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Abstract

Problem solving in physics requires more than applying formulas: it involves describing and
modeling phenomena, connecting mathematics with physics, and justifying reasoning choices. This
process, known as problem framing, has been extensively studied in its cognitive and epistemic
dimensions, but its semiotic aspects—how visuals, symbols, language, and metaphors shape
understanding—remain underexplored. Physics relies on multiple representational modes that must
be coordinated to construct meaning, and semiotics plays a central role in this integration. In this
theoretical paper, we propose a new framework—the semiotic problem framing (SPF)—that
explicitly incorporates semiotics into existing problem framing in physics. SPF highlights how
students mobilize and shift across linguistic, visual, symbolic, and metaphorical resources in problem
solving. For students, it offers a guide to structure reasoning and develop representational fluency;
for teachers, it provides a diagnostic tool to scaffold and monitor learning processes. SPF enables
analysis of reasoning patterns and error types not captured in previous frameworks, and suggests new
directions for instructional design in physics education.

1. Introduction

Effective problem-solving in physics extends beyond applying mathematical formulas; it requires under-
standing how mathematics connects to and reflects the physical world [1-7]. A robust epistemological
framework helps students justify their decisions and link abstract reasoning to physical phenomena [8]. By
epistemological framework, we mean the beliefs about knowledge and justification that guide how learners
connect mathematical formalism to physical meaning. Applied to problem solving, this is known as problem
framing. In this context, it is often conceived as a process that shapes how students interpret problems and
whether they treat mathematics as a conceptual tool or as an algorithmic procedure [9-11]. Indeed, supporting
students in developing thoughtful problem-framing approaches is key to fostering both conceptual and
mathematical understanding [8—12].

Mathematics is central to physics, providing the language through which laws and relationships are expres-
sed. Equations function not only as computational tools but also as representations carrying physical meaning
[9]. Productive use of mathematics in physics requires blending formal operations with conceptual reasoning,
enabling students to interpret equations, detect errors, and construct results that integrate physical and mathe-
matical considerations [10]. Developing this representational fluency is therefore essential for meaningful pro-
blem solving. Instruction should not focus only on correct procedures but should help students articulate the
reasoning behind their choices, connect across multiple representations, and adopt more expert-like problem-
solving strategies.

However, mathematics alone does not suffice to develop expert-like competencies in physics [13—17].
Understanding concepts requires establishing new relations between knowledge elements. Indeed, physics
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relies on multiple modes of representing knowledge that must be interconnected to construct meaning

[17-20]. These representations rely on semiotic resources, that is, different modes for representing knowledge —
such as visual, symbolic, and linguistic tools (e.g., equations, diagrams, metaphors, and natural language) — that
interact to create meaning. These representations rely on semiotic resources—visual, symbolic, or linguistic
tools such as equations, diagrams, metaphors, and natural language—that interact to create meaning. No single
resource suffices; understanding arises from coordinating them across registers [21-28]. For this reason, semio-
tics must be considered essential to problem framing, as it contributes in shaping how students interpret tasks,
construct models, and communicate reasoning.

This view aligns with a well-established line of research in physics education that conceptualizes learning as
achieving fluency across a constellation of disciplinary semiotic resources. From a disciplinary discourse per-
spective, becoming proficient in physics entails coordinating language, mathematics, diagrams, graphs, and
gestures in ways that are recognizable as legitimate within the discipline [29, 30]. Within this tradition, social
semiotics, e.g., the study of the development and reproduction of specialized systems of meaning making in
particular sections of society [30], has been used to analyze how different representations carry specific dis-
ciplinary affordances, shaping what can be meaningfully expressed, perceived, and learned in physics [16, 31].
Recent work has further emphasized purposeful transformation across modes as a central mechanism of dis-
ciplinary learning, highlighting how meaning is constructed through deliberate shifts between semiotic resour-
ces rather than through any single representation alone [32].

More research on problem framing is needed to improve how individuals are engaged both behaviorally
and mentally in the learning process for actual learning to take place. Indeed, while problem framing has been
extensively studied in its cognitive and epistemological dimensions [8—12], the semiotic registers have received
comparatively less attention [ 14—16]. To bridge this gap, we propose an extended framework that incorporates
semiotics into standard problem framing: the semiotic problem framing (SPF). The rationale for this extension
lies in the need to make explicit the role of semiotic resources in knowledge construction through multiple
modes of representation. SPF extends rather than replaces existing frameworks, enabling a fuller account of
how learners build knowledge in problem solving. In our view, this translates in considering problem framing
as the integration of physics with mathematics and, notably, with semiotic resources grounded in the interac-
tion between natural, visual, and symbolic languages. Accordingly, our study is guided by the following
research question:

e How can the standard problem framing framework be extended to systematically integrate semiotic
dimensions that support expert-like reasoning in physics problem solving?

The SPF framework is designed to guide both students and instructors in addressing the multifaceted nat-
ure of physics problem solving. It supports students in developing conceptual understanding and representa-
tional fluency, while providing instructors with a structured tool to analyze students’ framing and reasoning. As
an analytical framework, SPF enables researchers to examine how learners engage with physics problems
through language, symbolism, and representation. As an instructional framework, it informs teaching strate-
gies that scaffold students’ transitions across conceptual, algorithmic, and semiotic dimensions. By explicitly
linking physical reasoning with mathematical and linguistic resources, SPF fosters the development of expert-
like competencies and facilitates the integration of problem framing into advanced physics education.

2. Theoretical framework

2.1.Background and literature review

In order to situate our contribution within the evolution of problem-framing research, figure 1 provides a
concise historical synthesis of how the field has developed from the 1980s to the present. The figure highlights
the transition from early cognitive accounts, to epistemological framing, and finally to recent semiotic and AI-
mediated perspectives.

Over the past decades, problem framing in physics education has shifted from an individual cognitive pro-
cess to one shaped by social and technological factors, see figure 1. Early cognitive studies showed that novices
categorize problems by surface features, while experts focus on underlying principles—but this distinction
varies with context and is not always reproducible [33]. These insights positioned problem framing as a way of
organizing knowledge that influences problem-solving performance.

In the design sciences, Schon [34] introduced ‘problem setting’ as a reflective process of redefining pro-
blems through iterative cycles. This idea was extended by Redish [35] and Hammer e al [36] in the first decade
of the 21st cenury in physics education through the notion of epistemological framing, where students’
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Figure 1. The figure provides a schematic overview of key historical developments in the evolution of problem framing (PF) theory,
from the 1980s to the present. Early work emphasized cognitive differences between novices and experts; subsequent research
introduced epistemological framing and discourse-based perspectives. More recent studies integrated semiotic resources such as
language, diagrams, and metaphors. In the 2020s, the rise of artificial intelligence (AI) and its implementation in education added
new insights into students’ problem solving, opening the route for the integration of semiotic resources into framing.

expectations about knowledge influence how they approach a task (see figure 1). Focus shifted from what stu-
dents know to how they apply knowledge in context.

