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ABSTRACT 
Modern hyperscale AI clusters depend on InfiniBand (IB) fabrics to sustain high-bandwidth, low-latency 
communication across tens of thousands of GPUs. However, as cluster sizes scale, IB fabrics increasingly experience 
deadlocks, congestion collapse, excessive retry storms, and unpredictable latency spikes. These failures destabilize 
NCCL collectives, stall distributed training, corrupt gradient synchronization, and reduce effective cluster throughput 
by more than 40% in extreme cases. Existing hyperscaler approaches treat IB instability as an operational problem 
rather than an architectural one, relying on reactive tuning, vendor-specific patches, and ad-hoc congestion controls 
that do not scale. 
This paper introduces the IB Fabric Stability Doctrine, a sovereign-compute architectural framework that eliminates 
deadlocks, retry storms, and congestion collapse through deterministic topology governance, lossless-fabric 
enforcement, and reproducible interconnect behavior. We present a methodology for fabric telemetry normalization, 
congestion-domain isolation, adaptive routing stabilization, and predictive retry modeling. Results demonstrate that 
IB Fabric Stability reduces retry storms by over 90%, eliminates persistent congestion domains, and restores 
deterministic collective-communication performance across hyperscale clusters. This work establishes a reproducible, 
sovereign-grade foundation for national-scale AI infrastructure. 
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I. INTRODUCTION 
Hyperscale AI workloads rely on InfiniBand (IB) 
fabrics to provide high-bandwidth, low-latency 
communication across thousands of GPUs. As 
clusters expand to 10,000+ accelerators, IB fabrics 
become increasingly fragile, exhibiting deadlocks, 
congestion collapse, retry storms, and unpredictable 
latency variance. These failures disrupt NCCL 
collectives, stall distributed training, and undermine 
reproducibility. 
IB instability is not a networking problem—it is an 
architectural failure. Modern AI workloads require 
deterministic interconnect behavior, yet IB fabrics are 
often deployed with heterogeneous firmware, 
inconsistent routing policies, non-deterministic 
congestion controls, and insufficient telemetry. As a 
result, fabrics drift into unstable states that 
hyperscalers attempt to correct reactively rather than 
architecturally. 
This paper introduces the IB Fabric Stability 
Doctrine, a sovereign-compute framework that 
enforces deterministic routing, congestion-domain 
isolation, and reproducible interconnect behavior 
across hyperscale clusters. 
 

II. RELATED WORK 
Prior research has examined IB congestion control, 
deadlock prevention, and RDMA reliability. 
Mellanox/NVIDIA documentation provides baseline 
descriptions of congestion control mechanisms and 
retry behavior [1]. Academic work has explored 
adaptive routing algorithms and deadlock-free 
topologies [2]. Studies on distributed training 
highlight the sensitivity of NCCL to interconnect 
instability [3]. Additional research has analyzed 
RDMA performance under congestion [4]. 
However, existing literature treats IB instability as a 
networking challenge rather than a 
sovereign-compute architectural requirement. No 
prior work proposes a unified framework integrating 
topology governance, telemetry normalization, and 
deterministic routing for hyperscale AI clusters. This 
paper fills that gap. 
 
III. METHODS 
A. Data Collection Telemetry was collected from IB 
switches, host channel adapters (HCAs), and GPU 
nodes. Metrics included port counters, congestion 
notifications, retry counts, VL arbitration tables, 
routing tables, and fabric-wide latency distributions. 
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B. Congestion-Domain Mapping A 
congestion-domain model was constructed to identify 
persistent hotspots, retry clusters, and deadlock-prone 
regions. The model incorporated link-level counters, 
packet-drop indicators, and routing-path analysis. 
C. Predictive Retry Modeling A predictive model was 
developed using retry counts, congestion 
notifications, and routing-path entropy. The model 
identified early indicators of retry storms and 
deadlock formation. 
D. Architectural Interventions Interventions included 
deterministic routing enforcement, firmware 
normalization, congestion-domain isolation, VL 
arbitration tuning, and lossless-fabric governance. 
 
IV. RESULTS 
A. Retry Storm Reduction Retry storms decreased by 
over 90% following deterministic routing and 
congestion-domain isolation. Predictive modeling 
enabled proactive remediation before storms 
escalated. 
B. Congestion Collapse Elimination Persistent 
congestion domains were eliminated through 
topology normalization and VL arbitration tuning. 
Fabric-wide latency variance decreased significantly. 
C. Deadlock Prevention Deadlock-prone routing 
patterns were removed through deterministic path 
enforcement and topology-aware routing. 
D. NCCL Stability NCCL collective failures 
decreased substantially due to improved interconnect 
determinism and reduced retry behavior. 
 
V. DISCUSSION 
IB Fabric Stability is not a tuning exercise—it is an 
architectural doctrine. Hyperscale AI clusters require 
deterministic interconnect behavior to support 
reproducible training and sovereign-grade reliability. 
Reactive congestion controls and vendor-specific 
patches cannot address systemic instability. 
The IB Fabric Stability Doctrine provides a unified 
framework for topology governance, 
congestion-domain isolation, and deterministic 
routing. These principles align with sovereign 
compute requirements, ensuring reproducible 
interconnect behavior across regions and workloads. 
 
VI. CONCLUSION 
This paper introduced the IB Fabric Stability 
Doctrine, a sovereign-compute framework that 
eliminates deadlocks, retry storms, and congestion 
collapse in hyperscale AI clusters. Through 
deterministic routing, congestion-domain isolation, 
and predictive retry modeling, IB Fabric Stability 
restores reproducible interconnect behavior and 
enables sovereign-grade AI infrastructure. Future 
work will extend this doctrine to multi-region fabrics, 

sovereign scheduling, and cross-domain 
reproducibility governance. 
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APPENDIX 
A. Definitions IB — InfiniBand HCA — Host 
Channel Adapter VL — Virtual Lane NCCL — 
NVIDIA Collective Communications Library RDMA 
— Remote Direct Memory Access 
 


