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q Inter-server communication is everywhere in large scale machine 
learning tasks
q PD disaggregation: KV cache transmission
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q Inter-server communication is everywhere in large scale machine 
learning tasks
q MoE model training: token dispatch and combine in expert parallel

Data0

Node0 Node1

Al-to-All

Data1 Data2 Data3

Data0 Data1 Data2 Data3

Al-to-All
device0 device1 device2 device3

expert0 expert1 expert2 expert3

InfiniBand
NVLink NVLink



5

5

q Inter-server communication is everywhere in large scale machine 
learning tasks
q Recommend System Embedding Table Traffic 

User Embedding Table
user1 : Embedding Vector 1
user2 : Embedding Vector 2
user3 : Embedding Vector 3
user4 : Embedding Vector 4

Movie Embedding Table
movie1 : Embedding Vector 1
movie2 : Embedding Vector 2
movie3 : Embedding Vector 3
movie4 : Embedding Vector 4

Layers

Too big, TB/PB, level
have to store in different devices

Embedding Vector
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q Distributed ML tasks
q PD disaggregation: KV cache transmission

q MoE model training: token dispatch and combine in expert parallel

q Recommendation model training: embedding table traffic

q Efficient communication among GPUs is crucial
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q Key Hardware Technology: Accelerating Data Exchange
q NVLink/NVSwitch: intra-server

q RDMA: inter-server

GPU0 GPU1

GPU2 GPU3

NVLink/NVSwitch (Intra-Server)

NV
Switch

GPU4 GPU5

GPU6 GPU7

NVLink/NVSwitch (Intra-Server)

NV
Switch
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q The bandwidth of single NIC is much lower than NVLink

q How about stack multiple network interface cards ?

GPU0 GPU1 GPU2 GPU3

NVSwitch

NIC1 NIC3NIC0 NIC2

InfiniBand

InfiniBand

NIC4 NIC5 NIC6 NIC7

GPU5 GPU7GPU4 GPU6

Dedicated Fabrics 
~TB/s

PCIe ~ 50 - 100 Gbps

sigle NIC 200Gbps
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q Data Distribution lead to resource waste
q Blanced Traffic & Full Utillzation

q UnBlanced Trafficc & Underutillzed

Blanced Traffic

GPU2GPU1GPU0

Data

GPU3

Data Data Data

NVLink

NIC0 NIC1 NIC2 NIC3

UnBlanced Traffic

Data NVLink
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DataData

Data

GPU2GPU1GPU0 GPU3
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q PD disaggregation: KV cache transmission
q Stochastic Task Arrival & multiple model instance

P-Node

GPU2GPU1GPU0 GPU3

NIC0 NIC1 NIC2 NIC3
ModelA

ModelBtime

requests Idle

When requests of Model B arrive

GPU6GPU5GPU4 GPU7

NIC4 NIC5 NIC6 NIC7
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q PD disaggregation: KV cache transmission
q Stochastic Task Arrival & multiple model instance

P-Node

time

requests

Idle

When requests of Model A arrive GPU2GPU1GPU0 GPU3

NIC0 NIC1 NIC2 NIC3
ModelA

ModelB
GPU6GPU5GPU4 GPU7

NIC4 NIC5 NIC6 NIC7
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q PD disaggregation: KV cache transmission
q Varying Requests Size

short 
prompt

long prompt

Assume A and B arrive
at the same time

P-Node
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q PD disaggregation: KV cache transmission
q Varying Requests Size

short 
prompt

long prompt

computation of Model B is completed
first.
NICs 4-7 busy, NICs 0-3 idle

Idle

P-Node

GPU2GPU1GPU0 GPU3

NIC0 NIC1 NIC2 NIC3
ModelA

ModelB
GPU6GPU5GPU4 GPU7

NIC4 NIC5 NIC6 NIC7
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q PD disaggregation: KV cache transmission
q Varying Requests Size

short 
prompt

long prompt

Idle

Model B is finished transferring.
Model A is not yet finished.

