AVA-STABILIS
Operational Synchronization Modeling Report

MULTI-TENANT RESEARCH WORKLOAD ENVIRONMENT

4l
‘ﬂ‘(!
—_
—
—
-

~ AVA-STABILIS
“~- VALIDATION REPORT

OPERATIONAL SYNCHRONIZATION & WORKLOAD COORDINATION VALIDATION

QUEUES

This document is a partially modeled operational-analysis sample report. It is designed to demonstrate
the AVA-Stabilis methodology and does not represent an audited customer deployment or a peer-
reviewed scientific validation.

e Pilot Type: Operational Synchronization Validation

e Environment: Multi-tenant Academic / Research HPC

e Version: v1.0

e Date: [Insert Date]

e Confidentiality Level: Confidential / Internal Use Only

e Operational Model: Observer-Only / Read-Only Analysis

e Partner Organization: Anonymized

0. EXECUTIVE SUMMARY



Pilot Objective

The objective of the pilot was to investigate how operational instability emerges within a shared multi-
tenant research computing environment characterized by:

e heterogeneous computational workloads,

¢ multiple concurrent research users,

e policy-driven scheduling mechanisms,

e and dynamically competing workload priorities.
The pilot specifically focused on identifying:

e operational instability patterns,

e scheduling-induced distortions,

e queue propagation dynamics,

e and cross-workload interference effects
inside a live academic HPC environment.

The investigation was not intended to redesign the infrastructure itself,
but rather to analyze how operational synchronization dynamics influenced overall system behavior.

Observation Period
The validation was conducted during a structured 6-week observer-only analysis period:
e within a live production environment,
e under normal operational conditions,
e and without external runtime intervention or infrastructure modification.
The pilot followed a strictly:
e read-only,
e non-invasive,

e aggregated telemetry-based
operational analysis methodology.

Key Operational Challenge

The investigated environment demonstrated formally fair resource allocation behavior from a
scheduling-policy perspective.



However, operational analysis revealed:
o significant low-level operational noise,
e queue instability patterns,
e cross-workload interference propagation,
e fragmented scheduling behavior,

e and hidden capacity losses
despite apparently acceptable infrastructure utilization metrics.

The pilot identified a recurring structural paradox:

e idle compute capacity
coexisting simultaneously with

e persistent queue congestion
and delayed workload execution.

Key Findings
The investigation identified several recurring operational patterns:

e fairness # operational efficiency

heterogeneous workloads generated cross-interference effects
e scheduler policy logic amplified instability propagation

e idle capacity and queue congestion appeared simultaneously

¢ workload fragmentation reduced global coordination efficiency

e system behavior was constrained primarily by policy synchronization dynamics rather than by
raw infrastructure limitations

The pilot demonstrated that many observed inefficiencies originated from:
e scheduling conflicts,
e delayed balancing reactions,

e and workload synchronization mismatches
rather than from insufficient compute resources.

Key Validated Results

The validation phase demonstrated measurable operational improvements through limited policy-level
synchronization adjustments:



e reduced average queue wait times

e improved node utilization

e reduced workload interference propagation

e improved turnaround consistency

e reduced operational fragmentation

e improved SLA adherence

e |ower hidden idle-capacity ratios
Importantly, these improvements were achieved:

e without infrastructure expansion,

e without additional compute resources,

e and without modifying the underlying HPC architecture.

Strategic Conclusion

“In multi-tenant research environments, operational performance is determined less by available
compute capacity and more by synchronization quality between workloads, policies, and scheduling
dynamics.”

1. SYSTEM UNDER INVESTIGATION
Environment Type

The investigated environment was a large-scale academic and research-oriented HPC infrastructure
operating as a shared multi-tenant compute environment.

The system supported:
e concurrent research workloads,
e heterogeneous computational demands,

e and dynamically changing execution priorities
across multiple scientific and engineering domains.

The infrastructure operated as a centrally coordinated shared compute platform designed to serve:
e research institutions,
e university departments,
e Al-related experimentation,

e simulation workloads,



e and data-intensive computational activities.

User Environment
The environment supported:

e more than 500 active researchers,

e multiple institutional departments,

e and parallel research projects with significantly different computational behavior profiles.
The investigated user population included:

e Al researchers,

e scientific computing teams,

e data analytics users,

e simulation-heavy research groups,

e and mixed interactive / batch-oriented workloads.
As a consequence, the system continuously experienced:

e heterogeneous demand waves,

e competing execution priorities,

e and highly variable runtime characteristics.