Bing and Redish [9, 10] extended these ideas by identifying specific types of epistemological frames students
use in discourse, such as physical mapping (relating a physical system to mathematics), calculation (applying
mathematics to derive results), invoking authority (relying on external sources), and mathematical consistency
(ensuring coherence with prior mathematical understanding). These frames reflect students’ flexible and con-
text-sensitive mental models. Fredlund et al [ 16] emphasized the role of semiotic resources (e.g. equations,
diagrams, gestures) in how students frame problems. Instruction that exposes expert framing practices helps
students move beyond procedural thinking. As students solve problems, they switch frames dynamically,
adjusting their strategies based on feedback [9, 10].

When an error occurs, students’ framing influences how they respond. A computational frame leads to
recalculations, while a conceptual frame may prompt them to re-express the problem physically. If the error
involves a flawed mapping from physics to math and students remain in a purely algorithmic frame, they may
struggle to self-correct [10]. Bing and Reddish [9, 10] also highlights the importance of how students justify
their reasoning (or ‘warrants’) and connect mathematical operations to physical meaning. Thus, framing serves
asamethodological reference through which researchers can trace the origins of student difficulties—beyond
merely tracking procedural steps.

Recent studies have further refined this framework by distinguishing between specific framing types[11]. A
work by Nguyen et al (2016) [8] investigated how these frames unfold in collaborative group settings. Their
analysis of undergraduate electromagnetism problem-solving revealed that epistemological frames shift con-
tinuously in real time, shaped by discourse, gestures, and tool use. The new frames in [8] help characterize the
stages and transitions in students’ reasoning. They are (see figure 2):

CP (Conceptual Physics). Engagement with physical ideas and planning based on system properties.

AP (Algorithmic Physics). Setting up equations by integrating physical knowledge with mathematical
structure.

AM (Algorithmic Mathematics). Executing mathematical procedures to derive results.

CM (Conceptual Mathematics). Applying mathematical rules or shortcuts to streamline problem-solving.

These dynamics reveal that framing is a strategic, not static, stance. It involves noticing when a representa-
tion is ineffective and adapting accordingly. Recognizing the importance of epistemic cognition in framing,
that is including how people understand, justify, and apply knowledge in context [33], has opened a new route
to problem framing [8—10], see figure 1. In this context, frames can be understood as sociocultural stances
embedded in disciplinary norms and institutional settings. Recognizing this helps educators to support stu-
dents in adopting productive frames and to design learning environments that acknowledge the complex inter-
play of epistemic beliefs, resources and contexts.

Instructional strategies such as qualitative reasoning, modeling, and multiple representations can foster
productive framing [34—41]. Techniques like guided decomposition and conceptual discussion support meta-
cognitive awareness and frame-shifting. Pee et al [42] outline three central components of framing: seeing,
thinking, and acting. ‘Seeing’ concerns how individuals perceive and interpret problems, often influenced by
visual or conceptual representations. ‘Thinking’ relates to internal cognitive processes shaped by prior
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Figure 2. Epistemological problem framing. Reproduced from [8]. © IOP Publishing Ltd. All rights reserved. The top right quadrant
shows the conceptual physics (CP) frame, linking the physics and conceptual domains. In the bottom right, the conceptual
mathematics (CM) frame connects the conceptual and mathematics domains. On the left side, algorithmic physics (AP) links the
algorithmic and physics domains, while algorithmic mathematics (AM) connects the algorithmic and mathematics domains.

knowledge, mental models, and metaphors. ‘Acting’ reflects the problem-solving steps taken in response to the
framed understanding. Understanding how students transition between these dimensions is essential for
designing effective instruction.

More recently, the rapid emergence of artificial intelligence and its implementation in education has begun
to reshape students’ engagement with physics problem solving [43—47]. These tools, operating through natural
language, visuals and symbols, might influence how problems are represented and solved [48—57]. While pro-
mising for scaffolding and feedback, concerns remain regarding accuracy, bias, and students’ overreliance on
Al outputs [58—62]. For this reason, we consider Al a contextual factor in the evolution of problem framing, but
its detailed impact on learning lies beyond the scope of this theoretical work.

2.2. Semiotics, physics learning, and problem solving

In parallel with the development of epistemological framing models, physics education research has
increasingly adopted a social semiotic perspective to investigate how meaning is negotiated through
representations. Lemke’s seminal work on the multiple languages of science emphasized that scientific
understanding emerges from coordinated use of words, symbols, images, and actions rather than from any
single representational system [63, 64]. Building on this view, Airey and Linder introduced the notion of
disciplinary discourse, arguing that learning physics involves mastering a critical constellation of semiotic
resources that function together within specific educational contexts [29]. Semiotic resources are different
modes for representing knowledge. These include natural language (both written and spoken), mathematical
forms (e.g. equations), symbolic registers (e.g. vectorial and algebraic notation), and visual aids (e.g. diagrams,
drawings, and pictures), as well as gestures. These diverse registers provide the foundation for constructing
multiple representations of physical phenomena and systems, enabling their description, modeling, and
narration [14, 15, 19]. Moreover, the consistent use of visual, gestural, and linguistic representations has been
shown to enhance engagement in physics [ 18]. No single semiotic resource is sufficient on its own to fully
account for physical phenomena; understanding emerges from the ability to coordinate these registers and to
move flexibly between them [19]. Thus, developing representational fluency is a critical goal in physics
education.

Within physics education, research in semiotics has provided a systematic framework for analyzing how
representations mediate learning by foregrounding their disciplinary affordances [65]. Disciplinary affordance
refers to the meaning-making potential of a representation as shaped by the norms and practices of the dis-
cipline, rather than by perceptual salience alone [31]. Studies have shown that learning challenges often stem
from students’ difficulty in discerning which aspects of a representation are relevant in a given context, particu-
larly when multiple representations are involved [66—70]. From this perspective, representational competence
is not merely the ability to interpret individual representations, but the capacity to coordinate and transform
between them in purposeful ways [17, 71]. In particular, coordinating the use of multiple semiotic registers
with disciplinary affordance — what is known as multimodality — could help in enabling the construction of
meaning in scientific learning and problem solving [29-31].

Subsequent studies showed how students’ difficulties often arise from mismatches between representations
and their disciplinary affordances, the latter characterizing how specific representations privilege certain
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meanings while constraining others, rather than from lack of conceptual knowledge per se [66—68]. This shapes
what learners attend to and how they reason [16, 31].

Concerning problem solving, recent studies have shown that being productive on it involves purposeful
transformations between representations, rather than their mere use, and that such transformations are closely
related to shifts in students’ epistemic orientation during problem solving [32, 66—-68]. In this sense, social
semiotics provides a natural theoretical grounding for problem framing, allowing framing dynamics to be
interpreted through observable semiotic choices and transitions. Semiotic resources thus function not only as
expressions of reasoning, but as active means through which students frame what kind of problem they are
solving and what counts as legitimate knowledge and action within it [63, 69].

