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PATH TO EXASCALE




Elements of a supercomputer

* Processor

—architecturally optimized to balance complexity, cost,
performance, and power

* Memory
—generally commodity DDR, amount limited by cost

e Node

— may contain multiple processors, memory, and
network interface

* Network
—optimized for latency, bandwidth, and cost

BlueGene/Q, Power BQC 16C 1.

* |O System
—complex array of disks, servers, and network

* Software Stack
—compilers, libraries, tools, debuggers, ...

iDataPlex D m. BlueGene/ . . BIueGene/Q CrayX Cray
[ ]

mln- BlueG SunBI
e Control System e n.,m: I
Bullx B51 - Cray XE

—job launcher, system management T

BlueG m unway ray xSe
m-
I e [ —

https.//www.top500.org/statistics/treemaps/

Argonne &

3 Argonne Leadership Computing Facility NATIONAL LARORATORY




Path to Exascale Computing

* Era of data parallel computing
—Dominated by GPUs
— Exploit SIMT/SIMD Parallelism

* Architectural Challenges
— Multichip Packaging
— Next generation technologies

Ponte
Vecch

Intel’s HPC GM Trish Damkroger Keynote ISC 2021
https://www.youtube.com/watch?v=PuEcCRJLrvs

https://download.intel.com/newsroom/2021/data-center/Intel-ISC2021-keynote-presentation.pdf
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Share

Accelerator/Co-Processor - Performance Share
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° 2008 2010 2012
AMD Instinct MI250X 1,329,823,000
NVIDIA A100 245,338,400
[ NVIDIA A100 SXM4 40 GB 131,320,500
. NVIDIA Tesla V100 SXM2 90,370,490
. NVIDIA A100 40GB 52,765,600

NVIDIA A100 SXM4 80 GB 25,397,000
[ NVIDIA Tesla k40 8,824,090
I:] Deep Computing Processor 4,325,000

NVIDIA Tesla K20x 3,188,000
[ NVIDIA Tesla k80 2,592,000
[T 1ntel Xeon Phi 5110P 2,539,130

Preferred Networks MN-Core 2,179,600

P -W /R0 eonPhi:
/ /[// v Iric=] (=290 Pri 728209 U (0%)
NVIDIA 2090 0 (0%
Intel Xeon Phi 7110P 0 (0%)

)
Intel Xeon Phi 7110 0 (0%) 8

NVIDIA 2075 0 (0%)

Intel Xeon PhifS120050(05%)

IBM PowerXCell 8il 0/ (0%)
NVIDIA 2070 0 (0%)

K20M/Xeon Phi 5110P. 0/ (0%) .zz

2014 2016 2
NVIDIA Volta GV100 269,439,000
|| NVIDIA Tesla V100 226,796,400
[T NvIDIA A100 80GB 121,225,100
|| Matrix-2000 61,444,500
NVIDIA Tesla P100 46,444,640
I nvidia Volta V100 21,640,000
NVIDIA Tesla P100 NVLink 8,125,000
[ none 3,250,400
I:l NVIDIA Tesla K40/Intel Xeon Phi 7120P3,126,240
NVIDIA 2050 2,566,000
NVIDIA Tesla K40m 2,478,000
Intel Xeon Phi 31S1P 2,071,390

https://www.top500.0org/statistics/overtime/
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https://www.youtube.com/watch?v=PuEcCRJLrvs

Exascale Computing Project

Department of Energy (DOE) Roadmap to Exascale Systems

An impressive, productive lineup of accelerated node systems supporting DOE’s mission

Pre-Exascale Systems First U.S. Exascale Systems*
2012 2016 2018 2020 2021-2023
FRONTIER
ORNL ORNL*
Cray/AMD/NVIDIA |B|\(/|)/Ir3\';l|||5| " Cray/AMD
ANL Intel/Cray
IBM BG/Q
LBNL LBNL
Cray/AMDINVIDIA_ _ _____ _ ..
A CROSS( 'ROADS
IBM BG/Q LLNL LANL/SNL
LANLISNL IBM/NVIDIA TBD

’;\\ EXASCALE
E\(Q\F’ g Cray/intel Xeon/KNL
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AURORA: INTRODUCING THE INTEL X¢ GPU




Intel GPUs

M Intel has been building integrated GPUs for over a decade

[ These have evolved into Xe architecture used in next gen GPUs

 Xe LP

 Platforms: Tiger Lake, Iris Xe Max
U Integrated low power Xe Architecture: Brought to Life

