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Abstract

This paper presents a theoretical framework that reinterprets brain waves not as
mere byproducts of neural activity, but as sampling signals that temporally
coordinate information processing across the entire brain. Brain waves quantize
continuous neural activity into discrete time units, thereby systematically
managing the integration, maintenance, and decay of information. Each neural
population selectively receives brain waves of specific frequency bands
according to its intrinsic resonance properties, enabling differentiated
information processing speeds across regions. This model provides an
integrated perspective on various cognitive phenomena including the cognitive
effects of meditation, memory consolidation during sleep, cross—modal
competition, and attention regulation.

1. Introduction

1.1 Theoretical Background

The human brain comprises approximately 86 billion neurons[~1], each firing
tens to hundreds of times per second. In such a massive distributed system,
consistent information processing and integration pose fundamental
challenges. If each neural firing independently updated information, temporal
inconsistencies would arise between neural populations with different activity
levels, leading to system—wide synchronization collapse.

Brain oscillations have traditionally been regarded as consequences of
collective neural activity["2]. However, recent studies provide evidence that
brain waves actively participate in neural processing["3]["4]. In particular,



theta oscillations are closely associated with hippocampal temporal
coding["5], and alpha oscillations are related to rhythmic sampling in visual
attention["6].

1.2 Purpose and Scope

Important Premise: This theory is not an attempt to directly identify neurological
entities, but rather a conceptual model for understanding the principles of
information processing in the brain. Concepts such as "information age" and
"information strength" are not biological entities per se, but theoretical
constructs designed to systematically describe the influence of brain waves on
information processing.

The objectives of this study are:

1. To present a theoretical framework that reinterprets brain waves as
temporal reference signals for information processing

2. To provide integrated explanations for various cognitive and

neurophysiological phenomena

To derive testable predictions within the scope of human technology

4. To explore applicability to neuroengineering and cognitive enhancement
technologies

w

This model focuses on practical applications such as brain—computer
interfaces, neuromodulation technologies, and cognitive training programs,
rather than on the detailed implementation of biological substrates.

2. Theoretical Framework

2.1 Core Hypothesis: The Sampling Function of Brain Waves

The core of this theory is to redefine brain waves as temporal reference signals.
Brain waves enable brain—wide synchronization of information processing by
partitioning continuous, asynchronous neural activity into regular time units.

This bears structural similarity to clock signals in digital systems. In digital
circuits, clocks quantize asynchronous signal changes into discrete time units,
ensuring system-wide synchronization[”~7]. Similarly, brain waves periodically
sample the continuity of neural activity to update information states.

Continuous neural activity — [Brain wave sampling] — Discrete information
states



2.2 Frequency—Selective Neural Response

Each neural population possesses unigue resonance properties. These are
determined by membrane characteristics, dendritic morphology, and ion
channel distribution["8], causing selective responses to brain waves of
specific frequency bands.

HCN channels and M—currents are primary mechanisms determining the
resonance frequency of neurons[”~9]. For example, hippocampal CA1 pyramidal
neurons show strong resonance in the theta band (4-8Hz)["10], which is
associated with hippocampal temporal coding.

Importantly, neurons do not "choose" brain waves but are physically tuned to
respond only to specific frequencies. This is analogous to how a radio receiver
selectively receives particular frequencies.

2.3 Multiple Timescale Architecture

The brain is a multiple timescales system[”~11] driven by brain waves of various
frequency bands, rather than a single temporal reference.

« Delta waves (0.5-4Hz): Sleep, long—term consolidation

« Theta waves (4-8Hz): Hippocampal memory encoding, spatial navigation
« Alpha waves (8-13Hz): Visual processing, attention regulation

» Beta waves (13—-30Hz): Motor control, sensorimotor integration

« Gamma waves (30—-100Hz): Local processing, feature binding

Each frequency band provides an independent temporal reference to neural
populations that receive that band. This enables the brain to simultaneously
operate across diverse timescales from milliseconds to seconds.

2.4 Information Dynamics Model
In this model, information exists in a balance between two processes:
Strengthening through Re—reference

Information reactivation — Synaptic strengthening — Information strength
increase

This is based on the principles of Long—Term Potentiation (LTP) and synaptic
plasticity["12].

Decay through Time Passage



Brain wave cycle passage — Gradual information strength decrease

This follows an exponential decay pattern consistent with memory forgetting
curves[™13].

Balance Equation
Final information state = f(re-reference frequency, brain wave speed)

High re—reference frequency combined with slow brain waves promotes long-
term information retention, while low re-reference frequency combined with fast
brain waves causes rapid decay.

