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NERO: Weather Prediction Accelerator [FPL 2020]

- Gagandeep Singh, Dionysios Diamantopoulos, Christoph Hagleitner, Juan Gdmez-Luna, Sander Stuijk, Onur
Mutlu, and Henk Corporaal,

"NERO: A Near High-Bandwidth Memory Stencil Accelerator for Weather Prediction Modeling"

Proceedings of the 30th International Conference on Field-Programmable Logic and Applications (FPL),
Gothenburg, Sweden, September 2020.
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[Talk Video (23 minutes)]

One of the four papers nominated for the Stamatis Vassiliadis Memorial Best Paper Award.
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Executive Summary

« Motivation: Stencil computation is an essential part of weather prediction applications

* Problem: Memory bound with limited performance and high energy consumption on
multi-core architectures

« Goal: Mitigate the performance bottleneck of compound weather prediction kernels in an
energy-efficient way

« Our contribution: NERO
 First near High-Bandwidth Memory (HBM) FPGA-based accelerator for representative kernels from a
real-world weather prediction application

 Detailed roofline analysis to show weather prediction kernels are constrained by DRAM bandwidth on
a state-of-the-art CPU system

» Data-centric caching with precision-optimized tiling for a heterogeneous memory hierarchy
 Scalability analysis for both DDR4 and HBM-based FPGA boards

- Evaluation
* NERO outperforms a 16-core IBM POWER9 system by 4.2x and 8.3x when running two compound
stencil kernels

« NERO reduces energy consumption upto 29x with an energy efficiency of 1.5 GFLOPS/Watt and 17.3
GFLOPS/Watt
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Stencil Computations and Applications

Stencil computations update values in a grid using a .
fixed pattern of grid points

-I+ I+I*

Stencils are used in ~30%b0 of high-performance
computing applications

e.g., 7-point Jacobi
in 3D plane

Image sources: http://www.flometrics.com/fluid-dynamics/computational-fluid-dynamics
Naoe, Kensuke et al. "Secure Key Generation for Static Visual Watermarking by Machine Learning in Intelligent Systems and Services" IJSSOE, 2010



Stencil Characteristics

High-order stencil computations are cache unfriendly

« Limited arithmetic intensity

« Sparse and complex access pattern

y4
A -t ,t, *
y Read Array
Write Array
e.g., 7-point Jacobi in 3D plane Mapping of 7-point Jacobi from 3D plane onto 1D plane

Image source: Xu, Jingheng et al. “Performance Tuning and Analysis for Stencil-Based Applications on POWERS8 Processor” ACM TACO, 2018



Stencil Characteristics

Performance bottleneck




Stencil Computations in Weather Applications

COSMO (Consortium for Small-Scale Modeling) Sncl LA o VOB
weather prediction application ! Py, : 7
» The essential part of the weather prediction models U }’?;g;g
is called dynamical core o
L \B d
ound 10 arrays oury
« Around 80 different stencil compute motifs —
alo BXC ange Sarrays
] . Bmlmd / 8}Z‘;Z;fs
« ~30 variables and ~70 temporary arrays (3D grids) N
VAuvw
13 arrays
 Horizontal diffusion and vertical advection | :
C I -I Section of Halo Exchange
- Complex stencil programs COSMO CDAG HApptpmvdh
(Courtesy CSCS/ETH 10 arrays Bound Bound 14 arrays

and Ronald Luijten) \\ l /

VApptp FWSCUV

9 arrays 14 arrays



Example Complex Stencil: Horizontal Diffusion

« Compound stencil kernel consists of a collection
of elementary stencil kernels

« Iterates over a 3D grid performing Laplacian

' Laplace
and flux operations P

« Complex memory access behavior and
low arithmetic intensity Flux

Horizontal diffusion
New value ~ composition

(Courtesy CSCS/ETH
and Ronald Luijten)

DFG source: Gysi, Tobias, et al. “MIODESTO: Data-centric Analytic Optimization of Complex Stencil Programs on Heterogeneous Architectures” ICS, 2015
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IBM POWERY9 Roofline Analysis
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IBM POWERSY Roofline Analysis

Weather kernels are

DRAM bandwidth constrained
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Silicon Alternatives

FPGAs

1]

Blm||m|m|m|=
Silim||m||m|m|=
1 o | o || o ||
OO0 OO0 oo oo

FLEXIBILITY

FPGAs are highly configurable!

