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Predictive Tensor Control Plane (PTCP): Accelerating High-Performance Computing
(HPC) Workloads

Executive Summary

High-performance engineering workloads, including Electronic Design Automation (EDA),
Computational Fluid Dynamics (CFD), and Finite Element Analysis (FEA), currently face a
critical architectural bottleneck. While compute accelerators and network fabrics have
advanced, standard commercial off-the-shelf (COTS) hardware continues to handle large-
scale workloads through reactive data movement. This shifts the system bottleneck to
host-side data preparation, CPU memory bandwidth, and I/O resources.

The Predictive Tensor Control Plane (PTCP), powered by the Pattern-of-Life Tensor Train
(PoL-TT) architecture, addresses these inefficiencies by transforming observability into a
sequence of bounded matrix operations. By employing Tensor Train (TT) compression, PTCP
allows engineering organizations to forecast data demand rather than reacting to it. This
ensures that expensive compute cycles are dedicated to solvers and simulations rather
than idling during data traversal or storage loads.

1. Technological Foundation: PoL-TT Architecture

The PTCP utilizes a mathematical framework known as Pattern-of-Life Tensor Train (PoL-TT)
to manage the dense discretized joint state of modern data centers. Tracking all variables
simultaneously is mathematically prohibitive; however, PTCP approximates this through
Tensor Train compression:

P[i_1, ..., i_d] \approx\Sigma \ G*{\wedge}(1)[1, 1, a_1]G*{\wedge}(2)[a_1,i_2,
a_2]...G™\wedge}(d)[a_{d-1},i_d, 1]
By turning system observability into a sequence of bounded matrix operations, the

framework creates a behavioral model that can be queried by storage agents, network
appliances, and rack agents to predict demand and orchestrate resources.

2. Sector-Specific Applications and Solutions
Electronic Design Automation (EDA)

The Bottleneck: Modern EDA workloads, such as physical design and timing analysis, are
massively stateful and memory-bound. They require the traversal of multi-terabyte graph
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databases. When the working set exceeds host memory, cache spills force heavy I/0
burdens onto standard storage paths, degrading time-to-solution.

PTCP Solutions:

¢ Predictive Memory Tiering: PTCP executes a probabilistic tiering policy using the
TT-compressed behavioral model. By forecasting data reuse before a request
occurs, it pre-positions "hot" data in appropriate tiers, such as CXL shared memory,
preventing CPU/GPU starvation.

« Bounded Cache Retention: For bursty state access, the PTCP controller evaluates
queries to determine whether to keep or evict data segments. It uses strict cache
retention envelopes and prefetch caps to ensure mispredictions do not overwrite
active data.

Computational Fluid Dynamics (CFD)

The Bottleneck: CFD simulations (e.g., Navier-Stokes equations) rely on distributed
parallel processing. This leads to massive "all-reduce" communication events where nodes
must share boundary conditions. Additionally, transient CFD analysis requires frequent,
resource-intensive state checkpointing to disk.

PTCP Solutions:

e All-Reduce Storm Mitigation: PTCP deploys Rack Agents on network appliances to
monitor scale-up communication. DPUs evaluate the PoL model to forecast
approaching "all-reduce storms" and route pressure accordingly.

¢ Pre-emptive Pacing: Rather than relying on reactive explicit congestion notification
(ECN), the DPU agent issues bounded hints to the Fabric Manager to pre-emptively
shift paths or pace traffic before congestion forms.

¢ Cross-Layer Checkpoint Coordination: When a simulation dumps its state, local
NVMe storage agents query the model. If the network is congested, the system
buffers the checkpointin a local CXL pool or host DRAM until a collective
communication window opens.

Finite Element Analysis (FEA)

The Bottleneck: FEA involves solving massive, sparse linear equations for simulations
such as structural integrity or crash tests. It is highly sensitive to memory bandwidth and
relies on multi-day checkpointing for non-linear transient runs.

PTCP Solutions:
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« Eliminating PCle Stalls: By querying a consistent state vector, PTCP ensures
network packets are not dropped, compute units do not stall on I/0 waits, and
storage drives do not bottleneck the PCle bus.

e Compute-Near-Data Execution: Storage agents can trigger local preprocessing or
compression of FEA output data before it is written to flash media, optimizing the
data path.

3. Financial Impact: CapEx and OpEx Optimization

Integrating PTCP shifts the data center strategy from over-provisioning hardware to
intelligent orchestration.

Capital Expenditure (CapEx) Reductions

Strategy Implementation Benefit

Prolonging Validates existing silicon power by adding a smarter semantic layer
Hardware for orchestration, reducing the need for immediate hardware
Lifecycles replacement.

Optimized Storage |Organizations can rely on dynamic CXL pools rather than over-
Purchasing purchasing hyper-expensive HBM or specialized localized storage.

Operational Expenditure (OpEx) Reductions

e Maximizing Compute Yield: By preventing compute cycles from stalling during data
traversal, organizations reduce the idle-time power consumption of clusters and
increase sustained throughput.

¢ Preventing Simulation Restarts: PTCP enforces "durable flush mandates" through
policy envelopes, guaranteeing that at least one copy of a checkpoint reaches
remote storage within a strict time limit. This prevents the loss of multi-day
engineering simulations due to network or storage collisions.

4. Conclusion

The Predictive Tensor Control Plane represents a shift from reactive to proactive HPC
management. By leveraging Tensor Train compression to model system behavior, PTCP
mitigates the fragmentation and I/0 bottlenecks inherent in COTS-based HPC
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environments. The result is a more efficient use of existing silicon, reduced operational
waste, and accelerated time-to-solution for critical engineering disciplines.
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