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Figure 4: Architecture of a parameter server communicat-
ing with several groups of workers.

Li Mu, David G. Andersen, et al., Scaling Distributed Machine Learning with the Parameter Server, OSDI 2014
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Network becomes a bottleneck!
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In-network Aggregation

N to 1 communication pattern causes the congestion?
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In-network Aggregation

What if the switch can do the gradient aggregation
in the network?
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Trend of In-network Computation

* Programmable switch offers in-transit packet processing and in-
network state
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ogrammable Switch: A Potential
Solution

Trend of In-network Computation

* Programmable switch offers in-transit packet processing and in-
network state

Packet

* Reduce training time by moving gradient aggregation into the
network
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Switch ML

State-of-the-art In-network Aggregation

Job1 " lob2

* SwitchML (Sapio et al. NSDI’21) sorker 1 1 Worker 2 woricer 1 | Workes 2
* Target single-rack settings ' S '
* Support multiple jobs by static SR VT Switch v T .
partitioning of switch resources ) — N
. Register(s) Register(s) |

Scaling Distributed Machine Learning with In-Network Aggregation, NSDI 2021 -



itations of a Programmable

Switch

SwitchML: Co-design ML and networking

Challenges Design
</ > Limited computation « Combined switch-host architecture
&l Limited storage

* Pool-based streaming aggregation

% No floating points * Quantized integer operations

6.5 Tbps * Failure-recovery protocol

@ Packet loss programmable

data plane * In-switch RDMA implementation
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Limited Computation & Resources

Streaming aggregation
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Limited Computation & Resources

Streaming aggregation
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Limited Computation & Resources

Streaming aggregation
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Limited Computation & Resources

Streaming aggregation
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No Floating Number Support

Combined switch-host architecture

Worker 1 Worker 2 Worker 3 Worker 4
1T1Ifni HEBE 111t 1T11fli
 e—  e— fr— e |
Quantization & Quantization & Quantization & Quantization &
failure recovery failure recovery failure recovery failure recovery

Fixed-point
aggregation

Switch 14
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Limitations of Switch ML

¢ Inefficiently use the switch resources

® Does not consider multi-rack setting
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Key Goal

Speed up multiple DT jobs in a cluster while

maximizing the benefits from in-network multi-
switch aggregation
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Design Goal of ATP

® Multi-tenant
® Multi-rack
* Additional challenges
e Reliability
e Congestion control
e Improve floating point computation
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Multi-tenant

Why SwitchML fails to support Multi-tenant?
SwitchML is designed with:

e Single training job

e Static aggregation assignment

e Dedicated switch memory

S—
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Multi-tenant

However, multiple jobs run simultaneously in real-world
environment

Each job requires:
e Switch Memory
e Aggregation slots
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Limited Switch Memory

e Static memory allocation is insufficient!

* Example: Switch memory = 100 aggregators
e Job A needs 80
* Job B needs 80
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Static Allocation

Job A = 50 slots
Job B = 50 slots
Problem:

e Poor Performance
e Low Utilization
e Unfairness
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Shared Without Isolation

Jobs overwrite each other

Problem:
e Incorrect aggregation
* Job performance interference
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ATP’s Core Idea

Best-Effort In-Network Aggregation

e Switch aggregates when resources are available,
otherwise, fall back to end host

e |[f switch memory available
—> aggregate in network
Else
— forward to PS

Need a PS server
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ATP Packet Format

‘ IP Header | [ ATP Header H Data ‘

| - - 16bytes packet
[ bitmap0 (32bits) ]
[ bitmap1l (32bits) ]
| LfanlnDegreeO ”fanlnDegreel\"overﬂoww re15§r1dj E:o!llf?n ﬁa(é‘nf || edgeSwi}cﬂEentiﬁer ”I%\cb aggrfiagﬂilndex]
[ joblDAndSequenceNumber (32 bits) ]

Fr'FP-l-I-e-a-de-l—

Figure 5: ATP packet format.
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ATP Packet Format

ATP uses gradient fragment packets
Packet Identification

e joblD

e sequenceNumber

Used to identify:

e Which job

e Which gradient fragment

36



ATP Packet Format

‘ IP Header __ | [ ATP Header H Data ‘
| — bytes > — Packet
[ bitmap0 (32bits) ]
[ bitmap1l (32bits) ]
Lfa nin DegreeOJ {fanln Degreel][overﬂow} ‘resendJ E:olllsno n‘ [ecn J[EdgeSWitCh IdentiﬁerJ [isAc kJ aggregatorlndex}
5 bits bits 1 bit 1bit || 1bit (1 bit 1 bit 1 bit 16 bits
[ joblDAndSequenceNumber (32 bits) ]

ATP Header ./

Figure 5: ATP packet format.
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ATP Packet Format

Aggregation Metadata
e bitmap -> The position of the worker
e faninDegree -> The number of workers

Track aggregation progress
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ATP Packet Format

