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New trends for sPIN-based in-network computing: 
from sparse reductions to RISC-V acceleration! 
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The Development of High-Performance Networking Interfaces

1980 1990 2000 2010 2020

Ethernet+TCP/IP

Scalable Coherent Interface Myrinet GM+MX

Fast Messages Quadrics QsNet

Virtual Interface Architecture

IB Verbs

OFED libfabric

Portals 4

sockets

coherent memory access

(active) message based

Cray Gemini

remote direct memory access (RDMA)

triggered operationsOS bypass

protocol offload

zero copy

Smart NIC

ARM cores 
(with full OS, outside packet pipe)

Flow Processors
(limited flexibility, P4)

FPGAs
(limited productivity, 

silicon efficiency)

Catapult

Smart NIC

DPUs, IPUs, NPUs
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TH et al.: “sPIN: High-performance streaming Processing in the Network”, SC17 best paper candidate

Local Node

Main Memory

RDMA NIC

Core i7 Haswell 

L3

L2

L1

Regs

PCIe bus

arriving 
packets

34 cycles    ~11.3ns

11 cycles    ~ 3.6ns 

4 cycles   ~1.3ns

~ 250ns

125 cycles    ~41.6ns

Data Processing in modern RDMA networks

DMA 
Unit

RDMA 
Processing

Remote Nodes (via network)

L2

L1

Regs

34 cycles    ~11.3ns

11 cycles    ~ 3.6ns 

4 cycles   ~1.3ns

Input buffer

3

Mellanox ConnectX-6: 1 packet/2.5ns
Tomorrow (400G): 1 packet/1.2ns



spcl.inf.ethz.ch

@spcl_eth

4

The future of High-Performance Networking Interfaces

1980 1990 2000 2010 2020

Ethernet+TCP/IP

Scalable Coherent Interface Myrinet GM+MX

Fast Messages Quadrics QsNet

Virtual Interface Architecture

IB Verbs

OFED libfabric

Portals 4

sockets

coherent memory access

(active) message based

Cray Gemini

remote direct memory access (RDMA)

triggered operationsOS bypass

protocol offload

zero copy

fully
programmable
packet handlers

sPIN
Streaming Processing 

In the Network

Established Principles for Compute Acceleration

4.0

Generalization

Revolutionizes 
Acceleration

Where do we stand in Network Acceleration?

eBPF

Generalization

Data Acceleration

TH et al.: “sPIN: High-performance streaming Processing in the Network”, SC17 best paper candidate
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DMA Unit

manage

memory

upload

handlers
Fast shared memory 
(packet input buffer)

HPU 1

HPU 3

HPU 0

HPU 2

R/W

MEM

CPU

sPIN NIC - Abstract Machine Model for Packet Processing

6
TH et al.: “sPIN: High-performance streaming Processing in the Network”, SC17 best paper candidate
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sPIN – Programming Interface

__handler int pp_header_handler(const ptl_header_t h, void *state) {

pingpong_info_t *i = state;

i->source = h.source_id;

return PROCESS_DATA; // execute payload handler to put from device

}

Header handler

__handler int pp_payload_handler(const ptl_payload_t p, void * state) {

pingpong_info_t *i = state;

PtlHandlerPutFromDevice(p.base, p.length, 1, 0, i->source, 10, 0, NULL, 0);

return SUCCESS;

}

Payload handler

__handler int pp_completion_handler(int dropped_bytes, 

bool flow_control_triggered, void *state) {

return SUCCESS;

}

Completion handler

connect(peer, /* … */, &pp_header_handler, &pp_payload_handler, &pp_completion_handler);

Incoming message

Header

Payload

Tail

TH et al.: “sPIN: High-performance streaming Processing in the Network”, SC17 best paper candidate
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RDMA vs. sPIN in action: Streaming Ping Pong

9

Initiator Target

TH et al.: “sPIN: High-performance streaming Processing in the Network”, SC17 best paper candidate
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Talk roadmap

Motivation and Overview Hardware Implementation

Network Group
Communication

Distributed Data
Management

…

Use cases

In-network reductions
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Network-accelerated 
datatypes sPIN-FS Zoo-sPINNER

consensus protocols

Quantization
Allreduce and other collectives

Erasure coding 

ServerlessPacket classification and
pattern matching

In-network compute use cases
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4 MiB transfer with varying blocksize
stride = 2 x blocksize

11.44 GiB/s

Input buffer Destination memory

MPI Datatypes acceleration

Gropp, W., et al., March. Improving the performance of MPI derived datatypes. MPIDC’99
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MPI Datatypes acceleration