3. Explanation of Key Phenomena

3.1 Sleep and Memory Consolidation

During sleep, particularly slow—wave sleep, delta waves (0.5-4Hz) are
dominant[~14]. In this model, this represents a dramatic deceleration of
information processing.

Mechanism:

Waking state: Fast beta/gamma waves — Rapid information updating — Fast
decay
Sleep state: Slow delta waves — Slow information updating — Delayed decay

This explains why sleep is essential for memory consolidation[”~15]. Information
rapidly acquired during waking states secures time for synaptic reorganization
in the slow brain wave environment during sleep. Indeed, sleep deprivation
impairs the conversion of short—term memory to long—term memory[~16],
consistent with this model's predictions.

3.2 Meditation and Cognitive Effects

Meditation practice induces systematic changes in brain waves. Particularly,
increases in alpha waves (8—13Hz) and theta waves (4—-8Hz) are consistently
observed["17]1["18].

This Model's Explanation:

Meditation — Brain wave deceleration



— Decreased information updating speed
— |Increased retention time for existing information
— Working memory enhancement

Working memory improvements[~19] and increased attention span[”~20] shown
by meditation practitioners can be associated with these brain wave changes.
During the same physical time, slower brain waves mean fewer sampling
cycles, leading to decreased information decay rates.

3.3 Cross—Modal Competition and Attention

The phenomenon of enhanced auditory sensitivity when closing one's eyes is
commonly experienced. This model explains this as redistribution of brain wave
resources.

Visual cortex shows alpha suppression when eyes are open (alpha
blocking)["21], and alpha waves increase when eyes are closed. While this
appears paradoxical, there is an interpretation that alpha waves are related to
inhibitory tuning of visual cortex["22].

Mechanism:

Visual input active — Resource concentration in visual areas — Relative
suppression of other sensory areas

Visual input blocked — Visual area resource liberation — Redistribution
to auditory areas

This is the concept that limited brain wave generation capacity is competitively
distributed among sensory areas. Indeed, multisensory integration studies show
that amplification of one sense is accompanied by suppression of others["23].

3.4 Reinterpretation of Attention

Attention has traditionally been understood as selective allocation of limited
cognitive resources. This model reinterprets it as selective amplification of brain
waves in specific regions.

Alpha waves are associated with rhythmic sampling of attention["24], and
alpha phase is regulated at the location of attention["25]. This suggests that
attention may not be simple resource allocation, but coordination of temporal
sampling.

Focused attention — Increased brain wave amplitude in corresponding area
— Stronger sampling signal



— More active information updating
— Enhanced processing efficiency

3.5 ADHD and Brain Wave Instability

Patients with Attention—Deficit/Hyperactivity Disorder (ADHD) show increased
theta/beta wave ratios["26]. From this model's perspective, this could mean
temporal instability in information processing.

Brain wave rhythm instability — Sampling rate fluctuation
— Unpredictable information updating
— Difficulty maintaining attention

Interestingly, neurofeedback treatment for ADHD aims to normalize brain wave
patterns["27] and shows effectiveness in some patients. This suggests that
brain wave stabilization can lead to attention improvement.

4. System Design Perspective

4.1 The Necessity of Brain Waves

Why does the brain need brain waves? The reason can be inferred through
comparison with alternative systems.

Alternative 1: Direct Update System
If synaptic information were updated with each neural firing:

o Active neurons: 100 updates per second
« |nactive neurons: 5 updates per second
o Result: 20—fold temporal discrepancy in the same physical time

This would collapse the temporal integrity of the entire system. Moreover, if
approximately 86 billion neurons fire at an average of 50Hz, over 4 trillion
update operations per second would be required—a biologically unsustainable
energy demand.

Alternative 2: Centralized Synchronization
If a single central controller sequentially updated all neurons, the advantages of

parallel processing would be lost and processing speed would be extremely
slow.



Adopted Solution: Broadcast Sampling (Brain Waves)

Continuous neural activity (asynchronous)
!
Sampling at brain wave cycles (synchronous)

l

Discrete information updating (consistent)
Advantages:

e All neurons share the same temporal reference
e Uniform updating regardless of firing frequency
e Maximized energy efficiency

e Maintained parallel processing

o Guaranteed global synchronization

4.2 Similarity to Digital Systems

Brain System Digital System Function
Brain waves Clock signal Temporal reference
Brain wave cycle Clock cycle Update unit
Neural firing Logic gate switching Information processing
Fast brain waves Overclocking High—speed processing
Slow brain waves Power—saving mode Energy conservation

Brain wave synchronization = System synchronization = Global consistency

Both systems follow the same engineering principles: discretization of
continuous activity, global synchronization, and energy efficiency optimization.

5. Testable Predictions

5.1 Brain Wave Modulation Experiments

Prediction 1: If transcranial alternating current stimulation (tACS) accelerates
brain waves in a specific region, information processing in that region will
speed up but information retention time will shorten.

