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Abstract: Cognitive fluctuations refer to the ever-changing, non-stationary nature of a learner's
attention, mental involvement, and overall cognitive engagement during educational activities. This
comprehensive review synthesizes current psychological research to examine how these dynamic
variations manifest across multiple temporal dimensions, ranging from momentary shifts to
extended periods spanning several months. On a micro-level or short timescale, momentary
fluctuations in focus and instances of mind wandering significantly influence immediate task
performance and information processing. Over medium durations, factors such as cognitive fatigue,
psychological stress, and natural circadian rhythms profoundly alter attentional capacity across
hours and days. Furthermore, long-term cognitive fluctuations are primarily driven by shifts in
intrinsic motivation, sustained academic pressure, and the cumulative impact of the learning
environment over weeks and academic terms. This review also investigates the complex interplay
between individual psychological differences, external environmental factors, and specific task
demands in shaping these underlying mental processes. Analyzing cognitive fluctuations through
a cross-timescale perspective provides a more profound understanding of learning efficiency,
memory consolidation, and ultimate educational outcomes. Ultimately, this review aims to inform
the development of adaptive instructional strategies, targeted attention training programs, and
supportive educational frameworks that accommodate natural cognitive diversity. By
acknowledging and addressing these inherent fluctuations, educators can substantially enhance
both the overall effectiveness of the learning process and the psychological well-being of the learner.

Keywords: cognitive fluctuations; attention dynamics; learning processes; timescale perspective;
educational psychology

1. Introduction
1.1. Research Background and Problem Statement

Cognitive fluctuations refer to dynamic and non-stationary changes in a learner's
attention and cognitive engagement that occur over time during a learning activity. In
recent developments within educational psychology and cognitive neuroscience, these
fluctuations have increasingly been recognized as fundamentally important to how
information is acquired, processed, and retained [1]. Emerging computational approaches,
such as cognitive fluctuation models in knowledge tracing systems, highlight the
potential for leveraging these dynamics in personalized learning. However, despite
growing interest, there remains no comprehensive synthesis of how cognitive fluctuations
operate across different time scales —from brief lapses to long-term trends—or how these
dynamics collectively influence an individual's learning. This gap poses a significant
challenge to the development of robust, evidence-based theories and practical strategies
for effective teaching [2].

1.2. The Pervasiveness of Cognitive Fluctuations in Learning and Attention

Cognitive fluctuations are present in various learning situations and across diverse
groups of individuals [2, 3]. Experimental findings indicate that variability in attention
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influences statistical learning, with moment-to-moment changes in focus directly affecting
the recognition and assimilation of patterns. These fluctuations are particularly
pronounced among developing learners, where differences in sustained attention have
been observed to correlate with variations in memory formation in children. Additionally,
significant research has been conducted on cognitive fluctuations within clinical
populations, such as individuals experiencing dementia, where these variations are
increasingly recognized as critical for diagnosis and understanding symptomatology.
This extensive body of evidence underscores the pervasive nature of cognitive variability,
which manifests not only in controlled experimental environments but also in more
dynamic, real-world learning contexts.
1.3. Purpose and Structure of the Review

The objective of this paper is to synthesize and evaluate psychological research on
fluctuations in cognition related to learning and attention from a cross-timescale
perspective. This review aims to explore how these fluctuations manifest and operate
across short (seconds to minutes), medium (hours to days), and long (weeks to semesters)
timeframes, as well as their implications for educational theory and practice [4, 5]. The
structure of the review is organized as outlined in Figure 1.
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Figure 1. Conceptual and Analytical Framework of the Review

2. Basic Concepts of Cognitive Fluctuations
2.1. Psychological Definitions of Cognition and Attention

Cognition refers to the processes through which the brain acquires knowledge and
understands information derived from thoughts, experiences, and sensory inputs such as
sight, hearing, smell, taste, and touch. It encompasses functions like perception, memory,
reasoning, and problem-solving. Among these, attention is a critical cognitive process that
selectively focuses on specific stimuli while disregarding others. Attention acts as a
gateway for information processing, directing limited cognitive resources toward relevant
inputs and facilitating higher-order cognitive functions [6, 7]. Conceptualizing attention
as a dynamic, resource-constrained system provides a foundation for examining its
stability across time and contexts [8]. Future investigations may leverage advanced
bioinformatics and multi-omics analytical approaches to model cognitive fluctuations
with greater temporal precision and ecological validity.