‘ IP Header |[ ATP Header H Data ‘
| oy Packet
| bitmap0 (32bits) ]
[ bitmap1l (32bits) ]
{fanInDegreeO”fanlnDegreel\l overﬂowJ‘resendJ E:olhsmrl][ecn “EdgeSWitﬂhldenﬁﬁer[isAckJ 1ggregatarlndex}
5 bits bits 1 bit 1bit || 1bit |j[1 bit 1 bit 1 bit 16 bits
[ joblDAndSequenceNumber (32 bits) ]

ATP Header ./

Figure 5: ATP packet format.
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ATP Packet Format

Aggregator Selection
e Aggregator Index

Deterministically derived from other fields

Aggregator Index = hash(joblD, seq) % number
Of Aggregators

Consistent across different hosts

40



R

ATP Packet Format

Control Flags

e collision

* resend

e ECN

* isAck

Function

* multi-tenant isolation
e reliability

e congestion control
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ATP Switch Memory Layout

_ . job sequence aggregator
index bitmap counter ecn ID number timestamp value field
(32 bits) (32 bits) (1 bit) (32 bits) (32 bits) (248 bytes)

1) (00101 )(2) (0] (0 5 | | ]
2 | [o1101 ] (3] (1] 5 | 1000 | ]
3 ) [10001](2) (1] 5 900 | J

aggregator

Figure 6: ATP Switch memory layout.
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Switch Logic (Simplified Version)

When a packet arrives

e check bitmap to determine if the packet has
already been aggregated

* value += gradients
e counter ++

When aggregation completes:
e counter == fanlnDegree

/ .
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Endhost Logic

Push gradient fragment packets toward the PS and
receive updated parameters back

The PS accepts gradient fragment packets, as well as
partially or fully aggregated packets

e PS collects aggregated gradients as an array of
<bitmap, value> indexed by sequence number.

e The bitmap tracks which workers’ gradient
fragments have been aggregated in the value field.
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Collision Detection

If the aggregator has already been used by
other jobs (hash collision)

Forward the packet to PS

Set collision field to 1 to avoid repetitive check
next rounds
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Why Multi-tenant?

ATP does not reserve aggregator per job
e aggregatorindex = hash(joblD, seq) % N

Best effort Aggregation

e |f aggregator overwritten, packet lost happen,
ATP fallback to PS aggregation

e Ensure correctness when shared by multiple
jobs

Collision Detection
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Design Goal of ATP

Multi-tenant
Multi-rack

Additional challenges
e Reliability
e Congestion control
e Improve floating point computation
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Inter-Rack Aggregation

* Aggregation at every layer of network topology
e Nondeterministic routing, i.e., ECMP
® Support two-level aggregation at ToR switches
e Workers and PS(es) are located in different racks

Datacenter Network
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Design Goal of ATP

® Multi-tenant
® Multi-rack
e Additional challenges
e Reliability
e Congestion control
e Improve floating point computation
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Additional Challenges

Rethink reliability

e Recovery from packet loss

e Ensure exact once aggregation

e Memory leak: aggregators are reserved forever, but not used
Rethink congestion control

e N flows merged into one flow communication

e Drop congestion signal, i.e., ECN
Improve the floating point computation

e Convert gradients to 32-bit integer at workers by a scaling
factor

e Aggregation overflow at switch
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Implementation

Replace the networking stack of BytePS on the end host

Use P4 to implement the in-network aggregation service
on a Barefoot Tofino switch

https://github.com/in-ATP/ATP
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Evaluation

Setup: 9 servers, each with one GPU, one 100G NIC

Baseline: (BytePS + TCP, BytePS+ RDMA) x (N to 1, N to N),
SwitchML, Horovod+RDMA, Horovod+TCP

Metrics: Training Throughput, Time-to-Accuracy

Workloads: AlexNet, VGG11, VGG16, VGG19, ResNet50,
ResNet101, and ResNet152

~ Datacenter Net
[ .
SW0 SW1 | Cosw2
/\ /\ PN

wo | [wi|[w2|| w3 || w4l ws| ps
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Single Job Performance

B ATP [ BytePS Nto1 TCP  E1 SwitchML
B Horovod TCP [ BytePS NtoN RDMA X1 Horovod RDMA
1 BytePS NtoN TCP

Training Throughput
(image/sec)

e ATP is comparable to, and outperforms the state-of-the-art
approaches.

* ATP gets larger performance gains on network-intensive
workloads (VGG) than the computation-intensive workloads
(ResNet).

54



Static

200

—
(&)
(@)

o=

[+ Dynamic  —&— Static]

(9)
o

Training Throughput
(image/sec)
3

100% 85% 75% 60% 45% 33%
Percent of Peak Throughput Aggregators
3 VGG16 Jobs
e Static approach evenly distributes aggregators to jobs
e PTA: the number of the aggregators to make each job to
achieve the peak aggregation throughput

iple JobW
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Static

When switch memory is sufficient, ATP’s
dynamic = static

When switch memory is insufficient, ATP’s
dynamic > static
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Review

Programmable switches can do more than just
packet switching nowadays!
ATP

e Multi-tenant

e Multi-rack

In-network gradient aggregation has been
widely deployed to accelerate LLM training
with NVIDIA’s InfiniBand switch
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