Prediction 2: Stimulation with slow frequencies will enhance information
retention but decrease new information acquisition speed.

This can be verified through studies on tACS memory effects["28].



5.2 Meditation and Memory Tests
Experimental Design:

1. Record brain waves during meditation
2. Word list memory test after meditation
3. Correlation analysis of brain wave speed and memory retention time

Prediction: Subjects showing slower alpha/theta waves will have superior long—
term memory retention.

5.3 Sensory Competition Measurement
Experimental Design:

1. Incrementally increase visual stimulus intensity
2. Simultaneously measure brain wave amplitude in auditory cortex

Prediction: Increased visual stimulus intensity — Decreased auditory area brain
wave amplitude

5.4 Brain Waves and Memory During Sleep

Prediction: The higher the delta wave ratio during sleep, the better the recall
performance of information learned the previous day.

This can be verified through studies on sleep stages and memory
consolidation["29].

6. Application Potential

6.1 Cognitive Enhancement Technologies
Personalized Learning Systems

Adaptive learning platforms can be developed that measure individual brain
wave patterns to calculate optimal learning timing and review intervals. By
adjusting spaced repetition algorithms to individual brain wave characteristics,
learning efficiency can be maximized.

Brain Wave Regulation Wearables



Devices combining real—-time brain wave monitoring with non—invasive
stimulation (tACS, auditory stimulation) can be implemented to induce desired
cognitive states:

e Learning mode: Induce medium—-speed beta waves

o Creativity mode: Amplify alpha waves
« Sleep mode: Enhance delta waves

6.2 Clinical Applications
Real-time ADHD Support

Closed-loop systems can be developed that detect brain wave instability in
real-time and provide immediate stabilization stimulation. This is an extension
of existing neurofeedback treatments["27].

Sleep Optimization

Sleep assistance devices that selectively amplify delta waves during sleep to
promote memory consolidation can be implemented. Some studies already
attempt slow—wave sleep amplification through closed—loop auditory
stimulation["30].

Early Dementia Detection

Diagnostic tools can be developed that analyze changes in brain wave
synchronization patterns to detect cognitive decline early. There are reports that
brain wave abnormalities in Alzheimer's disease appear before cognitive
symptoms[”~31].

6.3 Brain—Computer Interfaces
Adaptive interfaces can be designed that adjust the responsiveness of external
devices based on brain wave states. For example, systems can be

implemented that automatically adjust information presentation speed
according to the user's attention level (brain wave pattern).

7. Limitations and Future Research

7.1 Current Model Constraints

1. Mechanism Abstraction



This model does not specify the concrete molecular mechanisms by which
brain waves influence information processing. Detailed interactions of ion
channels, neuromodulators, and synaptic plasticity require additional research.

2. Inter—Brain Wave Interactions

Do multiple frequency bands simultaneously influence a single neuron? Cross—
frequency interactions such as phase—amplitude coupling["~32] are not
sufficiently addressed in this model.

3. Individual Difference Explanation

Why does the same brain wave manipulation produce different effects across
individuals? Individual neuroanatomical and neurochemical differences need to
be integrated into the model.

7.2 Future Research Directions
1. High—Resolution Simultaneous Recording

The relationship between brain wave phase and neural firing, synaptic plasticity
must be directly identified by simultaneously recording brain waves and single
neuron activity.

2. Causal Manipulation Experiments

Causal relationships should be established by using optogenetics and
chemogenetics to alter the resonance characteristics of specific neural
populations and observing the results.

3. Computational Modeling

This theory should be mathematically formalized and quantitative predictions
generated through simulation. Integration with oscillator network theories such
as the Kuramoto model["33] would be particularly useful.

4. Large—Scale Clinical Trials

The effectiveness of brain wave—based cognitive interventions should be
verified through randomized controlled trials to confirm practicality.

8. Conclusion



This paper has presented a theoretical framework that reinterprets brain waves
as temporal reference signals for neural information processing. From this
perspective, brain waves are not mere conseqguences of neural activity, but
essential mechanisms that coordinate information integration and maintenance
across the entire brain.

Core Contributions

1. Integrated Explanatory Power: Explains diverse phenomena including
meditation, sleep, attention, and ADHD within a single framework

2. Predictability: Provides specific, testable predictions about the cognitive
effects of brain wave manipulation

3. Applicability: Offers practical implications for cognitive enhancement,
clinical treatment, and brain—computer interface design

Paradigm Shift

Traditional view: Brain waves < Neural activity (consequence)
Proposed view: Brain waves — Neural activity (coordination)

This model emphasizes that while understanding the brain as a distributed
parallel system, broadcast timing signals for global synchronization are
essential. This suggests deep structural similarities between biological nervous
systems and engineered systems.

