ePCK with
practical, measurable outcomes in teaching performance. This theory-to-practice link can further be
investigated by drawing on the RCM as a guide. This model highlights two pathways for the develop-
ment of a teacher’s ePCK. First, development by undergoing the teaching cycle in a repetitive feedback
loop and second by the interaction of a teacher with the scientific community, accessing the broader
cPCK as a source of personal development of ePCK and pPCK (Mientus et al., 2022). These findings and
their focus on development of individual PCK through action and experience are consistent with current
constructivist learning theories, notably the concept of experiential learning (Kolb & Kolb, 2005; Morris,
2020). Each teacher has to develop ePCK and pPCK in action and dependent on the learning context
individually, as illustrated in Figure 7.

Adapting to different and changing learning environments, and dependent on their current status of
pPCK and ePCK to draw upon in a given situation, a teacher develops a repertoire of skills and know-
ledge that improves performance in any environment, upgrading his ePCK and pPCK (Tobin &
McRobbie, 1999). can only do so within the constraints of his own learning environment and set of
pPCK and ePCK (Shavelson, 2020). If there is a misfit between these constraints and a teaching strategy,
teachers consistently fail to incorporate the intended interventions (Behling et al., 2022; Felser, 2015;
Shavelson, 2020). As illustrated in Figure 8, a teacher performs as well as he can within all constraints to
action (punctuated equilibrium A), but for them to integrate different, new or successful teaching strat-
egies (punctuated equilibrium B) it is only rational and feasible for a compatible individual when there is
an incentive (Gould, 2007).

Figure 7. Idiosyncrasy of PCK. The learning environment is different for each teacher, catalysing a different ePCK and
pPCK for each individual.
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Possible adaptations must fit into this dynamic set of variables, or be discarded at the individual level
(Taleb, 2018). This reasoning requires convincing individual teachers of the need for adaptations to their
teaching actions through the manifestation of success. These insights contribute to advancing the field
by demonstrating how targeted interventions can transform fragmented knowledge into cohesive teach-
ing strategies, driving both theoretical and practical advancements in science education. The iterative
feedback loop central to this process not only strengthens teacher competencies but also fosters a
deeper integration of research insights into practical application. However, to demonstrate the success
of their adapted teaching strategies to teachers, their ePCK must be dynamically assessed.

Assessment of teachers’ ePCK

Whether a teacher adapts his ePCK and pPCK in response to external factors (cPCK or learning environ-
ment) or experience, and whether this is done consciously (pPCK) or in deed (ePCK), he needs reliable
feedback from the environment about the success of the ePCK employed. If this central requirement is
not fulfilled, a teacher has no chance of developing ePCK more than fortuitously (Skinner, 1959). There
is a wide range of methods and scientifically grounded benchmarks to supply this kind of actionable
information for both teachers and science education researchers (Baumert et al., 2010; Bl€omeke et al.,
2014; Mientus et al., 2022).

The most pre-eminent benchmark and proxy of teachers’ ePCK success is via student outcome. It has
been shown that ePCK has a direct influence (Alonzo et al., 2012) on student outcomes (M. M. Keller
et al., 2017) and student competence (Mahler et al., 2017).

Another proxy is via observing teaching in action. This can be done by experts, colleagues, deep-
learning engines or students in class. During the practical stage of teacher training it is often expert col-
leagues who assess ePCK on the basis of empirically founded criteria (Kramer et al., 2020; Wang et al.,
1993). During the more theoretical stages of such training individual PCK is often targeted via pen-and-
pencil articulation of pPCK in connection with video-based teaching situations (Irmer et al., 2023; Seidel
& St€urmer, 2014; Shavelson, 2012; Wang et al., 1993), but there are several problems associated with try-
ing to measure pPCK. First, there is not yet a consensus on what the construct encompasses or where
the boundaries of pPCK in contrast to other constructs lie, because empirical research on assessing
pPCK and ePCK is preliminary (Abell, 2008; Kirschner et al., 2015). Second, instruments designed to meas-
ure pPCK empirically, may measure related constructs such as beliefs about instruction instead (Smith
et al., 2015).

Another option for teachers’ ePCK assessment is to ask students in class (K€ampfe, 2009) observe
teachers in action (Hattie & Clarke, 2019), since recourse to expert observers or advanced technological
methods often requires unfeasible resources (Bijlsma et al., 2022; Chan & Yung, 2018; Hense, 2013). The

Figure 8. Metastability of individual PCK. A top’s spinning behaviour (teaching) depends on inner (ePCK and pPCK) and
outer (learning environment) constraints. In actual situations, tops and teachers adapt to achieve a state of punctuated
equilibrium.
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RCM emphasises the importance of in-practice development ePCK and pPCK at an individual level, with
the teaching cycle at its centre (Bl€omeke & Kaiser, 2014). A feedback loop of reflection, planning and
teaching requires recurring observational information about a teacher’s progress to provide the informa-
tional needs of the teaching cycle (Carlson et al., 2019; Chan & Hume, 2019). This alignment between
assessment and actionable insights not only advances the theoretical framework of PCK but also pro-
vides practical tools for enhancing teacher effectiveness. However, this raises the pivotal question of
identifying the most suitable provider of such feedback.

Student feedback in the context of developing ePCK and pPCK

For measuring teaching quality and development objectively subject-specific concepts are often used
because a focus on these has provided robust results (Bijlsma et al., 2021; Neuhaus, 2021). The assess-
ment of teaching quality requires clear criteria (Wisniewski & Zierer, 2021) and the effects of student
feedback on teacher improvement are large, with effect sizes in meta-analyses of around d¼ 0.7 (Hattie
& Timperley, 2007) makes student feedback an important tool for improving teachers’ lesson quality and
professional competence (DeWitt, 2018; Hattie & Timperley, 2007). The strong effect of student feedback
is well established (Gaertner, 2014; Helmke & Lenske, 2013; Hense, 2013) and a key requirement for
goal-orientated reflection of teaching practices (Wisniewski et al., 2020), which can be improved by
focusing on process-orientated feedback (Bastian et al., 2016; Br€uhwiler et al., 2017). Thus teaching
development and iterative adaptations in teaching behaviour interact cyclically (Bastian et al., 2016).