Greeno’s work [13] on problem-solving highlights how learners use mental models and situational under-
standing. He posited that knowledge is not static but is dynamically constructed through context-sensitive
interactions. Rather than simply recalling facts, individuals apply ‘generative knowledge’—actively con-
structed, situation-specific insights. To model this, Greeno proposed the extended semantic model, which con-
sists of four domains: concrete (physical objects and events), model (abstractions and simplified
representations), abstract (concepts, principles, and laws), and symbolic (language, symbols, and algebraic
notation). This model effectively captures how learners reason across domains, fluidly shifting between physi-
cal experiences, abstract laws, and symbolic representations.

Sherin [72] demonstrated how symbolic forms of representation, such as writing an equation, can serve as a
bridge between a mathematical structure and an intuitive conceptual idea. In this way, equations function
simultaneously as both formal and conceptual representations. This integration supports flexible reasoning, a
deeper conceptual understanding, and the ability to translate mathematical results into physically meaningful
interpretations—all hallmarks of expertise in physics [73, 74].

Beyond its role in transmitting and validating knowledge, natural language constitutes the very structure of
physics, which has developed its own specialized, rigorous, and dynamic discourse [74—78]. Mastery of this
disciplinary language is essential for learners, yet it often presents a significant obstacle, contributing to difficul-
tiesand even alienation in physics education [79]. These challenges stem from both syntax—the formal pre-
sentation of concepts—and semantics, which is intimately tied to the structure of knowledge and model-based
reasoning [21, 80]. Furthermore, physics language differs markedly from everyday language, adopting imper-
sonal and discipline-specific forms of expression that vary with context [22].

Although equations and graphs are widely recognized as central to scientific reasoning, the role of language
as a representational tool has often been undervalued. As Wulff [20] points out, physics instruction is deeply
language-bound, and the construction of meaning requires a blending of everyday and scientific language.
Similarly, Tiberghien [14] emphasizes that language mediates meaning and facilitates transitions between dif-
ferent registers. Student difficulties frequently arise from ambiguities or misinterpretations of language
[23-26], yet this dimension remains relatively underexplored in physics education research [22, 27, 28]. For this
reason, natural language—whether spoken or written—plays an essential role even when a student is shifting
between registers, such as from an algebraic to a vectorial form [14].

Scientific understanding is also profoundly shaped by metaphorical thought [20, 28, 8 1-87]. Conceptual
metaphors project sensorimotor structures onto abstract domains, mapping embodied experiences onto
otherwise inaccessible concepts [ 15, 24]. This process creates ‘image schemas’ that transfer knowledge across
contexts, making complex ideas intelligible [88]. Metaphors function not only as simple mappings but as
dynamic sign processes, co-motivated by embodied experience, cultural context, and situated use [89]. Their
iconicity and occasional incongruity explain both their universality and their contextual flexibility in inter-
pretation. Physics offers many examples: describing states as ‘locations’ in thermodynamics, ‘wells’ in quantum
mechanics, or energy as ‘stuff’ that can be stored, transferred, and conserved [15, 20]. While metaphors are
indispensable for meaning-making, students require explicit guidance to use them productively and to recog-
nize their limitations. If taken too literally, they can lead to oversimplification and misconceptions [87]. Never-
theless, metaphors and analogies are fundamental mechanisms for constructing meaning, shaping how
learners frame, narrate, and model physical phenomena [90].

The descriptive power of natural language in physics is inherently limited [20]. While it can convey qualita-
tive relationships between variables, representing more complex functional dependencies typically requires
mathematics, graphs, tables, or diagrams [91]. Scientific reasoning, therefore, often relies on mental models
and thought experiments [92], with language operating alongside other semiotic resources to imbue these
models with meaning. Importantly, such internal models are not encoded solely in natural language; instead,
they are built from diverse personal resources, including everyday experience, prior conceptions, educational
materials, and mathematical and physical knowledge acquired in both formal and informal settings, in addition
to semiotic resources [93, 94]. Making students aware of these semiotic and metaphorical influences can thus
significantly enhance their reasoning, understanding, and learning.



10P Publishing

Eur. J. Phys. 47 (2026) 015712 M Tuveri et al

PHYSICS

Legend

AP: algorithmic physics
CP: conceptual physics
AM: algorithmic
mathematics

CM: conceptual
mathematics

NATURAL LANGUAGE

PL: pictorial language
PHL: phenomenological
language

VL:visual language

ALGORITHMIC

CONCEPTUAL
CMU: conceptual
metaphorical
SYMBOLIC LANGUAGE understanding
cMm PW: physical wording
MW: mathematical
wording
MM: mathematical
AM meaning
MATHEMATICS

Figure 3. The semiotic problem framing (SPF) framework. The xy-plane represents the classical problem framing frameworks
[8-11], defined by the physics—mathematics axis and the conceptual-algorithmic axis, generating the four epistemological frames:
conceptual physics (CP), algorithmic physics (AP), algorithmic mathematics (AM), and conceptual mathematics (CM). SPF extends
this framework by adding a semiotic z-axis, introducing natural and symbolic language as explicit framing resources. The
intersections create new semiotic frames—pictorial language (PL), visual language (VL), physical wording (PW), conceptual
metaphorical understanding (CMU), mathematical wording (MW), mathematical meaning (MM), and phenomenological language
(PHL). This three-dimensional structure could help in making visible reasoning processes and error types (e.g. metaphor misuse,
language conflicts, representational misalignments) that could remain invisible in existing problem framing frameworks.

3. Semiotic problem framing

3.1. The framework

Taken together, the trajectory of problem framing research shows a progressive shift from early cognitive
accounts, through epistemological framing, to the integration of semiotic resources, see figure 1. Most
frameworks have primarily emphasized the interplay between mathematics and physics in scaffolding student
reasoning, particularly within algorithmic, step-by-step processes. These approaches, aligned with the ‘acting’
and ‘thinking’ framing actions in Pee et al’s classification [42], are valuable for tracing the dynamics of
procedural problem solving. However, they do not fully capture the broader spectrum of learning processes. In
particular, they either fail to make explicit or at times neglect the role of symbolic resources, already addressed
in Greeno’s semantic model of understanding and identified as the ‘seeing’ domain in Pee et al’s framework.
This domain includes visual, pictorial, and metaphorical representations, which are essential for developing
abstract and conceptual understandings of physics problems [14-16, 18, 19, 40, 88-95]. Despite their
recognized importance, these multi-representational and epistemological domains remain underexplored in
current problem framing research.

We argue that integrating the three cognitive dimensions—‘seeing thinking, and acting’—could sub-
stantially enrich the ways in which both students and teachers frame their understanding of physics. To this
end, we propose a three-dimensional framework of problem framing, the SPF. Its schematic representation is
shown in figure 3.

