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sPIN: High-performance streaming Processing in the Network
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. . \
Define matching rule: o e & control DMA STATE
e.g., (IP packets) -> EC_filter N = CSCHED H H H H i

13



spcl.inf.ethz.ch oo o
v oo ETH ZUrich

Network perspective

Execution context: EC_filter

filter _hh(), filter_ph(), filter_th();

NIC memory: BV
Host buffer: IV

Network Interface /'
14
l4

; Packet
/ Scheduler

Cluster 0 Scratchpad Packet

DMA H HHH buffer
CSCHED HHHH

Outbound

Cluster 1 Scratchpad
Engine

DMA HHHH Program
CSCHED HHHH memory

(off-cluster)

4
/
Inbound ,"
Engine /! DMA engine
III
/
4
| ;

4

Cluster 2 Scratchpad

DMA HHHH
CSCHED HHHH Handler

Command
unit

Command

Cluster 3 Scratchpad l=neln

DMA HHHH STATE
CSCHED H H H H

Monitoring
& control

Host Interface

14



spcl.inf.ethz.ch oo o
v oo ETH ZUrich

Network perspective

Match packet to execution context Execution context: EC_filter

e.g., (IP packets) -> EC_filter filter_hh(), filter_ph(), filter_th();

NIC memory: BV
Host buffer: IV

Network Interface /'
14
l4

; Packet
/ Scheduler

4
/
Inbound ,"
Engine /! DMA engine
III
/
4
| ;

Cluster 0 Scratchpad Packet

DMA H HHH buffer
CSCHED HHHH

Outbound

Cluster 1 Scratchpad
Engine

DMA HHHH Program
CSCHED HHHH memory

(off-cluster)

4

Cluster 2 Scratchpad

DMA HHHH
CSCHED HHHH Handler

Command
unit

Command

Monitoring
& control

Cluster 3 Scratchpad l=neln

DMA HHHH STATE
CSCHED H H H H

Host Interface

14
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Network perspective

Match packet to execution context Execution context: EC_filter

e.g., (IP packets) -> EC_filter filter_hh(), filter_ph(), filter_th();
NIC memory:
Host buffer: VD

Write to L2 pkt buffer

and inform PsPIN of the new Network Interface Cluster0  scratchpad
/ Packet
/ Packet

DMA H HHH buffer
Scheduler CSCHED HHHH

packet to process

Outbound PKT

Cluster 1 Scratchpad

DMA HHHH Program
CSCHED H HHH memory

—m Command Cluster 2 Scratchpad
unit DMA HHHH
AN CSCHED  H H H H Handler
\\ Monitoring Cluster 3 Scratchpad memory
: & control DMA HHHH STATE
marrras 2N FRER KON

DMA engine
(off-cluster)

Command

14
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Network perspective

Match packet to execution context Execution context: EC_filter

e.g., (IP packets) -> EC_filter filter_hh(), filter_ph(), filter_th();
NIC memory:
Host buffer: VD

Write to L2 pkt buffer

and inform PsPIN of the new Network Interface Cluster0  scratchpad
/ Packet
/ Packet

DMA H HHH buffer
Scheduler CSCHED HHHH

packet to process

PKT

Outbound

. Cluster 1 Scratchpad
DMA engine DMA‘ T pH y
(off-cluster) Program

CSCHED H HHH memory

—m Command Cluster 2 Scratchpad
unit DMA HHHH
AN CSCHED  H H H H Handler
\\ Monitoring Cluster 3 Scratchpad memory
— el o [ )
Host Interface K N S— |

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

Command

14
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Network perspective

Match packet to execution context Execution context: EC_filter

e.g., (IP packets) -> EC_filter filter_hh(), filter_ph(), filter_th();
NIC memory:
Host buffer: VD

Write to L2 pkt buffer

and inform PsPIN of the new Network Interface Cluster0  scratchpad
/ Packet
/ Packet

DMA H HHH buffer
Scheduler CSCHED HHHH

packet to process
PKT

Outbound

Cluster 1 Scr:
DMA engine SR ‘ cr:_PKT
(off-cluster) al Program

CSCHED H H memory

—m Command Cluster 2 Scratchpad
unit DMA HHHH
AN CSCHED  H H H H Handler
\\ Monitoring Cluster 3 Scratchpad memory
— el o [ )
Host Interface K N S— |

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

Command

Copy packet to L1 and run
the handler
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Network perspective

Match packet to execution context Execution context: EC_filter Scheduling overhead:
e.g., (IP packets) -> EC_filter filter_hh(), filter_ph(), filter_th(); - 64 B packets: 12 ns
NIC memory: - 1 KiB packets: 26 ns

Host buffer: VD

Write to L2 pkt buffer

and inform PsPIN of the new Network Interface Cluster 0 scratchpad
/ Packet
/ Packet

DMA H HHH buffer
Scheduler CSCHED HHHH

packet to process

PKT

Outbound Cluster 1 Scr:
DMA engine ‘ EXE

(off-cluster) ESNCI':IED : : Program
memory

—m Command Cluster 2 Scratchpad
unit DMA HHHH
AN CSCHED  H H H H Handler
\\ Monitoring Cluster 3 Scratchpad memory
— el o [ )
Host Interface K N S— |

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

Command

Copy packet to L1 and run
the handler
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Circuit Complexity, Performance, and Efficiency

GlobalFoundries 22nm FDSOI @ 1GHz

Packet
Scheduler

DMA engine
(off-cluster)

Command
unit

Monitoring
& control

Cluster 0~ Scratchpad

BHA HHHH Packet
CSCHED HHHH buffer

Cluster1 = Scratchpad
DMA HHHH
CSCHED HHHH Program

Cluster2 = Scratchpad memory

DMA HHHH
CSCHED HHHH

Handler
memory

Cluster 3 = Scratchpad

DMA HHHH
CSCHED HHHH
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Power:
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Circuit Complexity, Performance, and Efficiency