J Xe HP/HPG e
0 DG2/Intel Arc GPU X
(] Discrete & High power P

1 Xe HPC
 Ponte Vecchio
e
y LP g:‘o:?::sg?re Iris Xe MAX géRveR GPU

OAM

(J High performance computing

tera flops — peta ops

Intel’s HPC GM Trish Damkroger Keynotes 2021 ISC
https://www.youtube.com/watch?v=PukcCRILrvs
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Evolution of Intel GPUs at Argonne

o o o ® e @
2019 - Iris 2020 - Arcticus 2021 - Arcticus 2022 - Florentia 2022 - Sunspot 2023 Aurora
XeHP GPU XeHP GPUs v2 PVC (Pre-production Silicon) Aurora TDS

~N

Ve I

Iris node Aurora node

Arcticus node Quad GPU Florentia node

Early Silicon
PVC Node

Dual Discrete GPU
Development
Node

Initial Software
Development Node

Future
Aurora Node 'affrom Switch

512GB DDR5 512GB DDR5
PVC GPU PVC GPU

EDR Intel® Intel®
100 GBE Xeon® Xeon®

Intel® Xeon® Intel® Xeon®

Intel® Xeon® Skylake 4C

PVC GPU PVC GPU

EDR EDR
2x Port X 2x Port X
100 GBE 100 GBE PVC PVC

\ to/from Switch to/from Switch /

Argonne &
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Intel Ponte Vecchio GPU

] Multi Tile architecture

M Compute Tile
(] Xe Cores
J L1 Cache

(d Base Tile
 PCle Gen5
J HBM2e Main Memory
1 MDFI
J EMIB

U Connectivity Tile
J Xe link

9 Argonne Leadership Computing Facility

PO nte AO Silicon Current Status

E\/etCCP h l O >45 TFLOPS FP32 Throughput
xecution Frogress

Memory Fabric
>5TBps g, guidn

Connectivity ,
>
2 TBpS Bandwidth : !

S Compute Tile
[

Ponte |
Vecchio

Foveros

SOC Base Tile
>100 Billion Transistors HBM Tile
Xe Link Tile

47 Active Tiles

5 Process Nodes Multi Tile Package

EMIB Tile

AAAAAAAAAAAAAAAAAA



https://www.intel.com/content/www/us/en/newsroom/resources/press-kit-architecture-day-2021.html

/e
[ The fundamental compute block = R \ - Co re

D Vector En gi ne B o | ‘ ,:_‘ ‘ ; Compute Building Block of X¢ HPC-based GPUs

Xe Core

O Traditional compute pipeline
J Matrix Engine
O Low precision compute pipeline

(J L1 Data Cache
O Shared Local Memory

[ Instruction Cache

Vector

Load/ Store
8 8 | si2B/CLK

Vector Matrix
Engines Engines
Cache

512 bit 4096bit I ) 16/ SLM si2m), I$

per engine per engine

Vector
e atrix Engine
(ops/clk)

Vector Engine
(ops/clk)

Vector
256 Fr32 2048 1r32
\/‘ ect‘«::w r
256 Froa 4096 Fri6
\/»e‘;'t?r
B12Frie 4096 &Fi6
LIS / SLm 8192 N8
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Xe HPC Slice

] Xe Cores

] Hardware Context

(J Hardware Unit )/e
Slice

J Ray Tracing e

16 Xe —cores Y&, slice

8MB L1Cache

16 Ray Tracing Units

Ray Traversal

Triangle Intersection
Bounding Box Intersect.

1 Hardware Context

11 Argonne Leadership Computing Facility

https://www.intel.com/content/www/us/en/newsroom/resources/press-kit-architecture-day-2021.html
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Xe HPC Stack

JMultiple Slices
(JHBM2e Memory Controller

(JCache Memory Fabric )/e Stack
(JPCle Endpoint

HPC

Xcore X.core X.core Xcore N Xcove

ITITIITITIITTE

—1 J Jj S Ji -
) | e = | . 3
= ! ] 33 LE
I ] a7 BE
= | | |3 B ER
. ks ] [ S P ks

dHardware specific engines Upto e —

4 Slices Ei

(1Stack to Stack Interconnect o

D Xe I | ] kS 64 Ray Tracing Units
| 4 Hardware Contexts

u

=

JMulti GPU Interconnect

L2 Cache

X.core Xcore X.core X.core 2 Xoeow Xoaom Xcore Xcore

ITTTIEIETETEEEE

XC.core =

4 HBM2e controllers

1Media Engine

8 XeLinks

https://www.intel.com/content/www/us/en/newsroom/resources/press-kit-architecture-day-2021.html
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AURORA COMPUTE BLADE




Aurora Compute Blade

JSapphire Rapids CPU
1 DDR5/HBM
J PCle Gen5

(JGPU — GPU Interconnect
] Xe Link
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https://download.intel.com/newsroom/2021/data-center/Intel-ISC2021-keynote-presentation.pdf

Breakthrough Technology
DDR5 PCIE5 CXL11

Increased Memory BW High Throughput Next-gen O

Built-In Al Acceleration
Intel® Advanced Matrix Extensions (AMX)