It builds on the two-dimensional xy-plane of Nguyen et al’s and Bing and Redish’s frameworks [8—10]
where the x-axis represents mathematics/physics and the y-axis distinguishes conceptual from algorithmic
frames (see figure 4(a)). The novelty of the SPF framework lies in the addition of a z-axis, which introduces
linguistic and representational semiotic resources, encompassing natural language as well as symbolic and
visual registers. We designate these as ‘natural’ and ‘symbolic’ languages, respectively (figure 3). The intersec-
tion of this new z-axis with the standard two-dimensional framework [8—11] generates eight new planes (or
frames), which allow for a more nuanced exploration of students’ framing, see figures 4(b) and (c). We list the
frames here for clarity, and elaborate on each in the following section:

e Pictorial language (PL) and visual language (VL) link physics to symbolic and natural language; PL also
connects mathematics with natural language.
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Figure 4. Three schematic views of the semiotic problem framing (SPF) framework. (a) The classical two-dimensional framing space
from Nguyen et al [8] and Bing and Redish [9, 10], defined by the physics-mathematics and conceptual-algorithmic axes, here
embedded within the SPF three-dimensional framework. (b) A representative plane emerging from the SPF extension with the
addition of a semiotic z-axis, connecting natural and symbolic languages. (c) A second extension of the z-axis, generating four new
semiotic frames (PW, CMU, MW, MM) at the intersections of the algorithmic-conceptual and symbolic-natural language domains.
Together, these schematics illustrate how SPF integrates semiotic resources into traditional problem framing, making multimodal
reasoning pathways and semiotic misalignments explicitly analyzable.

The phenomenological language frame (PHL) emerges from the intersection of mathematics and symbolic
language.

Physical wording (PW) links physics with natural language.
Conceptual metaphorical understanding (CMU) bridges the conceptual and natural language frames.

Mathematical wording (MW) and mathematical meaning (MM) connect the symbolic language frame with
the algorithmic and conceptual frames, respectively.
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Importantly, this extension does not introduce semiotics as an external add-on to problem framing, but
rather systematizes insights already established within social semiotic research in physics education. By embed-
ding disciplinary affordance, multimodality, and representational transformation directly into the framing
space, SPF provides a unifying structure that connects epistemological framing models with semiotic analyses
of physicslearning [30, 32, 66—68].

Natural language connects physical and mathematical understanding through linguistic representations in
both spoken and written forms. It encompasses all reasoning pathways shaped and mediated by linguistic cog-
nitive processes. From the intersections of the algorithmic and conceptual frames with the natural language
frame, two additional frames emerge, corresponding to the role of conceptual metaphors and their linguistic
translation into the physical world.

Symbolic language highlights the representational role of mathematics by showing how mathematical
structures connect with intuitive conceptual ideas [ 72]. Symbol templates capture the general form of an
equation, while conceptual schemas draw on everyday reasoning patterns, such as the notion that ‘a whole
consists of many parts.” Through this blending, equations function both as tools for formal calculation and as
resources for intuitive reasoning, enabling students to think in ways that are simultaneously mathematical and
conceptual [10, 74, 75]. This integrated use of symbolic forms supports flexible problem solving and fosters a
more holistic comprehension of physical systems [76].

The novelty of SPF lies not only in synthesizing prior work on problem framing and semiotics, but also in
making explicit dimensions of reasoning that were previously invisible to existing frameworks. First, SPF high-
lights errors that stem from misapplied frames—such as overextended metaphors, misread graphs, or every-
day-scientific language conflicts—that traditional frameworks cannot capture in detail. These errors, if
addressed at all, tend to be subsumed within broad categories that obscure the cognitive nuances of students’
reasoning. Second, by introducing a dedicated dimension for semiotic resources and their interactions with
standard frames, SPF enables researchers to trace multimodal reasoning pathways, revealing how students
coordinate language, visual, symbolic, and metaphorical resources across problem-solving episodes. Finally,
SPF translates these analytic insights into pedagogical tools, offering teachers structured means to scaffold
representational fluency by diagnosing student framings and guiding productive frame shifts. These contribu-
tions distinguish SPF from earlier frameworks, which focused primarily on the interplay between physics and
mathematics in algorithmic or conceptual reasoning.

To further clarify the novelty of SPF, it is important to articulate explicitly what it captures beyond existing
frameworks. The epistemological framing frameworks developed by Bing and Redish [9, 10] and extended by
Nguyen et al [8] provided powerful tools to analyze how students navigate between conceptual and algorithmic
approaches across physics and mathematics. However, these frameworks treat semiotic resources only impli-
citly, often as background tools rather than as constitutive dimensions of reasoning. SPF makes these semiotic
processes explicit by:

e Introducinga dedicated semiotic axis (z-dimension) that systematically integrates natural, symbolic,
pictorial, visual, and metaphorical registers into the framing space.

e Capturing multimodal reasoning pathways, such as how students combine diagrams with equations, or shift
between everyday and scientific language.

e Making semiotic misalignments analyzable, for instance: misuse or overextension of metaphors (e.g. energy
as ‘stuff’); conflicts between everyday and disciplinary language; misinterpretation of graphs, diagrams, or
symbolic forms.

e Providing diagnostic value for teachers, since these error types are not easily visible within purely
epistemological frames.

This comparative distinction is summarized in table 1.

3.2.Frames

In the following, we describe all the frames emerging from the SPF framework. The latter incorporates
Nguyen’s epistemological frames (CP, AP, CM, AM) that we list for sake of completeness. The remaining new
six frames are described in detail in the following.

3.2.1. Algorithmic physics (AP)
It frames the combination of knowledge of the physical system and appropriate mathematical formulations to
set up the mathematical equations of solving the problem.

8
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Table 1. Comparative overview of previous problem framing frameworks and the semiotic problem framing (SPF). While Bing and Redish [9, 10] and Nguyen et al [8] highlight epistemological and cognitive frame dynamics, they treat
semiotic resources only implicitly. SPF extends these frameworks by introducing a semiotic dimension, making multimodal reasoning pathways and semiotic misalignments (e.g. metaphor misuse, language conflicts, diagram

misinterpretation) explicitly analyzable, and providing teachers with new diagnostic and pedagogical tools.

Framework Core dimensions What it captures well Limitations SPF’s added value
Bing and Reddish [9, 10] Epistemological frames (authority, calculation, Student reasoning warrants; algorithmic Semiotic resources treated implicitly; limited Explicit semiotic axis; multimodal coordination
consistency, mapping) versus conceptual use of math focus on multimodality
Nguyen et al [8] 2d framework (conceptual / Dynamic frame shifts in group work; No systematic account of semiotic resources; Adds semiotic frames; identifies semiotic
algorithmic x physics/math) fine-grained epistemological analysis errors framed mainly as procedural or misalignments
conceptual
SPF 3d framework (physics/math x conceptual/ Full integration of epistemological and Not yet empirically validated; emergence of a Enables analysis of metaphor misuse, language con-
algorithmic x semiotic) semiotic dimensions possible cognitive load due to the high num- flicts, representational errors; offers structured ped-
ber of frames agogical tools
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3.2.2. Algorithmic mathematics (AM)
It frames the reasoning steps and the performance of algorithmic math procedure to obtain a result.