2.2. Meaning and Manifestations of Cognitive Fluctuations

Cognitive fluctuations refer to variations over time in the strength, stability, and
efficiency of mental and attentional processes. These fluctuations manifest as deviations
from an individual's typical or optimal cognitive state and can occur across various
timescales. Key indicators include increased variability in response times and accuracy,
temporary reductions in alertness, and shifts between focused and diffuse attention states
[7]. These changes are not indicative of disease pathology but represent a natural
phenomenon within the cognitive system. Such fluctuations are observed in both healthy
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individuals and those in clinical settings under diverse physiological and environmental
conditions.

2.3. Relationship between Cognitive Fluctuations and Learning Efficiency

Cognitive oscillation and learning efficiency are closely interconnected, though one
does not necessarily lead directly to the other. Learning efficiency refers to the speed and
effectiveness with which new information is encoded into memory and subsequently
retrieved. Cognitive fluctuations significantly influence this process, as periods of stable
and focused attention are generally associated with deeper processing, resulting in more
durable memory traces. Conversely, periods of high cognitive variability or instability in
attention often correlate with superficial encoding and reduced retention. However, not
all fluctuations are detrimental; certain types of variability may enhance cognitive
flexibility, enabling adaptive learning when task demands shift [3, 9]. Individual
differences in cognitive fluctuations are closely tied to variations in learning efficiency,
highlighting the importance of personalized approaches [10, 11]. Educational strategies
that consider these fluctuations, such as tailoring instructional designs to align with
natural attentional rhythms, can potentially improve cognitive learning outcomes by
optimizing the synchronization between teaching methods and attentional patterns.

3. Cognitive Fluctuations at Short Timescales (Seconds to Minutes)
3.1. Immediate Shifts in Attentional Focus and Distraction

At the scale of seconds to minutes, cognitive processes are marked by rapid, often
involuntary shifts between focused attention and distraction. These immediate changes in
thought patterns play a significant role in contexts such as online learning and classroom
engagement [12, 13]. Various environmental and digital stimuli contribute substantially
to these fluctuations [14]. For instance, distractions in online learning environments, such
as alerts, temptations to multitask, or exposure to unrelated content, can trigger abrupt
shifts in attention that disrupt information processing and continuity of engagement. The
ability to maintain focus amidst numerous potential distractions is not a fixed trait but
rather a dynamic capacity that continuously adapts to external cues and the internal state
of the mind.

3.2. Mind Wandering and Momentary Lapses of Attention

One of the major short-term manifestations of cognitive fluctuation is mind
wandering, which refers to an individual's attention shifting away from the main task to
internally generated thoughts. These momentary lapses are closely associated with neural
states resembling those observed during sleep. Studies utilizing electroencephalography
have indicated that attentional lapses are preceded by slow wave brain activity similar to
that seen during sleep, suggesting a shared physiological basis between sleep-like states
and brief failures of sustained attention during wakefulness. Furthermore, different types
of attentional lapses can be distinguished from one another; off-task thought is not
uniform, and both performance and neural activity vary depending on whether the lapse
is caused by mind wandering, external distractions, or complete disengagement [15, 16].
This underscores the intricate nature of attentional changes even over very short durations.

3.3. Short-Term Cognitive Fluctuations during Learning Tasks

Short-term fluctuations on the scale of minutes can also be observed during learning
tasks. Environmental conditions may rapidly alter cognitive state and thereby influence
learning outcomes. For example, in studies using virtual reality settings, even brief
exposure to particular environmental features, such as specific colour schemes or slightly
altered simulated gravity, has been associated with measurable changes in task
performance as well as emotional responses [17, 18]. Similarly, short-term thermal
experience in physical learning environments may affect students' thermal comfort and,
in turn, their cognitive performance in attention and processing-speed tasks. These
findings suggest that cognitive performance can shift quickly in response to immediate
environmental conditions and that cognitive state may change over a relatively short
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period. Such short-term variation creates challenges for maintaining stable learning
performance, while also offering opportunities to design surroundings that better support
sustained attention.