Importantly, this theory does not claim complete identification of biological
entities, but provides a conceptual tool for understanding and technologically
utilizing the brain's information processing principles. Concepts such as
"information age," "sampling," and "temporal quantization" are metaphorical
frameworks for systematically thinking about and generating predictions
regarding the functional role of brain waves.

Ultimately, this research can serve as a bridge connecting theoretical insights
with practical applications at the boundary between neuroscience and
engineering.
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Appendix A: Terminology

The key terms used in this model should be understood as theoretical
constructs rather than strict biological entities.

Information State: The activation level of information represented by a neural
population at a specific time. A concept abstracting the complex state of
synaptic strength, neural responsiveness, etc.

Sampling: The process of partitioning continuous neural activity at regular time
intervals to update information states. A metaphor applying the sampling
concept from digital signal processing to the nervous system.

Temporal Quantization: The process of dividing continuous time into discrete
units. The concept that brain wave cycles provide the fundamental time unit for
information processing.

Frequency Selectivity: The characteristic of neural populations responding
preferentially to brain waves of specific frequency bands. Determined by
membrane properties and circuit architecture.

Resonance Frequency: The frequency band to which neurons respond most
strongly. Determined by intrinsic electrophysiological characteristics.

Information Decay: The gradual weakening of information representation over
time. A concept abstracting the natural reversal process of synaptic plasticity.

Broadcast Signal: A signal that propagates across the entire brain or wide
regions and is shared by multiple neural populations. Expressing the
propagation characteristics of brain waves.

Multiple Timescales: The concept that brain waves of different frequency bands

provide different temporal references, allowing the brain to simultaneously
operate at various timescales.

Appendix B: Implications for Learning Strategies

This model provides specific guidance for effective learning strategies.

B.1 Optimization of Spaced Repetition



Traditional spaced repetition algorithms (e.g., SuperMemo, Anki) are based on
forgetting curves. This model reinterprets this from a brain wave perspective.

Principle:

Immediately after learning: High information strength
Time passage: Strength decrease with each brain wave cycle
Re—learning timing: Just before complete forgetting

Personalization Strategy:

« Individuals with fast brain wave patterns: Shorter review intervals
« Individuals with slow brain wave patterns: Longer review intervals
« Dynamic adjustment according to arousal level

B.2 Massed vs. Distributed Learning
Massed Practice:

Advantage: Strength maintenance within short period

Disadvantage: Insufficient brain wave cycles between reviews, weak long-
term plasticity

Result: Favorable for short-term exams, unfavorable for long-term memory

Distributed Practice:

Advantage: Brain wave cycle passage between learning sessions produces
strong re-strengthening effect

Disadvantage: Lower immediate sense of achievement

Result: Favorable for long—term memory formation

Indeed, the superiority of distributed learning has been extensively
demonstrated["34].

B.3 Learning State Optimization
New Information Acquisition:
¢ Goal: Medium—speed information updating
« Recommendation: Beta wave dominant state (13—-20Hz)
« Method: Appropriate arousal, small amount of caffeine, bright lighting

Information Integration:

« Goal: Slow information updating to secure strengthening time



« Recommendation: Alpha/theta wave state (7—-12Hz)
« Method: Meditation, relaxation, walking after learning

Long—term Consolidation:

o Goal: Extremely slow updating
« Recommendation: Delta wave dominant sleep (0.5-4Hz)
« Method: Sufficient sleep, especially the first night after learning

B.4 Multitasking Avoidance
This model clearly explains the inefficiency of multitasking:

Task A performance — A-related brain waves amplified — A information
activated

J
Switch to task B — B-related brain waves amplified, A brain waves
decreased

l
A information rapidly decays (insufficient sampling)

J

When returning to A, re-learning needed — Energy waste

Recommended Strategy: Single—tasking, securing clear transition time between
tasks

Appendix C: Drugs and Brain Wave Regulation

Various substances affect brain waves, and this model predicts their cognitive
effects.

C.1 Stimulants
Caffeine:

Mechanism: Adenosine receptor blockade — Brain wave acceleration (beta
wave increase)

Effect: Short—term arousal, improved concentration

Disadvantage: Accelerated information decay, possible impairment of long-
term memory formation



Indeed, caffeine increases beta waves[”35] and improves task performance,
but shows negative effects on some memory tasks["36].

