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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

* Node

—may contain multiple processors, memory, and
network interface
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Exascale Computing Project

Projected Performance Development Department of Energy (DOE) Roadmap to Exascale Systems
10 EFlopls 06/2023: #1 = 1.2 EFlopls An impressive, productive lineup of accelerated node systems supporting DOE’s mission
1 EFlop/s Pre-Exascale Systems First U.S. Exascale Systems*
2012 2016 2018 2020 2021-2023
100 PFlop/s : = :
10 PFlop/s FRONTIER
1 PFlop/s ORNL e ORNL*
(]
& 100 TFIopis Cray/AMD/NVIDIA ENNVIDIA Cray/AMD
S
§ 10 TFlop/s
A\ 1y
1 TFlop/s : ANL* . :
ANL Intel/Cray
100 GFlop/s IBM BG/Q
10 GFlop/s 0
LBNL LBNL
1 GFlop/s Cray AMDNVIDIA
100 MFlop/s
1990 1995 2000 2005 2010 2015 2020 2025 :
uoia | CROSS(ROADS
LLNL '
Lists
IBM BG/Q LANL/SNL LLNL LAF‘#LB/DSNL
e Sum 4 #1 . #500 %% Cray/intel Xeon/KNL IBM/NVIDIA
https: //www.top500.org/statistics/perfdevel/ https://science.osti.gov/-/media/bes/besac/pdf/201907/1330_Diachin_ECP_Overview_BESAC_201907.pdf
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Path to Exa Sca Ie CO m puti ng Accelerator/Co-Processor - Performance Share

* Era of data parallel computing o oK 5%, Feon #hi
_ Domlnated by GPUS 80 / /-—_-——\j_l-'—/ _I' Ipied]@an Hill 28202 0 (05
| |
_EXp|O|t S”VIT/S'MD Parallelism i
* Architectural Challenges é e pzion el I
T MUItIChIp PaCkaglng Intel Xeon PRIFS120DI0(0%))
— Next generation technologies 20
0 .
2008 2010 2012 2014 2016 2 IZ

AMD Instinct MI250X 1,329,823,000 NVIDIA Volta GV100 269,439,000

NVIDIA A100 245,338,400 | | NVIDIA Tesla V100 226,796,400

. NVIDIA A100 SXM4 40 GB 131,320,500 . NVIDIA A100 BOGB 121,225,100

[ NVIDIA Tesla V100 SXM2 90,370,490 || Matrix-2000 61,444,500

[ nvIDIA A100 40GB 52,765,600 NVIDIA Tesla P100 46,444,640

NVIDIA A100 SXM4 80 GB 25,397,000 . Nvidia Volta V100 21,640,000

. NVIDIA Tesla K40 8,824,090 NVIDIA Tesla P100 NVLink 8,125,000

D Deep Computing Processor 4,325,000 . None 3,250,400

NVIDIA Tesla K20x 3,188,000 D NVIDIA Tesla K40/Intel Xeon Phi 7120P3,126,240

D NVIDIA Tesla K80 2,592,000 NVIDIA 2050 2,566,000

|:| Intel Xeon Phi 5110P 2,539,130 NVIDIA Tesla K40m 2,478,000

Preferred Networks MN-Core 2,179,600 Intel Xeon Phi 31S1P 2,071,390

Intel’s HPC GM Trish Damkroger Keynote ISC 2021
Sy= https: //www.top500.org/statistics/overtime/

https://download.intel.com/newsroom/202 1/data-center/Intel-ISC2021-keynote-presentation.pdf
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https://www.youtube.com/watch?v=PuEcCRJLrvs

AURORA: HARDWARE




Aurora High-level System Overview

System Service Nodes (SSNs)
User Access Nodes (UANSs)

AURORA SYSTEM DAOS Nodes (DNs)
166 Compute racks Gateway Nodes (GNs)
10 624 Nodes IOF service, scalable library loading

DAOS <-> Lustre data mover

GPU: 8.16 PB HBM
CPU: 1.36 PB HBM, 10.9 PB DDR5

DAOS: 64 racks, 1024 nodes
230 PB (usable), 31 TB/s

COMPUTE BLADE
2x Intel Xeon Max Series w HBM
6X Intel Data Center GPU Max Series
GPU: 768 GB HBM

