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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

e 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 by 22x and 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% 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

Z
4 -t T *
Read Array
y
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) Stencl LH. cncil VDP
- - - - arrays 18 arrays
weather prediction application | Vay, : ]
» The essential part of the weather prediction models [ Y;)a{‘gyf
is called dynamical core L
By HAW \3 1
ound 10 arrays CUL
« Around 80 different stencil compute motifs
Halo ij h ange g oo ays
HAuv
] . Bound arrays
« ~30 variables and ~70 temporary arrays (3D grids) N / ; ’
VAuvw
. . . . . 13 arrays
» Horizontal diffusion and vertical advection o
C I -I Section of Halo Exchange
- Complex stencil programs COSMO CDAG HApp@mﬁh
(Courtesy CSCS/ETH 10 arrays Bound Bound 14 jppys

and Ronald Luijten) | \\. 1 /

9 arrays 14 arrays



Example Complex Stencil: Horizontal Diffusion

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

« Complex memory access behavior and W\V
low arithmetic intensity Flux
W 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 POWERY Roofline Analysis

Performance [Gflops]
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IBM POWERY Roofline Analysis

Weather kernels are

DRAM bandwidth constrained
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Silicon Alternatives

FLEXIBILITY
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FPGAs are highly configurable!
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Heterogeneous System: CPU+FPGA

N RNl

0P OO0 0000001 I

Source: AlphaData

Source: IBM

POWER9 AC922 HBM-based AD9HY7 board

We evaluate two POWERS+FPGA systems:

1. HBM-based board AD9H?7
Xilinx Virtex Ultrascale+™ XCVU37P-2
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Heterogeneous System: CPU+FPGA

L

Source: AlphaData

Source: IBM

POWER9 AC922 DDR4-based AD9V3 board

We evaluate two POWERS+FPGA systems:

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

Performance [Gflops]
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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
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NERO Design Flow
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NERO Design Flow

@D Window
Host DRAM

Weather data in the host DRAM
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NERO Design Flow

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

FPGA AXI Register

CAPI2
512bits x 2 reads <___—>

Cache-line transfer over CAPI2
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NERO Design Flow

<>
HBM?2 Stack

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

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

]

Fields Stream Splitter

Y/ & [5125i] ) single
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Data mapping onto HBM




NERO Design Flow
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NERO Design Flow

<>
HBM?2 Stack

@ 16x @ 256-bit AXI3

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

Fields Stream Splitter

VAN’

Data mapping onto HBM

512-bit
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stream | | stream
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NERO Design Flow

Software-defined FPGA data

(un)packing input stream

Forward Sweep

|fl> - Intermediates. > <> VADVC

FIFO Engine

-’

Y
3D window gridding/degridding

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
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NERO Design Flow

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

FPGA AXI Register

CAPI2
512bits x 2 reads <_:‘>
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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
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NERO Application Framework

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

« COSMO API handles offloading
jobs to NERO

| COSMO API | libCXL |

COSMO WEATHER| Host POWER
MODEL System
FPGA



NERO Application Framework

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

Accelerator Processor Interface) FPGA

« COSMO API handles offloading R

jobs to NERO SNAP

AXI Lite Bus
MMIO Control registers

: : ¢

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

for seamless integration of the
COSMO API

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

17


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

NERO Application Framework

« NERO communicates to Host COSMO WEATHER| Host POWER ng\":&ﬁ";ccelL r;:';fx'-
MODEL
over CAPI2 (Coherent System Processor Proxy (CAPP)

Accelerator Processor Interface)

PCle4 CAPI2 POWER Service Layer (PSL)

« COSMO API handles offloading

AXI Full Bus AXI Lite Bus
JObS to N E RO Burst Transactions SNAP MMIO Control registers

Job Stream AXI DMA SE T PE | oo °FE | PE
Manager | |Scheduler Partitioned On-chip Memor

 SNAP (Storage, Network, and
Analytics Programming) allows

S T

HBM Memory Controller

for seamless integration of the ' L _ . A N SN
J %t THE * 2 T - 53

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 COSMO WEATHER| Host POWER ———25MO API et

Coherent Accelerator
i . = MODEL
is critical System srcessor Proxy (CAPE

FPGA

_____________________________________________________

« Formulate the search for the CAPI2 POWER Service Lourar o

best window size as a multi-

AXI Full Bus

AXI Lite Bus
objective auto-tuning problem Burst Transaciions SNAP
k. . h Job Stream PE PENEROPE PE
* Ta Ing Into account the Manager | [Scheduler AXIDMA Partitioned(;;:chipMemor
datatype precision

HBM Memory Controller

+ We make use of OpenTuner ’35‘?16* £ T %

HBM2 Stack 1 HBM2 Stack 2

https://github.com/jansel/opentuner

19


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

Precision-optimized Tiling
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Precision-optimized Tiling

Performance (GFlop/s)
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Precision-optimized Tiling

Single Precision Half Precision

g
© G 54x644
= 1rl. R4 X|Qge .8 ® ... baxo4e
8' 16 SXW .2X§2
E 14 4X4 ............................................................................................................................
g 12 ...............................................................................................................................................................

@
Qool b)
& . ~
c o ¢ hand-tuned |
| -
6 ...........................................................

£ - auto-tuned
GJ 4 ....... ’ ....................................... S
n

5 6 7 8 9 10
Resource utilization (%)




Precision-optimized Tiling

Pareto-optimal tile size depends on

the data precision

20



Outline

Background

CPU Rootline Analysis

FPGA-based Platform

NERO: Near-HBM Accelerator for Weather Prediction Modeling

Precision-optimized Tiling

Evaluation

Performance Analysis

Energy Etficiency Analysis

Summary



NERO Performance Analysis

Runtime (msec)
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NERO Performance Analysis

Vertical Advection

Horizontal Diffusion
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NERO Performance Analysis

NERO is 4.2x and 8.3x faster than

a complete POWERO9 socket
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How Energy Efficient is NERO?

Vertical Advection
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How Energy Efficient is NERO?

Enabling many HBM ports might not always be

the determining factor
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How Energy Efficient is NERO?

Horizontal Diffusion
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How Energy Efficient is NERO?

NERO reduces energy consumption
by 22x and 29x compared to
a complete POWER9 socket

NERO provides energy efficiency of
1.5 GFLOPS/Watt and
17.3 GFLOPS/Watt
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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

e 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 by 22x and 29x with an energy efficiency of 1.5 GFLOPS/Watt

and 17.3 GFLOPS/Watt
26
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