Amphetamines:

Mechanism: Dopamine/norepinephrine release — Brain wave shift to high
frequency

Effect: Powerful arousal, hyper—focus

Risk: Fatigue from excessive information updating, dependency

C.2 Sedatives
Benzodiazepines:

Mechanism: GABA amplification — Excessive brain wave deceleration
Effect: Anxiety reduction, sleep induction
Disadvantage: Information updating nearly stops — Anterograde amnesia

The memory impairment effects of benzodiazepines are well known["37], and
this model explains this as excessive weakening of sampling signals.

C.3 Psychoactive Substances
Meditative State—Inducing Substances:

Psilocybin, LSD: Reported increases in alpha/theta waves
Effect: Altered time perception, expanded states of consciousness
Interpretation: Subjective time change due to slow sampling

These substances alter brain wave patterns[~38], and the "time slowing down'
experience reported by users is consistent with this model.

Appendix D: Pathological States and Brain Waves

D.1 Epilepsy
This Model's Interpretation:

Hypersynchronization — Explosive increase in brain wave amplitude
— Sampling signal over load
— |nformation processing system col lapse
— Loss of consciousness, seizures



Epilepsy is characterized by excessive neural synchronization["~39], which can
be understood as sampling system overload.

D.2 Coma

Extremely slow or flat brain waves
— Almost no sampling signal

— |nformation updating stopped

— Absence of consciousness

Brain wave activity is severely reduced in coma states["40], meaning cessation
of information processing.

D.3 Schizophrenia
Hypothetical Mechanism:

Failed brain wave synchronization between brain regions
— Temporal reference inconsistency

— |nformation integration disorder

— Distorted reality perception

Gamma wave synchronization abnormalities are observed in schizophrenia
patients["41], which could be associated with information integration
disorders.

Appendix E: Brain Wave Changes by Developmental
Stage

E.1 Infancy (0-2 years)
Brain Wave Characteristics: Delta/theta wave dominance (1-6Hz)
Implications:

« \Very slow information updating

« However, extremely high synaptic plasticity
o Result: Slow processing speed, fast learning ability



Paradox Resolution: Despite slow brain waves, learning is rapid because
synaptic formation efficiency is maximized and there is little interfering existing
information.

E.2 Childhood (3—12 years)

Brain Wave Characteristics: Theta wave decrease, alpha wave increase (6—
10Hz)

Implications:

o Gradual acceleration of information updating
e Faster cognitive processing
e |Increased attention span

E.3 Adolescence (13—19 years)

Brain Wave Characteristics: Alpha wave stabilization, beta wave increase (8-
20Hz)

Implications:

o Adult-level information processing speed
« However, regulation instability due to immature prefrontal cortex
e |Increased emotional variability

E.4 Adulthood (20-60 years)
Brain Wave Characteristics: Stable alpha/beta waves (8—-25Hz)
Implications:

¢« Optimized information processing
o Balance of learning and retention
o Peak cognitive abilities

E.5 Old Age (60+ years)
Brain Wave Characteristics: Overall deceleration, delta/theta increase
Implications:

« Slow new information acquisition
« However, long preservation of existing information
o Relative preservation of long—term memory



Indeed, brain wave deceleration with aging is consistently observed["42],
consistent with the elderly cognitive profile (difficulty with new learning,
preservation of long—term memory).

Appendix F: Proposed Future Research Protocols

F.1 Brain Wave—Memory Correlation Study

Objective: Direct measurement of correlation between individual brain wave
speed and forgetting rate

Method:

1. Measure resting—state brain waves of 50 subjects (quantify alpha wave
frequency)

2. Standardized word list learning

3. Recall tests after 1 hour, 24 hours, 1 week

4. Correlation analysis of brain wave frequency and forgetting rate

Prediction: Subjects with faster alpha waves will show faster forgetting curves.

F.2 tACS Memory Modulation Experiment

Objective: |dentify causal influence on memory by modulating brain waves with
external stimulation

Method:

1. Random assignment: Fast frequency (15Hz) / Slow frequency (8Hz) /
Sham stimulation

2. Information learning during stimulation

3. Memory test after 24 hours

Prediction:

e 8Hz stimulation group: Best long—term memory

e 15Hz stimulation group: Fast processing during learning but low long-—
term retention

e Sham group: Medium level

F.3 Meditation—Brain Wave—Memory Longitudinal Study



Objective: Track the effects of long—term meditation practice on brain waves
and memory

Method:

1. Recruit 100 meditation novices

2. 6-month meditation program (3 times per week)

3. Monthly brain wave measurements and memory tests

4. Correlation analysis of brain wave changes and memory improvement

Prediction: Participants whose brain waves decelerate more will show greater
working memory improvement.

F.4 Delta Wave Amplification During Sleep Study

Objective: Verify memory consolidation promotion by artificially amplifying delta
waves during sleep

Method:

1. Information learning in the evening

2. Delta wave amplification with closed-loop auditory stimulation during
sleep

3. Control group: No stimulation or irrelevant stimulation

4. Memory test the next day

Prediction: The delta wave amplification group will show significantly higher
memory retention.

