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Motivation: GPU Communication Bottleneck

[1] N. Alnaasan et al., "Characterizing Communication in Distributed Parameter-
Efficient Fine-Tuning for Large Language Models," HOTI 2024, pp. 11–19.

Iteration time breakdown of the full fine-tuning method on a 
1B parameters Transformer decoder model [1]

Network bandwidth is
not efficiently utilized

Half of iteration 
time is for 

communication
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Motivation: NCCL is de-facto standard

NCCL

NVIDIA GPU
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Motivation: NCCL not well documented && Performance Tuning

NCCL is not well
documented

Key Parameters Choices

Protocol Simple, LL, LL128

Transport Socket, IB, GDR

Algorithm
Ring, Tree,

NVLS, Collnet, PAT, …
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NCCL Overview – API and Execution Flow

Communicator Creation
// Create communicator
ncclComm_t comm; 
ncclCommInitRank(&comm, nranks, id, rank);

Collective Communication /
P2P Communication

// Collective communication call
ncclAllReduce(sendbuff, recvbuff, count, ncclFloat, ncclSum, comm, stream);

// Point-to-point communication call
ncclSend(sendbuff, count, ncclFloat, next_rank, comm, stream);
ncclRecv(recvbuff, count, ncclFloat, prev_rank, comm, stream);

Group Operation

Group Operation

// Start group operation
ncclGroupStart();

// End group operation
ncclGroupEnd();

Communicator Destroy
// Destroy communicator
ncclCommDestroy(comm);
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NCCL Overview – Communication Channels & Logical Topology

Total Input
Data

Example channels with mapped streaming 
multiprocessors (SMs) and disjoint data Example Tree Topology

GPU 0
Root

GPU 2
Middle

GPU 1
Leaf

GPU 3
Leaf

GPU 0 GPU 1

GPU 3 GPU 2

Example Ring Topology

SM0

SM1

Channel 0 
Data

Channel 1 
Data
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Communication Protocols

Simple Low Latency (LL) LL128

Design Goal High bandwidth Low latency
Low latency and
high bandwidth

Synchronization 
Mechanism

Memory fence
(high overhead)

Flag-based
synchronization

Flag-based
synchronization

Payload Data chunks
4B data +

4B flag
120B data +

8B flag

Bandwidth  
Utilization

Near Peak
25 ∼ 50%  
of peak

∼95%  
of peak

Latency Per-hop ∼ 6μs ∼ 1μs ∼ 2μs

Comparisons of NCCL communication protocols

Require NVLink

Simple Low Latency (LL)

Design Goal High bandwidth Low latency

Synchronization 
Mechanism

Memory fence
(high overhead)

Flag-based
synchronization

Payload Data chunks
4B data +

4B flag

Bandwidth  
Utilization

Near Peak
25 ∼ 50%  
of peak

Latency Per-hop ∼ 6μs ∼ 1μs

Simple

Design Goal High bandwidth

Synchronization 
Mechanism

Memory fence
(high overhead)

Payload Data chunks

Bandwidth  
Utilization

Near Peak

Latency Per-hop ∼ 6μs

Design Goal

Synchronization 
Mechanism

Payload

Bandwidth  
Utilization

Latency Per-hop
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Intra-node Communication

Node

Host Memory

PCIe Bus

GPU 1

SM SM SM SM SM …

GPU Memory

DMA Engine

recvBuff
(Destination)

GPU 0

SM SM SM …

GPU Memory

sendBuff
(Source)

DMA Engine

Intra-node data transfer path
peer-to-peer (shared host memory)

Data path: use shared host memory for data staging

Shared host memory
data path
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Intra-node Communication

Node

Host Memory

PCIe Bus

GPU 1

SM SM SM SM SM …

GPU Memory

DMA Engine

recvBuff
(Destination)

GPU 0

SM SM SM …

GPU Memory

sendBuff
(Source)

DMA Engine

Intra-node data transfer path
peer-to-peer (GPU memory)

Data path: use GPU memory for data staging

GPU memory
data path

NVLink
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Intra-node Communication

Intra-node data transfer path
peer-to-peer (GPU memory)

Data path: use GPU memory for data staging

Node

Host Memory

PCIe Bus

GPU 1

SM SM SM SM SM …

GPU Memory

DMA Engine

recvBuff
(Destination)

