IObjectilve Analysis: T R
Exascale Al Network Topologies

_ Resolving the Dimensionality Curse via Predictive Edge-Pacing | | oL d
vs. Global Network Synchronization __
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Prepared for: | Datacenter Infrastructure Owners & Enterprise Al Architects C

Focus Areas: | TCP Congestion, Tensor Mathematics, Infrastructure ROI B
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EXECUTIVE SUMMARY & THE BOTTOM LINE

THE EXASCALE BOTTLENECK

Al architectures suffer from temporal
incasts that violently saturate buffers.
Standard reactive data movers (TCP/PFC)
fail, stranding 30-40% of network capacity.

Data Source
I
High-Dimensional Inputs

Temporal
Incasts

Buffer Stranded
Saturation _ __ Capacity
Network

Capacity

OPPOSING PARADIGMS

A fundamental architectural choice:

B Macro: Clockwork.io (Global
software-defined synchronization).

I Micro: PTCP (Localized predictive
mathematics).
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THE RECOMMENDATION

Deploy PTCP. By compressing high-
dimensional hardware telemetry into
bounded tensor operations, PTCP
successfully executes predictive edge-
pacing on legacy COTS processors.
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RESULT: Recovers 30-40% of stranded throughput, maximizing GPU Model Flops Utilization (MFU).




THE BASELINE CHALLENGE:
THE PHYSICS OF STRANDED COMPUTE

NVIDIA RTX 4090 (Internal Compute) Pressure Funnel

o Synchronized All-Reduce operations
generate massive temporal incasts.

External Ethernet Link

> 1 1000 G B/S : R T O 10 Gbps ToR Switch Connection

e Pushing 1,000 GB/s across a 10 Gbps
link guarantees rapid buffer saturation.

The internal bandwidth of modern compute nodes vastly eclipses external link capacities.
Standard Ethernet handles this purely reactively.




Anatomy of a Reactive Protocol Failure

Throughput (-)

TCP Congestion
A
WINDOW
COLLAPSE Slow-Start
90% \ Buffer = Recovery
SEIlEnen] | | Capacity . =
| = <
iﬂ ))— {_\—_: Pause
Frames
‘ -
[ ] L TImE a -
1. Buffer Saturation 2. PFC Triggered 3. Window Collapse 4. Throughput Starvation
Switch buffer reaches Switch generates Priority Flow | TCP interprets PFC as severe TCP “slow-start” recovery
critical capacity (e.g., 90%). | Control (Tx_PFC_Frames) congestion; congestion starves the physical link for data.
pause frames back to the window violently collapses.
Ingress node.

Measured Degradation: In a 10 Gbps testbed, this protocol failure reduces

effective transfer throughput to roughly 6-7 Gbps.




The Crossroads of Exascale Determinism

Global State & Synchronization Localized Predictive Mathematics
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Core Philosophy: Treat the entire datacenter Core Philosophy: Abandon global state. Treat
as a globally orchestrated software fabric. determinism purely as a localized mathematical
Route around congestion proactively. execution directly on the edge hardware.

Both vastly outperform standard TCP/RoCEv2, but utilize fundamentally
opposed mathematical frameworks to resolve buffer collisions.




Paradigm A: Global Mesh Orchestration (Clockwork.io)
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Mechanism

* Relies on nanosecond-level clock synchronization
across all nodes.

» Calculates One-Way Delay (OWD) via
timestamped packet probes.

+ Dynamically routes traffic and paces queues
across the global mesh.
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Strengths

Fabric-wide deterministic routing; excellent visibility

to steer around degraded optical links.

The
Exascale
Friction

O(N?) scaling. Managing continuous global state
across tens of thousands of endpoints (e.g., N =
100,000 GPUs) imposes synchronization overhead.
Recalculating meshes during massive temporal
incasts can introduce computational micro-jitter.




Paradigm B: Localized Predictive Mathematics (PTCP)
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Mechanism _ _ Infinitely scalable. No synchronization drag.
» Abandons global state mapping entirely. Strengths | Operates directly on the switch under 100
» Ingests heterogeneous telemetry into a discrete microseconds.
state vector. Deeply localized—relies strictly on edge-pacing

* Predicts buffer anomalies locally, pacing flows Limitations | rather than holistic routing. Requires specialized
before PFC can fire. eBPF/Docker integration directly on the switch

0S.