Only by viewing contributing factors together can they be organised effectively to improve the qual-
ity of teaching (Praetorius et al., 2012); indeed the RCM outlines this procedure with a central cyclical
structure and emphasises teaching skill evolution as a process resembling a feedback loop, as viewed
through research in the natural sciences (Behling et al., 2022). By sequentially following this plan-teach-
reflect-cycle, a teacher develops additional ePCK and pPCK, putting reflected pedagogical content know-
ledge into action (Irmer et al., 2023). The pedagogic literature on effective student feedback, and the
RCM with its subject-specific background, converge on a cyclical structure, in which reflection is inter-
twined with lesson planning and the act of teaching. In various studies, however, teachers fail to inte-
grate information on faults or improvements to their teaching practices (Shavelson, 2020). it is neither
automatic nor easy to develop ePCK in this way because a trigger is necessary (Behling et al., 2022).
Evidence suggests that feedback serves as a catalyst for reflection within the classroom setting, exerting
an appreciable influence on lesson preparation and teaching methodology and thus ePCK (Hattie &
Clarke, 2019). Integrating student feedback into the plan-teach-reflect-cycle shifts the focus to informa-
tion gathering in the facilitation of personal development of ePCK and pPCK (Elstad et al., 2017), particu-
larly given that a teacher’s behaviour in the classroom directly affects the quality of teaching (Seidel &
Shavelson, 2007; Seidel & St€urmer, 2014).

Students possess the key to evaluating overall teaching quality by feedback in a cyclic process, a pro-
cess that is self-enhancing and postulated in the RCM model (Wisniewski et al., 2019); this information is
gathered via student ratings, which are reliable indicators of teaching quality (K€ampfe, 2009), and make
efficient use of time and resources (Bijlsma et al., 2019). Building on this efficiency, mean student rating
values can serve as a viable and valid measure of teaching quality (van der Scheer et al., 2019) and play
an important catalytic role in the development of ePCK and pPCK (Figure 9) (Shavelson, 2020). Focusing
on student ratings emphasises the idiosyncrasy of ePCK and detaches teacher skill development from
the collective towards best practice individual teaching practices. The adaptation to the continuous
change of student ratings leads individual teacher to focus on what is working right now and thus ena-
bles development of ePCK in practice.

Feedback tools differ significantly in their design and the way retrieved information is visualised, rang-
ing from simple textual data to more complex graphical representations. A key aspect of effective visual-
isation is ensuring both usability and understandability. The role of these design principles lies in
enhancing the accessibility and interpretability of visual data (Douville et al., 2025). Existing student
feedback tools often rely on bar graphs and line graphs to represent various facets of teaching skills,
providing detailed but static snapshots of teacher performance (Bijlsma et al., 2019; Wisniewski & Zierer,
2021). However, a shift towards focusing on the development of teaching skills over time demands
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visualisation methods that capture temporal trends and relative improvements. The scientific literature
highlights two visualisation methods as particularly effective for this purpose: line graphs and rotation
graphs (Schwabish, 2021). Line graphs are widely recognised for their simplicity and effectiveness in dis-
playing time-dependent trends (Kubina et al., 2017), while rotation graphs offer a multidimensional per-
spective by illustrating relative performance and momentum over time (de Kempenaer, 2017).

This study builds on these principles by offering a tool with two distinct visualisation options tailored
to support the ongoing development of teaching skills. The first option, a linear performance graph, pro-
vides a clear and straightforward representation of trends over time, making it ideal for tracking gradual
improvements (Rollett et al., 2021). The second option, a rotation graph, delivers a more nuanced view
by incorporating relative performance and momentum. This allows teachers not only to identify patterns
and relationships in their feedback data but also to gain insights into how consistent students are in
their evaluations and how quickly these evaluations change over time. Investigating which of these two
visualisation approaches better supports teachers in improving their ePCK will provide actionable
insights for optimising feedback tools and their implementation.

Research indicates that student evaluations tend to exhibit consistency across different courses taught
by the same instructor and over a given period of time (Marsh & Hocevar, 1984). This suggests a poten-
tial correlation in student feedback across various lessons within the same course. It has been shown
that student evaluations of teaching effectiveness are highly reliable and stable across different courses
and instructors, indicating that students’ perceptions are consistent over time (Marsh, 1984). More
recently, studies have shown that instructor-related factors significantly influence evaluation scores, high-
lighting a level of consistency in how students rate the same instructor across different courses
(Spooren et al., 2013). Furthermore, a meta-analysis of intervention studies examining the effects of stu-
dent feedback on teaching suggests that feedback can lead to changes in teaching behaviour, which
may, in turn, affect student evaluations in subsequent lessons (R€ohl, 2021). This dynamic points to a
potential dependency in ratings within a course, as student evaluations are shaped not only by static
teaching characteristics but also by the evolving classroom environment.

These findings imply that student ratings may not be entirely independent but could be influenced
by consistent teaching styles, instructor characteristics, classroom dynamics, or adjustments made in
response to feedback. Understanding these interdependencies is crucial for interpreting aggregated
feedback data accurately and enhancing the reliability and validity of such assessments over time.

Exploring whether such dependencies exist and how they affect aggregated feedback data is crucial
for understanding the reliability and validity of such assessments over time (Kahneman et al., 2021;
Wisniewski & Zierer, 2021).

Figure 9. Reinforcing cycle of student feedback. With feedback as a catalyst, the teacher is able to use the plan-teach-
reflect-cycle as a feedback loop to develop ePCK and pPCK.
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Research objectives and research questions

Integrating regular student feedback into the routines of the classroom environment could be an effect-
ive way of implementing a feedback process used in a teacher’s plan-teach-reflect-cycle. This could help
them systematically enhance their ePCK and teaching strategies by providing the required empirical
data.