Workload Types

The analyzed environment contained multiple workload categories operating simultaneously within the
same shared scheduling ecosystem.

Observed workload classes included:
e Al /ML training workloads,
e scientific simulations,
e large-scale data analytics,
e long-running compute-intensive jobs,
e interactive research workloads,
e and batch-processing operations.

These workload types demonstrated significantly different:



e runtime durations,

e memory consumption patterns,

e  GPU utilization characteristics,

e queue sensitivity,

e and scheduling responsiveness requirements.

The coexistence of these heterogeneous workload categories generated persistent operational
synchronization challenges throughout the environment.

Scheduler Environment
The investigated cluster utilized a:
e multi-queue,

e policy-driven scheduling architecture
based on:

e fair-share allocation principles,

e quota-controlled execution,

e and segmented priority management.
The scheduler continuously attempted to:

e balance fairness,

e maintain utilization,

e distribute compute access,

e and enforce institutional policy constraints
across competing workloads and user groups.

Operational analysis revealed that:
while fairness objectives were largely maintained from a policy perspective,
the resulting runtime behavior frequently produced:

e fragmented execution patterns,
e unstable queue topology,

e and synchronization conflicts between workload classes.

Operational Characteristics



The environment demonstrated several recurring operational characteristics typical of large-scale multi-
tenant research systems:

e highly heterogeneous workload dynamics,

burst-like resource demand patterns,

nonlinear queue propagation behavior,

competing scheduling objectives,

e and continuously shifting execution pressure across compute pools.
The system exhibited:

e |ocalized overload states,

e delayed balancing reactions,

e transient idle-capacity regions,

e and recurring queue-wave propagation effects
that collectively contributed to operational instability.

The observed behavior suggested that the environment functioned not merely as a static compute
infrastructure,

but rather as a dynamically interacting operational field with continuously evolving synchronization
conditions.

Access Model
The pilot followed a strictly observer-only operational model.
The investigation was conducted using:

e read-only telemetry,

e aggregated operational metrics,

e anonymized scheduling information,

e and non-invasive operational analysis techniques.
The pilot explicitly excluded:

e runtime intervention,

e infrastructure-level modification,

e workload manipulation,

e direct scheduler control,



e and access to model contents or research data.
No:

e training data,

e model weights,

e user-level research content,

e or confidential computational payloads
were accessed during the investigation.

The analysis focused exclusively on:
e operational dynamics,
e scheduling behavior,
e synchronization patterns,

e and infrastructure-level execution topology.

2. BASELINE OPERATING STATE

Baseline Metrics

Metric Baseline
Average queue wait ~7.8h
Node utilization ~69%
Idle node ratio ~20-25%
Turnaround variability High

SLA adherence ~76%

Cross-workload interference Frequent

Priority inversion events Frequent

Baseline Interpretation

From a policy perspective, the investigated environment demonstrated formally fair operational
behavior through:

e fair-share allocation,



e quota balancing,
e and policy-driven scheduling logic.

However, operational analysis revealed that the system functioned in a partially fragmented and
internally conflicting state.

The environment exhibited:
e oscillatory scheduling behavior,
e unstable queue propagation dynamics,
e and recurring synchronization mismatches between workload classes.
Several recurring structural patterns emerged during the baseline observation phase:
e idle-capacity and overload states appeared simultaneously,
e downstream queue-wave propagation effects amplified local scheduling disturbances,
e and scheduler-induced instability continuously reshaped execution topology.
The system therefore operated in a condition where:
e local scheduling decisions frequently conflicted with global operational efficiency,
e resulting in hidden capacity losses and reduced overall synchronization quality.

Operational evidence suggested that a substantial portion of the observed inefficiency originated not
from insufficient compute capacity,
but from:

e policy fragmentation,

e delayed balancing reactions,

e workload interference,

e and unstable coordination dynamics between heterogeneous workloads.

3. IDENTIFIED OPERATIONAL PATTERNS

3.1 Fairness—Efficiency Conflict
Observed Phenomenon

The implemented fair-share scheduling model provided formally balanced resource access across users
and research groups.

However, the scheduling logic primarily optimized for:



e policy-level fairness,
while only partially accounting for:

o workload-specific execution characteristics,

e runtime behavior,

e |ocality constraints,

e and synchronization requirements between heterogeneous workloads.