GlobalFoundries 22nm FDSOI @ 1GHz

100 % —

TSDWCs, —Inter-
Bufs, con.
90%— Inter- [ KZa43 RV32
con. Cores
. 80% — /
Area: /

95 MGE (18.5 mm2, 70% layout density) 0% /

60 % —

Power:
6.1 W (98% dynamic power, worst case) 30%




v ovien  ETHZzirich
Circuit Complexity, Performance, and Efficiency

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




spcl.inf.ethz.ch oo o
v oo ETHZUrich

Circuit Complexity, Performance, and Efficiency

GlobalFoundries 22nm FDSOI @ 1GHz

Area:
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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)

Cycle-accurate simulations
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Circuit Complexity, Performance, and Efficiency

GlobalFoundries 22nm FDSOI @ 1GHz

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

Power:
6.1 W (98% dynamic power, worst case)

Cycle-accurate simulations

500
400
£ 300
QO
O 200+
100

5128 1024 B

64 B

aggregate filtering histogram kvstore reduce strided_ddt

zynq

y N

> 10x area efficiency
(Gb/s/area)
A -4

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

Mellanox BlueField: 16 A72 64bit cores
Estimated area: 51 mm2

ault @ CSCS

G |

> 100x area efficiency
(Gb/s/area)

Y—_y =

Xeon Gold @ 3 GHz
(18-core, 4-way superscalar, 000, 64-bit)
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Network-accelerated non-contiguous memory transfers

https.//specfem3d.readthedocs.io/en/latest/

L. Carrington et al. High-frequency simulations of global seismic wave
propagation using SPECFEM3D_GLOBE on 62K processors. SC 2008.

Salvatore Di Girolamo, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19 17
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Network-accelerated non-contiguous memory transfers

http://fourier.eng.hmc.edu/e161/lectures/fourier/nodel0.html

https://specfem3d.readthedocs.io/en/latest/ T. Hoefler et al. Parallel zero-copy algorithms for
. . . . . fast Fourier transform and conjugate gradient
L. Carrington et al. High-frequency simulations of global seismic wave using MPI datatypes. EuroMPI 2010
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Network-accelerated non-contiguous memory transfers
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https://specfem3d.readthedocs.io/en/latest/ T. Hoefler et al. Parallel zero-copy algorithms for
. . . . . fast Fourier transform and conjugate gradient
L. Carrington et al. High-frequency simulations of global seismic wave using MPI datatypes. EuroMPI 2010

propagation using SPECFEM3D_GLOBE on 62K processors. SC 2008.
W. Usher et al. liblS: a lightweight library for flexible in
transit visualization. ISAV 2018.

Salvatore Di Girolamo, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
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Network-accelerated non-contiguous memory transfers

MPI

Derived Datatypes

. J

http://fourier.eng.hmc.edu/e161/lectures/fourier/nodel0.html

https://specfem3d.readthedocs.io/en/latest/ T. Hoefler et al. Parallel zero-copy algorithms for
. . . . . fast Fourier transform and conjugate gradient
L. Carrington et al. High-frequency simulations of global seismic wave using MPI datatypes. EuroMPI 2010

propagation using SPECFEM3D_GLOBE on 62K processors. SC 2008.
W. Usher et al. liblS: a lightweight library for flexible in
transit visualization. ISAV 2018.

Salvatore Di Girolamo, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19
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MPI Datatypes Processing

Input buffer Destination memory

Gropp, W., et al., March. Improving the performance of MPI derived datatypes. MPIDC’99
Torsten Hoefler, Salvatore Di Girolamo, Konstantin Taranov, Ryan E. Grant, and Ron Brightwell. 2017. sPIN: High-performance streaming Processing In the Network. SC'17
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Specialized Handlers

\ VEC'/tOI' /

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int
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\ VEC'/tOI' /

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
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Specialized Handlers

NIC Memory

Nt

vector

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int

v
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Specialized Handlers

NIC Memory

spin_vec_t: /
num_blocks: 3
block_size: 2 vector

stride: 3
base_type: int

<
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int

\ VEC/tOI' /
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int

\ VEC/tOI' /
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3

base type: int - ( )

~_handler vector payload handler (handler args t *args)

{

vector

spin _vec t *ddt descr = (spin_vec t *)args->mem;
uint32 t num blocks = args->packet len / ddt descr->block size;
uint32 t stride = ddt descr->stride;

uint8 t *pkt payload = args->pkt payload ptr;

i

uint8 t *host base ptr = args->host address;
uint32 t host offset = (args->pkt offset / ddt descr->block size;) * stride;
uint8 t *host address = host base addr + host offset;

for (uint32 t i=0; i<num blocks; i++)
{

4(((

PtlHandlerDMAToHostNB (host address, pkt payload, block size, DMA NO EVENT) ;
pkt payload += block size;
host address += stride;

}

return SPIN SUCCESS;
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2 :

[

vector

stride: 3 } R
base_type: int — [ )
- ~_handler vector payload handler (handler args t *args)
{
uint8 t *pkt payload = args->pkt payload ptr;
@ uint8 t *host base ptr = args->host address;
uint32 t host offset = (args->pkt offset / ddt descr->block size;) * stride;
uint8 t *host address = host base addr + host offset;
for (uint32 t i=0; i<num blocks; i++)
S {
v PtlHandlerDMAToHostNB (host address, pkt payload, block size, DMA NO EVENT) ;
pkt payload += block size;
host address += stride;
}
return SPIN SUCCESS;
}
J

19



spcl.inf.ethz.ch oo o
v oo ETH ZUrich

Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3

base_type: int T P .