EFFICIENCY

15



Heterogeneous System: CPU+FPGA

ViR

" 1000000000000 1

Source: AlphaData

Source: IBM

POWER9 AC922 HBM-based AD9H7 board

We evaluate two POWER9+FPGA systems:

1. HBM-based board AD9H?7
Xilinx Virtex Ultrascale+™ XCVU37P-2

16



Heterogeneous System: CPU+FPGA

R e

Source: AlphaData

Source: IBM

POWER9 AC922 DDR4-based AD9V3 board

We evaluate two POWER9+FPGA systems:

1. HBM-based board AD9H7 2. DDR4-based board AD9V3
Xilinx Virtex Ultrascale+™ XCVU37P-2 Xilinx Virtex Ultrascale+™ XCVU3P-2

17



Background: Traditional
I/0O Technology

Device Driver

Virt Addr Storage Area

Variables ATl

———————
Input
Data

Input
Data

Output
Data

3 versions of the data (not coherent).
1000s of instructions in the device driver.

Typical 1/0 Model Flow:| Total ~13us for data prep

300 Instructions 10,000 Instructions Application 3,000 Instructions . 1,000 Instructions
\ / Dependent, but \1,000 Instructlons/
7.9us Equal to below 4.9ps

Dionysios Diamantopoulos, IBM Research — Zurich, COOL Chips 2018
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CAPI Overview

Virt Addr

POWERS POWERS POWERS POWERS POWERS
Core Core Core Core Core

Flow with a CAPI Model: Total 0.36us

100 Instructions
Dependent, but
0.3us

400 Instructions

POWERS —- POWERSY9 Processor

Application

Equal to above

0.06us

Dionysios Diamantopoulos, IBM Research — Zurich, COOL Chips 2018
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NERO: A Near High-Bandwidth Memory Stencil
Accelerator for Weather Prediction Modeling

 First near-HBM FPGA-based accelerator for representative kernels from a
real-world weather prediction application

 Data-centric caching with precision-optimized tiling for a heterogeneous
memory hierarchy

 In-depth scalability analysis for both DDR4 and HBM-based FPGA boards

21



NERO Design Flow

22



NERO Design Flow

\3D Window
Host DRAM

Weather data in the host DRAM




NERO Design Flow

1 POWER9 Cache-line
1024bits = 128B -> 32 x float32 512-pit

FPGA AXI Register

CAPI2
512bits x 2 reads <__——>

Cache-line transfer over CAPI2

24



NERO Design Flow

<>
HBM2 Stack

&4 L 16x.. {3 256-bit AXI3

L Stream Converter
256-bit to 512-bit 512-bit to 256-bit

i

Fields Stream Splitter

Q Q 512-bit| | Single
components || YP9S |**7| wcon stream| | stream
stream stream

Data mapping onto HBM




NERO Design Flow

<>
HBM2 Stack

L Stream Converter
2

56-bit to 512-bit 512-bit to 256-bit

Fields Stream Splitter

Q Q 512-bit| | Single
components || YP9S |**7| wcon stream| | stream
stream stream

Data mapping onto HBM




NERO Design Flow

<>
HBM2 Stack

@ 16x (}L 256-bit AXI3

L Stream Converter
256-bit to 512-bit 512-bit to 256-bit

Fields Stream Splitter

v/ I\ 512-bit

512-bit 512-bit| | output utput
upos [***| wcon stream| | stream
stream stream

Data mapping onto HBM

Atmospheric
components




NERO Design Flow

Software-defined FPGA data

(un)packing input stream

~

Forward Sweep

|fl> ] IntermediateQ @ VADVC

FIFO Engine

-

Backward Sweep
2D partitioned BRAM or URAM

\

output stream

Main execution pipeline



NERO Design Flow

Software-defined FPGA data

(un)packing input stream
] Forward Sweep

Y g -

3D window gridding/degridding Intermed/ateQ <L VA bvc
FIFO Engine
Backward Sweep

Y

2D partitioned BRAM or URAM

Main execution pipeline



NERO Design Flow

1 POWER9 Cache-line
1024bits = 128B -> 32 x float32 512-pit

FPGA AXI Register

CAPI2
512bits x 2 reads <_:>

) ©M§?@85Wisé
>

H_-J
3D Window y
Y
o
- oftware-define ata .
@ _léx (:E 256-bit AXI3 (un)packing input stream
L Stream Converter
256-bit to 512-bit 512-bit to 256-bit ! Forward Sweep
Fields Stream Splitter | | e A ——— |fl> /ntermediate& L VADVC
— — —— — FIFO Engine
/Yy [ singe | o =
Atmospheric | | 512-bit 512-bit :tlg;l:; utput — > 1, Backward Sweep
components || YPOS |*"°| wcon stream 2D partitioned BRAM or URAM |
stieah]  [Bicam output stream