The main goal of the present study was to find out if certain visual representations of student feed-
back for teachers are effective in fostering ePCK of the RCM Model.

We considered the following research questions:

RQ1: Can a student evaluation tool for continuous lesson rating be developed and implemented in a
way that improves an individual teacher’s ePCK over time via student feedback?

RQ2: Which of two visual options helps teachers more in improving ePCK over time?
RQ3: Are student ratings of various lessons within one course dependent on each other?

Methods

Study design

The current work was an intervention study. In the week before the study period, from 17 April to 24
April 2023, the teachers were familiarised with the feedback tool and its two types of visualisation. The
study commenced on 25 April 2023 and concluded five weeks later at the beginning of the Pentecost
holidays in Germany, of the same year. The participating teachers were randomly assigned to three
groups (Groups A, B, C), each comprising eight to nine teachers. All groups started with no visualisation
in the first week (since there were no data to be depicted) with visualisations introduced from the
second week. As May 1 was a national holiday, the second week started at Tuesday May 2 and all con-
secutive study weeks were shifted by a day so that they also began on a Tuesday. In weeks three to
five, each group had a week of Performance (results shown as a moving average curve (y axis) of the
student ratings over time (x-axis)), Fluctuation (results shown as a two-dimensional counter-clockwise
curve of the average student ratings (y-axis) and the slope of the average student ratings (x-axis) and no
visual presentation, but in different order. May 26 was the end of the study and the last school day
before the holidays. No lessons were held on May 18 as it was a national holiday. Table 1 shows the
study design for all groups.

Instruments

The student rating environment Teacher Tunes
The study was conducted by using the web-based feedback environment Teacher Tunes (teachertu-
nes.de) which was developed at the LMU Munich. The tool collects student feedback of a lesson via a
rating system. Each teacher registers for the tool with his/her own account and generates separate
courses for each participating class. After each lesson, students rate the lesson with the help of their
smartphones and a QR-Code on a five-star rating scale. The student feedback for teachers was visualised
by a curve of the moving average (of the three most recent lessons) of the student rating and shown to
the teachers on their dashboard. Depending on their assigned treatment group teachers saw one or
none of three visual graphics of the student feedback on their Teacher Tunes dashboard: (1) none, (2)
performance (see Figure 10) and (3) fluctuation (see Figure 13(a)).

Table 1. Study design.

Design group
Timeline
Start date

Introduction
17 April 2023

Week 1
24 April 2023

Week 2
02 May 2023

Week 3
09 May 2023

Week 4
16 May 2023

Week 5
23 May 2023

A – None Performance Performance None Fluctuation
B – None Performance None Fluctuation Performance
C – None Performance Fluctuation Performance None

Notes: The three groups of teachers over the five weeks of the study and the initial introduction. Each group worked with different visualisa-
tion types in different weeks (see Figure 18).
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To ensure data reliability, especially for student feedback collected via smartphones, the rating system
was designed with robust mechanisms to guarantee fair participation and accuracy. The tool centres
around a feedback mechanism where students provide ratings for specific lessons. Each teacher was
assigned a unique QR code. By scanning this code, students were directly redirected to the relevant les-
son’s rating page. Alternatively, students could manually input the course name and a unique lesson PIN
to access the rating interface, ensuring that every student had the opportunity to rate each lesson
regardless of technical constraints or device compatibility.

A strict ‘one rating per student per lesson’ rule was implemented to maintain the integrity of the
data. When a student submitted a rating, the system generated a unique token that was stored locally
on the student’s browser. This token acted as an identifier to prevent multiple submissions for the same
lesson. If a student attempted to rate the same lesson again, the system replaced the previous rating
with the new one, effectively ensuring that only the most recent input was recorded while still adhering
to the single-rating policy. This approach not only prevented duplicate entries but also allowed students
to update their feedback if necessary.

The system was designed to respect student anonymity and minimise data collection. Only the token,
the rating and the date of submission were stored, providing sufficient data for analysis while safeguard-
ing privacy. Each rating was tied to the specific lesson within the respective course, ensuring that feed-
back was accurately attributed. The user interface was kept minimalist and intuitive, with easy access to
the course and lesson identification features. Upon submitting a rating, students received a confirmation
message, reassuring them that their feedback had been successfully recorded.

Design of the graphic visualisations
The visualisation type ‘performance’ displays in a bold line the moving average of the three latest lesson
ratings (MA ¼ 3) of the student ratings in a given class (y-axis) over the timespan of the study (x-axis)
(Figure 10). The absolute values of the average student ratings are not displayed but the relative aver-
age student ratings to the total variance of the student ratings are shown. The zero point of the y-axis
is the arithmetic mean of all courses of a specific teacher. The diameter of the bold circles shows the
total number of students contributing to that datapoint. The more student ratings that contribute to
one data point the larger the diameter of the respective circle. The fine grey line shows the moving
average curve of all courses of a specific teacher.

Visualisation type ‘performance’ shows the relative performance curve of more than one class of a
specific teacher. Thus, student ratings of different classes of one teacher can be compared visually
(Figure 11).

Figure 10. The bold visualisation type performance moving average curve. The curve (MA ¼ 3; average of the three
latest lesson ratings) shows the development of the student ratings (y-axis) of a certain class over time (x-axis).
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As a benchmark for comparison, two options are available. In the default setting of the tool Teacher
Tunes, the zero point of the y-axis is the arithmetic? mean of all courses of a specific teacher, which gen-
erates an intrapersonal benchmark. In the alternative setting, the zero point of the y-axis is the arith-
metic? mean of all courses of all participating teachers in the study, which generates an interpersonal
benchmark. Teachers can switch between these options by clicking the relevant button on Teacher
Tunes as illustrated in Figure 12.