Intermediate
FIFO Buffer

GPU 0

SM SM SM …

GPU Memory

sendBuff
(Source)

DMA Engine

GPU memory
data path

NVLink

NVLink path
is preferred
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Node

Host Memory

PCIe Bus

GPU 1

SM SM SM SM SM …

GPU Memory

DMA Engine

recvBuff
(Destination)

Intermediate
FIFO Buffer

GPU 0

SM SM SM …

GPU Memory

sendBuff
(Source)

DMA Engine

NVLink
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Intra-node Communication

Intra-node data transfer path
peer-to-peer (Direct)

Data path: direct, no intermediate buffer for data staging

Direct
data path

NVLink path
is preferred

GPU 0 and GPU 1 must
belong to the same process

P2P_DIRECT mode
is enabled
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Node 0

PCIe Bus

GPU 0

SM SM SM …

GPU Memory

sendBuff
(Source)

DMA Engine

NICHost 
Memory

Proxy 
Thread

Node 1

PCIe Bus

GPU 1

SM SM SM …

GPU Memory

recvBuff
(Destination)

DMA Engine

NIC Host 
Memory

Proxy 
Thread
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Inter-node Communication

Inter-node data transfer path
TCP(Socket) and RDMA (IB, without GDRDMA optimization)

Invokes network
operations for GPU

Data staging: use host memory
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PCIe Bus

GPU 0

SM SM SM …

GPU Memory

sendBuff
(Source)

DMA Engine

NICHost 
Memory

Proxy 
Thread

Node 1

PCIe Bus

GPU 1

SM SM SM …

GPU Memory

recvBuff
(Destination)

DMA Engine

NIC Host 
Memory

Proxy 
Thread
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Inter-node Communication

Inter-node data transfer path
IB (with GDRDMA Optimization)

Data staging: use GPU memory
Intermediate
FIFO Buffer

Intermediate
FIFO Buffer



@spcl_eth

@spcl

spcl.ethz.ch

14

Collective Algorithms and Primitives

Supported algorithms and protocols for 
NCCL collective operations

NCCL version 2.19.1

More and more algorithms (e.g., PAT) are coming out!
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Iterative Execution and Communication Primitives

Iterative execution for data chunks

Total Input
Data
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Iterative Execution and Communication Primitives

Iterative execution for data chunks

Total: count elements

Total Input
Data

0

⋮

count - 1

count - 2

count - 3

1

2

3

4

count - 4

5

count - 5

count - 6
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Iterative Execution and Communication Primitives

0

channelCount-2

channelCount-1

⋮

Total: count elements

Channel 0 
Data

1

2

3

4

⋮
Channel 1 

Data

count-1

count-3

count-2

channelCount

channelCount+1

channelCount+2

channelCount+3

Iterative execution for data chunks

loopCount=4

loopCount=4

Channel 0
workOffset

Channel 1
workOffset

SM0

SM1

chunkCount=2

chunkCount=2

Processed in one 
elementary step

Steps in one loop iteration of
NCCL Ring AllReduce
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NCCL Collective Algorithm Example: Ring Allreduce
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Ring Topology

Illustration of Ring AllReduce algorithm
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Benchmarking Results

• Grace Hopper Superchips (GH200)
• 150 GB/s intra-node communication
• 25 GB/s Cray Slingshot
• Dragonfly topology

Alps Supercomputer (CSCS)

Benchmarking results for all NCCL collectives in the paper
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Impact and Outlook – ATLAHS Toolchain 

https://github.com/spcl/atlahs

Paper link:

https://arxiv.org/pdf/2505.08936

Nominated as best student paper in SC’25

Used insights from this work to 
generate accurate schedules for 

NCCL Workloads

Achieved ~95% accuracy when 
simulating large-scale AI workloads

https://github.com/spcl/atlahs
https://arxiv.org/pdf/2505.08936
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Conclusions 

Many more results and analysis in 
the paper:

https://arxiv.org/pdf/2507.04786

More of SPCL’s research:

… or spcl.ethz.ch

180+ Talksyoutube.com/@spcl

twitter.com/spcl_eth 1.4K+ Followers

github.com/spcl 3.8K+ Stars

https://arxiv.org/pdf/2507.04786
https://arxiv.org/pdf/2507.04786
https://arxiv.org/pdf/2507.04786
spcl.inf.ethz.ch
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