3.2.3. Conceptual physics (CP)
It frames conceptual ideas in physics, including planning a solution and analyzing relevant quantities. In this
frame, planning a solution, and analyzing quantities and their role are also considered.

3.2.4. CM (conceptual mathematics)
The perception of the computation task at hand as opportunity to apply mathematical rules and properties to
avoid detailed and lengthy.

3.2.5. Physical wording (PW)

The frame connects the conceptual understanding of physical phenomena to the mathematical and algorithmic
computation. The connection is mediated by the natural language semiotic resource and, in particular, by the
use of conceptual metaphors as a cognitive tool. PW links the AP frame [8] to natural language.

3.2.6. Conceptual metaphorical understanding (CMU)

This frame relies on the often unconscious use of metaphors to conceptualize and describe physical phenomena
[96]. Metaphors and, more specifically, conceptual metaphors are a cognitive tool where we understand one
idea or domain (often abstract) in terms of another (more concrete or familiar) [26]. For example, in physics,
we often describe electric current as water flowing through a pipe—this maps the abstract concept of current
onto the more tangible concept of fluid flow, helping learners form mental models. It involves the ability to
translate physical phenomena into metaphorical representations in natural language and vice versa. This frame
could be especially important for solving contemporary physics problems, such as those in quantum mechanics
[97]. Recent research in physics education highlights how students struggle to relate quantum phenomena to
real-world intuition and often misunderstand complex ideas like superposition or wavefunctions. Conceptual
metaphors—such as visualizing quantum states as particles in potential wells or energy levels as stairs—can
bridge the abstract-to-concrete gap, making quantum mechanics more accessible and aiding deeper
comprehension.

3.2.7. Pictorial (PL) and visual (VL) languages

These frames focus on students’ pictorial and visual representations of a physical situation. Visual
representations (graphs, diagrams, simulations) support abstract reasoning (e.g. interpreting graphs) and
complement verbal or symbolic forms. The pictorial representation (e.g. drawings, sketches, photographs,
illustrations) helps in contextual grounding (e.g. seeing what a ‘mass on a spring’ looks like), to visualize
physical systems and anchor abstract concepts in familiar imagery and in its mathematical representation. This
is why the PL frame appears two times in the three-dimensional framework in figure 3.

3.2.8. Mathematical meaning and mathematical wording (MM, MW)

The ability to move fluidly between conceptual and formal reasoning is a hallmark of expertise in physics

[12, 13, 75]. Such expertise allows learners to translate mathematical solutions into meaningful physical
interpretations [76—79]. These skills are particularly crucial in advanced domains, where complex equations
demand not only technical accuracy but also a robust conceptual grasp of the underlying principles. Within the
SPF framework, this is part of the understanding made from the use of symbolic language. This symbolic
understanding is framed by two categories: MM and MW. The former concerns the meaning of mathematical
operations and tasks, particularly those suitable for planning an algorithmic solution (AM in [8]). The latter
refers to the ability to represent a physical situation in mathematical terms, often aligning with the application
of conceptual understanding to the use of mathematical tools.

3.2.9. Phenomenological language (PHL)

The PHL frame links a phenomenon to its mathematical formalization (e.g. formulas), mediated by the relevant
phenomenology. For instance, in analyzing a given phenomenon experimentally, why would one consider
F=mainstead of F=m/a?

More generally, we classify the SPF frames into three overarching dimensions of physics understanding, as
summarized in table 2. This classification is intended to make explicit the cognitive processes involved in fram-
ing. In doing so, we draw on research from both cognitive science and physics education, as discussed in the
introduction.

The pictorial, symbolic, linguistic, and phenomenological frames are grouped within a broader dimension
that we call semiotic understanding, since they rely on semiotic resources such as symbols, visual
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Table 2. Table 1 organizes the SPF frames into three overarching dimensions—semiotic, conceptual, and algorithmic—and aligns them
with Pee et al’s [42] framing actions. For clarity, the table visually separates these categories, allowing readers to distinguish more directly
which frames belong to each domain. This design highlights how SPF not only integrates existing epistemological frames but also extends
them with semiotic categories that are absent from prior frameworks.

SPF-physics understanding dimensions SPF frames Framing actions (Pee et al’s framing)

Semiotic Visual understanding Seeing
o Pictorial language (PL)
o Visual language
Symbolic understanding
o Mathematical meaning (MM)
® Mathematical wording (MW)
® Phenomenological language (PHL)
Linguistic understanding
o Conceptual metaphorical understanding (CMU)
® Physical wording (PW)
Conceptual Conceptual understanding Thinking
o Conceptual physics (CP)
o Conceptual mathematics (CM)
Metaphorical understanding
® Metaphorical (CMU, PW)
Algorithmic Algorithmic understanding Acting
o Algorithmic physics (AP)
o Algorithmic mathematics (AM)

representations, and linguistic tools [21, 22, 72—80]. The metaphorical understanding contributes to what we
term conceptual understanding, given that conceptual metaphors play a fundamental role in shaping meaning-
making in physics learning [20, 28, 81-87]. The conceptual mathematics and conceptual physics frames also
belong to this dimension. Finally, the algorithmic mathematics and algorithmic physics frames are placed
within the dimension of algorithmic understanding, consistent with the problem framing framework of
Nguyen et al [8].

3.3. SPF frames and framing actions

In table 2, we also show a map between the SPF frames and the three central components of framing according
to Pee et al’s [42]. The SPF framework encourages systematic movement through three central cognitive
domains—seeing, acting, and thinking—as students construct and evaluate problem-solving processes. Unlike
traditional frameworks focused predominantly on algorithmic techniques [1-7], SPF supports a holistic and
expert-like comprehension of problem scenarios. Prior research [8—10] has shown that students’ approaches to
errors are shaped by how they frame the problem. If the task is framed as a computational exercise, students
may simply recheck calculations. Conversely, if the problem is understood as a translation of physical
phenomena into mathematical terms, they may revisit conceptual assumptions. However, when errors stem
from such translation and students persist in treating the task as merely computational, they often become
stuck. As also observed in [15, 16, 42], existing PF frames may not sufficiently explain the entire spectrum of
students’ reasoning. For instance, when a student reaches an incorrect result, the approach they take to resolve
the mistake depends on how they frame the problem, as also noted in [8—10]. Indeed, we suggest that students
may revisit their problem-solving strategy starting from PL, VL, or PHL frames, which are related to the new
action domain ‘seeing’, see figure 3.