~_handler vector payload handler (handler args t *args)

{
Load DDT info

uint8 t *pkt payload = args->pkt payload ptr;

[

vector

Compute host memory destination address

for (uint32 t i=0; i<num blocks; i++)

~

w PtlHandlerDMAToHostNB (host address, pkt payload, block size, DMA NO EVENT) ;
pkt payload += block size;
host address += stride;

}

return SPIN SUCCESS;
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3 e
base type: int R r |

~_handler vector payload handler (handler args t *args)

{

Load DDT info

uint8 t *pkt payload = args->pkt payload ptr;

[

vector

Compute host memory destination address

DMA all contig. regions contained in the packet

return SPIN SUCCESS;
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Specialized Handlers

NIC Memory N
spin_vec_t: /
num_blocks: 3
block_size: 2 vector
stride: 3 et
base—type: int | | r __handler vector payload handler (handler args t *args) |

{

Load DDT info

uint8 t *pkt payload = args->pkt payload ptr;

Compute host memory destination address

DMA all contig. regions contained in the packet

return SPIN SUCCESS;
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Throughput (Gbit/s)
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Specialized
100+
504 . — f
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b Host Unpack

16

32 64

128 256 512 1K 2K aK 8K 16K
Block Size (B)

_ handler vector_payload handler(handler_args_t *args)

{
spin vec_t *ddt descr = (spin_vec_t *)args->mem;
uint32_t num blocks = args->packet_len / ddt_descr->block size;
uint32_t stride = ddt_descr->stride;

vector

struct

uint8_t *pkt_payleoad = args->pkt_payload ptr;
uintSit *host_base ptr = args->host_address;
uint32 t host_offset = (args-»pkt_offset / ddt_descr->block size;) * stride;
uint8_t *host_address = host_base_addr + host_offset;
for (uint32 t i=0; i<num blocks; 1++)
° {
Indexed PtlHandlerDMAToHostNB (host_address, pkt_payload, block_size, DMA_NO_EVENT) ;

pkt_payload += block_size;
host_address += stride;
}

return SPIN SUCCESS;




spcl.inf.ethz.ch oo o
v oo ETHZUrich

200
—_ Line rate o= ® ° ® ° * > ®
(7]
2 150
K] 7 .« _qe
o Specialized
e
2
= 100+
(=2}
=
o
S 50 _—*_7 ‘/
b Host Unpack
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Block Size (B)
f __handler vector n2wlnad handlarihandler arms + karos) h
! spin vec_t ¢ , -
uint32_t nun H
uint32_t str
/ uints t *pkt K= amn Cg

uin *hos g

uintgzit Eo: GD * stride;

uint8_t *hos 3

- 5
for (uint3z_

vector

{

indexed rethanc

_l g v MA_NO_EVENT) ;
host_adc

/ )
st ru ct \ , return SPIN_ ‘
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2100
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b Host Unpack
512 1K 2K 4K 8K 16K
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Block Size (B)

__handler vector mavlnad handlerihandler arcs + %
T
p n vec t ¢ , o
uint3z_t mum .
uint32_t str
™ -_—
uint8_t *pkt = (¢
uint8_t *hos } CD
uint32_t hos T,"n G trid
uint8_t *hos '
vector - J_Juu =
for (uint3z
{ ) D - )
-Lg . MA_NO_EVENT) ;

'nde"Ed T
) host_adc
st ru ct \ ) return SPIN

Need a different handlers for each possible derived datatype!
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o Specialized
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=
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N e Host Unpack
4 16 32 64 128 256 512 1K 2K 4K 8K 16K
Block Size (B)

__handler vector mavlnad handlarihandler arms + %
{

spin vec_t ¢
uint32_t nun
uint32_t str

uints8 t *pkt

/ uint8 t *hos
uintEEft hos

\ uint8_t *hos
vector for (uint3z_

{

'"dexed T
) host_adc
st r u ct \ ) return SPIN

MA_NO_EVENT) ;

Can we define a general handler to process any datatype?




MPI Types Library on sPIN

Index{ #blocks: 2, blocklen: 1,

N Ic Memory offsets: {0, x}, basetype: * } At 2
Index: Vector{ #blocks: 3, blocklen: 2, Index: I
Vector: stride: 3, basetype: [} Vector: -
Snapshot 0 Snapshot 5
Index: Index: Index: I Index: I
Vector: [l vector: [N Vector: Vector: [l
Snapshot 1 Snapshot 2 Snapshot 3 Snapshot 4

Packet Scheduler
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HPU-Local: each HPU has its own state
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Fast, scalable, and reliable storage is a first-class requirement of both
HPC systems and datacenters.

Up to 60% 1/0 overhead [1].
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Fast, scalable, and reliable storage is a first-class requirement of both
HPC systems and datacenters.

Up to 60% 1/0 overhead [1]. Up to 90% 1/0 overhead [2].
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Fast, scalable, and reliable storage is a first-class requirement of both
HPC systems and datacenters.

