The Geometry of Thought:
Solving EEG Cross-Population Transfer
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Moving from linear transmission to resonant
overlapping fields in neural decoding.
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The Transfer Bottleneck:
Why Models Fail to Generalize

Data Distribution Shift

Statistical divergence
caused by age, clinical
status, or hardware
variations across datasets.
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The lllusion of Accuracy:
Digging in the Wrong Place

Overfitting to Artifacts

High training accuracy often
merely reflects the model's ability
to memorize site-specific
interference, eye blinks, and
hardware noise.

| When applied to a new population,
this artifact-driven map
fundamentally misaligns with the
l target distribution.
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| We are successfully decoding the noise of
¥ the environment, not the intent of the brain.
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The Flawed Foundation:
The Transmission Model

The Observer Problem

The Linearity Myth The Stationarity Myth

Assumes the brain encodes a Assumes a stable, fixed channel,
discrete, static message that entirely ignoring the fluid,

travels from Point A to Point B to non-stationary reality of

be decoded. neuroplasticity and metabolic shifts.

Treats physical hardware and
head shape as filters to bypass,
separating the signal from the
spatial realities of volume

conduction.
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The Paradigm Pivot

Transmission

Point-A to Point-B discrete signal.

Noise is a nuisance to be filtered.

System state is stationary and fixed.

Observers extracting signal from
interference.

Resonance

Overlapping spatial and temporal
geometry.

Noise is an intrinsic background state
(1/f) defining context.

System state is fluid and non-stationary.

Volume conduction: electrodes and
head shape are intrinsic to the field.
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The Architecture
of Resonance

Geometric Fields

Information is not a discrete packet;
it is a continuously shifting spatial
and temporal geometry.

Shared Dynamics

Meaning is structurally defined by
how different frequency bands (e.g.,
alpha, beta, theta) nest and interact.

Volume Conduction

The physical shape of the skull and
sensor placement act as the resonant
architecture, not mere filters.
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Math Strategy 1: Riemannian Manifolds

Transferring the shape of the field, not the raw data.
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SPD Matrices Procrustes Alignment Tangent Space Mapping
Multi-channel EEG signals Calculating the geometric Projecting the curved manifold
are converted into covariance ~ mean to rotate and scale onto a flat tangent surface,
matrices capturing full- different subjects’ manifold  allowing linear ML models to
electrode relationships on a data so they overlap read resonance without
smooth manifold. perfectly. distortion.
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Math Strategy 2: Tensor Decomposition

Preserving the natural multi-dimensional
structure of neural fields.

Latent Factors Tucker Decomposition Cross-Domain Transfer

Breaking massive population tensors into Factoring out common population traits Utilizing Tensor Subspace Learning to ensure
fundamental components that represent from unique individual variance without features exist in the exact same mathematical
physiologically meaningful, universal patterns. collapsing spatial dimensions. domain across subjects.
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Math Strategy 3: Vector Symbolic Architectures

Computing in high-dimensional holographic space.

Concept A

Concept B
Holographic Representation Binding and Unbinding The Binding Problem
Hypervectors distribute information Algebraic operations bind distinct Solves the core decoding challenge far
globally; brain states physically overlap concepts (e.g., Motor Intent + Right more efficiently than standard linear
and interfere like acoustic resonance. Hand) into a single cohesive field. neural networks.
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Math Strategy 4: Phase-Amplitude Coupling

Decoding the synchronization between interacting frequencies.

Functional Connectivity

Establishing neural pathways based on
synchronization (Phase Locking Value)
rather than anatomical proximity.

Theta Band

Gamma Band

The Rules of Resonance

Meaning emerges from how specific
frequencies nest within each other,
which remains highly consistent across
distinct populations.

Cross-Modal Synergy

Leveraging these field priors to reconstruct
higher-resolution outputs, such as {MRI
data from EEG geometries.
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Synthesis: The Unified Mathematics of Resonance

Riemannian
Tensors | Geometry
Extracts the field's M ,
e aps the field’s
underlying Vibration structural Shape
(Time x Space x Freq). (Covariance
Manifolds).

Theta Band

Concept A Concept B ' Gamma Band
Vector Symbolic Architectures Phase-Amplitude Coupling
Computes the field’s Superposition Defines the field’s Rules

(Binding Concepts). (Frequency Synchronization).
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Translating Theory to Code: Foundational Libraries

pyRiemann

The industry standard for estimating covariance
matrices and classifying them on Symmetric

Positive Definite (SPD) manifolds.
Features built-in Transfer Learning modules for
subject-to-subject alignment.

Braindecode

Deep learning comparison suite featuring modern ShallowNet and
EEGNet implementations to benchmark field-based models
against convolutional approaches.

MOABB

Mother of all BCI Benchmarks. The gold
standard framework for pipeline testing.
Essential for executing standardized
cross-subject and cross-dataset evaluation
protocols.
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Specialized Implementation: Key GitHub Repositories

.

Repository: —
guangyizhangbci/EEG_Riemannian

Focus: Implements Riemannian

geometry-informed cognitive state .

decoding, specifically optimized Repository: (

for channel clustering and snapfinger/SRSCPD_Python |
manifold alignment. -

Focus: Python implementation of
Scalable and Robust Sequential
Canonical Polyadic Decomposition
(SRSCPD) for multi-dimensional
stereotactic EEG data.

Repository:
merlresearch/eeg-subject-
transfer

Focus: Advanced preprocessing and signal
filtering designed explicitly to stabilize and
minimize cross-domain variability.
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The Foundational Literature

Early 2024

Zhuo et al. (2024). Log-Euclidean
Metrics.

Demonstrates highly efficient decoder
training leveraging historical subject
data via log-Euclidean
transformations.

Late 2024

Tensor Decomposition Networks.
Network Compression.

Utilizes tensor ring and train
decompositions to radically compress
neural networks while perfectly
preserving 3D data structures.

2025

NeurlPS 2025. Cross-Subject &
Cross-Montage Transfer.

Introduces the ITSA-RCSP-Riemannian
framework. Enables seamless domain
transfer from high-density 108-
electrode setups directly to sparse 19-
electrode (10-20 montage) setups.
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Beyond the Signal

Successtul cross-population EEG
transfer requires moving beyond the

extraction of a discrete signal. To
generalize intent, we must align the
the mathematics of resonance.
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