Revising calculations and conceptual aspects of both physics and mathematics (‘thinking’ domain) to find
the error arises as a consequence to this procedure. In re-elaborating the new strategy, the thinking domain is
also activated, which naturally leads to revising procedure of the semiotics register (natural language, metapho-
rical and visual /pictorial meanings). This differs from [8], where the revising procedure led students to come
back to AM and AP frames build on mathematical and algorithmic considerations only. This contrasts with [8],
where the revision process typically brought students back to the AM and AP frames, grounded primarily in
mathematical and algorithmic considerations. Such a process reflects a step-by-step, algorithmic approach to
problem solving that responds directly to the way the task is framed. This framing action corresponds to Pee
etal’s ‘acting’ dimension [42] (see table 2). In particular, the AP and AM frames involve carrying out proce-
dures, manipulating equations, and deriving results—activities that operationalize the solution plan generated
within conceptual or semiotic dimensions, or, in terms of framing actions in [42], within the seeing and think-
ing domains. ‘Acting’ to implement such a plan designates the procedural enactment of a strategy rather than
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physical manipulation. If students frame their strategy primarily as mapping the physical situation onto mathe-
matics, they may subsequently reconsider their understanding of the physical scenario itself.

The SPF framework expands the traditional view by offering a multidimensional tool for identify-
ing where difficulties arise—especially in underexplored domains. In this regard, the taxonomy of
error types proposed in [97] is useful and it is integrated in our framework: displacement errors indi-
cate an unproductive framing of the situation, content errors reveal missing or inactive knowledge,
and transition errors reflect failures to coordinate ideas across mental frames. By detailing how stu-
dents shift across frames, SPF can yield new insights into how mental models interface with abstract,
conceptual, and procedural aspects of problem solving.

The ‘seeing’ domain—which links conceptual and algorithmic reasoning with metaphorical, phenomen-
ological, symbolic, visual, and pictorial frames—is particularly relevant to this analysis. It is activated when the
problem involves interpreting visual information, and it may precede or follow the ‘acting’ phase. The sequence
of these domains is context-dependent and should not be interpreted as strictly linear.

4.Implementation of the SPF framework in education

4.1. Methodological guide

Unlike previous frameworks focused solely on procedures, SPF enables a deeper exploration of the
representational challenges students face. A practical way to embed it in classroom practice is through
problem-solving activities, where SPF serves as a metacognitive guide for designing strategies aligned
with learning goals. Text-rich, real-world problems strengthen the link between abstract concepts and
lived experiences, fostering both engagement and conceptual grounding [6]. Instructors are encouraged
to analyze students’ reasoning and frame transitions, enhancing their ability to provide targeted
feedback and scaffold expert-like strategies. They should also examine how students’ thinking evolves
during these activities, with particular attention to the use of frames (‘why and how a specific frame is
used’ and ‘why and how it connects to the previous and following frames’) as defined by the SPF
model. In collaboration with researchers, recordings of students’ verbal and non-verbal work can be
analyzed with SPF categories to trace how students move between conceptual, algorithmic, and
semiotic frames.

Problem-solving activities should foster questioning, justification, and articulation of thought—skills
essential for physics expertise [9—11]. Coordinating multiple representations (linguistic, pictorial, symbolic)
deepens understanding and supports the development of expert-like reasoning. The cyclical nature of SPF also
promotes reflection, allowing learners to test ideas, revise assumptions, and explore how different frames influ-
ence outcomes. Such processes strengthen both expertise and metacognition [14—16, 84]. Structuring class-
room activities around SPF can thus promote authentic engagement and critical thinking, with teachers
playing a central role in guiding its effective use.

SPF also provides teachers with a robust lens to observe and support the full learning cycle as it unfolds in
class. Students may be invited to reflect on the SPF process, identifying which frames were activated and which
strategies proved most effective. The visual dimension of SPF can make abstract ideas tangible, even in tradi-
tional classrooms. Moreover, teachers can use the framework to cultivate students’ self-assessment skills: the
final check phase offers a structured way to evaluate coherence and consistency in reasoning, assessing their
own instruction [98].

Learning to apply SPF could also serve as a methodological guide toward developing expert-like problem-
solving competencies in physics. As already discussed, expert physicists do not simply execute algorithms but
flexibly coordinate multiple semiotic registers—mathematical, linguistic, and visual—to interpret and model
physical phenomena. SPF could guide in acquiring this expertise by explicitly structuring problem solving as an
iterative movement across semiotic, conceptual, and algorithmic dimensions.

By engaging with SPF, students could become aware of their own framing processes—recognizing when
they are reasoning visually, symbolically, or linguistically—and learn to regulate transitions among these regis-
ters. Such metacognitive awareness supports reflective thinking and adaptive strategy use, both essential fea-
tures of expert reasoning. Consequently, SPF acts as both an analytical framework for researchers and teachers
and a didactical instrument for learners, guiding them to think and act like physicists. Through iterative prac-
tice, students learn to coordinate diagrams, language, and symbols while maintaining coherence among repre-
sentations. This process could help in cultivating representational fluency, epistemic flexibility, and integrated
reasoning.

Finally, by making these processes visible and analyzable, SPF guides teachers to scaffold expert-like beha-
viors, shifting instruction from procedural correctness toward meaning-making and representational
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Figure 5. (A) possible learning cycle aligned with the SPF framework. The upper section depicts the three cognitive domains (‘seeing,’
‘thinking,” and ‘acting’) according to Pee et al [42]. The lower section illustrates how SPF frames map onto these domains, with
arrows indicating typical frame transitions during problem solving. This representation highlights how students often begin in the
pictorial/visual frames, shift to conceptual and mathematical reasoning, and return to semiotic frames for a final consistency check.
The cycle emphasizes SPF’s methodological role: it provides teachers with a structured tool for observing frame shifts, diagnosing
semiotic misalignments, and scaffolding expert-like reasoning in classroom practice.

coherence. In this way, learning to use SPF becomes not merely a way to analyze problem solving, but a metho-
dological practice that actively cultivates the very competencies it seeks to describe.

4.2. SPF learning cycle

This section presents a theoretical exercise designed to illustrate how the SPF framework can be applied to
analyzing students’ learning processes. The idea is to place the reader—whether as a teacher or as a student—
inside a typical classroom scenario. As a teacher, the reader observes a student approaching a physics problem
and interprets the student’s reasoning through successive frame transitions according to SPF frames. As a
student, the reader can instead reflect on how to use SPF as a methodological guide for problem solving and
framing activities.

Authentic problem solving requires time for exploration and resolution. Rather than following a linear path
from conceptual to algorithmic reasoning, students should engage in a learning cycle that highlights shifts in
framing. A representation of such a cycle, aligned with SPF, is shown in figure 5.

From a semiotic perspective, and drawing on the framing actions described in [42], we argue that the
sequence of frames—and therefore the initial approach to problem solving—should typically begin with pic-
torial and visual language frames. These domains provide the most immediate access to the problem, as stu-
dents first rely on perceptual and representational resources before moving into more abstract conceptual and
mathematical reasoning.

Why should one expect this initial approach to occur within the pictorial and visual frames? Research in
physics education consistently shows that students often begin reasoning from what they can visualize—
through diagrams, sketches, analogies, or concrete experiences [15, 16, 82, 88-90, 94]. These frames provide an
intuitive entry point into the problem by reducing abstract complexity and activating prior knowledge. Stu-
dents later shift to more abstract domains—conceptual physics, MW /MM, and eventually algorithmic mathe-
matics—using algorithmic, formulaic reasoning to reach solutions. While this latter approach can yield correct
answers, it risks bypassing deeper conceptual understanding.