Complete design flow




NERO Application Framework

« NERO communicates to Host
over CAPI2 (Coherent
Accelerator Processor Interface)

Host POWER
System

Coherent Accelerator
Processor Proxy (CAPP)

PE

PE

PE

PE

Partitioned On-chip Memor

31



NERO Application Framework

« NERO communicates to Host
over CAPI2 (Coherent
Accelerator Processor Interface)

« COSMO API handles offloading
jobs to NERO

COSMO WEATHER
MODEL

| COSMO API | libCXL |

Host POWER
System

FPGA



NERO Application Framework

e NERO communicates to Host Host POWER
over CAPI2 (Coherent System

Accelerator Processor Interface)  rpca

« COSMO API handles offloading .

jobs to NERO SNAP

AXI Lite Bus
MMIO Control registers

: t ¢

. Job Stream
SNAP (Storage, Network, and Manager | |Scheduler| | AX! DMA
Analytics Programming) allows

for seamless integration of the
COSMO API

https://github.com/open-power/snap

33


https://github.com/open-power/snap

NERO Application Framework

 NERO communicates to Host COSMO WEATHER|  Host POWER cgjqng?e .?tP/'\ ccele| r ;{'ngL
MODEL
over CAPI2 (Coherent System Processor Proxy (CAPP)

Accelerator Processor Interface)

« COSMO API handles offloading

AXI Full Bus

jobs to NERO E Burst Transactions SNAP E
. E Job Stream || ,vicnman || | | BeTo1 . i
SNAP (Storage’ Network’ and .| Manager | [Scheduler AXIDMA Pthitio:EdOn-chi;EMenF;sr :
Analytics Programming) allows i
for seamless integration of the 'L HBM Memory Controller SN
E TR X 3 E CEE ¥
COSMO API HBM2 Stack 1 HBM2 Stack 2

https://github.com/open-power/snap



https://github.com/open-power/snap
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Precision-optimized Tiling

 The best window size
is critical

COSMO WEATHER
MODEL

Host POWER

System

COSMO API

libCXL

Coherent A

alerator

FPGA
 Formulate the search for the

best window size as a multi-
objective auto-tuning problem

PCle4

______________________________

CAPI2 POWER Service

U mwsAw I T
h“, ~= \" vh’

AXI Full Bus AXI Lite Bus
Burst Transactions SNAP MMIO Control registers

t

¢

Job
Manager

 Taking into account the

Stream
Scheduler

AXI DMA

datatype precision

N\
=

PE

PE

PE

PE

Partitioned On-chip Memor

HBM Memory Controller

. E X CEE -
We make use of OpenTuner ’3 LBM2 Stack 1

https://github.com/jansel/opentuner

HBM2 Stack 2

-_


https:///
https:///
https://github.com/jansel/opentuner

Precision-optimized Tiling

37



Precision-optimized Tiling

Single Precision
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Precision-optimized Tiling

Single Precision

Half Precision
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Precision-optimized Tiling

Pareto-optimal tile size depends on

the data precision

40
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NERO Performance Analysis

Vertical Advection

(a) exgme HBM
12 R e [DDR4...

Number of PEs



NERO Performance Analysis

Vertical Advection

Horizontal Diffusion

0.84

8 12
Number of PEs Number of PEs

14

43



NERO Performance Analysis

NERO is 4.2x and 8.3x faster than

a complete POWERO9 socket

44
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How Energy Efficient is NERO?

Vertical Advection

W

N

Energy Efficiency (GFlop/s/Watt)

0 4 8 12 14
Number of PEs



How Energy Efficient is NERO?

Enabling many HBM ports might not always be

the determining factor

47



How Energy Efficient is NERO?

Horizontal Diffusion

N
o

—_
@)

&)

Energy Efficiency (GFlop/s/Watt)
S

o

0 4 8 12 14
Number of PEs
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How Energy Efficient is NERO?

