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ABSTRACT

This research proposes a nonlinear curriculum framework for biomathematics instruction
in which learners engage with feedback-controlled biological systems such as population
dynamics, epidemiology, and systems biology. Traditional linear approaches to
mathematics education emphasize fixed sequences, standardized procedures, and
predictable outcomes, which are insufficient for addressing the recursive, adaptive, and
multi-scale reasoning required to understand complex biological processes. In contrast,
biomathematical learning is inherently iterative, involving cycles of model construction,
interpretation, validation, and revision. Such processes demand pedagogical structures
that reflect the nonlinear and dynamic nature of biological systems. Grounded in
complexity theory, constructivist learning principles, and systems thinking, this study
adopts a conceptual-analytical approach to examine nonlinear learning in biomathematics.
Learning is conceptualized as an emergent process shaped by feedback loops, contextual
interactions, and evolving cognitive structures rather than as a linear progression from
instruction to assessment. The proposed framework identifies four interconnected
components of nonlinear learning environments: dynamic learner systems, recursive
reflection, interconnected knowledge networks, and adaptive understanding. These
components interact through continuous, non-sequential learning cycles that closely
resemble authentic biological modeling practices. A schematic model illustrates how
learners engage in recursive interactions while working with biological systems
characterized by feedback, nonlinearity, and emergence. The framework offers practical
guidance for curriculum design, teaching, and assessment in biomathematics and
quantitative biology programs, contributing to educational innovation and supporting
future empirical research in quantitative life sciences education.

KEYWORDS Biomathematics education, Nonlinear pedagogy, Mathematical modeling in
biology, Complexity-based learning, Quantitative biology education.

1. Introduction
Linear paradigms, step-by-step sequence of curriculum, instruction based on fixed
algorithms, and assessment that rewards single-path solution have long been the
influence of mathematics education. This traditional, linear framing usually assumes that
mathematical cognition is hierarchical and predictable. However, as modern theorists are
making an increasing case, real mathematical thought is much more dynamic, recursive
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and non-sequential (Xenofontos & Appelbaum, 2025). There is often a kind of exploratory
reasoning, setbacks, feedback loops and conceptual restructuring that learners often use
to arrive at insight, all of which are poorly served by traditional linear pedagogy.

Such linearity has been particularly revealed as a limitation in the way mathematical
knowledge is presented and evaluated, both at the primary and advanced level. These
restrictions do not only indicate a rigidity in instruction, but also a conceptual
misconception of the process of knowledge development and change. According to
Xenofontos and Appelbaum (2025), linear designs in math can serve to uphold control,
standardization, and predictability and hide all the variability and creativity that
mathematical thinking entails. These linearities are not only distorting the cognitive
development but also limiting the innovation in the pedagogy.

The other option is to accept nonlinearity as not something chaotic, but as a better
representation of human learning. This change can be attributed to the constructivist
theory of education, which suggests that students are active in building knowledge and
not passive recipients of knowledge. Kritt and Budwig (2022) highlight that when
analyzing the contemporary constructivist thinking, it is essential to go beyond the
obsolete simplifications and to revisit the radical essence of constructivism, involving the
appreciation of complexity, uncertainty, and agency of learners. In a similar vein, the
emergent constructivism proposed by Allen and Bickhard (2022) redefines learning as
the process that cannot be reduced to the interaction of isolated inputs and outputs, but
rather the outcome of self-organizing and recursive interactions between the learner and
the environment.

This re-theory will be in sync with the findings of complexity theory, which has become
increasingly popular in the field of education in the last ten years. Instead of perceiving
the classroom as a closed linear system with inputs and measurable outputs, complexity
theory sees it as a dynamic system of interactions that is characterized by feedback,
adaptation, and emergence. The application of the Cynefin framework provided by
Gunawardena et al. (2024), is a very interesting example because the educational
processes are simple, chaotic, and educators need to differentiate between complicated
and complex in the process of teaching and learning.