Engaging semantic frames before algorithmic execution is therefore essential: it encourages learners to
interpret equations in context, test limiting cases, and assess the applicability of formal relations. In this way,
equations acquire physical meaning rather than remaining isolated computational tools.

At early stages, students may also invoke metaphorical interpretations, corresponding to the activa-
tion of the conceptual metaphor frame. This promotes reframing beyond procedural steps and sup-
ports more accurate conceptualization. Subsequently, the PHL frame—bridging ‘seeing’ and ‘acting’
through ‘thinking’—can help students evaluate whether algorithmic procedures align with real-world
physics. This process transforms abstract representations into meaningful knowledge and fosters dee-
per engagement [1, 5, 7].

A crucial step occurs when the conceptual metaphor frame is reactivated toward the end of the process,
serving as a final consistency check: verifying units, aligning mathematical form with physical meaning, and
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Table 3. The table shows the mapping of the four steps reported by Nguyen et al (2016) [8] onto the corresponding epistemological frames
of their two-dimensional problem-framing model. The table clarifies why each step is associated with a given frame or frame shift.

Frame(s) assigned in
Step in nguyen et al (2016) the original PF model Explanation of the frame assignment

1. Recalling Faraday’s law ¢ = —d®/dt AP — AM Students recall the physical law and translate it into a mathema-
tical expression (AP). Immediately after, they begin perform-
ing the derivative, which is an algorithmic mathematical

operation (AM).

2. Computing ®B= /B dA and debating AM — CM They engage in direct procedural manipulation of integrals
whether 0B/ 0t can be taken outside the (AM). The question about moving 9B/ 0t outside the integral
integral reflects applying a mathematical property to simplify a com-

putation—an instance of conceptual mathematics (CM).

3. Realizing that the loop’s area changes CM — CP A student recognizes a physical feature of the system (changing
with time area), requiring reconsideration of the physical scenario and

its constraints. This corresponds to conceptual physics (CP).

4. Writing A(x) = x-y and deriving CP —AM Students re-express the system mathematically using physical
e(t)=—d(B-A)/dt quantities, then carry out the derivative algorithmically (AM)

to obtain the final expression.

exploring whether solutions behave reasonably under boundary conditions. Represented by the orange arrow
in figure 5, this stage emphasizes the iterative nature of learning cycles, where ‘seeing’ is reengaged after acting
and thinking. We argue that this frame also provides a valuable step prior to entering the physical wording,
MW, and MM frames.

The proposed learning cycle reflects expert-like reasoning patterns and supports the development
of coherent problem-solving strategies within the SPF framework. Ultimately, the logic underlying SPF
and its representation in figure 5 rests on the interplay of multiple semiotic frames—visual, con-
ceptual, mathematical, algorithmic, and metaphorical—that students activate, abandon, and revisit
throughout problem solving. By making these transitions explicit, educators can more effectively inter-
pret students’ reasoning, identify productive or problematic framings, and scaffold the development of
expert-like competencies in physics learning.

4.3. Illustrative examples

To illustrate how the SPF framework extends traditional approaches to problem solving, we revisit a classical
electromagnetism problem originally analyzed by Nguyen et al [8]. In their study, undergraduate students
worked collaboratively on the following task (see their figure 2):

A rectangular loop is partially inserted into a region with a time-varying magnetic field B(#). Determine the
induced electromotive force (¢) in the loop.

The authors reported on how students’ reasoning progressed through transitions among four epistemolo-
gical frames—conceptual physics (CP), algorithmic physics (AP), algorithmic mathematics (AM), and con-
ceptual mathematics (CM)—within the two-dimensional problem-framing plane, see figure 2. Their discourse
can be summarized as follows:

av

(AP — AM frames).
dt

e Recalling thelaw of induction ¢ = —

e Computing the magnetic flux &5 = f B(t)dA, while debating whether g—f can be taken outside the integral
(AM — CM frame).

e Reframing the situation when one student observes that the loop’s area changes with time (prompting a shift
to the CP frame).

e Completing the solution by expressing A(x) = x - y and obtaining e(t) = — % [B(#)A(x)] (concluding

calculations in the AM frame).

To make explicit how Nguyen et al (2016) [8] assigned each episode to the corresponding epistemological
frame, in table 3 we provide a short explanation for each step of their analysis.

In the authors’ framework, the transitions in table 3 describe the epistemic flow of group reasoning—from
conceptual interpretation to algorithmic computation—and occasional returns to conceptual understanding.

14



10P Publishing

Eur. J. Phys. 47 (2026) 015712

M Tuveri et al

Table 4. Mapping of students’ reasoning during the electromagnetism problem as interpreted through the semiotic problem framing (SPF)
framework. The table illustrates how observable actions in Nguyen et al’s [8] episode could be linked to specific semiotic frames and
highlights how students move across visual, linguistic, conceptual, and algorithmic dimensions. This reinterpretation emphasizes the role
of semiotic coordination—rather than purely procedural reasoning—in shaping students’ understanding of physical phenomena.

Stage  Students’ observed action SPF frame(s) activated Semiotic interpretation

1 Students draw the magnetic field Visual language (VL), pictorial lan- The sketch establishes a perceptual entry point
and loop. guage (PL) (seeing) and spatial relationships within the

system.

2 They state that ‘the magnetic flux Physical wording (PW) Everyday language conveys a metaphor of expan-
increases because the area inside sion, mapping embodied experience onto the
the field grows.” abstract idea of flux.

3 They write 5 = f B dA Algorithmic physics (AP) The phenomenon is formalized through sym-
and & = —dd/dr. bolic representation

4 They question whether dB/0t can  Algorithmic mathematics (AM) and Procedural manipulation dominates but paying
be moved outside the integral. conceptual mathematics (CM) attention to conceptual mathematical aspects

of integrals; attention shifts to symbolic rules.

5 One student notes that ‘the area is Conceptual physics (CP) 4 con- A tension arises between linguistic and formal
changing with time.” ceptual metaphorical under- representations, prompting reframing.

standing (CMU)

6 They rewrite A = xy and com- Mathematical wording (MW) — The derivative gains physical meaning; symbolic
pute & = ——(Bxy). Phenomenological lan- and phenomenological registers are

dr guage (PHL) coordinated.
7 They check signs and physical Mathematical meaning (MM) + The final reasoning loop embodies a seeing—

plausibility.

conceptual physics (CP)

thinking consistency check typical of expert
validation.

The focus is on how students navigate between the conceptual and algorithmic dimensions of physics and

mathematics.

