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Post Moore: Computing Beyond Moore’s Law
Disaggregated Computing
Cloud Native Computing
NGACI: Next-Generation Advanced Computing Infrastructure
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Post Moore : Computing Beyond
Moore’s Law

Computing Beyond Moore’s Law
https://cs.Ibl.gov/assets/CSSSP-Slides/20200714-Shalf.pdf

Computing Beyond Moore’s Law

i jshalf@lbl.gov ;
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Computing Beyond Moore’s Law FUJTTSU

https://cs.lbl.gov/assets /CSSSP-Slides /202007 14-Shalf.pdf

Technology Scaling Trends

Exascale in 2021... and then what?

Performance

Exascale

. : i d Happens in
0 P s N S 2021-2023
o —

,,E,m“:‘ Figure courtesy of Kunle Olukotun, Lance Hammond, Herb Sutter, and Bu ton Smith
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Computing Beyond Moore’s Law
https://cs.Ibl. gov/assets/CSSSP Slides /202007 14-Shalf.pdf

Numerous Opportunities Exist to

New Materials and Devices

More Efficient Architectures and Packaging
The next 10 years after exascale

1|
--------

BERKELEY LAB

of Computing Performance_

ﬂ.“

New models g AN\ | AIUML, Quantum, others. ..
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Computing Beyond Moore’s Law FUJTTSU

https://cs.lbl.gov/assets /CSSSP-Slides /202007 14-Shalf.pdf

The Future Direction for Post-Exascale Computing

Past - Homogeneous : oy - Present - Heterogeneous || Future - Post CMOS Extreme
p : Present - CPU+GPU : . i ol
Architectures : i Architectures H Heterogeneity
- 2 '\x\
N Architecture, Device and Memory
k) Heterogeneity
CPU cPu : CPU CPU - \\
GEU ke Mem GPU/ Mem e Mem
i cPU CPU inte  : GPU/DSP Intes-
el = o P
= ; .
5 = e 3

N\

Hybrid Fl'rl‘l"" | DRAM 1

Memory jreppe
Cube - FFFEF

Towards Extreme Heterogeneity

Dilip Vasudevan 2016

BERKELEY LAB
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Computing Beyond Moore’s Law FUlfrsu
https://cs.lbl.gov/assets /CSSSP-Slides /202007 14-Shalf.pdf

Specialization:

Natures way of Extracting More Performance in Resource Limited Environment

Powerful General Purpose Many Lighter Weight Many Different Specialized
(post-Dennard scarcity) (Post-Moore Scarcity)

A O @

Generalist Insect catching

y
Filter feeding ’ 4

Grain eating Coniferous-seed eating

,’ ‘ -
Nectas feeding TuRt &
Aetial fishing Pursuit fishing ﬂ ﬁ
|

A 5 3 A

Scavenging Raptorial Surface skimming Scything

Probing

)

Xeon, Power KNL AMD, Cavium/Marvell, GPU Apple, Google, Amazon

BERKELEY LAB
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Project 38 FUJiTSU

https://crd.lbl.gov/departments /computer-science/cag/research-2/project-2/

Project 38 -- Background

DOD and DOE recognize the imperative to develop new mechanisms for
engagement with the vendor community, particularly on architectural
innovations with strategic value to USG HPC.

Project 38 (P38) is a set of vendor-agnostic architectural explorations involving DOD, the

DOE Office of Science, and NNSA (these latter two organizations are referred to in this
document as “DOE”"). These explorations should accomplish the following:

® Near-term goal: Quantify the performance value and identify the potential costs of specific
architectural concepts against a limited set of applications of interest to both the DOE and
DOD.

Long-term ?oal: Develop an enduring capability for DOE and DOD to jointly explore
architectural innovations and quantify their value.