CPU: 128 GB HBM, 1024 GB DDR5
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COMPUTE RACK

64 Compute blades

32 Switch blades

GPU: 49.1 TB HBM

CPU: 8.2 TB HBM, 64 TB DDR5

SWITCH BLADE

1 Slingshot switch
64 ports

Dragonfly topology
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Aurora Node

512GB
DDR5

A A
32GB/s 32GB/s R=EE 32GB/s
ﬁ 5AG B/ 8x35GB/s
PCle Switch 4—I_ Intel Xeon
64GB/s CPU Max

Series

25GB/s 25GB/s 25GB/s 25GB/s

Aurora Exascale Compute Blade -
1 $ $ $

6 GPU - Intel Data Center GPU Max Series (#) et —
2 CPU - Intel Xeon CPU Max Series (#)

768 GPU HBM Memory (GB)

19.66 Peak GPU HBM BW (TB/s)

128 CPU HBM Memory (GB)

64GB/s

64GB
HBM2e

Intel Data Center
GPU Max Series

64GB

Intel Data Center Intel Data Center

GPUMax Series GPU Max Series

64GB 64GB

2.87 Peak CPU HBM BW (TB/s) g e e
64GB (]} g
HBVI2e g
1024 CPU DDR5 Memory (GB) 2808 2
Intel Data Center between Stacks Intel Data Center %

GPU Max Series GPU Max Series

0.56 Peak CPU DDR5 BW (TB/s)
= 130 Peak Node DP FLOPS (TF)
200 Max Fabric Injection (GB/s)
8 NICs (#)

64GB 64GB
HBM2e HBM2e
64GB ) 64GB
Intel Data Center

FEYRD GPU Max Series LiEhI2e)
64GB
HBM2e
64GB
HBM2e

Intel Xeon

f64GB/s CPU Max
64GB/s Series

; 64GB/s I_
it A PCle Switch ¢ [ HBM2e

-
i i 64GBIs 8x35GB/s
i :
. . 32GB/s 32GB/s 32GB/s 32GB/s
. ol

HPE Cassini NIC 2x Port HPE Cassini NIC 2x Port 512GB
200Gb 200Gb 200Gb 200Gb DDR5
7 I I I
\ 25GB/s 25GB/s 25GB/s 25GB/s /
Argonne &
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Aurora Exascale Compute Blade - Components

https://download.intel.com/newsroom/202 1/data-center/Intel-1SC2021-keynote-presentation.pdf

= |ntel Xeon Max Series CPU w HBM T ——

DDR5 PCIES CXL11

Increased Memory BW High Throughput Next-genlO

= DDR5 and HBM EMIB 55um

with 4" Gen Intel® Xeon® Built-In Al Acceleration

Intel® Advanced Matrix Extensions (AMX)
formance

= PCle Gen5

" Intel Data Center Max Series GPU 4"

= Multi Tile architecture
= Compute Tile EMIB 55um + Foveros 36pm

with Intel® Data Center GPU Max

Increased Deep Learning Inference and Training Performan

Agdgility and Scalability
Hardware Intel® Speed Select
Enhanced Security Technology Software Optimization

High Bandwidth Memory

Significant performance increase for
bandwidth-bound workloads

| ——— Compute Tile
3

Rambo Tile

= Xe Cores
= |1 Cache .
= Base Tile <"
= PCle Gen5 Mol T Package
= HBM2e MainMemory < YC i« e Te
= MDFI
= EMIB

High Speed Coherent
Unified Fabric (cPutoGPU)

= GPU - GPU Interconnect
= Xe Link

Link
Bridge Switch Fabric
® Sub-layer ®
Load/Store, Bulk Data Transfer &
Sync Semantics

Up to 8 Fully Connected GPUs

through Embedded Switch

Argonne &
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Intel Xeon Max Series CPU w HBM ———