The visualisation type Fluctuation displays in a bold line a moving average (MA ¼ 3) of the average
student ratings in a given class (y-axis) against the slope of the relative moving average (MA ¼ 3)
(x-axis). The steeper the gradient, the farther away from the crosshair the point is depicted on the x-axis.
If the slope of a datapoint is positive, the relative moving average curve is depicted on the left-hand
side of the crosshair and vice versa. The small arrow in the bold circles shows the unfolding of the curve
over time. Thus, the development of the student ratings shows a counterclockwise movement going
through all four quadrants. Ideally, in the case of a sinusoidal curve, the visualisation depicts a symmet-
rical circle with the mean student rating at the centre of the circle. According to this counterclockwise
movement, the quadrants have been labelled to describe the respective development of a sinus curve.
The ideal (sinusoid curve) unfolding and the respective labelling of the quadrants is shown in Figure 13.

Teachers can switch between these options with a click on the respective button on Teacher Tunes as
is illustrated in Figure 14.

Justification for the specific timeframes and intervals used in student feedback visualisations
The selection of specific timeframes and intervals, such as the three-lesson moving average curves and
the aggregation approach used in our study, is rooted in the typical teaching and learning dynamics
observed in schools and the nature of our research objectives.

Our study aims to evaluate the development of teaching quality and its perception by students over
time rather than pinpointing feedback tied to specific lessons. The chosen timeframe and intervals allow
us to smooth out short-term fluctuations in feedback that might be influenced by external or transient
factors (eg unique events during a single lesson) and instead highlight meaningful trends or shifts
(Kahneman et al., 2021)

In most school settings, science teachers conduct two to four lessons per week for a given class, and
this frequency suggests that analysing individual lessons in isolation may not adequately capture pat-
terns or trends in teaching effectiveness based on student feedback. Aggregating feedback over slightly
longer intervals aligns better with the pace of classroom interactions and the rhythm of instructional
delivery (LeBreton et al., 2023).

Figure 11. Overview of several courses. Three classes (biology, chemistry and physics) given by a teacher are displayed.
The courses biology and chemistry receive bad student ratings relative to all other classes of the teacher.
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Typical topics or concepts in school are often taught over multiple lessons, and aggregating feedback
over intervals longer than a single lesson ensures that the analysis accounts for the entire instructional
arc of a topic. This approach provides the option of a more holistic view of how students perceived the
teaching of a concept or theme.

Improvements or declines in teaching quality are often expected to manifest within one to two
weeks, given the cumulative nature of student learning and perception. Aggregating data over this inter-
val ensures that both gradual and more pronounced changes are visible, without introducing excessive
lag that might obscure shorter-term effects (Gaertner & Brunner, 2018).

Furthermore, the five-week duration of our study necessitated a data aggregation mechanism that is
proportionate to this period. Using a three-lesson moving average allowed us to balance the need for
trend clarity with the available timeframe, ensuring that any observed effects could still be meaningfully
attributed to the intervention or changes in teaching methods during the study.

Figure 12. Benchmark options. Each teacher can choose either benchmark option. The intrapersonal benchmark com-
pares the performance curve of a class to the average of all performance ratings of the teacher. The interpersonal
benchmark compares the performance curve of a class to the average of all performance ratings of all teachers.
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Figure 13. ( a) The bold visualisation type fluctuation moving average curve. A typical counterclockwise moving visual-
isation of student ratings. (b) Idealised performance curve over time. The quadrants of the visualisation fluctuation map
to the four stages of a sinusoidal performance curve (overperforming, decline, underperforming, improving). (c)
Counterclockwise rotation. An idealised visualisation fluctuation depicts a cyclical counter-clockwise rotation. The bold
visualisation type fluctuation moving average curve. The development of a teacher’s performance rating over time can
be illustrated as a counterclockwise movement. The four quadrants show the state of performance rating development
as overperforming, decline, underperforming and improving.

COGENT EDUCATION 15



Furthermore, the five-week duration of our study, combined with an additional onboarding week for
the teachers, aligns well with the theory by covering the period between the Easter and Pentecost holi-
days. This timing increases the likelihood that the lessons reflect a coherent thematic structure or focus
on a single subject area, ensuring content continuity. Using a three-lesson moving average allowed us
to balance the need for trend clarity with the available timeframe, ensuring that any observed effects
could still be meaningfully attributed to interventions of teachers and changes in teaching methods dur-
ing the study.

Data preparation

Sample
The sample comprised 28 secondary school science teachers (52% females, 48% males). The majority of
the participating teachers were from 20 to 37 years old, with one teacher being 57 years old (average
age 34, SD ¼ 7.41, Min ¼ 20, Max ¼ 57). Each science teacher took part in at least one class with a total
of 48 courses. In total, data of 199 lessons from 535 students were collected.

Figure 14. Benchmark options. Each teacher can choose between two benchmark options. The intrapersonal bench-
mark compares the performance curve and slope of a class to the average of all performance ratings and to the slope
of these ratings of the teacher. The interpersonal benchmark compares the performance curve of a class to the average
of all performance ratings of all teachers and to the slope of these ratings of the teachers.
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Data cleaning
The data were downloaded from the Teacher Tunes website. After adding the teachers’ age and sex, the
data were anonymised. Each teacher-class-combination was merged to form a new randomly gener-
ated id.

All lessons with zero ratings were excluded. Since this study was about the change of lesson ratings
over time, the id’s (classes) that had only one rated lesson were removed. All lectures with fewer than
five student ratings were excluded to prevent single student impressions affecting the inference. The
regression model used to quantify the association strength between average rating and the visualisation
generated (see following sections) could not deal with missing values and therefore 15 more lessons
where age and sex were missing, were excluded, leaving 137 lessons for analysis.