As a consequence, workloads with fundamentally different operational profiles were treated similarly
from a scheduling perspective despite significantly different execution dynamics.

Operational Chain

fair-share balancing

—-> fragmented resource allocation
-> reduced workload locality

-> lower execution efficiency

-> hidden capacity loss

Consequence
The resulting operational effects included:
e reduced overall operational efficiency,
e unstable execution ordering,
e increased queue pressure,
e fragmented node utilization,
e and reduced global coordination quality.

The investigation demonstrated that fairness-oriented balancing alone did not guarantee stable or
efficient system-wide operational behavior.

Instead, the environment frequently entered partially conflicting allocation states where:
e fairness objectives,
e throughput objectives,

e and workload responsiveness requirements
competed against one another.

3.2 Workload Interference



Observed Phenomenon
Multiple heterogeneous workload classes operated simultaneously:
e within the same queue structures,
e onoverlapping compute pools,
e and under shared scheduling policies.
Operational analysis revealed that workloads with different:
e runtime lengths,
e memory footprints,
e latency sensitivities,

¢ and compute patterns
continuously influenced and distorted one another’s execution dynamics.

In particular:
e long-running jobs,
e data-intensive workloads,

e and burst-oriented Al tasks
frequently interfered with short-duration or latency-sensitive research operations.

Operational Chain

long-running jobs

-> short-job blocking
-> latency amplification
-> queue instability

Consequence
Observed operational consequences included:
e degraded system responsiveness,
e increased turnaround variability,
e unstable queue behavior,
e delayed interactive execution,

e and propagation of interference effects across multiple workload groups.



The pilot demonstrated that:
local scheduling interactions frequently evolved into larger downstream synchronization disturbances
affecting broader portions of the environment.

3.3 Idle-Blocking Paradox
Observed Phenomenon
Operational telemetry revealed recurring situations where:

e portions of the cluster remained idle,
while simultaneously:

e queued workloads continued waiting for execution.
This paradox emerged repeatedly across different workload categories and scheduling windows.

The phenomenon indicated that:

available infrastructure capacity existed within the environment,

yet scheduling synchronization constraints prevented efficient workload placement and execution
alignment.

Interpretation
The investigation identified a structural distinction between:

e global fairness objectives,
and:

e local operational efficiency.

Operational evidence suggested that:
globally balanced scheduling policies did not necessarily produce locally efficient execution states.

As a result, the system frequently entered conditions where:

e fairness metrics appeared acceptable,
while:

e practical workload flow remained partially fragmented.

Consequence
The observed effects included:
e hidden capacity loss,

e structural inefficiency,



e synchronization mismatch between queues and resources,
e fragmented node utilization,
e and unnecessary queue persistence.

This operational pattern became one of the strongest indicators that the investigated environment was
constrained not solely by compute availability,
but by coordination dynamics between scheduling logic and workload topology.

3.4 Policy-Induced Oscillation
Observed Phenomenon
The scheduling environment continuously attempted to rebalance workload distribution across:
e users,
e queues,
e priorities,
e and compute pools.
However, due to:
e delayed policy reactions,
e dynamically changing workload states,

e and competing scheduling objectives,
the balancing process itself introduced persistent low-level operational oscillation into the
system.

The scheduler therefore functioned not only as a stabilizing mechanism,
but also as an active source of recurring synchronization disturbance.

Operational Chain

policy rebalance

-> delayed response

-> queue reshaping

-> instability propagation

Consequence
The resulting operational effects included:

e absence of stable equilibrium states,



e persistent operational noise,

e recurring queue-wave propagation,

e unstable execution ordering,

e and reduced predictability across workload groups.

Operational analysis showed that:
small local scheduling adjustments frequently propagated into larger cluster-wide behavioral shifts,
especially during periods of elevated workload heterogeneity or burst-like demand conditions.

The pilot identified these oscillatory dynamics as a major contributor to:
e queue instability,
e hidden capacity fragmentation,

e and reduced operational coherence throughout the environment.

4. OPERATIONAL TOPOLOGY & WAVE ANALYSIS
Investigated Dynamics
The operational analysis focused on identifying:
e queue propagation dynamics,
e synchronization loss patterns,

e and wave-like instability behavior
across the investigated multi-tenant HPC environment.