Increased Deep Learning Inference and Training Performance
Agility and Scalability
Hardware Intel® Speed Select Broad

Enhanced Security Technology Software Optimization

High Bandwidth Memory

Significant performance increase for
bandwidth-bound workloads

/e https://www.intel.com/content/www/us/en/newsroom/resources/press-kit-architecture-day-2021.html

Link

High Speed Coherent

Unified Fabric (GPutoGPU)

Load/Store, Bulk Data Transfer &
Sync Semantics

Up to 8 Fully Connected GPUs
through Embedded Switch

Link
Switch Fabric
= Sub-layer
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Aurora Compute Blade

/

S S

Fabric| |Fabric Fabric| |Fabric

~

Aurora node

PVC

SPR+HBM

A, 4

PVC PVC

PVC PVC

PVC

Xeon®

Scalable

Fabric| |Fabric Fabric| |Fabric

omoh oS

-

SPR+HBM

PERF E
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https://www.intel.com/content/www/us/en/newsroom/resources/press-kit-intel-vision-2022.html

LEADERSHIP

°C Al
INTEL XEON™ SCALABLE PROCESSORS
e “Sapphire Rapids”

UNIFIED MEMORY AN
ARCHITECTURE

Across CP a

RS =

6 X¢ ARCHITECTURE BASED GPUs

“Ponte Vecchio®

ALL-TO-ALL CONNECTIVITY \ \ : . : oneAPI

WITHIN NODE Unified programming model

ndwidth

UNPARALLELED I/O

SCALABILITY ACROSS NODES

8 fabri nts per node, DAOS
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AURORA PROGRAMMING ECOSYSTEM




https://www.intel.com/content/dam/develop/external/us/en/documents/oneapi-programming-guide.pdf

Introducing Intel oneAP| Ecosystem

JdUnified programming model

JExtensive set of hardware optimized
libraries

JNew spec for hardware abstraction
of accelerators

L Level Zero

JMany components in the Open
Source domain

JAI Framework Ecosystem

17 Argonne Leadership Computing Facility

CPU & XPU - Optimized Stack

o Applications & Services
>0 ) )
[ o} Middleware, Frameworks & Runtimes
..““ P TensorFlow O PyTorch @ xnet tam  NGNumPy  YeBoost  ©PenVING®
on eA PI Low-level Libraries Languages

Open, Standards-Based
Unified Software Stack

Other
oneTBB oneCCL oneDPL Libraries Other Languages
Freedom from proprietary programming models

Full performance from the hardware Hardware Abstraction Layer
Piece of mind for developers
Compute Hardware CPU GPU

Overcoming Separate CPU and GPU Software Stacks

CPU-Optimized Stack <« >  GPU-Optimized Stack

Applications & Services

Middleware, Frameworks & Runtimes

Low-level Libraries Languages

Applications & Services

Middleware, Frameworks & Runtimes

Low-level Libraries Languages

Hardware Abstraction Layer Hardware Abstraction Layer

https://www.intel.com/content/www/us/en/newsroom/resources/press-kit-architecture-day-2021.html
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Programming models

(dPerspective based on early science applications
Targeted for Aurora

Early Science Application Programming Model Distribution

®m DPC++/SYCL

m HIPLZ

® Intel Python Framework
Kokkos

® Kokkos/OpenMP

m Kokkos/SYCL

mLLVM-JIT

m MKL

m OCCA/SYCL

® OpenMP

. . " Argonne &
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SYCL/DPC++ Programming Model

For compilation

sycl::queue g(sycl::default_selector{});

sycl::range global{padded_length};
sycl::range local{block _size};

$icpx —fsycl —std=c++17 -fsycl-targets=spir64 foo.cpp

double nstream time{0};

i COde example tO get your Sta rted const size t bytes length sizeof (double);
— https://github.com/argonne-lcf/sycltrain/tree/master/9 sycl of hell [T ST EEEEEE I EEEEEF YT IS PR PRV
double h B sycl::malloc_host<double>(length, q);
° SYCL SpElelcatlon double h C sycl::malloc_host<double>(length, q);
. for (size t i=0; i<length; i) {
— https://www.khronos.org/registry/SYCL/specs/sycl-2020/html/sycl- h A[i] = 0 °
h B[i] 2;
2020.html pBLi) - 2
. . . }
* Intel implementation of SYCL is OpenSource
double d A sycl::malloc_device<double>(length, q);
_httpS//g|thUbCom/lntel/llvm double d B sycl malloc_devzl:.ce double>(length, q);
double dc sycl::malloc_device<double>(length, q);