4. Cognitive Fluctuations at Medium Timescales (Hours to Days)
4.1. Learning Fatigue and Depletion of Cognitive Resources

Over several hours to days, fluctuations in cognition often manifest as learning
fatigue, characterized by the depletion of cognitive resources necessary for sustained
attention and information processing. This condition reflects a tangible decline in
cognitive capacity rather than merely a subjective feeling of tiredness. For instance,
prolonged exposure to excessive information and social demands, particularly through
digital media, can result in social media fatigue and mental exhaustion. Such states of
cognitive depletion directly impair learning ability by diminishing the mental resources
available for academic performance. This phenomenon underscores the finite nature of
cognitive resources, which can be gradually consumed during extended periods of study
or work, leading to variations in performance within a single day or across consecutive
days.

4.2. Effects of Emotions and Stress on Attention

Emotions and acute stress significantly influence attention over medium timescales.
Stress hormones can rapidly affect cognitive systems, including those responsible for
emotional processing and attention management. Acute stress has been found to hinder
the use of cognitive strategies aimed at managing emotions, which subsequently disrupts
the ability to focus on task-relevant stimuli as opposed to emotional stimuli. Furthermore,
the clarity of emotions and the degree of attention directed toward them are closely linked
to attention stability. Training methods, such as mindfulness practices designed to
enhance emotional clarity, may contribute to maintaining steady attention during
extended sessions lasting hours or days. These findings highlight the bidirectional
relationship between affective states and attentional processes in daily life.

4.3. Changes in Cognitive States within Daily Learning Rhythms

Cognitive performance varies throughout the day, influenced by internal circadian
rhythms and individual schedules. These biological and behavioral patterns lead to
predictable fluctuations in mental states over time. Different cognitive functions, such as
focus, working memory, and processing speed, exhibit variations depending on the time
of day, with certain periods being more optimal than others. These changes occur in
rhythmic patterns, driven by neural oscillations that facilitate coordination among
different brain regions. Evidence suggests that the brain's capacity for attention and
learning is intrinsically tied to these biological cycles. Consequently, an individual's
cognitive profile over a typical day resembles a wave with peaks and troughs, shaped by
both internal clocks and the external timing of learning activities. Understanding these
daily rhythms allows for better alignment of instructional and mentally demanding tasks
with periods of naturally heightened attention.

5. Cognitive Fluctuations at Long Timescales (Weeks to Semesters)
5.1. Learning Motivation and Long-Term Attentional Changes

Over extended periods such as days, weeks, or an entire school semester, cognitive
changes are significantly influenced by the motivation to learn. Motivation serves as a
driving force for sustained attention, directing cognitive resources toward achieving
learning objectives. It is evident that motivation and attention work synergistically to
support lifelong learning, with enduring motivational tendencies helping to mitigate
attentional challenges and sustain cognitive effort over prolonged educational endeavors.
Continuous attention enhances learning, creating a positive feedback loop that fosters
sustained interest and engagement over time. Conversely, diminished motivation leads
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to persistent disengagement of attention, resulting in heightened distractibility and
reduced perseverance in learning tasks across weeks [19].

5.2. Cumulative Effects of Academic Pressure on Cognitive States

The influence of stress on cognition develops over an extended period, transitioning
from immediate effects to establishing a baseline for cognitive functioning. Chronic
academic pressure serves as a persistent source of stress, leading to an accumulation of
cognitive load. Research has indicated that prolonged exposure to stress is associated with
declines in cognitive performance, potentially influenced by lifestyle factors. Within an
educational framework, this suggests that ongoing stress from academic demands may
negatively impact cognitive abilities over time. Education appears to play a dual role:
while it can enhance cognitive reserve, the pressures inherent in the educational system
may simultaneously act as a long-term stressor that diminishes cognitive performance.
This perspective highlights that an individual's cognitive state during any given semester
is not merely a response to daily activities but is shaped by a cumulative history of stress
and recovery over preceding weeks.

5.3. Long-Term Learning Environment on Cognitive Fluctuations

The characteristics of the learning environment have a continuous impact on the
nature and intensity of cognitive fluctuations over time. Multimodal environments that
incorporate visual, auditory, and interactive elements can, over time, positively influence
both cognitive and emotional states. Such settings may foster the development of more
stable and enhanced cognitive abilities. The design of these environments plays a crucial
role; factors such as classroom arrangement, the integration of technology, and the
facilitation of social interactions among students are not passive elements but actively
contribute to shaping long-term attentional patterns. Research utilizing integrated
physiological, cognitive, and subjective measurements has identified various
environmental factors associated with maintaining focus. Consequently, optimizing
learning spaces can help mitigate adverse long-term changes and sustain attention. Thus,
a long-term learning environment can act as either a supportive framework or a source of

stress in the cognitive development of students throughout their educational journey [20,
21].