These views became more urgent in case of disruptions in the world such as the COVID-
19 pandemic. Fellus et al. (2025), ponder the ways the crisis has revealed the frailty of the
linear assumptions in mathematics education, particularly when routines were shaken
and educators were compelled to create learning environments capable of changing with
uncertainty and change. They claim that constructs that are complex like
interdependence, emergence and co-adaptation provided a superior perspective in how
meaningful learning continued in an unpredictable environment.

Similarly, the teacher education is also starting to accept complexity as it redefines the
instructional practice Sato et al. (2025), also studied the way that preservice teachers,
after being introduced to the complexity theory, started to think of teaching not as a set
of preset strategies but as a relational, situated practice that is responsive to the
unpredictable needs of students and environments. This dynamism and feedback
orientation as opposed to standardization can be seen as a wider change in the thought
processes of education.

According to Jacobson et al. (2019), education itself as a complex adaptive system needs
to be systematically redefined and that learning should be viewed as a distributed,
nonlinear phenomenon with interconnected agents, local rules, and emergent patterns.
These systems are complements to the philosophical critique of linear educational
models by Morrison (2019) who says they are based on old positivist paradigms that
undermine ambiguity, dialogue, and contingency. Rather, Morrison suggests an
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alternative vision of education as a non-pipeline but as a multidimensional ecology of
knowledge, relationships and change.

Based on these changing theoretical perspectives in education, this paper suggests
mathematics education needs to be re-conceived using a nonlinear pedagogical approach.
Recursively, contextually, and dynamically such a model would be a more appropriate way
of describing how learners approach mathematics. It would also help teachers to create
instructional plans that are responsive and not prescriptive and create environments,
where complexity is not a problem to be downsized but an asset to be leveraged.

This study aims to develop a theory of nonlinear education which effectively captures the
emergent and feedback-driven nature of the mathematical learning process and to
explore how complexity-based pedagogical theories can transform the nature of
mathematics instruction, curriculum, and teacher cognition.

2. Conceptual Foundations and Thematic Framework for Nonlinear Pedagogy

2.1 Conceptual-Analytical Orientation

This research is based on a conceptual-analytical orientation, which is meant to formulate
a theoretical perspective of nonlinear pedagogy in mathematics education. The method
emphasizes logical arguments, theoretical abstraction, and conceptual consistency
instead of using empirical data gathering or being empirically validated. Such an
orientation is especially suitable considering the main theme of the paper: the idea that
mathematical and biomathematical modeling epistemology is nonlinear and feedback-
based, and ought to be reflected in the pedagogical structures. Through the conceptual
approach, the research intends to synthesize and generalize the available theoretical
knowledge to formulate a single explanatory model that can be used in explaining the
complexity of learning processes.

2.2 Theoretical Synthesis Across Complexity-Informed Traditions

The framework is built in a synthesis exercise that uses various and interconnected
scholarship bodies. The complexity theory, constructivist and emergent learning theories,
and dynamic systems thinking are core influences in education. These traditions are not
perceived as individual or opposing viewpoints, rather they are studied as complimentary
lenses that together contribute to a nonlinear view of learning. Complexity theory has
been used to provide insights into feedback, emergence, and adaptation; Constructivist
views have placed more focus on the agentic role of learners and on the construction of
knowledge; and systems thinking has demonstrated relationality, interdependence, and
nonlinearity in the educational setting. Combined, these views uphold a pedagogical
paradigm that does not follow a linear sequence on instructions, but views learning as a
process of evolution, adaptation.

2.3 Analytical Abstraction of Core Nonlinear Constructs

The study will be based on this synthesis by using analytical abstraction to determine the
important conceptual constructs shared by nonlinear and complexity-informed
educational theories. The following four interrelated constructs become the major ones
in the framework: feedback, recursion, emergence, and adaptability. These constructs are
not considered as fixed variables or independent mechanisms. Rather, the discussion is
based on their dynamic interactions to influence the learning pathways in the education
systems. The connections among these constructs are abstracted and structured into a
conceptual base of the nonlinear pedagogical framework through logical reasoning and
pattern recognition that is conducted among theoretical sources.
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2.4 Conceptual Modeling of Nonlinear Learning Processes
A conceptual model of nonlinear learning has been created in order to express and
visualize these relationships. Formally, learning is expressed as a recursive nonlinear
process where the cognitive state of a learner changes through recurrent processes of
interaction with instructional inputs and contextual conditions:

Xk+1 = Xk T a F(Xg, Uy, Cx) (1)
Here, xdenotes the learner’s cognitive state at iteration k, ugrepresents instructional
stimuli, cycaptures contextual influences, and areflects learner responsiveness. The
nonlinear function F(-)encodes feedback, recursion, and adaptation, emphasizing
learning as an evolving system rather than a linear sequence.
The model signifies learning as a dynamic system whereby learners, instructional inputs
and contextual factors are in a continuous relationship via a process of recursive
feedback. The model focuses on pathways of multi-direction, cycles of reflection, and
continuous knowledge reconstruction, as opposed to the more linear view of learning as
the process of instructional input to measurable outcome. This conceptualization is
represented in Figure 1, which shows learner cognition, contextual factors, instructional
stimuli and emergent understanding to be part of a cohesive system connected by
feedback loops.

Learner
Cognition

Contextual
Input

Emergent
Insight

Instructional
Stimuli

Figure 1. Nonlinear Learning Framework: Recursive Feedback Model in
Mathematical Pedagogy

The figure emphasizes that there is a steady stream of influence between components of
the system and arrows are used to show recursive interactions and adaptive responses.
This graphical interpretation supports the thematic assertion that learning is a dynamic
process of repetitive interaction and change and is nonlinear like mathematical and
biological systems.

2.5 Sources, Evaluation Criteria, and Theoretical Rigor

There is no empirical data that is used in this study. Rather the framework is enlightened
by the secondary theoretical materials such as peer-reviewed journal articles,
philosophical review and foundational writings in the fields of education, complexity
science and systems theory. Theoretical propositions are produced and developed with
the help of these sources and analyzed in terms of internal consistency, conceptual
sufficiency, and heuristic worth. The usefulness of the framework does not reside in the
statistical extrapolation but its ability to provide an explanation of the complexity of
pedagogy, provide interpretive clarity, and produce a direction of future empirical study
and instructional change.

3. Emergent Outcomes of a Nonlinear Pedagogical Framework
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3.1 Recursive and Emergent Nature of Nonlinear Mathematical Learning

The mathematical learning based on the proposed nonlinear pedagogy model is redefined
as a recursive, dynamic and emergent process. Contrasting with the traditional linear
models that view education as a fixed and sequential process of transferring knowledge
where the instruction process starts and the assessment process ends, nonlinear
education focuses on the interaction, feedback, and adaptive learning processes. This
model does not perceive understanding as a fixed state but as an ever-changing process,
which depends on the cognition of learners, learning context and learning environments.

3.2 Core Characteristics of Nonlinearity in Educational Systems

Nonlinearity in education has four characteristics, which include feedback, recursion,
emergence, and adaptation. These attributes undermine the predictability of linear
teaching strategies and instead conform to models that are informed by complexity and
accept uncertainty, diversity, and responsiveness (Hilpert and Marchand, 2018). Learning
in nonlinear systems does not occur additively but is transformational; every cognitive
interaction changes the future perspective of knowledge (Heyd-Metzuyanim, 2025).

3.3 Dynamic Learner Systems and Feedback-Driven Learning Processes

This model has several conceptual elements that are interconnected at its core. The first
one is the concept of Dynamic Learner Systems, according to which learners are regarded
as dynamically changing agents that are in open, unstable thought landscapes. They are
not static in their development, but they are a result of contextual factors and thoughtful
consideration.

The second element, Feedback Loops in Learning, highlights the process of involvement
in a circle of activities of learners making sense of the input, implementing strategies,
reflecting on outcomes, and adjusting the approach (Panadero and Lipnevich, 2022).
These are recursive and frequently nonlinear loops, i.e., learning can tend to loop back to
previous understandings in even more complicated fashions than a straight line.