= Dual socket

m 52 cores

= First Level Cache: 32 KB Instruction Cache
48 KB Data Cache

Mid-Level Cache: 2 MB private per core
= Last Level Cache: 1.875 MB per core

= 8 channels DDR5 @ 4400MT/s

1TB DDR5 Memory

64GB HBM2e per socket

= 80 PCle lanes with PCle Gen 5.0 support

= PCle bifurcation support: x16, x8, x4,
x2(Gen4) =8

https://www.hc33.hotchips.org/assets/program/conference/day1/H
C2021.C1.4%20Intel%20Arijit.pdf
Intel UPI

PCIE and CXL PCIE and CXL
Py Iy Iy Y

https://www.intel.com/content/www/us/en/developer/articles/
technical/fourth-generation-xeon-scalable-family-overview.html
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Intel Data Center GPU Max Series Architectural Components

* Xe Cores
= Vector Engine

* Traditional compute pipeline >\e_ CO re e g
= Matrix Engine : 8 == 888
compute Bu“dilrr‘gelBglggot; Center GPU Max Series 16 eilieos s H u !==

Ray Traversal — e

= Low precision systolic pipeline

tlL
i

Load/ Store [ e el
| | Triangle Intersection . |
L1 Data Cache veoor | wams | S12B/CLK — T8 IR\ B
= Shared Local Memory — = . g--a8 a8 -8
: sovi | ao%sbit | Lig/simene 1§
®» |nstruction Cache
. )
Xe Slice 3@ cu -
— Hardware Context HPC HPC
. Upto
— Offload Units [rerscane
(ops/clk) ek i
64 Xe - cores
Xe Sta Ck 256 P32 2048 ¢z [é2Ray Tracing Unis
— LLC D56 ook 4096505 4 Hardware Contexts
BN
— HBMZ2e controllers B0 4096 56 rovere: [
_Xe ||nk 8192 inTs _ I
=

— Cache Memory Fabric
—PCle Endpoint
— Hardware specific engines
—Stack to Stack Interconnect
—Xe links

= Multi GPU Interconnect
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https://hc33.hotchips.org/assets/program/conference/day2/hc2021_pvc_final.pdf
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XVE — Xe Vector Engine
GRF — General Register File

[ ]
G P U ( O I I l ute Exe C ut I O n SLM — Shared Local Memory iCACHE - Instruction Cache
RW L1 — Read/Write L1 CCS — Compute Command Streamer

— o HBM — High Bandwidth Memory SIMD - Single Instruction Multiple Datz
= o = e,
https://www.intel.com/content/www/us/en/docs/oneapi/opti e - —
mization-guide-gpu/2024-0/intel-xe-gpu-architecture.html e ——
—r—T—T—T1—1 e e —— Intel Data
= - HBM HBM HBM HBM
EEEE Center GPU

Max Series

xve/ | xve/ | xve/ | xve/

xMx | XxMx | xMmx | xmx RW L1
SLM

XVE/ | XVE/ | XVE/ | XVE/

‘Stack to Stack

xve/ | xve/ | xves | xve/
SLM

xve/ | xve/ | xve/ | xve/
[,

Thread Dispatcher

Work Group

Jaume ds peadyl

* Execution on the GPU starts with the allocation of memory and the compute
kernel scheduled on the GPU

Thread Dispatcher

* The GPU threads are spawned and scheduled through the CCS
* Execution stops when the kernel hits the “end of thread” instruction
* Shared vs Device allocation implies different latencies for accessing the data RN ~

* GPU threads can switch when any of the stall condition occurs SOy g g s sy s g g ——
https://www.intel.com/content/www/us/en/docs/oneapi/optimization- Software

— However during execution threads cannot be interrupted guide-gpu/2024-0/execution-model-overview.html
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12 Argonne Leadership Computing Facility




GPUtoGPU ==

XMX
[ ] [ ]
XVE/ va/
OnneCtIVI - - =
XVE/ | XVE/
xmx | xmx

XVE/ | XVE/
xmx | xmx
HBM

s

XVE/ | XVE/
xmx | xmx
HBM XVE/ | XVE/
xmx | xmx
XVE/ XVE/
XMX XMX

HBM o
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PEETREETS ‘

tms CREET

HBM HBM ) "

XVE/ § XVE/
xvx f xmx

- v

le Gen5 x16

i
* Dual plane connectivity for a set of tiles
* Not necessarily all the tiles in the same level are connected

* When accessing independent tiles applications need to
account for topology of connectivity