This is an extension of existing research["30] and should include various
information types and individual differences.
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Appendix G: Evolutionary Perspective

G.1 Why Did Brain Waves Evolve?

From an evolutionary perspective, the emergence of brain waves represents an
elegant solution to the scaling problem of nervous systems.

Small Nervous Systems (e.g., C. elegans with 302 neurons):

o Direct neural coupling sufficient
« No global timing coordination needed
« Simple reflexive behaviors adequate

Large Nervous Systems (e.g., mammals with millions to billions of neurons):

o Direct coupling becomes computationally intractable
o Distributed processing requires global coordination
« Complex behaviors demand temporal integration

Brain Waves as Evolutionary Innovation:

Nervous System Size Increase

Commdaication Bottleneck

Broa;;ast Timing Signal Evolution (Brain Waves)
Scalible Coordination Mechanism

l

Complex Cognition Emergence

This suggests brain waves were not accidental byproducts but adaptive
solutions to fundamental computational challenges.

G.2 Cross—Species Comparisons

Frequency—-Complexity Hypothesis: More cognitively complex species may
exhibit richer repertoires of brain wave frequencies.

Species Dominant Frequencies Cognitive Complexity
Rodents  Theta (6—10Hz) dominant Spatial navigation, simple learning
Primates = Broader spectrum (4-40Hz) Tool use, social cognition
Humans @ Full spectrum (0.5-100Hz+) Language, abstract reasoning



This correlation supports the idea that multiple timescales enable more
sophisticated cognitive architectures.

Appendix H: Computational Implementation

H.1 Neural Network Simulation

This theory can be implemented as a computational model to generate
quantitative predictions.

Basic Architecture:

class BrainWaveNeuralNetwork:
def __init__(self):
self.neurons = initialize_neurons()
self.oscillators = initialize_oscillators()
self.information_states = initialize_states()

def update(self, time_step):
# Sample oscillator phases
phases = self.oscillators.get_phases(time_step)

# Only update neurons resonant with current phases
for neuron in self.neurons:
if neuron.resonates_with(phases):
neuron.sample_and_update()

# Apply decay to non-updated neurons
for neuron in self.neurons:
if not neuron.was_updated:
neuron.apply_decay()

def run_simulation(self, duration):
for t in range(duration):
self.update(t)
self.record_states(t)

Key Features:

e« Frequency-selective neuronal updating
o« Exponential decay between updates
o Multiple independent oscillators



e Synaptic plasticity mechanisms
H.2 Testable Simulations
Experiment 1: Oscillation Speed vs. Memory Retention

Simulation Parameters:

- Fast oscillator: 20Hz

- Slow oscillator: 5Hz

- ldentical learning protocol

Predicted Result:
- Slow oscillator: 4x longer retention time
- Fast oscillator: 4x faster initial processing

Experiment 2: Multi-Sensory Competition

Simulation Parameters:
- Visual area oscillator amplitude: Variable
- Auditory area oscillator amplitude: Inversely related

Predicted Result:
- |Increased visual oscillation — Decreased auditory information retention

Appendix I: Philosophical Implications

I.1 The Nature of Consciousness
This model raises intriguing questions about consciousness:

Temporal Integration Hypothesis: Consciousness may emerge from the
integration of information across multiple timescales.

Delta waves (0.5-4Hz): Background contextual state
Theta waves (4-8Hz): Episodic memory stream
Alpha waves (8-13Hz): Attentional focus

Beta/Gamma (13-100Hz): Moment—to-moment perception

Consciousness = Hierarchical integration across all timescales

When brain wave synchronization fails (as in certain pathologies),
consciousness may fragment.



|.2 Subjective Time Perception
Why does time feel different in different mental states?

High arousal (fast brain waves):

- More sampling cycles per physical second
- More "moments" experienced

- Time feels stretched

Deep relaxation (slow brain waves):

- Fewer sampling cycles per physical second
- Fewer "moments" exper ienced

- Time feels compressed

This offers a mechanistic explanation for the common experience that "time
flies when you're having fun" and "time drags when you're bored."

|.3 Free Will and Temporal Discretization

If brain waves discretize time, decisions may not occur in continuous time but
at specific phases of oscillatory cycles.

Implications:

o Decision—making may be inherently quantized
"Free will" operates within discrete time windows
« Volitional control may depend on oscillatory phase

This connects to recent research showing that perceptual decisions are made
at specific phases of alpha oscillations["43].