3.4 Interconnected Knowledge Networks in Mathematical Understanding

The third vital element is Interconnected Knowledge Networks where knowledge is not
organized hierarchically but rather in the form of a mesh of related nodes. Mathematically,
e.g. algebra, geometry and problem solving tend to cross-link each other, not to isolate
themselves. Students follow this network through the routes that are conditioned by their
backgrounds, experiences, and already formed conceptual frameworks (Ferdiana et al.,
2024).

3.5 Emergence and Adaptive Knowledge Reorganization

Lastly, Emergence and Adaptation define the way new insights become a reality owing to
interactions that are unpredictable. These understandings are the products of self-
organizing systems and the capacity of the learner to adapt, reframe, and reorganize the
available knowledge to react to new stimuli (Sutherland et al.,, 2023). Table 1 summarizes
the four defining constructs of nonlinear pedagogy and the roles they play in the process
of learning and teaching biomathematics.

Table 1. Core Constructs of Nonlinear Pedagogy and Their Roles in Biomathematics

Education
N . . Relevance to
Construct Description Role in Learning Biomathematics
Feedback Iteratlz}(jcli:ponse Self-regulation Model revision
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Recursion Re-visiting concepts Deepening insight [terative simulations
Unpredictable Conceptual .
Emergence p ptu System behavior
outcomes restructuring
. (s S . Parameter
Adaptation Cognitive flexibility Transfer learning e
sensitivity

3.6 Visualization of the Nonlinear Pedagogical Framework

Figure 2 gives a recursive model of nonlinear mathematical pedagogy to visualize the role
of these elements working together. The conceptual nodes in the figure depict the four
major components organised in a dynamic flow with multidirectional arrows. The
circular structure encourages continuous interaction, where there is no specific entrance
or exit, which implies that the learning can start anywhere, and go in different ways
depending on the involvement of the learner and the surrounding.

Dynamic
Learner Systems

Loops

Interconnected
Knowledge
Networks

Figure 2. Nonlinear Pedagogical Model in Mathematics Education

The figure is a recursive model of the Dynamic Learner Systems, Feedback Loops,
Interconnected Knowledge Networks, and Emergence. The non-linear, repetitive process
of knowledge construction and change in complex education systems is marked by curved
arrows.

3.7 Theoretical Propositions Emerging from the Nonlinear Model

Behind this structure are several theoretical propositions that make this framework
different in comparison to linear instruction. To begin with, mathematical learning is
carried out in cycles, as opposed to a linear developmental trajectory. Experience,
reflection, and adaptation are also the ways by which learners reorganize knowledge at
different levels within the network (Montefusco and Angeli, 2024).

Second, the instructional design should facilitate the emergent cognition by incorporating
ambiguity, flexibility, and recursive opportunities in learning environments. This model
enables learners to investigate, revisit, and restructure their knowledge in an endless way
(Yoon etal., 2018).

Third, education experiences nonlinear systems which have fractal-like characteristics
with learning tendencies at small scales reflecting longer scale dynamics of the system.
These properties facilitate scalable and context-sensitive pedagogies that are flexible and
resilient to educational contexts (Koopmans, 2019).

3.8 Synthesis: Implications for Mathematics Pedagogy

Collectively, this nonlinear pedagogical model offers a platform on which the structure,
teaching, and meaning of mathematics education can be reconsidered. It suggests a
transformation of inflexible models of delivery to adaptive systems that accept
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complexity, promote emergent thinking and support dynamic thinking. Table 2 compares
the most prominent assumptions of traditional linear pedagogy and the nonlinear one
suggested in the proposed framework in terms of their implication to biomathematics
education.