HBM HE

HBM HE

- I T

XVE/ | XVE/
xmx | xmx
XVE/ | XVE/ HBM
XMX | xmx
XVE/ XVE/
xvx fxmx

HBM

Cle Gen5 x16
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Network Switch

Consistent, Repeatable Application Performance
* Advanced congestion control
* Fine grained adaptive routing
* Very low average and tail latency

Extremely Scalable RDMA Performance
e Connectionless protocol
* Fine grained flow control
« MPIHW tag matching & progress engine
* Dragonfly topology — 3 switch hops (typical)

Native Ethernet
* Native IP—no encapsulation
* High-scale bandwidth integration to campus

14 Argonne Leadership Computing Facility

HPE Slingshot Switches - 64 ports @ 200 Gbps

(TR R Y B

HPE Switch ASIC Rack switches 100% DLC Switches

Jmned o el |

=t

HPE NIC ASIC

PCle Adapters

100% DLC NIC Mezz
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Aurora Dragonfly Interconnect

15

Rack 1
Dragonfly Group 1

Rack 2
Dragonfly Group 2

Rack 166
Dragonfly Group 166

\ N

Service Service
Rack 1 Rack 8

DAOS Dragonfly DAOS Dragonfly
Group 1 Group 8

Service Racks 1 -8
Dragonfly Group 175

D# — Racks with 16 DAOS servers each |

Dragonfly Group 167 - 174

2 Edge Link / 16 Per Switch

1 Local In Chassis Link / 4 Per Switch
1 Local In Rack Link / 28 Per Switch

2 Global Compute To Compute Group Link / 165 Per Compute Group

2 Global Compute To Daos Group Link /
8 Per Compute Group Distributed To 8 DAOS Groups

24 Global Links Between Each Daos Group

=== 32 Local Links within Each Daos Group

N[1-8] — Compute Nodes
1 to 8 per chassis

C[1-8] — Chassis
1 to 8 perrack

S[1-4] — Rosetta Switches
1 to 4 per chassis

Argonne Leadership Computing Facility

8 Global Links Between Daos And Service Group

2 Global Compute To Service Group Link /
2 Per Compute Group Round Robin To 8 Service Groups
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Aurora Cabinets at Argonne v 2 —r

- T ===
Front Rear Lo e
5 y ; —_— > ke =l U | | [P
Overhead Coalant Plumbing . . B W econcary Conlant Losg Plumbing b . - N, i
and Environmental Sensors | 5 I o Switch Blades and CMMs -~ = *.II ".I W -
| | | \ ! - - -
o e Ry A
Chassis Recitifier Shedf s=—==o=soes m__=====_ )
6 Liguid-Cooled Liguid-Coaled SWtth Blaltt m— o ———— E & — ——jik - &
PSUs/Ractifiers = :======". T := =:'_ Ly ki . ] i S5
Cabinat Env -m'nemall TESs=ssssssesT e == = - W 3
Contralier (CEC) | —— i | oy i
oy = an e L= —t . e LJ. 3
1 SSs=========_ [ [|i .= =_on T A J
Chassis 6/7 Chassiz 776 LIL W, — = B . e
nassiz 7 i secemssmmess_ [ e ainatiaat =%
R e — - .
- - — . e
Caslant Supaly Manifald T [[fmm—= — e
e — — -—
Liquid-Coaled :—::::__ ] m__:====___ = (b = 7
Compute Blades S =de-eo oo, === = AR NN | . Y
N ‘\ - A J
Chassis Management ———ec  _ s us = F ——T = AN \\\ \ |\ " [ /4
Chassis 4/5 Hedle [ B _SESESs_ ) ([ See—e A\ 4 &4 ]
assis 4/ o o o e e ———] o . % 2 / )
Chassis 3/4 k- e - == — ; 3 S 1
——— — — | ﬁ ! — J y
e e ] o
Caolant Supply 3 7
and Return Manifolds —=—===== = =
Sooee- = SEcErrEEres
===l [ ===========_
== e
Blank Panel L ——— ! — — . =
ma__ti RN S : ™
Chassis 2/3 mmm——— ] — —
SRR W, e
===t - =
.
e o [Th =
PDU Circuit Breakers S=SS==EsEsss m__======‘___
-———== m _.= =___
o —— (= =
v |
— W — j ‘ N
Chassis 0/1 - el /
. . ——————— [Fe=—===—a]
Chassis 1/0 Bk E:—-—_:::: m_'mgﬂ:::::
R+ —+—M = —
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Aurora Storage Systems