Stretch goal: Specification of a shared, purpose built architecture to drive future DOE-
DOD collaborations and investments. (purpose-built HPC by 2025)

Internal
COTS Design &
Production

Traditional DOEgc-p Aggressive Innovative
Procurement Vendor USG
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Project 38

https://crd.Ibl.gov/departments /computer-science/cag/research-2/project-2/

Architecture Specialization for Science
(hardware is design around the algorithms) can’t design effective hardware without math

o)
FUJITSU

Materials Genomics Digital fluid

Density Functional Accelerator Accelerator Accelerator

Theory (DFT) LBNL detector String matching 3D integration

Use O(n) algorithm 750 GB / sec Hashing Petascale chip

Dominated by FFTs Custzr;mteA;l(():rnear 2-8bit (ACTG) 1024-layers
FPGA or ASIC

General / special
FPGA solution

HPC solution
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Project 38 FUJiTSU

https://crd.Ibl.gov/departments /computer-science/cag/research-2/project-2/

Phase 1 Studies

Recoding Engine Fixed Function Gather/Scatter
(Sparse Matrix Accelerators Scratchpads
Compression) (FFT as example) (for Tensor Contractions)

Xenonl \ [ ‘ -~ O ; : ! !
W NE N —
Copter2 ﬁ HHHHHHHA - N
"\v " ; kkkkkkkk T34 !"‘u."‘:ﬂ;‘l 213 W 8 4
£ . . e

" i AN | Bandwidth waste | Bandwidth waste  [f
e for loading the t3 | for the entire
1z o 1GHz 14nm or v in inner loop application

— OpenMP

100 GB/s off-chip

g 36%
memory 100% 66.4%
MsgI_Q can enable a further 200, ~1.5TFLOPs uses 4.5mm?
scaling E : MsgQ TriSolve 1TB,.IS Off-chip memory l T00% 457 8% I
2 ~15TFLOPs uses 47mm? 154% e

Up to 20x-100x less area e

8x improved scaling
consumption for same 55%-700% reduction in

(limited by memory BW) 2x-8x Reduction in

Memory Bandwidth req

with room to grow : perf. (viable FFTx/BLAS) . data movement

By 1|
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Disaggregated Computing

https://www.oscer.ou.edu/Symposium2020/oksupercompsymp2020_talk_shalf_20200930.pdf

Pathfinding for Post-Exascale HPC

upercomputing Symposiunﬁ‘:\
September 30, 2020

g \
(T ~
Vi 5 SR
Ny,
— — | RS
P — e - -
JohnShalf~ Bk
Départment Head for Computer Science : =
Lawrence BerkeleyiNational Laboratory |

=2 jshalf@Ibleov
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Disaggregated Computing FUjiTSU

https://www.oscer.ou.edu/Symposium2020/oksupercompsymp2020_talk_shalf_20200930.pdf

Disaggregated Node/Rack Architecture

Disaggregated rack

Current server

OR=Top of

cry/ cry/ Rack Switch
ore) CF”/

Current rack 5 | | Pool and compose

V=i 4 =y

=774 ooy eme)/
FY T .
crufarg)  erjary) ' Lo

o /
Most solutions current disaggregation solutions use Interconnect bandwidth (1 — 10 GB/s)
But this is significantly inferior to RAM bandwidth (100 GB/s — 1 TB/s)

13 Copyright 2021 FUJITSU LIMITED



Disaggregated Computing FUjiTSU

https://www.oscer.ou.edu/Symposium2020/oksupercompsymp2020_talk_shalf_20200930.pdf

Diverse Node Configurations for Datacenter Workloads

Data Mining
6-links: HBM

15 links: NVRAM
(capacity)

4 links: CPU
(branchy code)

e

Inference Graph Analytics

* 16 links to TOR e 16 links HBM |

(streaming data) » 8links TOR
« 8links HBM (weights) « 1 Link CPU
« 1link: CPU

TOR=Top of
Rack Switch
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Disaggregated Computing FUjiTSU

https://www.oscer.ou.edu/Symposium2020/oksupercompsymp2020_talk_shalf_20200930.pdf

Photonic MCM (Multi-Chip Module)