NICs 0-3 busy, NIC4-7 Idle

P-Node

GPU2GPU1GPU0 GPU3

NIC0 NIC1 NIC2 NIC3
ModelA

ModelB
GPU6GPU5GPU4 GPU7

NIC4 NIC5 NIC6 NIC7
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q MoE model training: token dispatch and combine in expert 
parallel
q Different Token Batches

expert0 expert1 expert3expert2

expert4 exper5 expert7expert6

Al-to-All
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q MoE model training: token dispatch and combine in expert 
parallel
q Asynchronous Transmission

expert0 expert1 expert3expert2

expert4 exper5 expert7expert6

Multiple, concurrent data overwhelm and congest
a single NIC.

time

traffic

time

traffic

ideal

actual
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q Recommend System Embedding Table Traffic 
q Different Embeddings

Layers
Embedding Vector

Batch Data

Node0

Node1

Node2

Node3

Parameter Servers
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q  Inter-server communication Dynamic traffic in large scale 
machine learning tasks
q PD disaggregation: KV cache transmission

q MoE model training: token dispatch and combine in expert parallel

q Recommend System Embedding Table Traffic
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qWhen the load is unbalanced, PXN still fails to make full use of 
the bandwidth of each NIC.
qPXN enables a GPU to communicate with an NIC on the node through 

NVLink and then PCI.

qNCCL with PXN is limited by statically bind traffic to paths and cannot 
support transmitting data through NVLink on receivers.
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qMulti-NICs acceleration under imbalanced traffic
qLeveraging idle NICs

qNIC load status aware

qDynamic NVLink routing to bypass PCIe

idle NICs
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The incompatibility of intra-server and inter-server networks presents 
following technical challenges

qRelaying overhead
q GPU-based relaying incurs significant synchronization overhead，resulting in 

minimal NIC throughput improvement.

qInterruption and contention risks
qRouting traffic to idle NICs risks bandwidth contention and performance 

disruption when new communications arise from peer workers on relay GPUs.

qScheduling overhead
qDynamic NIC scheduling incurs high control overhead.
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Workflow of FuseLink
qExplores the intra-server topology 

and establishes RDMA connections

qIdentifies available NICs for inter-
server communication

qSelects the optimal data path for 
each NIC and GPU
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qInter-server communication (w/o relaying)
qThe GPU fills network buffer (pinned for RDMA communication)

qThe GPU notifies CPU to initiate RDMA transmission

GPU NIC

Network 
Buffer

CPU

Data flow Control flow

Transfer data 
via PCIe

Transfer data 
via Inter-server fabric

Fill data 
into buffer
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qInter-server communication (w/o relaying)
qThe GPU fills network buffer (pinned for RDMA communication)

qThe GPU notifies CPU to initiate RDMA transmission

qInter-server communication (w/ relaying)
qThe GPU0 fills network buffer of GPU1

qThe GPU0 notifies CPU to initiate RDMA transmission
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q4 relaying path as candidates
qD1: GPU writes data to remapped buffers on relay GPUs

qD2: CPU copies data to relay GPUs then RDMA

Network buffer 
which can be 
accessed by NIC

D1

Virtual address space

Remap

Access 



29

29

q4 relaying path as candidates
qD1: GPU writes data to remapped buffers on relay GPUs

qD2: CPU copies data to relay GPUs then RDMA

Network buffer 
which can be 
accessed by NIC

D1 D2
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q 4 relaying path as candidates
qD3: GPU threads write data to buffers mapped to host memory

qD4: CPU initiates memory copy to host memory
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q 4 relaying path as candidates
qD3: GPU threads write data to buffers mapped to host memory

qD4: CPU initiates memory copy to host memory
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qD3 and D4 achieve the same bandwidth as PCIe, thus limited by 
PCIe speed and cannot improve relaying efficiency

qD1 achieves higher data path efficiency
qOnly one copy step to relay GPUs, leading to low message latency over 

indirect NIC

qMake effect without additional CPU involvement

qHide the extra intra-server relaying latency by overlapping it with 
pipelined intra- and inter-server communication
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qD3 and D4 achieve the same bandwidth as PCIe, thus limited by 
PCIe speed and cannot improve relaying efficiency

qD1 achieves higher data path efficiency
qOnly one copy step to relay GPUs, leading to low message latency over 

indirect NIC

qMake effect without additional CPU involvement

qHide the extra intra-server relaying latency by overlapping it with 
pipelined intra- and inter-server communication

Use D1 as relaying traffic



35

35

qData relaying incurs two types of resources contention 
qGPU Memory Contention

qAllocate extra buffer in relay GPU

qExhaust memory of relay GPU causing OOM

qCannot have precise estimation of memory usage for dynamic workload

GPU Memory

Reserved for 
native ml tasks

Allocated for 
relaying buffer

BOOM
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qRelaying without interrupting memory allocation
qSet a configurable upper limit for relaying memory usage

qPrioritize memory demands of running tasks on relay GPUs
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qData relaying incurs two types of resources contention 
qCommunication Contention

qDisturb or even interrupt peer GPU communication over direct NICs.