Efficiency of Distributed File Systems (DFS) is crucial in these systems
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Distributed File Systems with NVMM and sPIN
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Yang, Jian, Joseph lzraelevitz, and Steven Swanson. "Orion: A distributed file system for non-volatile main memory and RDMA-capable networks." 17th {USENIX} Conference
on File and Storage Technologies ({FAST} 19). 2019.
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In-network allreduce

Daniele De Sensi, Salvatore Di Girolamo, Saleh Ashkboos, Shigang Li, and Torsten Hoefler. "Flare: flexible in-network allreduce." SC ‘21 35
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In-network allreduce

2x traffic reduction compared to host-based allreduce

;\\ 2x bandwidth improvement

Daniele De Sensi, Salvatore Di Girolamo, Saleh Ashkboos, Shigang Li, and Torsten Hoefler. "Flare: flexible in-network allreduce." SC ‘21
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Results — 64 nodes, 2-level fat tree
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Further results and use-cases
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Use Case 4: MPI Rendezvous Protocol
i)

program p  msgs ovhd Yovhd red
MILC 64 57M 55% 1.9% 65%
POP 64 772M 3.1% 2.4% 22%
coMD 72 53M 6.1% 2.4% 60%
coMD 360 28.1M 6.5% 2.8% 58%
Cloverleaf 72 2.7M 52% 2.4% 53%
Cloverleaf 360 15.3M 5.6% 3.2% 42%
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Use Case 6: Conditional Read

Discarded data: 80%
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Data Size

Barthels, C., et al., Designing Databases for Future High-
Performance Networks. IEEE Data Eng. Bulletin, 2017
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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

18.5mm2, 6.1 W

Configurable number of clusters and
cores/cluster
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Other SmartNICs

= Netronome/P4-based NICs
= Different philosophy
= Offloaded computation is not per-application (vs sPIN per-application packet handlers)
No isolation (computation on the NIC sees all packets)
= |ntroduce limitation on the offloaded computation
e.g., XDP is not Turing complete
* Not open source ®

= |INCA/off-path SmartNICs
= Complementary to sPIN/PsPIN
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A RISC-V in-network accelerator for flexible
high-performance low-power packet processing

Salvatore Di Girolamo*, Andreas Kurth!, Alexandru Calotoiu®, Thomas Benz', Timo Schneider*,
Jakub Berdnek®, Luca Beninif, Torsten Hoefler*

*Dept. of Computer Science, ETH Ziirich, Switzerland
TIntegrated System Laboratory, ETH Ziirich, Switzerland
‘IT4Innovations, V8B - Technical University of Ostrava
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Abstract—The capacity of offloading data and control tasks to
the network is becoming increasingly important, especially if we
consider the faster growth of network speed when compared
ta CPU frequencies. In-network compute alleviates the host
CPU load by running tasks directly in the network, enabling
additional computation/communication overlap and potentially
improving overall application performance. However, sustaining
bandwidths provided by next-generation networks, e.g., 400
Ghit/s, can become a challenge. sPIN is a programming model
for in-NIC compute, where users specify handler functions that
are executed on the NIC, for each incoming packet belonging
to a given message or flow. It enables a CUDA-like acceleration,
where the NIC is equipped with lightweight processing elements
that process network packets in parallel. We investigate the
architectural specialties that a sPIN NIC should provide to enable
high-performance, low-power, and flexible packet processing. We
introduce PsPIN, a first open-source sPIN implementation, based
on a multi-cluster RISC-V architecture and designed according
to the identified architectural specialties. We investigate the
performance of PsPIN with cycle-accurate simulations, showing
that it can process packets at 400 Gbit/s for several uvse cases,
introducing minimal latencies (26 ns for 64 B packets) and
occupying a total area of 18.5 mm? (22 nm FDSOI).

ITendov Torme  tnn-netwonrk comnmnte nacket nrococcing crnecial

data into user-space memory. Even though this greatly reduces
packet processing overheads on the CPU, the incoming data
must still be processed. A flurry of specialized technologies
exists to move additional parts of this processing into network
cards, e.g., FPGAs virtualization support [22], P4 simple
rewriting rules [13], or triggered operations [9].

Streaming processing in the network (sPIN) [28] defines a
unified programming model and architecture for network ac-
celeration beyond simple RDMA. It provides a user-level inter-
face, similar to CUDA for compute acceleration, considering
the specialties and constraints of low-latency line-rate packet
processing. It defines a flexible and programmable network
instruction set architecture (NISA) that not only lowers the
barrier of entry but also supports a large set of use-cases [28].
For example, Di Girolamo et al. demonstrate up to 10x
speedups for serialization and deserialization (marshalling) of
non-consecutive data [20].

While the NISA defined by sPIN can be implemented on
existing SmartNICs [1], their microarchitecture (often standard
ARM SoC<) 1« not ontimized for nacket-nrocessine tasks In
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= 4-stage pipeline, in-order, optimized for energy efficiency
= Area: 40 kGE Options:
= Critical path: 30 logic levels of critical path - FPU: IEEE 754 single precision (+ 40-70 kGE)
= CoreMark/MHZ 3.19 - U/M privileges

= Includes various extensions (X) to RISC-V (SIMD, Fixed point, bit manipulation, hw loops)

https://pulp-platform.org/docs/hipeac/pulp_intro_kgf.pdf
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But why PULP/RISC-V?

RISC-V is an open source ISA

Allows and supports extensions
Doing this in ARM may be complex and expensive

PULP

Open source!
Energy efficient
Provides tight control over compute and data movement schedule

Fits well the sPIN abstract machine model (e.g., removing cache coherency on ARM could be
painful)

Actively researched
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for (i = 0; 1 < 100; i++)
d[i] = a[i] + b[i]~;
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Custom ISA Extensions

for (i = 0; i < 100; i++)
d[i] = a[i] + b[i]~;

¥

mv x5, 0

mv x4, 100

Lstart:
1b x2, 0(x10)
1b x3, 0(x11)
addi x10, x10, 1
addi x11, x11, 1
add x2, x3, x2
sb x2, 0(x12)
addi x4, x4, -1
addi x12, x12, 1

bne x4, x5, Lstart
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Custom ISA Extensions

for (i = 0; i < 100; i++)
d[i] = a[i] + b[i]~;

