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OFFICIAL TECHNICAL DOSSIER // SERIES AI // DISTRIBUTED INFRASTRUCTURE

RingAttention & Blockwise Parallelism Engineering Handbook
Circular Peer-to-Peer KV Bucket Passing, Async CUDA Overlap, and Infinite Sequence Transformer Scaling

EXECUTIVE ARCHITECTURAL SUMMARY: Standard distributed attention frameworks encounter an insurmountable communication bottleneck
when scaling sequence lengths past 100k tokens. RingAttention organizes a cluster of GPUs into a logical circular ring, passing Key-Value
blocks in a lockless bucket brigade while overlapping communication with local blockwise self-attention. This decouples sequence length from
individual GPU memory limits, unlocking linear context scaling beyond 10 million tokens.

Distributed Attention Strategy
Communication
Complexity

Memory Footprint per GPU
Max Context (8x H100
80GB)

Communication/Compute
Overlap

All-to-All Megatron Context Parallel O(N) All-to-All Collective
O(N) Full sequence KV
cache

131,072 tokens
Partial (Blocked by NVLink
sync)

Standard DeepSpeed Ulysses O(N) All-to-All on QKV O(N / P) per GPU slice 262,144 tokens Poor (High communication stall)

FlashAttention-3 Local Only O(1) No Inter-GPU comms Bounded by 80GB HBM3 65,536 tokens N/A (Single GPU ceiling)

RingAttention Blockwise O(1) P2P Circular Ring
O(N / P) Strictly
block-bounded

> 4,194,304 tokens (4M+)
100% Complete Asynchronous
Overlap

1. The Communication Bottleneck in Ultra-Long Context Transformers
Training and inference on context windows exceeding 100,000 tokens requires distributing the sequence across multiple GPUs. Traditional Context
Parallelism (CP) splits query, key, and value tensors across P GPUs.

• All-to-All Saturation: To compute self-attention for each query token against all key tokens, GPUs must execute All-to-All collective communication.
As cluster size scales, collective network latency explodes, saturating 900 GB/s NVLink fabrics.

• Memory Fragmentation: Holding large intermediate activation buffers during backward passes triggers Out-Of-Memory (OOM) faults.

2. RingAttention Architecture: Circular Bucket-Brigade Mechanics
RingAttention (pioneered by Liu, Saleh, and Abbeel at UC Berkeley) eliminates collective communication by structuring GPUs into a 1D logical ring:

• Blockwise Sequence Slicing: The total sequence length N is divided into P blocks of size B = N / P, with each GPU holding its local Query block Q_i,
Key block K_i, and Value block V_i.

• Ring Shift Cycle: In step 0, GPU_i computes local attention between Q_i and K_i. Concurrently, it transmits K_i and V_i to neighbor GPU_(i+1) and
receives K_(i-1) and V_(i-1) from GPU_(i-1).

• Online Softmax Rescaling: Attention output and normalizers are updated iteratively using the online softmax trick without requiring the full global
attention matrix.
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3. Complete Asynchronous Overlap via Dual CUDA Streams
The mathematical brilliance of RingAttention lies in its latency-hiding capability:

• Compute-Bound Block Attention: Computing block attention requires O(B² · d) FLOPs using FlashAttention-3 kernels.

• Point-to-Point P2P Transfer: Transferring key-value blocks requires moving O(B · d) bytes over NVLink or InfiniBand.

• Perfect Overlap Condition: As long as the block size B satisfies B ≥ (Bandwidth_compute / Bandwidth_network), the communication time of block
k+1 is 100% hidden behind the computation of block k, rendering distributed communication completely free.

4. Linear Scaling to 10M+ Contexts in Production Clusters
Deploying RingAttention across 512 NVIDIA H100 GPUs enables processing 10-million-token sequences (the equivalent of 30 complete novels)
with zero communication bubbles and near-linear 98% MFU (Model Flops Utilization).

STRATEGIC ENGINEERING TAKEAWAYS & DEPLOYMENT RULES:
• RingAttention organizes GPUs into a circular ring, replacing collective All-to-All with lockless P2P block transfers.

• Online softmax updates allow computing exact global attention incrementally across distributed block iterations.

• Asynchronous CUDA streams completely hide communication latency behind local block computation.