. g.memcpy(d_A, &(h_A[0]), bytes).wait();
* You can mix sycl and openmp q.memcpy(d_B, &(h B[0]), bytes).wait();

g.memcpy(d _C, &(h_C[0]), bytes).wait();

for (int iter 0; iter<=iterations; iter++) {
g.parallel for(sycl::nd range{global, local}, [=](sycl::nd_item<l
it) {
const size t i it.get _global id(0);
if (i<length) {
d A[i] d B[i] scalar d C[i];
}
})i
g.wait();
}

g.memcpy(&(h_A[0]), d_A, bytes).wait();

https://github.com/jeffhammond/PRK/blob/default/Cxx11/nstream-dpcpp.cc

19 Argonne Leadership Computing Facility T Onowsonsony



https://github.com/argonne-lcf/sycltrain/tree/master/9_sycl_of_hell
https://github.com/intel/llvm

OpenMP Programming Model

* icpx/ifx is the replacement of icpc/ifort

double RESTRICT new double[length];
double RESTRICT new double[length];
* Openl\/IP 50+ fOI‘ C/C++ and Fortran double RESTRICT new double[length];

double scalar 3.0;

* Intel documentation:
https://www.intel.com/content/www/us/en/develop/documentation/oneapi-

- - {
dpcpp-cpp-compiler-dev-guide-and-reference/top.html for (int iter - 0; iter<-iterations; iter::) {
° Complle. for (size t i=0; i<length; i++) {
* INER B[i] scalar * C[i];

Sicpx —fiopenmp -fopenmp-targets=spir64 stream.cpp -o executable

i : ) https://github.com/jeffhammond/PRK/blob/default/Cxx11/nstream-openmp-
$ifx —fiopenmp -fopenmp-targets=spir64 stream.F90 -o executable target.cc

20 Argonne Leadership Computing Facility T Onowsonsony



https://www.intel.com/content/www/us/en/develop/documentation/oneapi-dpcpp-cpp-compiler-dev-guide-and-reference/top.html
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Kokkos Programming Model

Kokkos C++ Performance Portability Programming EcoSystem vector A("A", length);

https://github.com/kokkos/kokkos

Abstractions for both parallel execution of code and data management {

Intel GPU and CPU support via OneAPI SDK

Argonne Leadership Computing Facility

vector B("B", length);
vector C("C", length);

const double scalar(3);

Kokkos: :parallel for(length, KOKKOS LAMBDA(size t const i) {
A[i] 0.0;
B[i] 2.0;
C[1i] 2.0;

})i

Kokkos: :fence();

for (int iter 0; iter<=iterations; iter) {
if (iter==1) {
Kokkos: :fence();

}
Kokkos::parallel for(length, KOKKOS_ LAMBDA(size t const i) {

A[i] B[1i] scalar C[i];
})i
}

Kokkos: :fence();

https://github.com/jeffhammond/PRK/blob/default/Cxx11/nstream-kokkos.cc

Argonne/Intel/HPE Business/Procurement Sensitive - DO NOT DISTRIBUTE  ~~ —heowusowow


https://github.com/kokkos/kokkos

AURORA SYSTEM OVERVIEW
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Peak Performance
= 2 Exaflops DP

Intel GPU
Ponte Vecchio (PVC)

Intel Xeon Processor

Sapphire Rapids with
High Bandwidth Memory

Platform
HPE Cray-Ex

Compute Node

2 Xeon SPR+HBM processors
6 Ponte Vecchio GPUs

Node Unified Memory
Architecture

8 fabric endpoints

GPU Architecture
Intel XeHPC architecture
High Bandwidth Memory Stacks

Node Performance
>130 TF

23 Argonne Leadership Computing Facility

AURORA - BRINGING I

LEADERSHIP
PERFORMANCE
For HPC, Data Analytics, Al

UNIFIED MEMORY

ALL-TO-ALL CONNECTIVITY
WITHIN NODE
Low latency, high bandwidth

UNPARALLELED I/O
SCALABILITY ACROSS NODES
8 fabric endpoints per node, DAOS

System Size
>9,000 nodes

Aggregate System Memory
>10 PB aggregate System Memory

System Interconnect
HPE Slingshot 11
Dragonfly topology with adaptive routing

Network Switch
25.6 Th/s per switch (64 200 Gb/s ports)
Links with 25 GB/s per direction

High-Performance Storage
220 PB
=25 TB/s DAOS bandwidth

2 INTEL XEON™ SCALABLE PROCESSORS
“Sapphire Rapids®

6 X¢ ARCHITECTURE BASED GPUs
“Ponte Vecchio®

oneAPI
Unified programming model

Programming Environment
e C/C++

* Fortran

* SYCL/DPC++

* OpenMP offload

* Kokkos

* RAJA

oooooooooooooooooo



Aurora Cabinets Installation at Argonne
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QUESTIONS?

www.anl.gov