¥

mv x5, 0

mv x4, 100

Lstart:
1b x2, 0(x10)
1b x3, 0(x11)
addi x10, x10, 1
addi x11, x11, 1
add x2, x3, x2
sb x2, 0(x12)
addi x4, x4, -1
addi x12, x12, 1

bne x4, x5, Lstart

11 cycles/output



spcl.inf.ethz.ch oo o
v oo ETHZUrich

Custom ISA Extensions

for (i = 0; i < 100; i++)
d[i] = a[i] + b[i]~;

¥

mv x5, 0

mv x4, 100

Lstart:
1b x2, 0(x10)
1b x3, 0(x11)
addi x10, x10, 1
addi x11, x11, 1
add x2, x3, x2
sb x2, 0(x12)
addi x4, x4, -1
addi x12, x12, 1

bne x4, x5, Lstart

11 cycles/output
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Custom ISA Extensions

for (i = 0; i < 100; i++)
d[i] = a[i] + b[i]~;

¥

mv x5, 0 mv x5, 0

mv x4, 100 mv x4, 100

Lstart: Lstart:
1b x2, 0(x10) 1b x2, 0(x10!)
1b x3, 0(x11) 1b x3, 0(x11!)
addi x10, x10, 1 addi x4, x4, -1
addi =11, =x11, 1 add x2, x3, x2
add x2, x3, x2 sb x2, 0(x12!')
sb x2, 0(x12) bne x4, x5, Lstart
addi x4, x4, -1
addi x12, x12, 1 Auto-incr load/store

bne x4, x5, Lstart

11 cycles/output
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Custom ISA Extensions

for (i = 0; i < 100; i++)
d[i] = a[i] + b[i]~;

¥

mv x5, 0 mv x5, 0

mv x4, 100 mv x4, 100

Lstart: Lstart:
1b x2, 0(x10) 1b x2, 0(x10!)
1b x3, 0(x11) 1b x3, 0(x11!)
addi x10, x10, 1 addi x4, x4, -1
addi =11, =x11, 1 add x2, x3, x2
add x2, x3, x2 sb x2, 0(x12!')
sb x2, 0(x12) bne x4, x5, Lstart
addi x4, x4, -1
addi x12, x12, 1 Auto-incr load/store

bne x4, x5, Lstart

11 cycles/output 8 cycles/output
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Custom ISA Extensions

for (i = 0; i < 100; i++)
d[i] = a[i] + b[i]~;

¥

mv x5, 0 mv x5, 0 lp.setupi 100, Lend
mv x4, 100 mv x4, 100 1b x2, 0(x10!)
Lstart: Lstart: 1b x3, 0(x11!)
1b x2, 0(x10) 1b x2, 0(x10!) add x2, x3, x2
1b x3, 0(x11) 1b x3, 0(x11l!) Lend: sb x2, 0(x12!)
addi x10, x10, 1 addi x4, x4, -1 HW loo
addi x11, x11, 1 add x2, x3, x2 P
add x2, x3, x2 sb x2, 0(x12!)
sb x2, 0(x12) bne x4, x5, Lstart
addi x4, x4, -1
addi x12, x12, 1 Auto-incr load/store

bne x4, x5, Lstart

11 cycles/output 8 cycles/output
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Custom ISA Extensions

for (i = 0; i < 100; i++)
d[i] = a[i] + b[i]~;

¥

mv x5, 0 mv x5, 0

mv x4, 100 mv x4, 100

Lstart: Lstart:
1b x2, 0(x10) 1b x2, 0(x10!)
1b x3, 0(x11) 1b x3, 0(x11!)
addi x10, x10, 1 addi x4, x4, -1
addi =11, =x11, 1 add x2, x3, x2
add x2, x3, x2 sb x2, 0(x12!')
sb x2, 0(x12) bne x4, x5, Lstart
addi x4, x4, -1
addi x12, x12, 1 Auto-incr load/store

bne x4, x5, Lstart

11 cycles/output 8 cycles/output

lp.setupi 100, Lend
1b x2, 0(x10!)
1b x3, 0(x11!)
add x2, x3, x2
Lend: sb x2, 0(x12!')

HW loop

5 cycles/output
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Custom ISA Extensions

for (i = 0; 1 < 100; i++)
d[i] = a[i] + b[1i];

¥

mv x5, 0 mv x5, 0 lp.setupi 100, Lend lp.setupi 25, Lend
mv x4, 100 mv x4, 100 1b x2, 0(x10!) 1w x2, 0(x10!)
Lstart: Lstart: 1b x3, 0(x11!) 1w x3, 0(x11!)
1b x2, 0(x10) l1b x2, 0(x10!) add x2, x3, x2 pv.add.b x2, x3, x2
1b x3, 0(x1l1l) 1b x3, 0(x11'!) Lend: sb x2, 0(x12!) Lend: sw x2, 0(x12!)
addi x10, x10, 1 addi x4, x4, -1
addi x11, x11, 1 add x2, x3, x2 HW loop Packed SIMD
add x2, x3, x2 sb x2, 0(x12!)
sb x2, 0(x12) bne x4, x5, Lstart
addi x4, x4, -1
addi x12, x12, 1 Auto-incr load/store

bne x4, x5, Lstart

11 cycles/output 8 cycles/output 5 cycles/output
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Custom ISA Extensions

for (i = 0; 1 < 100; i++)
d[i] = a[i] + b[1i];

¥

mv x5, 0 mv x5, 0
mv x4, 100 mv x4, 100
Lstart: Lstart:

1b x2, 0(x10!)
1b x3, 0(x11!)
addi x4, x4, -1
add x2, x3, x2
sb x2, 0(x12!)
bne x4, x5, Lstart

1b x2, 0(x10)
1b x3, 0(x11)
addi x10, x10, 1
addi x11, x11, 1
add x2, x3, x2
sb x2, 0(x12)
addi x4, x4, -1
addi x12, x12, 1
bne x4, x5, Lstart

Auto-incr load/store

11 cycles/output 8 cycles/output

lp.setupi 100, Lend
1b x2, 0(x10!)
1b x3, 0(x11!)
add x2, x3, x2
Lend: sb x2, 0(x12!')

