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Why More Hardware Leads to Worse

The Scaling Paradox

Al Infrastructure

N

Economics

A Structural Analysis of Runtime Instability and Cost-per-Performance Collapse



The Future of Al is Built
on Unprecedented
Investment in Scale

Over the past decade, scaling Al and HPC
infrastructure has been driven primarily by
increasing raw compute capacity, accelerator
density, and parallelism. This strategy has
delivered substantial gains in peak throughput
and is the accepted foundation for building
next-generation Al

However, this relentless scaling reveals a growing,
costly discrepancy between the nominal
performance we provision and the effective
performance we achieve.




At Scale, the Dominant Limitation Shifts, and Economics Invert.
and Economics Invert.

In smaller systems, performance is
limited by compute. Adding hardware Cost per Performance
delivers near-linear returns.

Beyond a threshold, interconnect dynamics
become the primary constraint. Costs grow
faster than usable performance.

Compute Limitation

Interconnect Limitation

System Scale / Time

We are moving from a compute-bound to an interconnect-bound reality.
Our economic models and optimization strategies must adapt.



Our Mental Model of Infrastructure is Dangerously Obsolete.

The Old Model: The Component-Based View

‘ % Compute Node

= Network Link

Monitoring Layer

== A"

Local Metrics

We see our systems as a simple stack of isolated layers
(compute, network, storage). We monitor and optimize
each component independently.

The New Reality: The Structural Coupling View

Our systems are complex graphs of tightly coupled components.
Performance is governed by the interactions, synchronization
points, and non-local dependencies between the components.

We are managing complex, coupled graphs with tools and metrics
designed for simple stacks. This is the root of our blindness.



Our Metrics are Locally Correct but Structurally Blind

Metrics like latency, bandwidth,
and utilization are essential for
measuring the health of
individual components. They
see the trees.

However, they are evaluated in
isolation, without reference to
the structural context of the
whole system. They miss the
sickness of the forest.

They describe observable
symptoms (e.g., elevated
latency) but cannot explain the
structural mechanisms that
generate them.
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Local health does not imply global efficiency. A system can appear nominally
healthy at the component level even as its economic performance deteriorates.



Failure is No Longer a Crash. It is a Slow, Silent Degradation.

In tightly coupled systems, failures are rarely abrupt faults. They occupy a characteristic
failure envelope dominated by gradual, opaque effects.

Synchronization 4

Intensity

Silent
Degradation

Energy
Feedback
Loops

System Scale

Straggler
Cascades
L Partial
ynchronization
Loss

T
Hardware
Heterogeneity

Silent Degradation

Source Serif Pro: Efficiency declines without
triggering explicit errors.

Straggler Cascades

Source Serif Pro: A few slow nodes delay global
synchronization, forcing faster nodes to idle.

Partial Synchronization Loss

Partial Synchronization Loss: Subsets of nodes
drift out of coordination, reducing overall efficiency.

Energy Feedback Loops
Energy Feedback Loops: Load oscillations interact
with power management, amplifying instability.

We are fighting invisible enemies that our traditional fault-detection systems were never designed to see.



Instability is an Emergent Property
of the System Itself.

Instability is not a bug to be fixed or a fault to
be isolated.<br/><br/>It is an inherent,
structural property that emerges from the
interaction of tightly coupled components
at scale.

System-level outcomes cannot be inferred from the properties of individual
components alone. They arise from the structure of interactions between them.

This is not an exceptional event but the default behavior of these systems.
Non-deterministic runtimes are the norm, not the exception.



The Engine of Instability: Non-Local Coupling
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3. System-Wide
Impact
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Interconnect Fabric

In a tightly coupled system, the ‘cause’ and ‘effect’ of a performance
problem can be separated by great distances in the execution graph.
Local analysis will never find the root cause.



The True Economic Impact of Structural Instability.

Instability creates direct and hidden costs that are often misattributed or
absorbed into baseline operational overhead.