* DAOS provides Aurora’s main “platform” high performance storage system
* Aurora leverages existing Lustre storage systems, Grand and Eagle, for center-wide data access and data sharing

Capacity ] b
Aurora DAOS 230 PB @ EC16+2 31 TB/s Read & Write i F 4
= 250 PB NVMe

= 38 PB Optane PMEM =3

£

Eagle 100 PB @ RAID6 > 650 GB/s Read & Write i

= 8480HDD %?

= 40 Lustre MDT g\

Grand 100 PB @ RAID6 > 650 GB/s Read & Write 3

= 8480 HDD =

= 40 Lustre MDT

e 1024 Total Servers
— Each node will run 2 DAOS engines

— 2048 DAOS engines

* Intel Coyote Pass System
—(2) Xeon 5320 CPU (Ice Lake)
—(16) 32GB DDR4 DIMMs
—(16) 512GB Intel Optane Persistent Memory 200
—(16) 15.3TB Samsung PM1733
—(2) HPE Slingshot NIC

AAAAAAAAAAAAAAAAAA
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Aurora Storage Overview

DAOS Performance
230 PB capacity @ EC16+2

DAOS Nodes (DNs) 31TB/s

1024 Xeon servers

(16) 512GB NVRAM

(16) 15TB NVMe attached storage
DAOS service

Lustre Performance
Grand — 100 PB @ 650 GB/s
Eagle — 100 PB @ 650 GB/s

A
Se/deyi

=/
nZnal
=y Ay

Slingshot Fabric A X e e ]
Syl (At S

System Service Nodes (SSNs)

User Access Nodes (UANSs)

Scalable Storage Cluster (SSC)

Xeon servers connected to JBOD
Lustre OSSs & MDSs

Gateway nodes

Gateway Nodes (GNs)

100 Xeon servers with no local storage
Access to external storage

AAAAAAAAAAAAAAAAAA
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AURORA - BRINGING I1

LEADERSHIP
PERFORMANCE
For HPC, Data Analytics, Al

Argonni: A

NATIONALL) 1ORATORY

2 INTEL XEON™ SCALABLE PROCESSORS
“Sapphire Rapids*

UNIFIED MEMORY
ARCHITECTURE
Across CPU & GPU

“4 . U.S. DEPART 'EN

% ENEIGY

6 Xe ARCHITECTURE BASED GPUs
*Ponte Vecchio®

\ e\
— ALL-TO-ALL CONNECTIVITY : . )  °oneAp!
kard . \ Unified programming model
Hewlets Cac WITHIN NODE : \
Low latency, high bandwidth

Intel Enterpri €

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

Peak Performance Compute Node System Size System Interconnect
= 2 Exaflops DP 2x Intel® Xeon Max Series processors 166 Cabinets HPE Slingshot 11
6x Intel® Data Center GPU Max Series 10,624 Nodes Dragonfly topology with adaptive routing
Intel GPU 8x Slingshot11 fabric endpoints 21,248 CPUs
Intel® Data Center GPU 63,744 GPUs System Interconnect BW

Max Series 1550 GPU Architecture Peak Injection BW 2.12PB/s

Intel Xeon Processor

Intel® Xeon Max Series 9470C
CPU with High Bandwidth
Memory

Platform
HPE Cray-Ex

Intel XeHPC architecture
High Bandwidth Memory

Node Performance
>130 TF
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System Memory

1.36PB HBM CPU Capacity
10.9PB DDR5 Capacity
8.16PB HBM GPU Capacity

System Memory Bandwidth
30.58PB/s Peak HBM BW CPU
5.95PB/s Peak DDR5 BW
208.9PB/s Peak HBM BW GPU