The investigation specifically analyzed:
e Queue propagation waves,
e cross-node workload migration,
e scheduler resonance effects,
e downstream queue amplification,
e and priority-collision topology structures.

Rather than treating workload events as isolated incidents,
the pilot examined how:
localized scheduling disturbances propagated through the broader operational topology of the cluster.

Critical Operational Structures



Several recurring structural patterns emerged during the investigation.
Key operational structures included:

e queue bottleneck clusters,

e resource contention zones,

e workload interference propagation paths,

e and latency-cascade topologies.
These structures frequently acted as:

e instability amplification regions,

e synchronization bottlenecks,

e or operational resonance points
inside the shared scheduling environment.

The analysis demonstrated that:

localized execution pressure often propagated far beyond the originating workload group,

creating secondary instability zones across downstream scheduling layers.

Synchronization Loss Points

Multiple recurring synchronization-loss mechanisms were identified throughout the investigated

environment.
The most significant included:

e workload scheduling mismatch,

e delayed scheduler response behavior,

e fragmented resource locality,

e and policy-conflict zones between competing allocation objectives.
These synchronization mismatches generated:

e queue fragmentation,

e workload migration instability,

e delayed execution harmonization,

e and recurring operational oscillation patterns.

The pilot demonstrated that:

many observed inefficiencies originated not from isolated infrastructure constraints,

but from distributed synchronization distortions propagating across:



e scheduling logic,

e workload placement,

e and queue-topology interactions.
5. HIDDEN OPERATIONAL LOSSES
Hidden Capacity Loss

Operational analysis revealed multiple forms of hidden capacity loss throughout the investigated
environment.

These losses did not primarily originate from insufficient infrastructure resources,
but from:

e synchronization mismatch,
o fragmented workload placement,
e and unstable scheduling coordination.
Several recurring patterns were identified:
e idle compute capacity during active queue conditions,
o fragmented workload allocation across partially utilized nodes,
e and unused scheduling windows caused by policy-alighnment constraints.

The analysis demonstrated that:
significant portions of the available infrastructure remained operationally underutilized despite
persistent workload pressure elsewhere in the system.

This created a recurring structural paradox where:

e localized overload states,
and:

e |ocalized idle states
coexisted simultaneously within the same scheduling environment.

Queue Amplification

The pilot identified several queue-amplification mechanisms that increased operational instability over
time.

Observed patterns included:
e retry-like queue cycling behavior,

e cascading requeue dynamics,



e and downstream blocking propagation effects.
Small localized scheduling disturbances frequently evolved into:
e larger queue-wave propagation events,
o amplified execution delays,
e and secondary congestion zones.

The analysis demonstrated that:
gueue instability was often self-propagating rather than isolated.

As workloads experienced delayed execution:

e scheduling reshaping increased,

e queue fragmentation intensified,

e and downstream synchronization mismatches expanded across additional compute regions.
This amplification effect significantly increased:

e turnaround variability,

e scheduler noise,

e and operational unpredictability.

Structural Noise

The investigated environment continuously generated low-level operational noise through:
e scheduler oscillation,
e unnecessary workload movement,
e and nonproductive balancing operations.

Rather than maintaining stable execution topology,
the scheduling environment frequently entered:

e repeated redistribution cycles,
e transient balancing states,
e and unstable workload-placement patterns.
These oscillatory behaviors consumed operational efficiency without contributing directly to:
e throughput,

e workload completion,



e or execution stability.
The pilot identified structural noise as one of the primary hidden drivers behind:
e coordination inefficiency,
e unstable queue topology,
e and reduced global operational coherence.

Operational evidence suggested that:
a meaningful portion of system activity was spent managing instability generated internally by the
scheduling dynamics themselves.

6. MODEL-BASED OPERATIONAL ADJUSTMENTS
The pilot did not introduce:

e infrastructure replacement,

e runtime intervention,

e or architectural redesign.

Instead, the validation focused on limited model-based operational synchronization adjustments
designed to:

e reduce instability propagation,
e improve workload coordination,

e and increase scheduling coherence
within the existing environment.

6.1 Workload-Aware Scheduling
Operational Adjustment

The pilot introduced workload-aware scheduling refinements by incorporating selected workload
characteristics into scheduling behavior.

The investigated parameters included:
e runtime profile,
e compute intensity,
e latency sensitivity,

e workload persistence characteristics,



e and execution responsiveness requirements.