HW loop

5 cycles/output

lp.setupi 25, Lend
1w x2, 0(x10!)
1w x3, 0(x11!)
pv.add.b x2, x3, x2
Lend: sw x2, 0(x12!)

Packed SIMD

1.25 cycles/output
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Scalability

Cluster 0 = Scratchpad

BAIR HHHH Packet
CSCHED HHHH buffer

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

Packet
Scheduler

Cluster1 = Scratchpad

DMA HHHH
CSCHED H H H H Program

DMA engine
(off-cluster)

_P-N-f
B

Power:
Command Cluster2 | Scratchpad IETREY

o OMA_ W H H K 6.1 W (98% dynamic power, worst case)
Monitoring Cluster3 = Scratchpad Handler
& control DMA HHHH
L CSCHED HHHH ;
Heavier handlers Higher network bandwidth
* Number of clusters * Need to rebalance
* (number of cores/cluster is more challenging) * Need to scale data path as well!
* Simple cores (e.g., Snitch) * Only packet buffer is affected!

e Number of PsPIN units
* Frequency

ey . I |
* Accelerators (FPGAs?), specialized instructions : IE q% |
N £
o
Se004 8
. . o HCT (256 B pkt)
22nm -> 14 nm-> ~50% area reduction -> 20/30% frequency increase £ ;] | [froaxesa i
3 it/s
¢ ; 700 Goitl
; 200 Gbit/s (16 cores)
Y 01 — | |
) ° 1000 2000 3000

Packet latency (ns)
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A 4096-Core RISC-V Architecture

14.9 mm

S1IEE BN RN
| Buadranto
T S g ?32 Cluster Single
EaELIEE =l 1256 Cores, Cluster
5 | | : shedb= @i
S é L1
128 KB
E =
: i = Quad-Core
Ariane
(RV64GC)

222 mm?2 @ 22nm

Zaruba, Florian, Fabian Schuiki, and Luca Benini. "Manticore: A 4096-Core RISC-V Chiplet Architecture for Ultraefficient Floating-Point Computing." IEEE
Micro 41, no. 2 (2020): 36-42. 73
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A sPINning ecosystem

D

PsPIN (ISCA ‘21)
Power-efficient sPIN accelerator

architecture
= 2
N
@)
v S
o]
sPIN 8
(SC’17, best paper fin.) 9
programming model use cases
TR
012 6 -
3 4 5 4 7 i il
67 2 H2S g i >
Network-accelerated l sPIN-FS

datatypes (SC “19) Z00-sPINNER (MSc)

consensus on sPIN

SPINIC

—h
o
Q
-+
c
q
(0]
7

Quantization (MSc)
Allreduce and other collectives

ETH:zurich

L 4 @spcl_eth

o o b |

Flare (SC ‘21)
Offloading all-reduce to sPIN switches

7))

c

2

e

s

= Verilator support (Github) SST support (in progress)

§ Running PsPIN in an open-source  Large scale network simulations
w cycle-accurate simulator mixed with cycle accurate ones

AR, (= d—

Packet classification and

Erasure coding (MSc) pattern matching (BSc/MSc)

Serverless sPIN (BSc)
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Multitenancy

Program
Handler memory
L[ 1111 ] ] | | | memaony

> Packet buffer

[ Network interface (e.g., ETH) ]

! l
! 1
- p ~ - N ' | Hostinterface (e.g., PCle, CXL) |
| = packet descriptors d ﬁ Local fast| E’E Local fast| | [\ , 9 i
Inboud engine Outbound engine : % = @ O IﬁEI T  memory | |4 | memory | _E I OSMOSIS
im [ 3| olme)|g 4t EE AT K 7| ] re—
PPU (PsPIN) . E. : gl o D z N0 m“xﬂl mj > g , compute NIC memory
I . = : =
; = s B : &£ Localfast| | 5] Local fast|| [§ ]
! a 2 ; wWiZ) memory | |WE) memory | |5 =
1 [= =0
! = oo me | |30 == 0 E= [ posx || osmosisapi |
] ] \ e <oEd <oEm . ! - ‘
DMA engine Packet engine i c l Applications
| ~ DMA ARBITER e ! )
1
, : (1 — :
Host interface (e.g., PCle, CXL) J ' r—— e DMA engine
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Network-accelerated non-contiguous memory transfers

Di Girolamo, Salvatore, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19
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Network-accelerated non-contiguous memory transfers

Di Girolamo, Salvatore, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19
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Network-accelerated non-contiguous memory transfers

Di Girolamo, Salvatore, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19
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Network-accelerated non-contiguous memory transfers

Di Girolamo, Salvatore, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19
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Network-accelerated non-contiguous memory transfers

https.//specfem3d.readthedocs.io/en/latest/

L. Carrington et al. High-frequency simulations of global seismic wave
propagation using SPECFEM3D_GLOBE on 62K processors. SC 2008.

Di Girolamo, Salvatore, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19 76
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Network-accelerated non-contiguous memory transfers

http://fourier.eng.hmc.edu/e161/lectures/fourier/nodel0.html

https://specfem3d.readthedocs.io/en/latest/ T. Hoefler et al. Parallel zero-copy algorithms for
. . . . . fast Fourier transform and conjugate gradient
L. Carrington et al. High-frequency simulations of global seismic wave using MPI datatypes. EuroMPI 2010

propagation using SPECFEM3D_GLOBE on 62K processors. SC 2008.