CPU/GPU Packet

i

Fiber carrying 0.5 -1 Th/s

Switching MCM
¢ Fiber coupler

pitch: 10s of u

High-Density fiber coupling array
with 24 fibers = 6-12 Tb/s bi-
directional = 0.75 - 1.5 TB/s

Throug

___:':..l

G P U mstal zatian layer == £ = '-.‘ = T | j’:

To other gjes
|

NVRAM MCM

Photonic SiP

h-Silicon Vies-tTS¥srmi

7 . e
Silicon interposer 1024 data links / HEM stack @ 500MHz

Package substrate

Optical switch
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Disaggregated Computing

https://www.oscer.ou.edu/Symposium2020/oksupercompsymp2020_talk_shalf_20200930.pdf
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Inference Data Mining Graph Analytics
16 links to TOR *  6-links: HBM + 16 links HBM
(streaming data) + 15 links: NVRAM (capacity) » 8links TOR
8 links HBM (weights) * 4links: CPU (branchy code 1 Link CPU

1 link: CPU

CPU GPU E TOR

|

[M}-{CMP1}———{CMP2}{m]

Configure for Inference

BERKELEY LAB
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Cloud Native Computing

https://www.cncf.io/

Kubernetes Ressources Map  --- cww
References
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Cloud Native Computing: Cloud Native&(? Fujitsu

O CNCF Cloud Native Definition v1.0
55 RRA 5+ TR, J\TUvII59R, TSAR— ISR, )\1T
Uy RIS RIGEDITIKBI T A F IV DIMRIB(CHENT, AT =S )37 T
D —3 3 5 BRE KURITY B DN TG BB UET. cDPT
JIWVAITSAMNSIFv. BXOESBAPINGDFET,
NSDFECKED. EOiEYE, EED, SXUCAIHANEDHIHRGESS AT ALANE
BUES. cNSERELEBLEHIBDEDCEC. T dA I T~
DHDEE=ZTR/IN\RDF N THRENDFRHESDICITDICENTEET,
Cloud Native Computin}%z Foundation(d, A—=TJ >V —XTAR>A -7 JO>T
ORODTI IS AT LEER - #55LC. SO/ S LDRAEBELENEER
CTEX9. B EFREmRD/I\Y—>Z2ZBFILL. CNS5DA IXRX—> 3> ZH#ENH
FRATEDLDICULET,

O https://github.com/cncf/toc/blob/main/DEFINITION.md
O https://12factor.net/
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https://github.com/cncf/toc/blob/main/DEFINITION.md
https://12factor.net/

Cloud Native Computing FUJiTSU

OServer Less
On demand Provisioning
Automatic Deploy and Scaling

ORun Anywhere by Container,
Docker
Micro Services, Isolated Processes,
Event(Message) Driven

OLoosely Coupled (vs. Tightly
Coupled)

Orchestration, Fault Tolerance,
Automatic Scaling
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NGACI: Next-Generation Advanced Computing
Infrastructure

https://sites.google.com/view/ngaci/home
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NGACI White Paper
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FUJITSU

https://www.mext.go.jp/content/20210618-mxt-jyohoka01-000016078-01.pdf

NGACIIZENDFEIT

- BELFFEY

* NGACI: Next-Generation Advanced Computing Infrastructure £ Ei‘f; o

HELTULET .

SHEOEMEEROBHRMLEREZEZADLIZHIY. ALEYS T—ARITEDELLEIRE.
Society5.0&ELV T HILWVEA R H~DQEBRGLE . SR BLHFSIETN, L—7 D&
DREREZLDEMTHBEBESNFEZHTNAIELERTT, FEB(NGAQ) L, FROSH
BIHEBRILT, F-ABRHERERELTEDLSLTEMUEELDY ., ED KSR
ROBELOM, 327 —ELTEDESREHELTVLAEAOAEEIZELT, A—F
CICERXBELDODFNEWhite PaperéL THEEDAZETEASFOREICHTESTHIEER —