Rather than treating all workloads as operationally equivalent,
the scheduling logic was partially aligned with the actual execution behavior of different workload
classes.

Expected Impact
The expected operational effects included:

e reduced scheduling mismatch,

e improved workload placement quality,

e higher allocation efficiency,

e reduced queue fragmentation,

e and improved synchronization between workload behavior and scheduler response dynamics.
The adjustment specifically targeted:

¢ hidden coordination loss,

e interference propagation,

¢ and inefficient resource locality patterns.

6.2 Queue Segmentation
Operational Adjustment
The pilot introduced partial queue segmentation between selected workload categories.
Workloads with significantly different:
e runtime durations,
e execution sensitivity,

e and scheduling behavior
were partially separated into more specialized execution paths.

The segmentation strategy was designed to reduce:
e cross-workload interference,
e queue blocking interactions,

e and scheduler conflict amplification.



Expected Impact
Expected operational improvements included:

e reduced interference propagation,

e improved execution consistency,

e |ower queue instability,

e more predictable scheduling behavior,

e and improved workload isolation quality.
The adjustment also aimed to reduce:

e latency amplification effects,

e and downstream queue-wave propagation.

6.3 Adaptive Priority Logic
Operational Adjustment
The pilot introduced limited adaptive priority behavior based on:
e current system state,
e queue conditions,
o workload pressure,
e and operational synchronization signals.

Rather than relying exclusively on static priority assignment,
the scheduling environment dynamically adjusted selected balancing behavior according to:

e real-time operational conditions,

e and evolving workload topology.

Expected Impact

The expected operational effects included:
e faster stabilization,
e reduced scheduling oscillation,
e improved queue responsiveness,

e lower propagation of localized disturbances,



e and improved operational coherence.
The adjustment specifically targeted:

e delayed balancing reactions,

e policy-induced instability,

e and recurring queue reshaping cycles.

6.4 Resource Pool Structuring
Operational Adjustment
The pilot introduced partial resource-pool structuring for selected critical workload categories.
Specific workload groups with:
e high sensitivity,
e persistent execution requirements,

e or elevated synchronization impact
received partially isolated execution regions within the shared infrastructure.

The objective was not full infrastructure separation,
but rather controlled reduction of:

e contention pressure,
e interference amplification,

e and unstable workload overlap.

Expected Impact
Expected operational benefits included:

e |ower resource contention,

e improved execution predictability,

e reduced cross-workload instability,

e improved queue consistency,

e and increased operational stability under heterogeneous demand conditions.
The adjustment also aimed to reduce:

e synchronization mismatch,



e and instability propagation across shared compute pools.
7. VALIDATION EXECUTION
Validation Scope

The validation phase was conducted on a controlled subset of the investigated environment
representing approximately:

o 30% of the active workload ecosystem,
e selected scheduling queues,

e and multiple heterogeneous workload categories operating simultaneously within the live HPC
infrastructure.

The selected validation scope included:
e mixed-duration workloads,
e Al /ML execution segments,
e scientific simulation tasks,

e and shared multi-user compute regions
with historically elevated queue variability and interference behavior.

The segmented validation design allowed operational comparison between:

e baseline scheduling behavior,
and:

e partially synchronized policy-adjusted execution conditions
within the same production environment.

Validation Duration

The validation phase was executed during a structured 3-week operational observation and tuning
period.

The validation occurred:

e under live production conditions,

e during normal workload activity,

e and across dynamically changing research demand cycles.
This allowed the pilot to evaluate:

e scheduler behavior,

e workload synchronization dynamics,



e and queue-topology stability
under realistic operational pressure.

Validation Model
The validation followed a strictly observer-only operational model.
The pilot explicitly avoided:

e runtime workload intervention,

e infrastructure-level modification,

e direct compute orchestration control,

e or application-level manipulation.
The validation relied exclusively on:

e read-only operational telemetry,

e scheduling behavior analysis,

e queue-topology monitoring,

e and limited policy-level synchronization refinement.
No:

e research data,

e user content,

e model internals,

e or application payloads
were accessed during the validation process.

The environment remained:
e operationally active,
e externally unchanged,

e and fully production-capable
throughout the investigation.

Intervention Type
The validation focused exclusively on lightweight operational synchronization adjustments, including:

e scheduling refinement,



e queue segmentation,
e priority synchronization,
e and operational balancing logic.
The implemented adjustments were intentionally limited to:

e policy-layer coordination behavior,
rather than:

e infrastructure redesign,
e capacity expansion,
e orruntime execution control.