Data description

The sample of 137 consisted of 28 unique teacher-class combinations that were rated between two and
12 times; 67 of the lessons were held by a female teacher, 70 by a male. Most of the teachers were
from 24 to 37 years old (average age ¼35. SD ¼ 6.62) with one teacher of 57. Table 2 shows the number
of lessons per week rated by student feedback. During the first three weeks more, lessons were rated
than during the last two weeks of the study.

Figure 15 shows the average student ratings. Although the feedback scale ranged from 1 to 5, 93.4%
(128) of them lay above 3 with a mean of 3.9.

The number of ratings lay from 5 (see data cleaning) to 24. The lessons were observed between April
24 and May 26, except on the holidays May 1 and 18. Figure 16 shows the number of ratings (left plot)
and the average rating (right plot) over the study period. A point relates to a lesson and the darker the
point the more lessons had this value. For neither the number of ratings nor the average rating can a
change over time be seen.

The participating teachers were randomised into three treatment groups (A, B, C). Table 3 shows the
number of rated lessons for each group.

The distribution of data in the visualisation on the day of the lecture is shown in Table 4. One sce-
nario is that at some point on the day of the lecture, the teacher checks the feedback tool website and
uses this information for lecture preparation. However, during lecture preparation teachers received no
visual feedback 60 times, observed Performance 59 times and the Fluctuation 18 times.

Figure 17 depicts the seen number of website visits and number of lectures over the whole study
period.

Table 2. Number of lessons rated in the five weeks of the study.
Week 1 2 3 4 5

Number of lessons 39 36 34 18 10

Figure 15. Histogram of the average student ratings. Most fall around 4.
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Table 5 shows that the mean of the average ratings for Performance (4.01) was higher than for
Fluctuation (3.62) or no visualisation (3.86). The standard deviation (SD) and ratio of the number of rat-
ings per rated lesson are similar.

One scenario is that teachers take the option to check their history of student ratings for reflection
and planning purposes the day before the lecture, especially if it is early in the day. The type of visual-
isation referred to on the day before the lecture is shown in Table 6. Shifting the type of visualisation
by a day changes the type of visualisations only on the starting days of the intervals, ie the Tuesdays.

Figure 18 depicts the type of visualisation accessed on the day before the lecture together over the
study period.

Regression model

A regression model was used to estimate the strength of association between the average rating and
the type of visualisation, with average rating as the dependent variable and type of visualisation as the
independent. The model controls for the teachers’ age, sex and the lesson date. The number of ratings
is associated with the variance of the dependent variable and therefore cannot be included as a
confounder.

As different classes have different performance levels and lectures of the same class are likely to be
correlated (see research question 3 and section Evaluation of research question 3), these factors were

Figure 16. Lesson date (x-axis) and number of ratings (left) and average ratings (right). Neither the number of ratings
nor the average rating change over time.

Table 3. Number of rated lessons in the treatment groups.
Treatment group A B C

Number of lessons 65 46 26

Note: From a total of 137 rated lessons, 65 were taught by teachers in group A, 46 in group B and 26 in group C.

Table 4. Number of rated lessons where the teacher checked a visualisation on the same day.
Visualisation observed (day of lecture) None Performance Fluctuation

Number of lessons 60 59 18
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Figure 17. Distribution of the observed visualisations. The number of lectures held (y-axis) over the study period (x-
axis) shaded by the type of visualisation observed on the day of the lecture is illustrated.

Table 5. Overview statistics for the visualisations.
Visualisation type Number of lessons Average number of ratings per lesson Mean average rating Standard deviation

None 60 12.5 3.86 0.61
Performance 59 11.6 4.01 0.69
Fluctuation 18 10.6 3.62 0.67

Note: The mean average rating is highest for visualisation performance.

Table 6. Number of rated lessons where the teacher referred to a certain visualisation on the day before the lecture.
Visualisation observed (day before lecture) None Performance Fluctuation

Number of lessons 75 53 9

Figure 18. Distribution of the type of visualisation accessed before lecture day. The number of held lectures (y-axis)
over the study period (x-axis) shaded by the type of visualisation.
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considered in the model by extending it by a class-specific random intercept. This linear mixed model
(Fahrmeir et al., 2013) was estimated with the open source software R and its package lme4 (Bates et al.,
2015).

Teachers could access the feedback tool at any time so could use the visualisation during a lecture,
integrating it into a feedback discussion with their students, or during the preparation time the day
before to reflect on previous student feedback and perhaps prepare the lecture differently, but the
teachers’ preparation behaviour was not surveyed. It is further possible that the analysis may be missing
information from potential further confounders, such as other sources of feedback or time to the next
graded test. Even if more information were available, the present sample size does not allow for arbitrar-
ily complex models, in order to obtain meaningful uncertainty estimates and avoid numerical instabil-
ities. Besides the complexity, the explanatory power is also limited by the sample size. This limitation is
particularly pertinent for the fluctuation type of visualisation, as there were only 18 lectures that were
prepared with the fluctuation type of visualisation on lecture day and even fewer on the day before.

In the next section, we report the results for two models: with the type of visualisation accessed on
the day of the lecture versus on the day before.

Results

Interpretation of coefficients of regression

The regression coefficients for the model with feedback accessed on the day of the lecture together
with their standard errors are shown in Table 7.

The intercept cannot be interpreted meaningfully and is only of secondary interest. The lesson date
and teachers’ age and sex are included for their possible confounding effects and are also only of sec-
ondary interest. The estimated associations are interpreted in the following manner: if a lecture in the
same class is held a day later and the other variables are fixed the average rating increases on average
by 0.0036. If a lecture in the same class is held by a teacher who is a year older, the average rating
increases on average by 0.0003. If a lecture in the same class is held by a male rather than a female
teacher, the average rating increases on average by 0.0080. The standard errors of lesson date, and
especially teachers’ age and sex are (much) higher than the coefficients themselves, so the model does
not provide clear evidence.