Table 2. Comparison of Linear and Nonlinear Pedagogical Assumptions in
Mathematics and Biomathematics Education

Dimension

Linear Pedagogy

Nonlinear Pedagogy

Knowledge flow

Sequential

Recursive

Learner role

Passive receiver

Adaptive agent

Assessment Static outcomes Developmental trajectories
Curriculum Hierarchical Networked
Biomathematics fit Limited High

4. Discussion
The suggested nonlinear model of pedagogy is an important theoretical improvement of
the old linear instructional models and the background constructivist methods. Even
though constructivism focuses on learner agency and active construction of knowledge,
it is frequently implicated in linear paradigms that propose a linear progression and
progressive scaffolding. On the contrary, the nonlinear framework developed within this
paper incorporates the concept of systems thinking in full and defines learning as an
emergent and recursive process that is defined by the feedback loops, adaptive reactions,
and interdependent knowledge structures. This reconceptualization makes pedagogy
more consistent with the way mathematical reasoning evolves in complicated and real-
world situations, where there are uncertainty and dynamic interaction.
One of the main implications of this model is in the curriculum design. Traditional
mathematics programs are often structured in a hierarchical manner and assume that one
needs to master the basics before moving on to the next level. In nonlinear pedagogy, on
the contrary, flexible curricular trajectories are endorsed to permit learners to execute
concepts in non-linear sequences, influenced by contextual, a priori, and discursive
changing learning patterns. This flexibility is consistent with curriculum innovations that
focus on connectivity with the aim of co-designing with students and personalized paths
(Pepin, 2021). Pattern-based learning, as nonlinear strategies, also facilitate more
conceptual interrelationship learning than single-topic learning, as well as integrative
knowledge across mathematical fields (Brown, 2023).
The practice of instruction is also redefined on the nonlinear framework. Instead of being
the transmitters of the fixed content, educators should act as the facilitators of complexity,
facilitating learners in the process of inquiry, reflection, and reconceptualization in the
iterative cycles. This dynamic nature reflects the way learners interact with mathematical
concepts in the real world in a manner that they revisit, restructure and redefine concepts
as they learn and gain knowledge (Zhou, 2024). Such adaptive facilitation acknowledges
learning as a responsive process as opposed to an instructional sequence that has been
established.
Practices of assessment are also changed. The conventional assessment has been focusing
on fixed results and the right answers and ignores the progressive character of
knowledge. Nonlinear pedagogy on the other hand favours growth-focused assessment
systems that acknowledge individual learning patterns, adaptive problem-solving and
transfer of knowledge to different situations. Such strategies are especially applicable to
the development of sophisticated thinking skills that entail synthesis, being responsive to
uncertainty, and flexibility in strategy (Ramirez-Montoya et al., 2025).
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The applicability of this framework is particularly acute in the biomathematics education
wherein students combine mathematical reasoning with biological nonlinear, feedback-
driven, and multi-scale systems. Linear curricula that focus on rigid procedures are not
always able to represent the active nature of biological processes that include population
dynamics, epidemiological dispersal, regulatory mechanisms, and ecological exchange
(Epstein, 2018). As a matter of fact, the process of learning biomathematics is cyclic, and
not cumulative. The fundamental components of the framework, including feedback,
interlinked knowledge networks, and emergence, indicate how mathematical models
change with a change in assumptions and parameters, and students update their models
in response to the density dependence, behavioural feedback, or change in the
environment (Sigahi & Sznelwar, 2022).

This correspondence can be observed in the biomathematical applications. The repetition
of transitions between formulation, simulation, and interpretation is necessary in
teaching ordinary and partial differential equation models in population dynamics,
pattern formation and spatial disease spread to reinforce learning in recursive refinement
(Haskovec et al,, 2015). Epidemiological models are characterised by threshold effects
and behavioural feedback, which is why recursive learning structures are pedagogically
important (Milgroom, 2023). Nonlinear pedagogy is also demonstrated by systems
biology and eco-evolutionary modeling (Des Roches et al., 2021) and is justified by the
emergent behavior, which emerges due to multi-scale interactions (Robeva et al., 2020),
as well as curriculum and assessment designs that focus on model adaptation and critical
thinking (Gugulethu and Irvine, 2025).

The instructional relevance of the framework is illustrated through epidemiological
modeling using the Susceptible-Infected-Recovered (SIR) framework (Robeva et al,
2020). In a nonlinear method, students develop the equations of the diffusion, model the
dynamics of the disease and explain their emergent behaviour, including equilibria and
epidemic peaks. Intuition is questioned by early simulations, which can cause the
reassessment of assumptions and parameters in the form of build-test-revise cycles in
accordance with the principles of nonlinear modeling (Gan et al., 2020). Feedback loops
facilitate self-regulation and adaptive understanding (Morrison and Jacobsen, 2023),
whereas emergence emphasizes the way in which patterns of the population are formed
based on local interactions (Thomas et al., 2018).