The pilot therefore validated whether:

improved synchronization dynamics alone could measurably reduce operational instability inside the
shared multi-tenant environment.

8. VALIDATED RESULTS

Before / After Operational Comparison

Metric Baseline Validated Result
Queue wait ~7.8h 5.6-6.6h

Node utilization ~69% 78-84%

Idle ratio ~20-25% 12-16%

SLA adherence ~76% 85-90%

Turnaround variability High Significantly reduced

Interference events  Frequent Reduced by ~25-35%

Result Interpretation

The validation demonstrated measurable operational improvements across:
e queue stability,
e workload coordination,
e scheduler coherence,

e and infrastructure utilization efficiency.



Importantly, these improvements were achieved:
e without increasing compute capacity,
e without infrastructure expansion,
e and without modifying the underlying HPC architecture.
The observed improvements were primarily associated with:
e reduced synchronization mismatch,
e lower interference propagation,
e improved workload placement coherence,
e and reduced operational oscillation within the scheduling environment.

The pilot further demonstrated that:
small policy-level synchronization refinements could significantly improve:

o global workload stability,
e queue predictability,

e and overall operational coherence
inside a heterogeneous multi-tenant research environment.

Required Visualizations
The following visualization structures are recommended as part of the final validation appendix section:
e Queue wave propagation map
e Scheduler instability topology
e Cross-workload interference heatmap
e Before/after operational coherence visualization
e Idle—blocking paradox visualization
e Latency cascade analysis
These visualizations are intended to illustrate:
e workload synchronization dynamics,
e queue-topology evolution,
e scheduler-induced instability propagation,

e and hidden operational fragmentation
within the investigated HPC environment.



The visual materials should represent:
not only infrastructure utilization,
but also:

e operational wave behavior,
e synchronization loss patterns,

e and cluster-wide coordination dynamics
across the shared scheduling ecosystem.

9. INTERPRETATION

The validation confirmed that a substantial portion of the observed operational inefficiency did not
originate from insufficient infrastructure capacity,
but rather from:

e policy conflicts,
e scheduling fragmentation,

e and synchronization mismatch
between heterogeneous workload classes and scheduling logic.

Operational analysis demonstrated that:
many instability patterns emerged from the interaction between:

e fairness-oriented scheduling behavior,
e dynamically changing workload topology,

e and delayed balancing responses
inside the shared multi-tenant environment.

The investigation further revealed that:
localized scheduling disturbances frequently propagated into:

e larger queue-wave effects,
e interference amplification,
e and cluster-wide synchronization degradation.
The observed operational losses therefore originated primarily from:
e coordination inefficiency,
o fragmented execution topology,

e and unstable scheduling dynamics,
rather than from a lack of available compute resources.

The pilot demonstrated that:
even relatively small synchronization-oriented policy refinements could significantly improve:



e workload coherence,
e queue stability,

e and global operational predictability
without requiring additional infrastructure expansion.

Key Insight
The investigated environment demonstrated behavior that was:

e less compute-limited,
and increasingly:

e policy-limited.

The analysis indicated that:
cluster-wide operational performance was constrained primarily by:

e synchronization quality,
e workload coordination,

e and scheduling coherence,
rather than by raw infrastructure availability alone.

This distinction became particularly visible in the recurring coexistence of:
e idle compute regions,
e active queue congestion,

e and unstable workload propagation dynamics
within the same operational timeframe.

The validation therefore suggests that:
future performance improvements in large-scale multi-tenant research environments may depend more
on:

e synchronization-aware operational coordination,
than on continued infrastructure scaling alone.

10. CONCLUSION
Main Findings

The pilot identified several recurring operational principles within the investigated multi-tenant HPC
environment:

e fairness alone does not guarantee operational efficiency



e scheduler logic strongly shapes cluster-wide behavior

e heterogeneous workloads require synchronization-aware coordination

e policy-induced balancing may amplify operational instability

e workload interference can propagate beyond local execution boundaries
e hidden capacity loss may emerge despite acceptable utilization metrics

The investigation demonstrated that:

large-scale shared research infrastructures behave not merely as static compute systems,

but as dynamically interacting operational environments with continuously evolving synchronization
conditions.

The validation further confirmed that:
meaningful operational improvements could be achieved through:

e scheduling refinement,
e synchronization-aware coordination,

e and workload-topology alignment
without requiring direct infrastructure expansion.