The main goal of this model was to investigate the effectiveness of visual representations of student
feedback for teachers in fostering ePCK. In statistical terms, we were interested in quantifying the
strength of association between the average rating and the accessed visualisation. If a lecture for the
same class had been held by a teacher who had received feedback in form of Performance, the average
rating increased by 0.0686 (SE ¼ 0.1059) compared with a teacher who received no such graphic feed-
back. Contrary to expectations, feedback in the form of Fluctuation decreased the average rating by
0.2388 (SE ¼ 0.1691) compared with no visualisation. However, the results have to be assessed with
some caution as the standard errors for the two coefficients are close to the mean values and the model
had only 18 observations for the fluctuation type of visualisation.

Table 8 shows the regression coefficients for the model with the feedback accessed on the day before
the lecture. For the intercept, lesson date, age and sex, the only difference from the previous model was

Table 7. Model regression coefficients when feedback was accessed on the lecture day.
Variable name Intercept Lesson date Age Sex – male Seen vis. – performance Seen vis. – fluctuation

Estimated coefficient 3.9282 0.0036 0.0003 0.0080 0.0686 −0.2388
Standard error 0.4875 0.0065 0.0131 0.1810 0.1059 0.1691

Table 8. Regression coefficients with visualisation accessed the day before the lecture.
Variable Intercept Lesson date Age Sex – male Seen vis. – performance Seen vis. – fluctuation

Estimated coefficient 3.9247 −0.0034 0.0010 0.0012 0.1670 0.0927
Standard error 0.4841 0.0064 0.0130 0.1817 0.1037 0.2187
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the opposite sign for the lesson date (the later a lesson is held during the study period the lower the
average rating).

If a lecture in the same class was held by a teacher who had received performance type feedback
during lecture preparation the day before it was given, the average rating increased by 0.1670 (SE ¼
0.1037) compared with a teacher who received no graphic feedback. There were only nine lectures
where the teacher received feedback via Fluctuation the day before the lecture. The average increase of
the average rating by 0.0927 (SE ¼ 0.2187) has to be evaluated with caution.

The two models were also evaluated by non-linear associations for lesson date and age, and in an
analysis of sensitivity, the models were re-estimated excluding data from the 57-year-old teacher. In all
these scenarios, the tendencies and signs of the visualisation coefficients were unchanged.

In summary, the Performance did not significantly improve the average rating. To evaluate the
Fluctuation thoroughly, more data are needed.

Evaluation of research questions

Evaluation of research question 1
Research question 1 was whether usage of the feedback tool could improve teacher ePCK as measured
by student rating over time. The regression model revealed a positive tendency for the student rating
for Performance to improve when it was used both during preparation and on the lecture day. For
Fluctuation the tendency was not clear and dependent on the time of use. To assess if the tool
improved the student rating significantly (p¼ .05), a likelihood-ratio test compared models with and
without the visualisation information. The null hypothesis is that the estimated associations of the two
types of visualisation are zero (the visualisation has no connection with the average rating). From the
sample size and standard errors, the authors did not expect a clear rejection of the null hypothesis.

For the models with visualisation on the lecture day, the p value was p ¼ .1429 and with visualisation
on the previous day it was p¼ .2753. Consequently, the null hypotheses could not be rejected. In this
case, the p values are rather small and near to the 0.05 threshold, suggesting the possibility of a connec-
tion of the visualisations with the average rating. Nevertheless there is not enough evidence in the sam-
ple for a definitive conclusion.

Evaluation of research question 2
The second goal of the study was to compare performance with the fluctuation type of visualisation. As
evaluation of the fluctuation types was limited by its low number of observations (18 on the lecture
day, 9 on the previous day), a likelihood ratio test was used, in which both models were compared with
a model with only a binary indicator (whether a person viewed or did not view any visualisation). This
corresponds to the null hypothesis that the association strength for Fluctuation and Performance is the
same; the authors did not expect a clear rejection of the null hypothesis.

For the model for the visualisation on the lecture day p¼ .1121 and for the previous day p¼ .7211,
so the null hypotheses could not be rejected. Notably, despite the small number of observations, the
p value of .1121 is remarkably low, suggesting that there may be a difference in the way the different
types of visualisation affect the average rating when viewed on the day of the lecture. The limited num-
ber of cases in which the fluctuation type of visualisation was observed on the previous day (n¼ 9)
introduces considerable uncertainty, and the result must be interpreted with caution, as it is possible
that the data do not reveal the true underlying pattern. For a thorough analysis a more extensive data-
set would be required.

Table 9. Regression analysis.
RI variance Residual variance p Value ICC

Model with vis. on lecture day 0.1552 0.2667 >.0001 0.360
Model with vis. on previous day 0.1550 0.2697 >.0001 0.360

Note: In both model cases, p values are close to zero and thus the corresponding null-hypotheses are rejected.
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Evaluation of research question 3
Research question 3 was about the correlation of multiple lessons in the same class.

For regression analysis the structure of the data must be known. It was assumed that the responses
to/feedback on? lessons of a teacher in the same class were correlated and the model was accordingly
adjusted with a class-specific random intercept (RI). The variance of this random term is estimated and
shown for both model versions in the first column of Table 9. The random effect variance is in both
cases about 0.155. The hypothesis that the variance of the random intercept is equal to zero, and there-
fore that the random intercept is not needed, was tested by the R-package RLRs in following the meth-
odology of Scheipl et al. (2008). In both cases, the p values were very close to 0 (shown in the third
column of Table 9) and thus the null hypothesis was rejected.

From the random intercept variance and the residual (the remaining unexplained variance of the
models), the intra-class correlation coefficient (ICC) can be computed as random intercept variance div-
ided by the total variance (the sum of both variances). The values are shown in column four of Table 9
and both are about 0.360, which implies that the average ratings of two lessons of a teacher in the
same class are positively correlated.

Discussion and conclusion

The aim of this study was to investigate whether visualisations of student feedback on teachers’ per-
formance in class are effective in improving ePCK of the RCM Model.