In the SPF reinterpretation of this episode, each step is associated with a specific semiotic or epistemological
frame. Such analysis reveals how language, symbols, metaphors, and representations co-construct meaning. To
make this mapping explicit, we elaborate briefly on why each frame is assigned. Visual frames (PL/VL) are
activated whenever students rely on sketches or diagrams; linguistic frames (PW, CMU) appear when meaning
is expressed through metaphorical language; symbolic frames (MW, MM, PHL) emerge when mathematical
expressions are endowed with physical or phenomenological significance. Algorithmic frames (AP, AM) corre-
spond to the execution of formal procedures, whereas conceptual frames (CP, CM) arise when students recon-
sider physical assumptions or mathematical constraints. Table 4 summarizes these connections and clarifies the
reasoning behind each assignment.

The comparison between PF and SPF highlights a key difference in analytical scope. Nguyen et al’s frame-
work [8] effectively characterizes epistemic dynamics—how students transition between conceptual and algo-
rithmic reasoning—but treats semiotic resources as implicit background tools. SPF, instead, makes these
resources explicit analytical dimensions, allowing researchers and teachers to identify how representations
interact to shape understanding.

In this example, the SPF analysis reveals that students’ progress is guided not only by cognitive reasoning
but also by the use of different semiotic resources: visual diagrams enable conceptual anchoring, metaphors
connect everyday and scientific meanings, and symbolic expressions provide precision and generality.

A productive tension between different representational systems arises in students elaborates. We call ita
semiotic tension. When students describe the phenomenon verbally—e.g. stating that ‘the magnetic flux
increases because the area inside the field grows’—their linguistic register activates embodied metaphors roo-
ted in everyday experience (e.g. ‘growth’ or ‘expansion’). However, when they formalize the same situation as

Oy = f B dA, meaning must be reconstructed within a symbolic register governed by mathematical conven-

tions. The coexistence of these two semiotic systems, each with its own syntax and semantics, suggests the
insurgence of a momentary divergence that requires reframing. Such semiotic tension serves as a trigger for
deeper understanding, as students attempt to reconcile linguistic intuitions with formal expressions through
explicit coordination of semiotic resources.

Similarly, what can appear as an ‘error’ in problem solving may instead represent a case of semiotic mis-
framing—that is, interpreting a situation from within an inadequate semiotic frame [9]. For instance, when
students equate an ‘increase of flux’ with an ‘increase of B’ rather than with a change in the area linked to the
field, the difficulty arises from remaining within a linguistic-metaphorical frame instead of shiftingto a
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symbolic-physical one. In this view, the SPF framework allows researchers and teachers to identify the semiotic
origin of reasoning difficulties, distinguishing them from purely conceptual or procedural causes. Recognizing
these tensions and reframings is crucial, since it reveals how meaning in physics emerges not only from cogni-
tive reasoning but from the dynamic interplay of multiple semiotic systems.

To further clarify how the SPF could operate, we propose another possible situation in problem solving: a
student facing with the problem ‘A block slides down an inclined plane with friction. Determine its accelera-
tion.” Framed within the SPF framework, we can imagine a solution strategy like that:

e Pictorial and visual language (PL/VL). The student begins by sketching the situation, identifying forces, and
marking the incline angle, activating the seeing dimension.

e Physicalwording (PW). They verbally describe ‘the block moves because gravity pulls it down the slope’,
translating visual to linguistic representation.

o Conceptual physics (CP). The student connects this to Newton’s second law, identifying the relevant
components of weight.

o Mathematical wording (MW). They express this in symbols: F,., = mg sin § — umg cos 6.
o Algorithmic mathematics (AM). They compute a = g(sin 8 — u cos 0).

o Phenomenological language (PHL). The result is checked against intuition (‘if friction increases, acceleration
decreases’) and the student re-engages the seeing domain by comparing with limiting cases.

o Conceptual metaphorical understanding (CMU). The student interprets friction as ‘resistance opposing
motion,” blending an embodied metaphor into physical reasoning.

This short example illustrates how SPF could capture semiotic transitions—from visual to linguistic, con-
ceptual, and algorithmic reasoning—and how it reveals potential misalignments in reasoning (e.g. confusing
the direction of friction or misusing the metaphor of ‘force as motion’), easily recognizable within the proposed
framework.

5. Conclusion and future perspectives

This theoretical paper introduced a new framework for the integration of semiotics into problem framing in the
context of physics problem solving. To guide this exploration, we addressed the following research questions:
how can the standard problem framing framework be extended to systematically integrate semiotic dimensions
that support expert-like reasoning in physics problem solving?

In response to our research question, we study and proposed the SPF framework. Building on previous
works [8—11], this framework extends the classical two-dimensional framing space—defined by the interplay
between physics/mathematics and conceptual /algorithmic frames—into a three-dimensional structure. The
third dimension introduces a semiotic layer largely absent from the PF literature. SPF emphasizes that learning
emerges through rich, situated experiences involving dialogue, semiotic resources, and layered domains of
knowledge. It aims to equip educators with tools to foster inquiry, support authentic instruction, and analyze
student reasoning through meaning-centered approaches.

SPF explicitly incorporates linguistic, symbolic, and visual frames as central to meaning-making in physics.
By connecting physical reasoning with symbolic operations and using metaphors as scaffolds for reframing and
sense-making, the framework can help students develop more integrated and expert-like forms of under-
standing [14-16, 18-28, 33-55, 74].

SPF also provides instructors with a structure to identify how students navigate across frames and semiotic
registers. It supports reflective teaching, promotes inquiry-driven instruction, and enables educators to scaf-
fold learning more effectively. Importantly, SPF also allows teachers to diagnose errors that stem from semiotic
misalignments—such as overextended metaphors, misread graphs, or everyday—scientific language conflicts—
that remain invisible in existing frameworks.

Nevertheless, some limitations must be acknowledged. SPF is, at this stage, a theoretical framework. Future
work should focus on its empirical validation through the following possible steps: the development of a coding
scheme to reliably identify semiotic frames in student discourse, gestures, and written work; inter-rater relia-
bility tests across researchers in different educational contexts; classroom pilots at different levels, ranging from
advanced secondary physics to undergraduate and graduate courses.

These empirical studies would not only test the descriptive power of SPF but also evaluate its utility asa
pedagogical tool. In practice, we recommend SPF primarily for undergraduate and graduate education, where
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students already operate across multiple semiotic registers. A further limitation concerns the potential cogni-
tive load associated with the high number of frames in the SPF framework. While this granularity is valuable for
research purposes, it may be challenging to apply in full during classroom practice. For this reason, we suggest
that simplified subsets of frames could be employed in secondary school contexts, focusing for example on
pictorial, visual, and metaphorical registers, while reserving the complete framework for undergraduate and
graduate levels. This staged use would reduce complexity while still fostering representational fluency and
frame awareness among students.

Finally, SPF may also prove valuable for analyzing Al-mediated problem solving, where natural
language, symbolic prompts, and multimodal outputs increasingly shape student reasoning [99]. While
this remains beyond the scope of the present work, it represents a promising direction for future
research.

To our knowledge, no comparable framework currently exists in the literature. While further empirical
evidence is needed, SPF contributes a distinctive theoretical lens by systematically incorporating semiotics into
PF and by offering teachers concrete strategies for observing, scaffolding, and reflecting on students’ reasoning
processes.
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