Strategic Conclusion

“Multi-tenant research HPC systems are constrained less by raw compute capacity and more by
synchronization quality between workloads, policies, and scheduling dynamics.”

11. RECOMMENDED NEXT STEPS
Recommended Expansion Areas

Based on the validated operational findings, several expansion directions are recommended for future
investigation and larger-scale deployment.

Adaptive Scheduling Layer

Introduce more advanced synchronization-aware scheduling behavior capable of dynamically
responding to:

e workload topology changes,
e queue instability signals,

e and operational synchronization conditions
in real time.

The objective is to reduce:



e delayed balancing reactions,
e policy-induced oscillation,

e and workload fragmentation effects.

Workload-Aware Orchestration
Expand workload characterization capabilities within the scheduling environment by incorporating:
e runtime behavior profiles,
e execution sensitivity,
e compute intensity patterns,
e and workload interaction dynamics.
The goal is to improve:
e workload placement coherence,
e queue predictability,

e and global execution efficiency.

Queue Topology Monitoring
Introduce continuous operational monitoring of:
e queue propagation behavior,
e downstream blocking patterns,
e workload migration dynamics,
e and scheduler-induced topology changes.

The analysis should focus not only on utilization metrics,
but also on:

e operational wave structures,
e synchronization loss,

e and instability amplification mechanisms.

Interference-Aware Balancing

Develop balancing logic capable of identifying and mitigating:



e cross-workload interference,
e execution contention zones,

e and workload amplification effects
before instability propagates across the broader cluster environment.

The objective is to reduce:
e operational fragmentation,
e latency amplification,

e and unstable queue-wave propagation.

Synchronization-Based Governance Metrics
Extend the operational measurement framework beyond traditional infrastructure KPIs by introducing:

e synchronization-quality indicators,

e workload coherence metrics,

e queue-wave stability measurements,

e and interference propagation monitoring.
Potential governance metrics may include:

e Coherence Index (Cl),

e Delay Index (DI),

e Wave Propagation Index (WPI),

e Hidden Capacity Loss (HCL),

e and Feedback Instability Index (FlI).
These metrics may provide improved visibility into:

e operational stability,

e coordination quality,

e and hidden structural inefficiencies
inside large-scale shared research environments.

Continuous Operational Wave Analysis

Implement continuous operational wave analysis capable of identifying:



e instability propagation,
e scheduler resonance effects,
e queue amplification behavior,

e and synchronization degradation patterns
during live production operation.

The objective is to establish:
e earlier instability detection,
e reduced operational noise,

e and improved long-term workload coordination stability.

12. CLOSING STATEMENT

“The pilot demonstrated that operational instability in shared research environments emerges primarily
from synchronization conflicts between policies, workloads, and scheduling dynamics rather than from
insufficient infrastructure capacity.”

APPENDICES
A. Metric Definitions
Cl — Coherence Index

Measures the overall synchronization quality and operational alignment between workloads, queues,
and resource allocation behavior across the environment.

DI — Delay Index

Measures the temporal mismatch between:
e workload demand,
e scheduling response,

e and execution initiation.

WPI — Wave Propagation Index
Measures how strongly localized operational disturbances propagate across:

e queues,



e workload groups,

e and scheduling topology structures.

HCL — Hidden Capacity Loss

Measures operationally unavailable or fragmented infrastructure capacity despite nominal resource
availability.

FIl — Feedback Instability Index

Measures the extent to which scheduling reactions and operational feedback loops amplify instability
inside the environment.

B. Validation Methodology
The validation followed a strictly controlled operational-analysis methodology based on:
e observer-only investigation,
e read-only telemetry analysis,
e segmented validation scope,
e and non-invasive policy-level synchronization refinement.
The pilot explicitly excluded:
e runtime workload control,
e infrastructure-level modification,
e application-level intervention,
e and direct orchestration manipulation.
The investigation focused exclusively on:
e operational dynamics,
e synchronization behavior,
e workload topology,

e and scheduling interaction patterns.

C. Observer-Only Security Model



The pilot operated under a strictly observer-only security framework.
The investigation utilized:

e aggregated telemetry,

e anonymized operational identifiers,

e scheduling metadata,

e and infrastructure-level operational signals only.
The pilot explicitly excluded access to:

e model contents,

e research datasets,

e application payloads,

e user-level scientific information,

e and workflow internals.