Influence of student feedback on ePCK

Our feedback tool for student rating delivered promising results. Student feedback helped teachers
enhance their ePCK as it was associated with mitigation of the student assessment of lesson quality dur-
ing both the teaching phase and preparation and planning phase of the cycle (Wisniewski & Zierer,
2021). Considered as one slice of ePCK a teacher shows in a given lesson, and assessed via student rat-
ing, what makes the top spin is bringing this information into the next performance, during the next les-
son, with a different topic, helping a teacher to develop ePCK over time. Using critical information on
past performance to improve ePCK in future performance situations in a dynamic teaching environment
fulfils the demand for cyclical improvement entailed and generated through the evolution of the RCM.
Integrating such reinforcing feedback loops into the process of teaching, by means of a visualisation of
student feedback, successfully connects the two iterative processes of the teaching cycle of the RCM
model and the feedback cycle, thus generating a possibly reinforcing cycle structure (Carlson et al.,
2019).

The question of what constitutes critical information for improving ePCK remains not fully answered.
Following the simple reasoning that relative data are more robust than absolute values of ePCK, which
is difficult to measure, we focused on the use of relative change as valuable information (Taleb, 2012).
But whether relative performance, rather than absolute values, is the right kind of information to use in
a reinforcing cycle may not only depend on the dynamics of the environment but also on individual
preferences and needs. For example, a teacher might simply want to know whether he is doing satisfac-
torily, whilst not having the resources to focus on adapting in an ever-changing environment.

Comparison of the two different types of visualisation

The Performance visualisation yielded a clearer and stronger positive influence on the development of
teacher ePCK compared to Fluctuation. This difference highlights the importance of simplicity in data
representation, particularly when teachers must quickly interpret feedback and integrate it into their
teaching practice. While the Fluctuation visualisation offers a more detailed depiction, its complexity
introduces several challenges that limit its effectiveness. Below, key factors contributing to this discrep-
ancy are discussed, along with potential improvements.

The Fluctuation visualisation is less intuitive than the Performance representation because interpreting
it requires teachers to simultaneously consider two dimensions: the student ratings on the y-axis and
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the momentum – how quickly ratings change and in which direction. This dual focus significantly
increases cognitive load, making it harder for teachers to derive actionable insights (Guo & Chen, 2023).
For teachers already balancing multiple responsibilities, this added complexity diminishes the usability of
the Fluctuation visualisation.

Unlike the straightforward line graph in the Performance visualisation, the two-dimensional crosshair
design of Fluctuation can obscure clear trends. The simplicity of the Performance visualisation provides
a clear trajectory, making trends over time easy to identify. In contrast, the interaction between dimen-
sions in the Fluctuation visualisation may complicate interpretation, hindering quick and informed deci-
sion-making (Mueller et al., 2024). Simpler visual formats, such as line graphs, are more effective for
identifying trends as they better align with users’ mental models and expectations.

The momentum dimension in the Fluctuation visualisation may also limit its actionability. While it
illustrates the rate and direction of change, it can feel abstract and disconnected from practical class-
room adjustments. In comparison, the Performance visualisation offers direct insights into student per-
ception trends, enabling teachers to evaluate lesson effectiveness more easily (Wisniewski et al., 2019).
Feedback mechanisms are most effective when they provide clear and actionable insights, which is
more readily achieved with the simplicity of the Performance visualisation.

Another contributing factor is familiarity. Line graphs are commonly used and widely understood in
educational settings, requiring little to no additional training to interpret. Conversely, the Fluctuation vis-
ualisation’s unfamiliar format may discourage its use or lead to misinterpretation. Users tend to perform
better with familiar visualisation styles, as these reduce cognitive barriers and foster trust in the data
(Viberg et al., 2018). Without proper training, teachers may struggle to effectively utilise the benefits of
the Fluctuation visualisation.

One potential improvement to the Fluctuation visualisation would be to replace momentum with a
measure of student consensus, such as the variance of student ratings within a class. This approach
would highlight whether the class agrees on lesson quality or if significant disparities exist. For instance,
high variance might suggest the need for differentiation or indicate that some students are disengaged,
while low variance would reflect a shared perception of lesson quality. This adjustment could provide
clearer and more actionable insights, directly tied to classroom dynamics. Further research and testing
would be required to validate this approach (R€ohl, 2021).

The extended duration of the five-week study likely exacerbated these challenges, as participant
fatigue led to a notable decrease in rated lessons towards the end of the study (D€oring & Bortz, 2016).
This underscores the importance of designing visualisations that minimise cognitive demands and maxi-
mise usability to ensure sustained engagement and effective feedback utilisation (D€oring & Bortz, 2016;
Moosbrugger & Kelava, 2012; Taleb, 2012).

Usage of within-class rolling averages for feedback visualisation

Our data clearly suggest that for one class and one specific teacher, consecutive lesson ratings are
highly correlated, which indicates that student ratings of a specific course can be interpreted as a con-
tinuous process. To underscore this process and focus on the development of student ratings over time,
the use of rolling averages for the feedback visualisation has proved to be apt (Kahneman et al., 2021).
Developing ePCK within the one teacher-one class relationship might constitute a dyadic partnership
that forms the fruitful teaching context postulated in the RCM – the right kind of environment for a
teacher to improve his ePCK. The classroom environment or learning context of a given class serves as
the stable environment for the spinning top of ePCK to unfold with the help of student feedback.

Limitations

In this study the number of participants was low. With more teachers instructed to use the feedback
tool in only one specific way, or in one specific part of the plan-teach-reflect-cycle, variance would be
reduced and the chance of providing valid conclusions augmented.