6. Major Factors Influencing Cognitive Fluctuations in Learning and Attention

Cognitive fluctuations arise from a complex interplay of factors, which can be
broadly categorized into three groups: individual factors, environmental factors, and task-
related factors (see Figure 2 for more details). Each of these categories is examined in detail
below [22].

Coghnitive Fluctuations (in Learning & Attention)

Individual Environmental Task Factors
Factors Factors
Sleep Classroom Setting Task Difficulty
Emotion Learning Load Task Interest
Motivation

Figure 2. Three Key Categories of Factors Influencing Cognitive Fluctuations

6.1. Individual Factors (Sleep, Emotion, Motivation)

An individual's physical and psychological condition plays a significant role in
influencing the pattern of cognitive fluctuations [23]. Sleep serves as a primary regulator,
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with its quality and quantity broadly affecting cognitive, emotional, and behavioral
aspects. Insufficient or interrupted sleep is closely associated with increased variability in
attention, diminished executive function, and heightened emotional reactivity, all of
which contribute to unfavorable cognitive fluctuations across various timescales. Emotion
also acts as a critical factor that influences attention in both directions. While acute
emotional states can trigger short-term shifts in attention, the ability to recognize and
manage one's emotions is linked to sustained attention over longer periods. Additionally,
the motivation to learn, driven by an individual's intrinsic desire, functions as a persistent
top-down modulator of attention. This motivation helps allocate cognitive resources
effectively and minimizes distractions, playing a crucial role in maintaining focus,
particularly in the context of lifelong learning.

6.2. Environmental Factors (Classroom Setting, Learning Load)

Learning occurs within external contexts that systematically influence cognition. The
classroom environment, including advanced technological setups such as "smart"
classrooms, can contribute to cognitive load. Factors such as the way information is
presented, the pace of instruction, and the interface of technology in these settings can
impact the brain's workload, affecting the frequency and depth of distractions. Beyond
the proximity of technology, broader social and educational environments also play a
significant role. Studies on higher education have highlighted that classroom dynamics,
peer behavior, and teaching methods influence students' attention. Furthermore, the
overall academic demand, or learning load, can lead to cognitive overload, depleting
mental resources and making it more challenging to sustain consistent focus. Excessive
information and social interaction, particularly through digital media, can result in
cognitive fatigue, which directly undermines academic performance.

6.3. Task Characteristics (Difficulty, Interest)

The nature of the learning task serves as an important factor influencing cognitive
engagement. Task difficulty directly interacts with a learner's cognitive and motivational
capacities. A key element in this relationship is interest. When a task appears challenging,
a learner's existing enthusiasm for the subject can mitigate the negative effects on mental
energy, fostering consistent engagement even under difficult conditions. This suggests
that engaging tasks may help offset some of the cognitive strain associated with high
difficulty. Conversely, tasks that are both difficult and uninteresting can lead to rapid
disengagement and frequent mind-wandering [24, 25]. Features of daily learning tasks,
such as clarity, relevance, and the type of self-management required, significantly
influence how students allocate cognitive resources during study sessions or throughout
the day. These factors, in turn, shape the patterns of cognitive fluctuations experienced
during learning.

7. Impact of Cognitive Fluctuations on Learning Outcomes
7.1. Effects on Comprehension and Memory

Cognitive fluctuations affect the level and quality of information processing, which
in turn influences what is understood and remembered. Periods of strong and sustained
attention are most favorable for reasoning and the formation of durable memories. By
contrast, attentional lapses or high variability during learning tend to produce shallow
processing and weaker memory consolidation. This pattern is also reflected in research
on specific instructional approaches. For example, teaching strategies that introduce
conceptual challenges can increase students’ cognitive engagement and lead to better
learning outcomes than more traditional methods. Such approaches may be effective in
part because they help guide natural cognitive fluctuations toward sustained work on
difficult concepts. A similar relationship between cognitive engagement during learning
and later performance can also be observed in digital learning environments, where the
degree of participation in online discussions often corresponds closely with academic
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achievement. Overall, the continuity and quality of cognitive effort appear to serve as an
important link between instructional input and students’ eventual learning outcomes.