No workflow modification or runtime execution control was performed during the investigation.

D. Anonymization Statement
All:
e node identifiers,
e queue names,
e workload identifiers,
e timestamps,
e user identifiers,

e and project-related metadata
included in the investigation were either:

e anonymized,
e aggregated,

e or structurally generalized
for confidentiality and operational-security purposes.

VISUAL APPENDICES — OPERATIONAL TOPOLOGY & SYNCHRONIZATION ANALYSIS



The following visual materials present the operational structures, synchronization dynamics, and
workload-interaction patterns identified during the validation process within the investigated multi-
tenant research HPC environment.

The visualizations are not conventional infrastructure dashboards or standard utilization charts.
Instead, they represent:

e operational topology maps,

e synchronization-field visualizations,

e Queue-wave propagation analyses,

e and workload interaction structures
designed to reveal:

e hidden operational fragmentation,

e scheduler-induced instability,

e cross-workload interference propagation,
e queue amplification behavior,

e resource-contention topology,

e synchronization-loss patterns,

e and latent operational inefficiencies
inside large-scale shared research computing environments.

The presented visual materials illustrate how the investigated environment operated not merely as:

e astatic compute infrastructure,
but rather as:

e adynamically coupled operational field
where localized scheduling disturbances propagated across:

e queues,
e compute pools,
e workload classes,
e and policy-governed execution layers.
The visual analyses specifically focus on:
e workload synchronization behavior,
e queue-wave dynamics,

e scheduler resonance effects,



e downstream latency propagation,

e and hidden capacity fragmentation patterns
that are typically not visible through traditional infrastructure monitoring approaches.

All visual materials included in this section are:
e observer-only based,
e generated from aggregated operational telemetry,
e anonymized,
e non-invasive,
e and derived without runtime workload manipulation or infrastructure-level intervention.

The purpose of the visual appendix is not merely to display infrastructure activity,
but to provide a structural representation of:

e operational coherence,
e synchronization quality,
e instability propagation,
e and cluster-wide workload dynamics
within the investigated multi-tenant HPC environment.

~MULTI-TENANT QUEUE HEATMAP

\ENTATIO

QUEUE vs NODE UTILIZATION HEATMAP

RACK 02 RACK 03 RACK 04 RACK 05 RACK 06 RACK 08




oot ~ WORKLOAD INTERFERENCE PROPAGATION MAP

INTERFERENCE PROPAGATION
TIMELINE

(TICS  INTERACTIVE
081
0.76
058

21 & 37

GATION PATH SUMMARY

SCHEDULER / WORKLOAD SYNCHRONIZATION MAP

SCHEDULER

WORKLOAD DRIFT TOPOLOGY

DULING MISMATCH OVERVIEW
COMPUTEPOOLA % _..o—" 7 | COMPUTEPODLB i COMPUTE POOLC
Synchsnize \ - Partially Syschrosized \ < \ o] L
& T SYNCHRONIZATION BRIDGES K { — 3 ;3 31% 27%
A AN = - p
= g W— o
— B X .

Pubay Mbgreart Prionity Syrc Queve Flaw Batance ot Measeress Bock S . 5 REAL-TIME PATHWAYS

KEY INSIGHTS

STHCHRONLZATION MATRK WORKLOAD DR¥T INDEX DELAYED SCHEDULING 20HES




ILTI-TENANT HPC ENVIRONMENT

nad Timekne View

ERY & STABILIZATION EVENT LEGEND
10:00 800 0 2200 24:00
@

Oycle
Rgh drrglruce

INTERFERENCE AMPLIFICATION

PRAR WTER

X SUMMARY

63%

V.




22%

COHERENCE INDEX




COMPLETE OPERATIONAL TOPOLOGY DIAGRAM

SCHEDULER LAYER

=

SCHEDULER
. CE.DJF "

o ~—

p - \ (
0-ANALYTICS

 LATENCY CASCADE MAP

LATENCY PROPAGATION * QUEUE SHOCKWAVES « SYNCHRONIZATION COLLAPSE « EXECUTION

AGATION TOPOLOGY




OBSERVER-ONLY SECURITY MODEL

IVE. READ-ONLY. TRUSTED

Complete operational visibility without control, impact or interference

Y TAP (NON-INVASIVE




RESEARCH SYNCHRONIZATION FIELD