Despite the small sample size, which can affect the validity of the results (D€oring & Bortz, 2016), we
achieved reliable results for research question three and strong but not statistically reliable tendencies
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for research questions one and two, and thus can derive generalisations. Implementing a new visualisa-
tion tool into the teaching cycle is a learning process in itself that takes time and getting used to
Shavelson (2020). From studies on habit formation, approximately two months are needed to acquire a
new one. Using a visualisation tool as a cyclical process to foster lesson development and develop ePCK
and pPCK might have needed more time than that in our study (J. Keller et al., 2021).

Several studies that focus on interventions in real teaching situations assess student grades or con-
tent-specific task results (Mientus et al., 2022). A possible link between student achievement and their
learning progress with student feedback for teachers is not tackled by this study and remains unclear
(Shavelson, 2020).

The focus on Individual development disregards the effect of personal PCK development on that of
collective PCK of the community. This might not be so in professional communities of teachers but is
not further investigated in this study (Altrichter et al., 2018).

Integration of our results and interpretations into the Refined Consensus Model of PCK

In comparison with other studies on the RCM, the most distinct feature of our study is its focus on inte-
grating student feedback for teachers into their plan-teach-reflect-cycle, thus reinforcing the feedback-
loop for teacher and improving teaching (Alonzo et al., 2019).

As postulated by the RCM the visualisation of student feedback for teachers focuses on the iterative
process of an individual’s development (Mientus et al., 2022).

From our data, student feedback can be successfully integrated during the planning and reflecting
phase, and the teaching phase of the teaching cycle, enabling interaction with students (Wisniewski
et al., 2019), empowering them to shape lesson development and the strategies of their teacher
(Bijlsma et al., 2021). However, the data gathered over the five-week course did not provide definitive
conclusions from the teachers (Bijlsma et al., 2019)

The RCM is to provide the means for dynamic and individual development, and the feasibility shown
here of a simple student rating allows the implementation of a feedback cycle in the teachers’ everyday
teaching routine.

These discoveries support the enhancement of reciprocal feedback systems and encourage further
investigation in this field.

Although the initial findings in this study were inconclusive, our data suggest the possible effective-
ness of student feedback, in the form of basic graphical representations, as a means for teachers to
modify their teaching quality, gradually improving ePCK over time. As such it is a profitable approach to
integrate student’s feedback into the RCM and to underline the dynamic nature of ePCK.

Implications for future research and teacher training programs

This study reveals several promising directions for future research and applications in teacher training
programs, with a focus on implementing feedback mechanisms into a dynamic plan-teach-reflect cycle
and broadening their application to diverse educational contexts.

A first direction for future research involves investigating the usability and likability of TeacherTunes.
Using established usability metrics, such as the User Experience Questionnaire (UEQ) (Schrepp et al.,
2014) or conducting teacher interviews could identify barriers to adoption and generate ideas for new
features. For example, allowing students to provide specific comments alongside ratings could offer
teachers richer, qualitative insights into lesson quality. Understanding how teachers perceive the tool’s
usability could guide further development and align it with their practical needs (Wisniewski et al.,
2022).

Another promising avenue is refining the Fluctuation visualisation by replacing momentum with a
measure of student consensus, such as the variance of ratings. High variance might indicate the need
for differentiation or suggest that a significant portion of the class struggles to follow the lesson, while
low variance reflects agreement in perceptions of lesson quality. Teacher feedback on this adjusted visu-
alisation could reveal whether it better supports classroom decision-making and enhances reflective
teaching practices (Rollett et al., 2021).
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Further research could explore how teachers use student feedback during different phases of the
plan-teach-reflect cycle. For instance, studies could investigate whether reflective use of feedback
improves lesson planning or if real-time usage fosters immediate improvements in teaching (Carlson
et al., 2019).

Future studies could also compare the impact of student feedback across different subjects, educa-
tional levels and age groups. For example, investigating how student feedback supports university-level
teaching versus secondary school lessons could highlight its adaptability to diverse educational contexts.
Subject-specific dynamics or curriculum structures might influence how effectively feedback mechanisms
improve teaching quality (Behling et al., 2022).

For contexts where smartphones are unavailable (eg primary schools), alternative tools such as phys-
ical feedback buzzers could be developed. Such solutions would ensure equitable access to feedback
systems and could reveal whether simpler, low-tech alternatives can match the effectiveness of digital
tools. This direction aligns with findings on how digitally measured feedback improves teaching practi-
ces and could extend these benefits to less digitally equipped classrooms (Bijlsma et al., 2022).

Moreover, our student feedback tool could be employed to evaluate the impact of specific didactic
interventions, such as catch and hold strategies or pre-planned learning progressions in parallel classes.
Research could examine whether TeacherTunes can effectively measure and enhance the impact of
these targeted teaching innovations, building on previous findings that feedback mechanisms play a crit-
ical role in supporting effective teaching (Shavelson, 2020; Wisniewski et al., 2019).

In addition, this study highlights actionable recommendations for integrating feedback mechanisms
like TeacherTunes into teacher training programs. Embedding feedback into the plan-teach-reflect cycle
is also essential. Teachers should learn to collect feedback during lessons, reflect on it and adjust their
strategies. This approach supports professional growth and aligns with the RCM which emphasises the
iterative relationship between reflection and practice (Carlson et al., 2019; Irmer et al., 2024).

Tailored training is vital to address the unique challenges of different subjects and educational con-
texts. Strategies must align with specific teaching domains, enhancing the applicability of feedback sys-
tems across diverse environments (Behling et al., 2022).

Finally, fostering collaborative feedback practices can amplify the benefits of feedback mechanisms.
Encouraging teachers to engage in professional learning communities promotes shared reflection and
collective improvement, strengthening instructional quality (Rollett et al., 2021).

By addressing these areas, future research could not only improve the functionality and reach of our
tool TeacherTunes but also deepen our understanding of how feedback mechanisms influence teaching
practices across various educational contexts. These insights have the potential to inform both practical
applications in teacher training and theoretical advancements in understanding the dynamic nature of
pedagogical content knowledge (Shavelson, 2023).
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