High-Performance Storage
230PB

31TB/s DAOS bandwidth
1024 DAOS Nodes

Peak Bisection BW 0.69PB/s

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

Programming Environment
e C/C++, Fortran

* SYCL/DPC++

* OpenMP 5.0

* Kokkos, RAJA

AAAAAAAAAAAAAAAA



AURORA: SOFTWARE




Three Pillars of Aurora

Productivity Languages

HPC Languages

Directives DL Frameworks

Parallel Runtimes Statistical Libraries

Solver Libraries Linear Algebra Libraries

Compilers, Performance Tools, Debuggers
Math Libraries, C++ Standard Library, libc
I/0O, Messaging
Containers, Visualization
Scheduler

Linux Kernel, POSIX

21 Argonne Leadership Computing Facility O mom s




Introducing oneAPI Ecosystem

“oneAPI is a cross-industry, open, standards-based unified
programming model that delivers a common developer
experience across accelerator architectures—for faster
application performance, more productivity, and greater
innovation.”

Three Components
* Language
* DPC++
e Libraries
e oneMKL, oneDAL, ...
 Hardware Abstraction Layer
* Level Zero (LO)

Set of specifications that any one can implement

Intel has their own implementations
https://software.intel.com/ONEAPI

22 Argonne Leadership Computing Facility

https://www.intel.com/content/dam/develop/external/us/en/documents/oneapi-programming-guide. pdf
CPU & XPU - Optimized Stack

Applications & Services

Middleware, Frameworks & Runtimes

¥ Tensorflow ~ OPyTorch @ xnet am  NGHNumPy  XGBoost  ©penVING®

oneAPlI

Open, Standards-Based
Unified Software Stack

Low-level Libraries

m

Languages

Other Languages

i)

Other
oneTBB oneCCL oneDPL Libraries

Hardware Abstraction Layer

Freedom from proprietary programming models

Full performance from the hardware

Level Zero

i:.:‘j} CPU
Overcoming Separate CPU and GPU Software Stacks

Piece of mind for developers
Compute Hardware

CPU-Optimized Stack <« >  GPU-Optimized Stack

Applications & Services
Middleware, Frameworks & Runtimes

Low-level Libraries

Applications & Services

Middleware, Frameworks & Runtimes

Low-level Libraries Languages Languages

Hardware Abstraction Layer

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

Hardware Abstraction Layer

AAAAAAAAAAAAAAAAAA


https://software.intel.com/ONEAPI

Aurora Programming Models

e Aurora applications may use

DPC++/SYCL
OpenMP
Kokkos

Raja
OpenCL

* Experimental

HIP

* Not available on Aurora

23

CUDA
OpenACC

Argonne Leadership Computing Facility

(sycL. OpenMP

Hip PY
A

RAJV

Early Science Application Programming Model Distribution

|

/

Nod

® DPC++/SYCL

®m HIPLZ

® Intel Python Framework
Kokkos

® Kokkos/OpenMP

m Kokkos/SYCL

B LLVM-JIT

®m MKL

m OCCA/SYCL

B OpenMP

AAAAAAAAAAAAAAAAAA



M Pl pmodels/mpich

Official MPICH Repository

e Based on open source MPICH with new features to support Aurora

* Uses OFI (Open Fabrics Interface) to communicate with the Slingshot Interconnect  ~2.. “& “Z.. 2 "= ©

* Redesigned to reduce instruction counts and remove non-scalable data structures
* Innovative collective algorithms optimized for Dragonfly network topology

 GPU aware for Intel GPUs MPICH
* |tis built on top of oneAPI Level Zero
* |t supports point to point, one-sided, and collectives CH4
* Support for different data types through the Yaksa library OF|

* Intel GPUs and all-to-all connectivity across the GPUs inside the node

* Multiple NICs on the same node . .
* Distribution of processes to NICs libfabric

 Striping (a single rank distributes a single message across multiple NICS)
* Hashing (a single rank sends different messages through different NICs, e.g.,
depending on the communicator or the target rank)

* Efficient multithreading support to use multiple NICs
Hardware

24 Argonne Leadership Computing Facility
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Conclusions

= Challenging design of a Exascale supercomputer
" |Intricate system design
= Compute Performance Vs Communication Complexity

= Application scalability balanced by dense compute and hierarchical interconnect

25 Argonne Leadership Computing Facility
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QUESTIONS?
SERVESH@ANL.GOV

www.anl.gov
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