13

Input buffer Destination memory

sPIN

43.6 GiB/s

13

Handlers cost: 
54 instructions 

RDMA

4 MiB transfer with varying blocksize
stride = 2 x blocksize

11.44 GiB/s

Gropp, W., et al., March. Improving the performance of MPI derived datatypes. MPIDC’99

3.8x speedup
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Real Applications DDTs
Sp

e
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p

Contiguous regions/packet
Baseline (ms)
Message size (KiB)

[1] Di Girolamo et al., “Network-Accelerated Non-Contiguous Memory Transfers”, SC 2019, https://arxiv.org/abs/1908.08590
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Fully one-sided & secure data access

Network-offloaded data replication

Network-offloaded erasure coding

up to 29x and 3.3x better bandwidth for 1 KiB and 512 KiB blocks w.r.t. INEC-TriEC

up to 4x for small writes (1 KiB) and up to 3.15x for large ones (1 MiB)

up to 40% faster for small writes (1 KiB) and up to 16% for large ones (1 MiB)

Bonus: sPIN can reduce time-to-market of new solutions like TriEC!
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Talk roadmap

Motivation and Overview Hardware Implementation

Network Group
Communication

Distributed Data
Management

…

Use cases

In-network reductions
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Architectural principles for in-network compute

Low latency, 
full throughput

Support for wide range 
of use cases

Easy to integrate

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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Architectural principles for in-network compute

Highly parallel Fast scheduling

Fast explicit 
memory access

Low latency, full throughput

400 Gbit/s

200 Gbit/s

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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Architectural principles for in-network compute

Stateful computation support

Handlers isolation

Support for wide range of use cases
Network-accelerated 

datatypes [1] sPIN-FS Zoo-sPINNER
consensus protocols

Quantization
Allreduce and other collectives

Erasure coding 

ServerlessPacket classification and
pattern matching

Di Girolamo et al., “Network-Accelerated Non-Contiguous Memory Transfers”, SC 2019, https://arxiv.org/abs/1908.08590
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Architectural principles for in-network compute

Area and power efficiency

Configurability

Easy to integrate

Inbound 
Engine

Outbound 
Engine

Network Interface

Host Interface

sPIN Unit
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S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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PsPIN: A PULP-powered implementation of sPIN

Inbound 
Engine

Outbound 
Engine
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Host Interface

PsPIN Unit
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L2 program 
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L2 packet 
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DMA engine
(off-cluster)
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Scheduler
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Monitoring & 
control
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S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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Execution context: EC_filter

filter_hh(), filter_ph(), filter_th();
NIC memory: 
Host buffer:

Inbound 
Engine

Outbound 
Engine

Network Interface

Host Interface

PsPIN Unit
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L2 program 
memory

L2 handler 
memory

L2 packet 
buffer

DMA engine
(off-cluster)

Packet 
Scheduler

Command 
unit

Monitoring 
& control

L1 TCDM
H H H H

H H H H

DMA

CSCHED

Cluster 3

L1 TCDM
H H H H

H H H H

DMA

CSCHED

Cluster 2

L1 TCDM
H H H H

H H H H

DMA

CSCHED

Cluster 1

L1 TCDM
H H H H

H H H H

DMA

CSCHED

Cluster 0

Application perspective

1 Define and offload handlers

Telemetry: 
telemetry_hh(), telemetry_ph(), telemetry_th();

Filtering: 
filter_hh(), filter_ph, filter_th();

2 Define an execution context

3
Define matching rule:
e.g., (IP packets) -> EC_filter

1

2 3

STATE

STATE
BUF

BUF

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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Inbound 
Engine
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Engine

Network Interface

Host Interface

PsPIN Unit
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L2 program 
memory

L2 handler 
memory

L2 packet 
buffer

DMA engine
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Packet 
Scheduler
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Monitoring 
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DMA
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Network perspective

1
Match packet to execution context
e.g., (IP packets) -> EC_filter

4
Copy packet to L1 and run 
the handler

1

2

3

STATE

Execution context: EC_filter

filter_hh(), filter_ph(), filter_th();
NIC memory: 
Host buffer:

STATE
BUF

BUF

3
Schedule the packet to a cluster
(task: pkt pointer, handler fun)

2
Write             to L2 pkt buffer 
and inform PsPIN of the new 
packet to process

PKT

PKT
PKT

4

Scheduling overhead: 
- 64 B packets: 12 ns
- 1 KiB packets: 26 ns

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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400G Data Path

Cluster 0 Cluster 1 Cluster 2 Cluster 3

L2 program 
memory

L2 handler 
memory

L2 packet 
memory

NIC outboundNIC inbound
DMA 

(off-cluster)
Host mst
(AXI2PCI)

Host
Direct

IOMMU

Host slv
(AXI2PCI)

L1DMA L1DMA L1DMA L1DMA

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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400G Data Path