NERO provides energy efficiency of

1.5 GFLOPS/Watt and
17.3 GFLOPS/Watt

49
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Summary

« Motivation: Stencil computation is an essential part of weather prediction applications

* Problem: Memory bound with limited performance and high energy consumption on
multi-core architectures

« Goal: Mitigate the performance bottleneck of compound weather prediction kernels in an
energy-efficient way

« Our contribution: NERO
 First near High-Bandwidth Memory (HBM) FPGA-based accelerator for representative kernels from a
real-world weather prediction application

 Detailed roofline analysis to show weather prediction kernels are constrained by DRAM bandwidth on
a state-of-the-art CPU system

» Data-centric caching with precision-optimized tiling for a heterogeneous memory hierarchy
 Scalability analysis for both DDR4 and HBM-based FPGA boards

« Evaluation
* NERO outperforms a 16-core IBM POWER9 system by 4.2x and 8.3x when running two compound
stencil kernels
« NERO reduces energy consumption upto 29x with an energy efficiency of 1.5 GFLOPS/Watt and 17.3
GFLOPS/Watt

51
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A Near High-Bandwidth Memory Stencil Accelerator
for Weather Prediction Modeling

Gagandeep Singh, Dionysios Diamantopoulos, Christoph Hagleitner,

Juan Gomez-Luna, Sander Stuijk, Onur Mutlu, and Henk Corporaal
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FPGA-Based Near-Memory Acceleration
of Modern Data-Intensive Applications

Gagandeep Singh, Mohammed Alser, Damla Senol Calj,
Dionysios Diamantopoulos, Juan Goémez-L.una, Henk Corporaal, and

Onur Mutlu
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Near-Memory Acceleration [IEEE Micro 2021}

» Gagandeep Singh, Mohammed Alser, Damla Senol Cali, Dionysios Diamantopoulos,
Juan Gomez-Luna, Henk Corporaal, Onur Mutlu,

“FPGA-Based Near-Memory Acceleration of Modern Data-Intensive Applications"

IEEE Micro, 2021.

[Source Code]
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https://arxiv.org/pdf/2106.06433.pdf
https://github.com/CMU-SAFARI/SneakySnake/tree/master/SneakySnake-HLS-HBM

How to Analyze a Genome?

machine gives the complete sequence
of genome as output

>CCTCCTCAGTGCCACCCAGCCCACTGGCAGCTCCCAAACAGGCTCTTATTAAAACACCCTGTTCCCTGCCCCTTGGAGTGAGGTGTCAAG
GACCTAAACTAAAAAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTT
CATGTCAAGGACCTAATGTGCTAAACAGCACTTTTTTGACCATTATTTTGGATCTGAAAGAAATCAAGAATAAATGAAGGACTTGATACATTG
GAAGAGGAGAGTCAAGGACCTACAGAAAAAAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAA
ACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTCTGTGTTGCAGGTCTTCTTGCATTTCCCTGTCAAAAGAAAAAGAATTTAAAATTT
AAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTCAGGCCAAGAGTTGCAAAAAAAAAAAAAGAAAAA
GAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTCTTCATGTCAAGGACCTAATGTAGCCAGAATGG
TTGTGGGATGGGAGCCTCTGTGGACCGACCAGGTAGCTCTCTTTTCCACACTGTAGTCTCAAAGCTTCTTCATGTGGTTTCTCTGAGTGAAA

AAAAAAAAAAGAAAAAGAAAAGAAAAAGAATTTAAAATTTAAGTAATTCTTTGAAAAAAACTAATTTCTAAGCTTTTTCATGTCAAGGACC
TAATGTAGCTATACTGAACGTTATCTAGGGGAAAGATTGAAGGGGAGCTCTAAGGTCAACACACCACCACTTCCCAGAAAGCTTCTTCA......

55



Genome Analysis in Real Life

Genome Analysis Pipeline e Tl )

oty

Genomic Sample Sequencing Machine Reads \_ /  Genomic Variants

Current sequencing machine provides
small randomized fragments
of the original DNA sequence

Alser+, "Technology dictates algorithms: Recent developments in read alignment", Genome Biology, 2021
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https://arxiv.org/abs/2003.00110

Bottlenecked in Read Mapping!!