In terms of teacher education, nonlinearity allows teachers to create responsive and
inclusive learning experiences that add to the engagement and motivation levels when
paired with experiential learning and technology (Pérez-Mufioz et al., 2023). Professional
development can also be viewed through the prism of a systems-informed lens as a
complex adaptive process (Garner and Kaplan, 2020). The framework is philosophically
aligned with transformative learning perspectives, as it puts emergence, uncertainty, and
transformation in the first place (Hart et al., 2025). The COVID-19 pandemic also
highlighted the restrictions of inflexible systems and the necessity of pedagogies that can
react to the disruption in a flexible manner (Azorin, 2020). The empirical comparison
indicates that although linear instruction can be helpful at the outset to develop technical
accuracy, nonlinear methods allow developing flexibility and a sense of the situation that
are crucial to solve real-life problems and lifetime learning (Espoz-Lazo et al., 2025).

5. Implications and Future Research
The suggested model of nonlinear pedagogy provides various opportunities for empirical
research and interdisciplinary study. Simulation-based modeling of recursive learning
interactions and qualitative classroom research studies on how learners navigate their
way through feedback-rich environments could be incorporated in future research. The
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methods can justify the way nonlinearity is expressed in actual teaching life and guide the
instructional design.

[t is necessary to integrate across disciplines. Nonlinear pathways may be customized by
artificial intelligence and adaptive learning systems and understanding the way the brain
encodes iterative and emergent learning patterns may be achieved through cognitive
science. Complex educational ecologies could be mapped via systems modelling and
points of leverage to pedagogical change identified.

Theoretically, the framework offers a strong starting point in future research of nonlinear
education theory, as it offers a perspective through which the concept of learning can be
reintroduced as an adaptive, dynamic process. It challenges educators and researchers to
transcend prescriptive models, which encourage innovations that are responsive to the
dynamic, interdependent realities of cognition as well as the present-day educational
systems.

6. Conclusion

This paper has dealt with a major weakness of the current mathematics education system,
which is still based on linear pedagogical frameworks that are insufficiently responsive
to the recursive, adaptive, and feedback-based learning processes demanded by
biomathematics. The proposed framework redefines learning as an emergent process by
relying on the complexity theory, constructivist principles of learning, and the system
thinking that involve nonlinear interactions between learners, mathematical structures,
and biological contexts. Instead of viewing knowledge learning as a linear process, the
framework focuses on recursive learning, adaptive learning, and the network of
knowledge that more appropriately reflects real-life modeling in the life sciences. The
work contributes to the research of biomathematics education through providing a
pedagogical framework that is consistent to the nonlinear organization of biological
systems and mathematical modeling activities. In biomathematics, learners frequently
work with population dynamics, epidemiological transmission, and systems biology
models that have feedback and threshold effects and emergent behavior. Instructional
designs would be based on these attributes as proposed in the framework, which would
support learners to build, interpret, revise, and contextualize mathematical models of
biological phenomena in an iterative manner. With a correspondence between pedagogy
and disciplinary practice, the framework is able to improve conceptual knowledge,
quantitative reasoning, and adaptive problem-solving in the teaching of quantitative
biology. Pedagogically, the framework promotes flexible curriculums, assessment
methods that are feedback-driven and instructional methods that appreciate exploration,
reflection and model refinement rather than attaining solutions. It is conceptually an
opportunity to re-think biomathematics education as a complex adaptive system as
opposed to a linear transmission of content. Future studies can utilize empirical studies
to examine the use of nonlinear pedagogic structures in biomathematics classrooms,
modeling environments based on technology, and the dynamics of learning among
learners in instructional environments that provide feedback. Altogether, this article
provides a theoretically based and discipline-consistent way of the education and
outreach development in biomathematics.
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