Appendix J: Technological Applications

J.1 Brain—Optimized Learning Environments
Adaptive Classroom Systems:

Components:

- EEG headbands for students

- Real-time brain wave monitoring
- Adaptive content delivery



Algorithm:
|F average_class_alpha > threshold:

— |ncrease information presentation rate
ELSE IF average_class_alpha < threshold:

— Decrease rate, add review content

— |Introduce break/meditation period

Outcome: Synchronized learning pace with collective cognitive state.
J.2 Sleep Enhancement Devices
Closed—Loop Memory Consolidation System:

During Sleep:

1. Detect slow-wave sleep onset (delta dominance)
2. ldentify delta wave phase

3. Deliver precisely timed auditory stimulation
4. Amplify delta wave amplitude by 20-30%

Expected Benefit:
- Enhanced declarative memory consolidation
- Improved next—day recall by 15-25%

This technology is already being developed[”~30] and this model provides
theoretical justification.

J.3 Cognitive State Transition Interfaces
Meditation—Assisted Transition Device:
Use Case: Transitioning from high-stress work to relaxation

Protocol :

Measure current beta wave dominance (stress state)
Gradually introduce 10Hz auditory/visual stimulation
Entrain brain waves toward alpha dominance

Monitor transition progress

Adjust stimulation parameters adaptively

OO~ WD —

Duration: 5-10 minutes for full transition
Advantage: Much faster than unassisted relaxation

J.4 Performance Enhancement for Specific Tasks



Task—Specific Brain Wave Optimization:

Task Type Optimal Frequency Stimulation Method
Creative Problem—Solving Alpha (10Hz) Binaural beats, tACS
Rapid Data Entry Beta (20Hz) Bright light, caffeine + tACS
Memory Consolidation Theta (6Hz) Meditation guidance, tACS
Deep Sleep Delta (2Hz) Closed-loop auditory, darkness

Appendix K: Critical Evaluation

K.1 Potential Objections
Objection 1: "Brain waves are epiphenomenal, not causal."

Response: While this was the traditional view, recent causal manipulation
studies using optogenetics and tACS show that artificially induced oscillations
can affect behavior and cognition[~44]. This supports a causal role.

Objection 2: "The model is too simplistic—real neural dynamics are far more
complex."

Response: Agreed. This is an abstraction—a conceptual framework rather than
a complete mechanistic description. Its value lies in organizing diverse
phenomena and generating testable predictions, not in capturing every
biological detail.

Objection 3: "Individual differences are too large to make general predictions."

Response: True, but this strengthens the model's practical value. Individual
brain wave profiling becomes the basis for personalized cognitive
interventions—precisely what the model predicts is necessary.

Objection 4: "Correlation doesn't prove causation."
Response: Correct, which is why Section 5 emphasizes causal manipulation

experiments. The model's value is in predicting what causal experiments should
show.

K.2 Alternative Frameworks
Communication Through Coherence (CTC) Theory["3]:

« Emphasizes phase synchronization for selective communication



e Compatible with this model's sampling concept
e Our model extends CTC by adding information decay dynamics

Predictive Coding Framework:

« Brain constantly generates predictions about sensory input
e Our model doesn't contradict this but adds temporal structure
« Brain waves may determine prediction update rates

Integration: These frameworks may be complementary rather than competing,
each emphasizing different aspects of brain function.

Appendix L: Research Roadmap

Phase 1: Foundation (Years 1-3)
Objectives:

e Establish correlations between individual brain wave patterns and
cognitive metrics

e Develop reliable brain wave measurement protocols

o Create computational models

Key Studies:

1. Large—scale (N>500) brain wave—cognition correlation study
2. Test-retest reliability of brain wave measurements
3. Development of predictive algorithms

Phase 2: Causal Testing (Years 3-6)
Objectives:

« Demonstrate causal effects through brain wave manipulation
« |dentify optimal stimulation parameters
o Establish safety profiles

Key Studies:

1. tACS parameter optimization trials
2. Closed-loop neurofeedback efficacy studies
3. Long-term safety monitoring



Phase 3: Clinical Translation (Years 6—10)
Objectives:

o Develop clinically viable interventions
« Obtain regulatory approvals
« (Conduct large—scale efficacy trials

Key Studies:

1. ADHD neurofeedback RCTs (N>200)
2. Sleep enhancement device trials
3. Cognitive decline prevention studies

Phase 4: Technology Deployment (Years 10+)
Objectives:

« Consumer—grade devices
e Integration into education systems
o Personalized cognitive optimization

Products:

1. Home sleep optimization systems
2. Educational institution brain wave monitoring
3. Workplace cognitive state management

Appendix M: Ethical Considerations

M.1 Cognitive Enhancement Ethics

Key Questions:
« Should brain wave optimization be available to everyone equally?
o« Could this create cognitive inequality?
« What are the limits of acceptable enhancement?