Di Girolamo, Salvatore, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19
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Network-accelerated non-contiguous memory transfers

http://fourier.eng.hmc.edu/e161/lectures/fourier/nodel0.html

https://specfem3d.readthedocs.io/en/latest/ T. Hoefler et al. Parallel zero-copy algorithms for
. . . . . fast Fourier transform and conjugate gradient
L. Carrington et al. High-frequency simulations of global seismic wave using MPI datatypes. EuroMPI 2010

propagation using SPECFEM3D_GLOBE on 62K processors. SC 2008.
W. Usher et al. liblS: a lightweight library for flexible in
transit visualization. ISAV 2018.

Di Girolamo, Salvatore, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19
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Network-accelerated non-contiguous memory transfers

MPI

Derived Datatypes

. J

http://fourier.eng.hmc.edu/e161/lectures/fourier/nodel0.html

https://specfem3d.readthedocs.io/en/latest/ T. Hoefler et al. Parallel zero-copy algorithms for
. . . . . fast Fourier transform and conjugate gradient
L. Carrington et al. High-frequency simulations of global seismic wave using MPI datatypes. EuroMPI 2010

propagation using SPECFEM3D_GLOBE on 62K processors. SC 2008.
W. Usher et al. liblS: a lightweight library for flexible in
transit visualization. ISAV 2018.

Di Girolamo, Salvatore, Konstantin Taranov, Andreas Kurth, Michael Schaffner, Timo Schneider, Jakub Beranek, Maciej Besta, Luca Benini, Duncan Roweth, and Torsten Hoefler.
"Network-accelerated non-contiguous memory transfers." SC ‘19
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MPI Datatypes Processing

Input buffer Destination memory

Gropp, W., et al., March. Improving the performance of MPI derived datatypes. MPIDC’99
Torsten Hoefler, Salvatore Di Girolamo, Konstantin Taranov, Ryan E. Grant, and Ron Brightwell. 2017. sPIN: High-performance streaming Processing In the Network. SC'17



spcl.inf.ethz.ch

L 4 @spcl_eth

ETH:zurich

MPI Datatypes Processing

N N
Input buffer

Destination memory

J

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

Torsten Hoefler, Salvatore Di Girolamo, Konstantin Taranov, Ryan E. Grant, and Ron Brightwell. 2017. sPIN: High-performance streaming Processing In the Network. SC'17
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MPI Datatypes Processing

Input buffer Destination memory

Gropp, W., et al., March. Improving the performance of MPI derived datatypes. MPIDC’99
Torsten Hoefler, Salvatore Di Girolamo, Konstantin Taranov, Ryan E. Grant, and Ron Brightwell. 2017. sPIN: High-performance streaming Processing In the Network. SC'17
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o

Throughput (Gbit/s)
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Block Size (B)
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200
Line rate 4 MiB message; stride = 2 x block_size

[9)]
o
L

256 non-contig. regions.

Throughput (Gbit/s)
o
(]
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Block Size (B)
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Line rate

4 MiB message; stride = 2 x block_size

Can we offload datatype processing?

_p_
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8K 16K
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Specialized Handlers
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Specialized Handlers

\ VEC'/tOI' /
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Specialized Handlers

\ VEC'/tOI' /

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int
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Specialized Handlers

\ VEC'/tOI' /

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int
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Specialized Handlers

NIC Memory

Nt

vector

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int

v
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Specialized Handlers

NIC Memory

spin_vec_t: /
num_blocks: 3
block_size: 2 vector

stride: 3
base_type: int

<
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int

\ VEC/tOI' /

v
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3
base_type: int

\ VEC/tOI' /

3
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3

base type: int - ( )

~_handler vector payload handler (handler args t *args)

{

vector

spin _vec t *ddt descr = (spin_vec t *)args->mem;
uint32 t num blocks = args->packet len / ddt descr->block size;
uint32 t stride = ddt descr->stride;

uint8 t *pkt payload = args->pkt payload ptr;

i

uint8 t *host base ptr = args->host address;
uint32 t host offset = (args->pkt offset / ddt descr->block size;) * stride;
uint8 t *host address = host base addr + host offset;

for (uint32 t i=0; i<num blocks; i++)
{

4(((

PtlHandlerDMAToHostNB (host address, pkt payload, block size, DMA NO EVENT) ;
pkt payload += block size;
host address += stride;

}

return SPIN SUCCESS;




spcl.inf.ethz.ch oo o
v oo ETH ZUrich

Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2 :

[

vector

stride: 3 } R
base_type: int — [ )
- ~_handler vector payload handler (handler args t *args)
{
uint8 t *pkt payload = args->pkt payload ptr;
@ uint8 t *host base ptr = args->host address;
uint32 t host offset = (args->pkt offset / ddt descr->block size;) * stride;
uint8 t *host address = host base addr + host offset;
for (uint32 t i=0; i<num blocks; i++)
S {
v PtlHandlerDMAToHostNB (host address, pkt payload, block size, DMA NO EVENT) ;
pkt payload += block size;
host address += stride;
}
return SPIN SUCCESS;
}
J

80
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3

base_type: int T P .

