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Isolating a target signal in stochastic conditions remains our most persistent sensory hurdle

STRUCTURAL CONTAINER

Stochastic Degradation
Real-worldenvironments are 
unpredictable, plagued by latency 
variation, packet loss, and 
asynchronous sampling.

The Cocktail Party Problem
The selective isolation of a target 

signal within a highly cluttered, 
noisy multimodal environment.

STRUCTURAL CONTAINER

Multimodal Complexity
Human-machine interaction involves 
overlapping voices, asynchronous 
acoustic reflections, partial occlusions, 
andshifting spatial relationships.
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Stochastic Degradation 
Real-worldenvironments are 
unpredictable, plagued by 
latency variation, packet loss, 
and asynchronoussampling.
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Rigid centralized timing hierarchies shatter at the distributed edge.
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The Flawed Assumption
Legacy pipelines assume stable 
global timing references capable 
of deterministic timestamp 
correction.
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The Edge Reality
At the computational edge, 
systems face temporal instability, 
fluctuating propagation delays, 
and partial information loss. I
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The Breaking Point
Strict timestamp enforcement 
breaks under these conditions. 
Synchronization is not just 
signal alignment- it is a systems-
level coherence problem.
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STRUCTURAL  
CONTAINER

Coupled Oscillators
Multimodal sensory 
elements are modeled as 
adaptive agents with 
evolvingphase 
relationships

Spatially Yoked Network Coherence (SYNC) treats perception as an emergent collective property

Spatially Yoked Network Coherence (SYNC) treats perception as an emergent collective property

= " 1 -
y

I
I

Decentralized Dynamics
Coherence emerges through 
local interaction rules rather 
than top-down timing 
hierarchies.
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Redefining the Problem
Not simply filtering audio; 
facilitating adaptive sync 
around relevant sensory 
targets.



Fireflies achieve temporal coherence without a global master clock
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IJ Resilience Advantage
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� Biological Phenomenon
Large populations converge toward coherent flashing 
patterns spontaneously through local, neighbor-to-
neighbor phase interactions.

* System Abstraction
Temporal coherence emerges dynamically.Sensory 
features act as distributed oscillatory agents 
adjusting their timing based on their immediate
environment.

This phase adaptation maintains collective stability 
despite local variability, asynchronoussampling, 
and environmental noise.
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Spatial Awareness
Rapid interpretation of spatial delay, 
echo structure, and directional 
acoustic variation in acoustically 
dense environments.

Active Constraint
Spatial information acts as an active 
constraint on synchronization 
dynamics, forcing stronger 
coupling on relevant targets.

Integration
Depth-aware propagation  and 
source-dependent phase weighting 
bias the system toward stable 
spatial-temporal coherence.

Echolocating bats dynamically stabilize attention using active spatial priors

Echolocating bats dynamically stabilize attention 
using active spatial priors
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The Kuramoto model provides a nonlinear dynamical substrate for adaptive phase locking

The Kuramoto model provides a nonlinear dynamical 
substrate for adaptive phase locking
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Phase Evolution
Multimodal sensory inputs 
(audio, visual motion, 
directional cues) act as 
evolving oscillatory agents.

(f) Coupling Strength
Not static. Adapts continuously based 
on perceptual relevance, spatial 
priors, and multimodal consistency. /I
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00 Local Interactions
Agents dynamically evolve their 
phase relationships according to local 
coupling without centralized control.



Selective attention emerges progressively as relevant 
streams phase-lock into coherence

Spatial 
Consistency

Temporal 
Continuity
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Dynamic Salience
Perceptual relevance emerges 
dynamically. Signals with 
directional stability gain 
synchronization coupling.

Decoupling Noise
Incoherent or behaviorally 
irrelevant streams gradually 
decouple from the dominant 
synchronization structure.

Emergent Focus
Selective attention is not rigid 
static filtering, but the
spontaneous emergence of coherent 
synchronization clusters.
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Timing AuthorityI
Relies on brittle global 
master clocks

Local phase adaptation;
no global clock
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Handling of Spatial Data l/Separates spatial and 

temporal processing
Spatial priors directly 
constrain temporal sync

� Robust, resilient, and adaptiieResponse to Edge Noise Shatters under latency 
and packet loss under stochastic degradation

� �
Attention Mechanism Rigid extraction and 

static filtering
Emergent phase-locked 
target isolation
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r ➔ O

Coherence is quantifiable through the emergent Order Parameter (r)

Coherence is quantifiable through the 
emergent Order Parameter (r)

r ➔ l
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Phase-Locking Stability Coherence Separation Recovery Time
Measuring the persistence of 

coherence across target-associated 
oscillators.

The mathematical distance between 
the stable target cluster and 

decoupled distractor clusters.

How rapidly the system reconverges 
on r ➔ 1 after temporary signal 
degradation or sensory dropout.



Decentralized phase adaptation survives stochastic degradation and sensory dropout

Decentralized phase adaptation survives 
stochastic degradation and sensory dropout --
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Biological coordination systems routinely 
maintain behavior despite incomplete 

information and local instability.

Distributed local phase adaptation stabilizes 
coherence even when experiencing asynchronous 
interactions, partial occlusion, and reverberation.
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Wearable XR Systems
Must operate with severe 

computational constraints and 
fluctuating environmental latency.

Asynchronous Sampling
SYNC dynamically resolves timing 

mismatches between visual rendering 
and spatial audio pipelines.

lmmersive Focus
Allows users to maintain natural, 

human-like selective attention without 
lag or rigid directional snapping.

Spatial computing demands edge-coherent 
sensory processing in visually noisy worlds
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Cognitive Assistance
Reduces the cognitive load of auditory 
processing in acoustically dense urban 
environments.

Advanced hearables dynamically monitor urban environments for behaviorally relevant cues

Advanced hearables dynamically monitor urban 
environments for behaviorally relevant cues
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Distributed Monitoring
The system maintains low-level 
background monitoring across 
multiple competing streams without 
draining processing power.

Dynamic Salience
Capable of rapid synchronization 
reallocation-instantly phase-locking 
onto sudden anomalies, distress cues, 
or the user's own name in a crowded 
room.



Autonomous stream coordination requires
continuous spatial-temporal routing

Autonomous stream coordination requires
continuous spatial-temporal routing
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STREAMSYNC API
A proposed integration layer for 

adaptive stream coordination across 
distributed sensors.

Robotic Perception
Enables autonomous vehicles and 

robots to navigate and isolate targets 
in noisy environments without relying 

on cloud-based master clocks.

Resilient Routing
Synchronization-aware  data 
management ensures that 

spatial-temporal targets remain 
coherent across asynchronous 

network transmission.
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Perception is an adaptive organization among 
competing sources, not just signal extraction
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Beyond Signal Separation

Selective attention is the 
dynamic process through 
which distributed systems 
determine what becomes 

behaviorally relevant.

Emergent Intelligence

As multimodal environments 
grow exponentially more 

complex, relevance must emerge 
through local coordination,
not top-down extraction.

The New Paradigm

Synchronization-oriented 
distributed coordination is the 

future of resilient, human-
centered intelligent

interfaces.
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