Cluster 0 Cluster 1 Cluster 2 Cluster 3
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S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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400G Data Path

L2 program 
memory

L2 handler 
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NIC outbound
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x DMA interconnect
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S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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400G Data Path
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S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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400G Data Path

L2 program 
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S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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400G Data Path
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S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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Circuit Complexity and Power Estimations

L2 program 
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GlobalFoundries 22nm FDSOI @ 1GHz

Area:
95 MGE (18.5 mm2, 70% layout density)

Power:
6.1 W (98% dynamic power, worst case) Mellanox BlueField: 16 A72 64bit cores

Estimated area: 51 mm2

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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NIC integration
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Standard queue pairs

Processing queue pairs

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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Area and power efficiency

ConfigurabilityEasy to integrate

Highly parallel

Fast scheduling

Fast explicit 
memory access

Low latency, 
full throughput

Stateful computation support

Handlers isolationSupport for wide range 
of use cases

32 cores, higher core-count configurations 
are possible with more clusters

Tens of nanoseconds to get handlers started

Single-cycle L1 memory

Implicit in the sPIN programming model

HW-configured (1 cycle) RISC-V PMP

18.5 mm2, 6.1 W

Configurable number of clusters and 
cores/cluster 

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21



spcl.inf.ethz.ch

@spcl_eth

34

Experimental results

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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Packet steering
filtering, strided datatypes

Data movement
key-value store

Full packet processing
aggregate, histogram, reduce
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Handlers Characterization

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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How about other architectures?

ault @ CSCS

Xeon Gold @ 3 GHz 
(18-core, 4-way superscalar, OOO, 64-bit)

zynq

ARM Cortex-A53 @ 1.2 GHz
(4 cores, 2-way superscalar, 64-bit)

PsPIN

RI5CY (RISC-V) @ 1 GHz
(32 cores, single-issue, in-order, 32-bit)

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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How about other architectures?

ault @ CSCS

Xeon Gold @ 3 GHz 
(18-core, 4-way superscalar, OOO, 64-bit)

zynq

ARM Cortex-A53 @ 1.2 GHz
(4 cores, 2-way superscalar, 64-bit)

PsPIN

RI5CY (RISC-V) @ 1 GHz
(32 cores, single-issue, in-order, 32-bit)

S. Di Girolamo et al.: “A RISC-V in-network accelerator for flexible high-performance low-power packet processing”, ISCA’21
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Talk roadmap

Motivation and Overview Hardware Implementation

Network Group
Communication

Distributed Data
Management

…

Use cases

In-network reductions
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sPIN switch motivation

We can reduce the required network bandwidth for allreduce by 2x if we offload the 
operation into the network

D. De Sensi et al.: “Flare: Flexible In-Network Allreduce”, SC21
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State of the art

Mellanox 
SHARP

Mellanox 
SHARP

SwitchML

F1 – custom operators and types
F2 – unstructured and sparse data
F3 – determinism/reproducibility

40
D. De Sensi et al.: “Flare: Flexible In-Network Allreduce”, SC21
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sPIN switch architecture – same core sPIN system design!

D. De Sensi et al.: “Flare: Flexible In-Network Allreduce”, SC21
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Allreduce basics

Packets in a block need to be aggregated together

D. De Sensi et al.: “Flare: Flexible In-Network Allreduce”, SC21
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An example timeline in a switch

D. De Sensi et al.: “Flare: Flexible In-Network Allreduce”, SC21
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Buffering and staggered sending

Single buffer requires locking (or atomics)

Staggered block sending mitigates locking – requires some buffer memory 

D. De Sensi et al.: “Flare: Flexible In-Network Allreduce”, SC21
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Results – cycle accurate simulations

D. De Sensi et al.: “Flare: Flexible In-Network Allreduce”, SC21



spcl.inf.ethz.ch

@spcl_eth

46

ResNet-50 training example

Communication time of a ResNet50 iteration 
with sparsified gradients (99.8% sparse)

D. De Sensi et al.: “Flare: Flexible In-Network Allreduce”, SC21

Bound by computation / 
microarchitecture! 

Consider iSSR (DATE’20).

Bound by computation / 
microarchitecture! 

Consider iSSR (DATE’21).
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https://github.com/spcl/pspin
RTL, runtime, examples

Area and energy 
efficiency

(Snitch cluster)

Large scale simulations
(SST + Verilator)

recv()

bar()

foo()

trans()

Programming interface
(performance modeling 
and handler offloading)

Motivation and Overview
Hardware Implementation

Network Group
Communication

Distributed Data
Management

…

Use cases In-network reductions

https://github.com/spcl/pspin
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SPCL is hiring PhD students and highly-qualified postdocs to reach new heights!

https://spcl.inf.ethz.ch/Jobs/