Direct Costs Hidden & Systemic Costs

Ineffective Utilization

A growing gap between allocated resources and
effective throughput erodes ROL.

Re-runs
Jobs are repeated due to non-deterministic drift,
@ multiplying compute and energy costs.

SLA Violations

Tail latency inflation leads to missed deadlines
and contractual penalties.

Operational Complexity

Engineering time is consumed by triage and
workarounds for symptoms, not root causes.

Over-Provisioning

e Power is consumed by stalled accelerators and Capital is spent on excess capacity to mask
@ extended runtimes without delivering productive instability, not to drive proportional performance
work. gains.

Energy Waste




Cost Accumulates in the Gaps Between Computation

Rising Costs
Without
Computation

Rising Costs

Without
Computation
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Time
During Compute Phases, During Communication and Structural instability elongates
resources are productively Synchronization Phases, costs these non-productive phases,
used, and value (FLOPS) is (time, energy, capital) continue causing them to dominate the
generated. to accumulate, but no new total cost of a workload.

computational work is delivered.

Your largest financial drains are not in the compute kernels; they are in the
coordination overhead dictated by the interconnect structure.



Why Over-Provisioning is a Structural Dead End
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Near-Linear Scaling : Coupling & Bottlenecks
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Effective Throughput / Delivered Performance

>

System Scale (Number of Nodes/Accelerators/Cluster Size)

1.

More Hardware = More Coupling

Each new node expands the surface on which
timing variations and congestion can interact,
increasing sensitivity to perturbations.

. Synchronization Overhead is Non-Linear

The cost of collective operations (e.g., all-reduce)
grows faster than compute capacity, leading to
diminishing or negative returns.

. It Masks the Symptom, Not the Cause

Over-provisioning uses expensive, underutilized
resources to absorb instability rather than
addressing the structural issues that create it. It
purchases apparent stability with persistent
inefficiency.



Stability is not a secondary technical metric.

It Is a first-order economic variable that
governs the viability of your entire system.

Stability determines whether provisioned compute, network, and energy resources
translate into delivered results within predictable time and cost bounds. Itisa
control-plane concern that governs the reliability of value creation itself.



A New Perspective Requires a New Set of Questions.

Instead of focusing exclusively on component specifications, architectural and
procurement decisions must now account for structural dynamics.

THE OLD QUESTION THE NEW QUESTION

“How fast are the individual “How stable is the system’s structure
components (links, accelerators)?” under load?”

“How can we maximize peak “Under what structural conditions does the
throughput?” system remain economically viable?”

“Is the network saturated?” “How is non-determinism handled when it

becomes systemic rather than exceptional?”

“Do we need more hardware?” “How can stability be assessed before
significant capital is committed?”




The Path Forward: The Principle of Structural Auditability

Start with an explicit model of the

Q system’s coupling patterns and operator
dependencies (the Operator Graph).

Structural
Representation

Use the complete audit trail to l A~
understand how structural Collect data that measures the

conditions led to specific outcomes Audit & Runtime stability of the structure, not just

and learn from past decisions. HEEGEFE‘?H"E Observations the health of components.
nalysis

Log decisions made to mitigate instability Deaclsion &
(e.g., scaling, scheduling) and link them Response
to observed structural conditions. Logging

This loop establishes the foundation for control, accountability, and long-term economic optimization.



From Structural Analysis to Decision Clarity

e Structural instability in interconnect-dependent runtimes is a first-order economic

phenomenon.
e Classical metrics and over-provisioning do not resolve this instability and often

obscure its true cost drivers.
e A structural perspective makes these effects visible in a decision-relevant manner.

Next Steps

For organizations seeking to apply this perspective to their specific
environment, Architecture Risk Briefings provide a targeted, implementation-
agnostic analysis to identify structural risk and inform strategic decisions.

Gregor Herbert Wegener

Independent Researcher, SORT Framework

LinkedIn: linkedin.com/in/gregorwegener

Email: gregor.wegener@gmail.com

Reference: ‘SORT-AIL: Interconnect Stability and Cost per Performance...
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