64670 N
1 = U
8 Human whole Zcf%jff% vV | Human

Ay ¢\ GTCAGAATTTGAC
genomes GAGfd%%ﬁ%%MTTTGAC | genome
at 30x coverage P@fﬁﬁe&“ CGAGTERGATTER ) 32 CPU hours
in about 2 days ° | ' T T on a 48-core processor

[llumina NovaSeq 6000

71%

Read Mapping = Others

Goyal+, "Ultra-fast next generation human genome sequencing data processing using DRAGENTM bio-IT processor for precision medicine”, Open Journal of Genetics, 2017. 57



https://www.scirp.org/journal/paperinformation.aspx?paperid=74603

Accelerating Read Mapping

Genome Analysis Pipeline - )
Read j
fim—= | -
Mapping =i
= QE0R
Genomic Sample Sequencing Machine Reads e Genomic Variants
o Indexing 0 Pre-alignment Filtering e Sequence Alignment
Reference Genome L Read
e ol aelal ek o [N
= > P ‘H mm
-— Read ) i | Dynamic
k-mers ==, [ — =l e Em :
= N — ol "m: Em Bt
Index -Mers " mm s— 28 atrix
(k-mer | k-mer 2- Em— \_Ma .I -=l
corient Io::itlé)ns Locating e — g I. l=. unt
‘o 3512 | common k-mers — o H EE utpu
= 50, 52 4 K} l. B
= | i o
= | 2390 Reference subsequences extracted SAM file (alignment score, edit
g S : at each common k-mer location distance, type and location of each edit)

Alser+, “Accelerating Genome Analysis: A Primer on an Ongoing Journey”, IEEE Micro, 2020.
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https://arxiv.org/pdf/2008.00961.pdf

Read Mapping Execution Time

>60%

of the read mapper’s
execution time is spent in
sequence alighment

Collect

Matching
Seeds... “\\\\\\

Collect Minimizers
2%

Sorting
Seeds
29%

Seed
Chaining
16%

minimap2

ONT FASTQ size: 103MB (151 reads), Mean length: 356,403 bp, std: 173,168 bp, longest length: 817,917 bp

59



Large Search Space for Mapping Location

Reference Genome

OOB—AD—AB—AOD

TATAATACG

Read

98%

of candidate locations have
high dissimilarity with a

given read

Cheng et al, BMC bioinformatics (2015)
Xin et al, BMIC genomics (2013)
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Accelerating Read Mapping

Genome Analysis Pipeline 4

Read

ﬁ [EIR AR S

( o Indexing

]
=
k-mers == ..
|

Index

Reference Genome
[

= Mapping

q

Genomic Variants

eference subsequences extractg
ach common k-mer locaj

distance, type and location of each edit)

] Dynamic
[ | Programming
| ]| (DP) Matrix

H Em Output
||

SAM file (alignment score, edit

Accelerating Indexing

Accelerating
Pre-Alignment Filtering

Accelerating Alignment

( g-gram filtering

Reducing
the number of seeds

J (" Pigeonhole principle

)
| omimasosaos

Reducing data movement
during indexing

] ( Base counting

.

( Sparse DP

o
)

Alser+, “Accelerating Genome Analysis: A Primer on an Ongoing Journey”, IEEE Micro, 2020.
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https://arxiv.org/pdf/2008.00961.pdf

SneakySnake

- Key observation:
 Correct alignment is a sequence of non-overlapping long matches
» Key idea:

» Approximate edit distance calculation is similar to Single Net Routing problem in VLSI
Chlp VLSI ch|p Iayout

: - (ﬂ:m (ﬂ
ﬂ:imﬁﬁﬂ‘&%mﬁﬁﬁ j
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Alser+, “SneakySnake: a fast and accurate universal genome pre-alignment filter for CPUs, GPUs and FPGAs”, Bioinformatics, 2020
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https://academic.oup.com/bioinformatics/article/36/22-23/5282/6033580?login=true

Stencil Computation in Weather Modeling

COSMO (Consortium for Small-Scale Modeling)

« Around 80 complex stencils

« Horizontal diffusion
Vertical advection

"o

b 0
Tyl J
cosyo

Image Source: NVIDIA/MeteoSwiss: ;An exyﬁiﬂé e



Motivation and Goal

Memory bound with limited performance and high energy consumption on IBM POWER9 CPU

10%[ I T |

= | ' |

2 | : Lo

= 103} : e I 1 POWERS9 socket (486.4 Gflops/socket)