GPU0

GPU1

NIC0

NIC1

Communication contention

Comm operators from GPU0

Comm operators from GPU1
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FuseLink provides an interruption-free relaying, including 4 steps

qMonitor NIC status within the server

qAggregate NIC load status on the sender and receiver side

qSelect NICs and initiating data transmission

qPerform intra-server traffic routing inside receivers via memory 
remapping
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qWorker-aware NIC monitoring
qMark the status of NICs as idle or busy

qML applications typically have large traffic that can fully occupy NICs when they 
have communication tasks

qDecided by workers that have the highest priorities on the NIC

qMonitor NICs workload from the work requests on RDMA connections
qFuseLink identifies idle NICs by periodically checking new completions of network 

operations posted by high-priority workers
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qLoad-aware Scheduling
qAggregate NIC load status from recievers

qWrite NIC information into credit

qCollect credits from recievers
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qLoad-aware Scheduling
qAggregate NIC load status from recievers

qWrite NIC information into credit

qCollect credits from recievers

qSelect the NIC for sending
qSelects the direct NIC of worker if it is idle 
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qLoad-aware Scheduling
qAggregate NIC load status from recievers

qWrite NIC information into credit

qCollect credits from recievers

qSelect the NIC for sending
qSelects the direct NIC of worker if it is idle 

qOtherwise, select an idle indirect NIC if exists

qIf no idle NICs found, select the direct NIC
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Limit the number of operations posted to indirect NICs
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FuseLink has following tradeoffs to ensure scheduling with 
efficiency: 

qMark NIC load status based on new completions of operations 
posted by GPU workers, which is later than transmission start 
time.

qAllows bounded contention over limited number of network 
operations

qFuseLink allows bounded suboptimal transmission through 
indirect NICs
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FuseLink can: 

qLeverage idle NICs through dedicated intra-server fabrics

qMitigate contention and interruption among GPUs

qBe seamlessly integrated into existing communication library 
(NCCL, GLOO...)
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qSetup
qIntel 8480C CPU, 8*Nvidia Hopper GPUs

qInter-server:  8*Connect-X7 50GB/s NICs

qIntra-server：eight-lane NVLinks & NVSwitches, delivering up to 200GB/s

qFuseLink scheduler as a daemon process ,FuseLink as a NCCL plugin

qBaseline
qNCCL with PXN
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qIn End-to-End Evaluation
qQ1:What are the performance benefits of FuseLink on machine learning 

tasks with imbalanced traffic?

qIn Microbenchmark
qQ1:What is the maximum inter-server bandwidth for a single GPU with 

FuseLink compared to the default?

qQ2:What is the overhead of FuseLink in traffic scheduling?
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qEnd-to-End performance (Model serving)

qFuseLink shows 1.04-2.73 x→ speedup over the baseline with NIC 
binding
qOPT models serving(30B) under 1/2/4 tensor parallel degrees
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qEP training
qFuseLink improves the training 

throughput by 1.3

qMixtral 8*22B model (TP=4 , EP=8)

qDLRM training
qFuseLink can effectively reduce the 

training iteration times

qCriteo advertisement dataset

    (DP=32，batch size=1024)
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qMicrobenchmark-bandwidth improvement
qFuseLink achieves up to 212GBps bandwidth with six NICs, compared to 

the default setting with about 50GBps throughput

q NVLink > Indirect NICs bandwidth
qMaximum bandwidth:all NICs

q NVLink < Indirect NICs bandwidth
qMaximum bandwidth:

direct NIC(50GB/s)+Nvilink(200GB/s)
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qMicrobenchmark-scheduling overhead
qThe scheduling overhead is acceptable and the tradeoff will not harm the 

overall performance.

qRelay remapping is called when optimizing the data paths between NICs and 
GPUs, which brings around 95-193us latency in each remapping.
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qWhy FuseLink?
qFuseLink enables inter-server GPUs to efficiently communicate 

over multiple NICs.

qWhy FuseLink?
qFuseLink enables inter-server GPUs to efficiently communicate 

over multiple NICs.

qFuseLink exploits dedicated intra-server network for intra-server 
traffic routing to fully utilize GPU interconnects. 

qFuseLink is integrated into NCCL, so that ML applications can 
benefit from FuseLink seamlessly without code modifications.

qFuselink implementation has about 3000 lines of code in C++.