Proposed Principles:

1. Universal Access: Basic brain wave optimization should be accessible
regardless of economic status



2. Informed Consent: Users must understand mechanisms and limitations
3. Reversibility: Interventions should be non—permanent when possible
4. Natural Variation: Preserve neurodiversity; optimization isn't normalization

M.2 Privacy Concerns
Brain Wave Data Sensitivity: Brain wave patterns may reveal:

« Cognitive states (attention, fatigue, stress)

« Learning difficulties (ADHD, dyslexia markers)

« Neurological conditions (early dementia signs)

e Potentially: preferences, intentions, emotional states

Protection Requirements:

e Encryption of all brain wave data

e User ownership and control

e Strict limits on third—party access

« Prohibition on discriminatory use (employment, insurance)

M.3 Cognitive Liberty

Fundamental Right: Individuals should have sovereignty over their own neural
states.

Implications:

Right to optimize one's own brain waves

Right to refuse brain wave monitoring
Protection from coercive cognitive modification
Freedom from neural surveillance

Appendix N: Integration with Existing Neuroscience

N.1 Relationship to Neural Coding Theories
Rate Coding: Information encoded in firing frequency
« Our model: Brain waves regulate when rate changes are sampled

Temporal Coding: Information in precise spike timing



« Our model: Brain waves provide the temporal reference frame
Population Coding: Information in ensemble activity
e« Our model: Brain waves synchronize ensemble sampling

Synthesis: This model doesn't replace existing coding theories but adds a
temporal coordination layer.

N.2 Synaptic Plasticity Mechanisms
Spike—Timing—Dependent Plasticity (STDP):

e Synaptic strength changes based on relative spike timing
e« Our model: Brain waves modulate STDP windows
e Phase-dependent plasticity: LTP/LTD depends on oscillatory phase["45]

Homeostatic Plasticity:

« Neurons maintain stable activity levels
« Our model: Brain wave sampling rate affects homeostatic set points

N.3 Neurotransmitter Systems
Modulatory Effects:

Acetylcholine: Shifts toward faster oscillations (attention)
GABA: Slows oscillations (inhibition, sleep)

Dopamine: Modulates oscillatory synchronization (motivation)
Serotonin: Affects oscillatory coupling (mood regulation)

Our model integrates naturally: neurotransmitters tune the oscillatory
infrastructure.

Concluding Remarks

This theoretical framework proposes a paradigm shift in understanding brain
waves—from passive reflections of neural activity to active coordinators of
information processing. The model's strength lies not in claiming to fully explain
neural mechanisms, but in providing a productive conceptual lens for:

1. Organizing disparate findings about oscillations and cognition



2. Predicting outcomes of interventions
3. Designing cognitive enhancement technologies
4. Guiding future research directions

The ultimate test will be empirical: Do brain wave manipulations produce the
predicted cognitive effects? Can personalized brain wave optimization improve
real-world outcomes? These questions await systematic investigation.

As our technological capability to measure and modulate brain waves
advances, this framework may prove increasingly valuable—not as a final truth
about brain function, but as a useful tool for harnessing neural oscillations to
enhance human cognition.
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"Brain waves are not merely mirrors reflecting neural activity. They are clocks
that create the time of information.”

Supplementary Materials

Supplementary Table S1: Brain Wave Frequency Bands and Associated
Functions

Band Frequency Primary Associated Functions Clinical
Range Locations Significance

Delta (8)  0.5-4 Hz Widespread, Deep sleep, Increased in T8I,
frontal unconsciousness tumors

Theta 4-8 Hz Hippocampus, Memory encoding, Elevated in ADHD

(8) frontal drowsiness

Alpha 8-13 Hz Occipital, Relaxed wakefulness, | Reduced in

(a) parietal inhibition dementia

Beta (B) 13-30 Hz Frontal, motor Active thinking, Increased with
cortex anxiety stimulants

Gamma | 30-100 Hz Distributed Binding, Abnormal in

(¥) consciousness schizophrenia

Supplementary Table S2: Predicted Effects of Brain Wave Manipulation



Manipulation Region

Increase Widespread
Delta

Increase Hippocampus
Theta

Increase Visual cortex
Alpha

Increase Beta @ Fronta

Increase Local circuits
Gamma

Predicted Cognitive
Effect
Slowed processing,
enhanced
consolidation
Enhanced episodic
encoding

Reduced visual
distraction
Enhanced task
performance
Enhanced feature
binding

Predicted Neural
Effect

Reduced

sampling rate

Extended
integration
window
Inhibitory gating

Accelerated
updating
Rapid integration

Supplementary Figure S1: Conceptual Model Schematic
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