~_handler vector payload handler (handler args t *args)

{
Load DDT info

uint8 t *pkt payload = args->pkt payload ptr;

[

vector

Compute host memory destination address

for (uint32 t i=0; i<num blocks; i++)

~

w PtlHandlerDMAToHostNB (host address, pkt payload, block size, DMA NO EVENT) ;
pkt payload += block size;
host address += stride;

}

return SPIN SUCCESS;

80
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Specialized Handlers

NIC Memory

spin_vec_t:
num_blocks: 3
block_size: 2
stride: 3 e
base type: int R r |

~_handler vector payload handler (handler args t *args)

{

Load DDT info

uint8 t *pkt payload = args->pkt payload ptr;

[

vector

Compute host memory destination address

DMA all contig. regions contained in the packet

return SPIN SUCCESS;

80
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Specialized Handlers

NIC Memory N
spin_vec_t: /
num_blocks: 3
block_size: 2 vector
stride: 3 et
base—type: int | | r __handler vector payload handler (handler args t *args) |

{

Load DDT info

uint8 t *pkt payload = args->pkt payload ptr;

Compute host memory destination address

DMA all contig. regions contained in the packet

return SPIN SUCCESS;

80
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200
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o Specialized

-
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2100
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b Host Unpack
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Block Size (B)
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200
Line rate o= > ® ® o o > o
150+ .
Specialized
100+
504 . — f
l——— = e
b Host Unpack

16

32 64

128 256 512 1K 2K aK 8K 16K
Block Size (B)

_ handler vector_payload handler(handler_args_t *args)

{
spin vec_t *ddt descr = (spin_vec_t *)args->mem;
uint32_t num blocks = args->packet_len / ddt_descr->block size;
uint32_t stride = ddt_descr->stride;

vector

struct

uint8_t *pkt_payleoad = args->pkt_payload ptr;
uintSit *host_base ptr = args->host_address;
uint32 t host_offset = (args-»pkt_offset / ddt_descr->block size;) * stride;
uint8_t *host_address = host_base_addr + host_offset;
for (uint32 t i=0; i<num blocks; 1++)
° {
Indexed PtlHandlerDMAToHostNB (host_address, pkt_payload, block_size, DMA_NO_EVENT) ;

pkt_payload += block_size;
host_address += stride;
}

return SPIN SUCCESS;
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uint32_t nun H
uint32_t str
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for (uint3z_

vector

{
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T
p n vec t ¢ , o
uint3z_t mum .
uint32_t str
™ -_—
uint8_t *pkt = (¢
uint8_t *hos } CD
uint32_t hos T,"n G trid
uint8_t *hos '
vector - J_Juu =
for (uint3z
{ ) D - )
-Lg . MA_NO_EVENT) ;

'nde"Ed T
) host_adc
st ru ct \ ) return SPIN

Need a different handlers for each possible derived datatype!
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__handler vector mavlnad handlarihandler arms + %
{

spin vec_t ¢
uint32_t nun
uint32_t str

uints8 t *pkt

/ uint8 t *hos
uintEEft hos

\ uint8_t *hos
vector for (uint3z_

{

'"dexed T
) host_adc
st r u ct \ ) return SPIN

MA_NO_EVENT) ;

Can we define a general handler to process any datatype?
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Real Applications DDTs
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Cray Slingshot Simulator
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Cray Slingshot Simulator
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Cray Slingshot Simulator
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Network-accelerated DDT processing strategies
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DFS handlers

! voild header_handler (spin_task_t* task, pkt_t* pkt) {

2 dfs state t* state = (dfs_state t*) task->mem;

3 bool accept_next_pkts = DFS5_request_init (state, pkt);
4

5 intoreq idx = task->flow_id; _ First packet (header packet)

6 state->reqg_table[req_idx].greq_id = pkt->dfs.greq_id;

7 state->reqg_table[req_ idx].accept = accept_next_ pkts; RDMA DFS WRH DATA RDMA
8 } . rolo header epilo
. Write prolog priog
10 void payload_handler (spin_task_t* task, pkt_t* pkt) { request Other packets (payload packets)

11 Fifs_statc?_t* state = (dfsfstate_t*) task->mem; RDMA RDMA
12 int reqg_idx = task->flow_1id; DATA .

; prolog epilog
14 if (state->reg_table[reqg_idx].accept)

15 DFS_request_process_pkt (state, pkt); First packet (header packet)

16

o Read RDMA | DFS | oo [RDMA

18 void tail handler (spin_task_t* task, pkt_t* pkt) | request | prolog | header epilog

10 dfs state t* state = (dfs_state t*) task->mem;

20 int req_idx = task->flow_1id;

21

22 1f (state->reg_table[reg idx].accept)

23 DFS_request_fini(state, pkt);



Client

Request validation

“«<

metadata query

metadata

Cwrite requesf\>

_—grant™ |

__-—-—--_—--_‘-—
RDMA—]

write —
_—--—-_-

|_—ack— |

—> control

—>» data (RDMA)

“«<

----__""—-—_.
--—--—-_-—-‘-‘-—
-_‘--__-—-_--‘-—

«——

metadata query

metadata

----—-__—--\—
—RDMA—|

write ——
__--_--\—u

__—ack— |

spcl.inf.ethz.ch
L 4 @spcl_eth

RDMA sPIN <
Management Metadata Storage Client Management Metadata Storage
NIC CPU NIC CPU
auth auth
ticke ticke

(] request validation

ETH:zurich



spcl.inf.ethz.ch oo o
v oo ETHZUrich

Erasure coding
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Simple write latency
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Figure 8: Write latencies with different protocols and write
sizes. RDMA writes are reported as baseline and do not im-
plement request validation.
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Writes with erasure coding
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_ _ Figure 13: Left: handler running times for RS(3,2) and
Figure 12: Encoding latency throughput. RS(6.3). Right: HPUs needed to sustain 400 Gbit/s and 200

Gbit/s (with 1 KiB packets) vs average handler duration.



Writes with replication

100 A g
w o)
3 75- o
5 5
S 50 CPU-chain| ©
5 N
CU -

sPIN-pbt. SPIN-chain
R it U I
Ammmmm==m=== === E
’ : 8 = 1 8 64 512

Replication factor (k) Write size (KiB)

Figure 10: Left: 512 KiB write latency for different replication
factors (k). Right: goodput of sPIN-accelerated writes.
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Figure 11: Left: 512 KiB write latency for different replication
factors factor. Right: replicated writes goodput.
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