7.2. Influence on Learning Efficiency and Academic Performance

The consistency and pattern of cognitive fluctuations are closely related to overall
learning efficiency and academic performance. Learners who experience excessive or
inappropriate fluctuations often struggle to keep pace with educational material, leading
to inefficiency. Research into the impact of innovative teaching techniques provides
evidence for this connection. For instance, teaching dynamic concepts through thought
experiments has been shown to significantly enhance both academic success and non-
academic skills compared to traditional methods [26]. This improvement is likely due to
the structured learning process, which maintains a consistently high level of cognitive
engagement and minimizes less productive shifts in attention. Achieving the broader
educational goal of equitable and high-quality learning depends on implementing
practices that effectively address students' mental variations. In terms of ensuring equity
in cognitive learning outcomes, pedagogical approaches that support diverse learners in
regulating attention and engagement can play a crucial role in narrowing achievement
gaps.

7.3. Impact on Learning Experience and Attitudes Toward Learning

Fluctuations in cognitive processes beyond measurable performance influence the
subjective experience of learning and attitudes toward education. Challenges in
maintaining focus can lead to frustration, self-doubt, and aversion to more demanding
subjects. Early cognitive development plays a crucial role in shaping these experiences;
students who develop effective strategies for managing attention and mental resources
early are likely to have more positive classroom experiences [27]. Conversely, a history of
difficulty in sustaining focus and avoidance behaviors under academic pressure is also
common. Supporting healthy cognitive fluctuations is not solely about academic
achievement but also about fostering positive lifelong learning outcomes. Educational
strategies that help students understand and adapt to their natural patterns of attention
can enhance both their immediate educational experiences and their long-term
relationship with learning.

8. Conclusion and Future Directions
8.1. Summary of Key Points

This review provides a systematic synthesis, from a cross-timescale perspective, of
psychological research on cognitive fluctuations in learning and attention. These
fluctuations are a natural feature of attentional and cognitive engagement, unfolding
across timescales from seconds to semesters. At shorter timescales, they appear as rapid
shifts between focused attention and off-task states, including mind wandering, shaped
by immediate environmental conditions and neural activity resembling sleep-like states.
At intermediate timescales, factors such as mental fatigue, perceived pressure, and daily
biological rhythms modulate attentional capacity over hours and days. Over longer
periods, the quality of the learning environment, sustained academic demands, and
continuing motivation shape cognition across weeks and semesters. Key influences
include sleep, emotion, motivation, classroom context, learning load, task difficulty, and
interest. These fluctuations substantially affect learning processes, comprehension,
memory, academic performance, and the overall efficiency of time spent learning.

8.2. Significance of the Cross-Timescale Perspective

Adopting a cross-timescale perspective is essential for a comprehensive
understanding of cognition. Viewing change within a single temporal window provides
only a partial account, because patterns at one scale interact with and influence patterns
at other scales. For example, frequent short-term disruptions may contribute to medium-
term fatigue and, over time, to reduced long-term motivation. This perspective indicates
that cognitive engagement in learning is not a fixed trait but a process unfolding across
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multiple timescales. It also encourages researchers and educators to consider how
adjustments made at one timescale may affect outcomes at others. For instance, aligning
a daily schedule with circadian rhythms may help reduce short-term attentional dips and
support longer-term academic recovery. This perspective moves beyond simplified
models of attention as merely present or absent and instead supports a more nuanced
understanding of its natural fluctuations over time.

8.3. Implications for Future Research and Educational Practice

The synthesis proposed here identifies several important directions for future work.
In research, more longitudinal studies are needed to examine how cognitive changes
unfold across multiple time scales within the same individual in real-world learning
environments. Methodological innovation is also required to develop ecologically valid
approaches for the continuous assessment of cognitive state without interfering with the
learning process. Further investigation should also examine individual differences in
susceptibility to cognitive fluctuations and in the patterns these fluctuations take, so that
more personalized learning approaches can be designed.

For educational practice, these findings highlight the importance of designing
fluctuation-aware learning environments and pedagogies. Lessons should be structured
with variability in mind, incorporating breaks and shifts in activity type to accommodate
naturally changing attention. Educators can be trained to recognize signs of cognitive
fatigue and to support effective refocusing. At the institutional level, schedules and
workloads can be organized to reduce cumulative cognitive fatigue and pressure. Finally,
students should be taught metacognitive strategies for monitoring and managing their
own attentional states, thereby strengthening self-regulated learning and increasing their
sense of control over the learning process. By acknowledging the fluid nature of attention
rather than resisting it, education can become more effective, humane, and responsive to
diverse learners.
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