S | A

) | |

g i E

g ‘ ’58.5 Gflops

Z | 120.1 Gflopsd | (64 threads) = i i

5.1 F 129.1 Gflop Vertical Advection

10" F 0.28 Gops }64 threads‘ : . = =

o (64 threads) O - -==Horizontal Diffusion
T R SR 10 ] “~-SneakySnake

. 10~ 10° 10 102
Goal: Arithmetic Intensity [flop/byte]

- Mitigate the performance bottleneck of modern data-intensive applications in an energy-
efficient way

« Evaluate the use of near-memory acceleration using a FPGA+HBM connected through
IBM CAPI2 (Coherent Accelerator Processor Interface)/OCAPI (OpenCAPI) 64



Heterogeneous System: CPU+FPGA

=Nl NE

" 0000000000000 000

Source: AlphaData

Source: IBM
POWER9 AC922 HBM-based AD9H7 board
We evaluate:
I. Two POWER9+FPGA systems:
1. HBM-based AD9H7 board 2. DDR4-based AD9V3 board
Xilinx Virtex Ultrascale+™ XCVU37P-2 Xilinx Virtex Ultrascale+™ XCVU3P-2

I1. Two interconnect technologies: CAPI2 and OCAPI

II1. Two processing element (PE) designs: single channel and multiple channel
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Results: Performance Comparison
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Results: Performance Comparison

Near-memory acceleration improves performance by
5-27x% over a 16-core (64 hardware threads) IBM POWER9 CPU
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Results: Performance Comparison

Near-memory acceleration improves performance by
5-27x% over a 16-core (64 hardware threads) IBM POWER9 CPU

HBM design avoids memory access congestion, which is typical in
DDR4-based FPGA designs
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Results: Energy Efficiency Comparison
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Results: Energy Efficiency Comparison

Near-memory acceleration improves energy efficiency by 12-133x,
respectively, over a 16-core (64 hardware threads) IBM POWER9 CPU
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Results: Energy Efficiency Comparison

Near-memory acceleration improves energy efficiency by 12-133x,
respectively, over a 16-core (64 hardware threads) IBM POWER9 CPU

Single channel & multiple channel HBM designs
Open-source: https://github.com/CMU-SAFARI
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SneakySnake

- Key observation:
 Correct alignment is a sequence of non-overlapping long matches

» Key idea:

« Approximate edit distance calculation is similar to Single Net Routing problem in VLSI
chip

VLSI ch|p layout

»o %ﬁ:ﬁ'ﬁz!'zﬁiﬂzz';.'glzgggggggg o
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SneakySnake Walkthrough

Building Neighborhood Map Finding the Routing Travel Path
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SneakySnake Walkthrough

Building Neighborhood Map
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SneakySnake Walkthrough

Building Neighborhood Map
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SneakySnake Walkthrough

Building Neighborhood Map
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SneakySnake Walkthrough

Building Neighborhood Map
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SneakySnake Walkthrough

Building Neighborhood Map

This is what you actually need to build
and it can be done on-the-fly!

checkpoint 1 checkpoint 2
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checkpoint 3
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Background: Traditional
I/0O Technology

Device Driver

Virt Addr Storage Area

Variables ATl

———————
Input
Data

Input
Data

Output
Data

3 versions of the data (not coherent).
1000s of instructions in the device driver.

Typical 1/0 Model Flow:| Total ~13us for data prep

300 Instructions 10,000 Instructions Application 3,000 Instructions . 1,000 Instructions
\ / Dependent, but \1,000 Instructlons/
7.9us Equal to below 4.9ps

Dionysios Diamantopoulos, IBM Research — Zurich, COOL Chips 2018
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CAPI Overview

Virt Addr

POWERS POWERS POWERS POWERS POWERS
Core Core Core Core Core

Flow with a CAPI Model: Total 0.36us

100 Instructions
Dependent, but
0.3us

400 Instructions

POWERS —- POWERSY9 Processor

Application

Equal to above

0.06us

Dionysios Diamantopoulos, IBM Research — Zurich, COOL Chips 2018
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C1 Mode for Weather Acceleration
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Source: AlphaData

Source: IBM

POWER9 AC922 HBM-based AD9H7 board
* Host System  FPGA board
IBM POWER9-16 core (64-threads) Xilinx Virtex® Ultrascale+™ XCVU37P-2

Gagandeep Singh et al. "’NERO: A Near High-Bandwidth Memory Stencil Accelerator for Weather Prediction Modeling." FPL, 2020 84