- INETOERE

— White PaperlZDULVT

2021/5/27

s KFHICEBLTEVWTWAIZSAZ T DA N—E:104 A
s TADREI T E3ADEIF—EE
.« 4DDOWGIZEYIFED S RT MG OEBEE E T HICER

- T—XFTI9F WG, VAT LYIMWG, 7IVISATSIWG, L AT LIERAWG

« 1.0.0fR (164X —) # 22 Bih (https://sites.google.com/view/ngaci/home)

V |1ttps:f/si-ié.s..gnogle.com/viewfngaci/horne

Rt EERRASS NGACI white paper 2
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NGACI White Paper FUjiTSU

https://www.mext.go.jp/content/20210618-mxt-jyohoka01-000016078-01.pdf
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NGACI White Paper FUjiTSU

https://www.mext.go.jp/content/20210618-mxt-jyohoka01-000016078-01.pdf
2028 FHICEIF ARG R AT LD F A

o REKATLDERELTIKODNDT—FTIF V24T &5t
- AV ATLE
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» A=—a7CPU&GPUESH A : GPULRAMCPUTHER (BREZL DI ATLTHIER)
« RoMLTOwyHBEE ARoMLTOty ERARCPUTIER (4] : SX-Aurora TSUBASA )
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NGACI White Paper

https://www.mext.go.jp/content/20210618-mxt-jyohoka01-000016078-01.pdf
2028F D A=—aT7 B R T LD FBIMERE
- RLIEBILFRITEHRAK1.8 EFLOPS (EEDMHAEMD3I.371E)

30MW 40MW S0MW | +— S RTF LDEAHHDRE
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NGACI White Paper

https://www.mext.go.jp/content/20210618-mxt-jyohoka01-000016078-01.pdf
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AN =D FAIERE

HZE P114-115(30MW, 80%DfELD) T RlTERE
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FUJITSU

AZ—2177CPUE! #8174 4.4x10E06 cores
fEE4EE 1086 PFLOPS
DDR Mem #&/\> Riig 137 PB/s
HBM Mem #£/\> R iF 410 PB/s
#4DDR #8882 23 PB
¥SHBM 5z =2 5PB

NW > 0232)\> Rig 1/6 TB/s
faStorage &= 3.45 EB
WAL —2)—T 'y 34 TB/s
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ORNL Frontjér

From 1SC19 Workshop: Lustre - The Next 20 Years

@ 10 Perf (GB/s) i
® Capacity (PB) . T — ANLArora
Riken K (#1) NCSKBIONASE coni Spider 2 (1) UK Metoffice (#11)
. * Seq%a W) SNUDT Tianhe-2 (43) A4 i T NSCanheVZA W T ORNL Frdntier
~ NASA Pleiades (47) S i Kaust Shaheen Il (#7]
IO Perf ~1.36x per year T gt o & T Smpedea iy Conrer Dot 57
® : ¢ ANL Mira (43) Tiazel Hen (¢8) T M'“'s';'m:\)ni@izm (#1) ¢
PNNL NWFS2 ORNL Jaguar (#2) CEA Tora 100 (43) TACC Stampede (H5) ANL Theta (#16) ENI HPCA (#13) LANLAstra (o
TACC sm.&. (46) CSCS Piz Daint (#6) -
CEATera 10 (#19) LANL Trinity (#6) ! 00
NOAA Gaes (#32) LLNL Sequoia (#1) T = TACC Frontera (#5)
s:::an:fz::/:::j: : e TACC Ranger (#2) ANL Mira (#3) oRMLSader2(6) -2 ® s
[— Sandia Red Sky (#10) NASA Pleiades (#7) ... DKRZ Mistral (#33) ENI HPCA (#13) -
N——— in i lue TOTAL Pangea (1 i PACS Oskforest(59) NSCC Tianhe 24 (#4)
% N U Big Red (#42) CeATera100(w9)  JB Kaust Shaheen 1 (47) TACC Stampede2 (#12)
~ LINL Thunder (¥2) N ORNL Jaguar (#2) B Tirech Tsubame 2 (#5) —'—‘ ORNL NUDT Tianhe-2 (#1) \ KISTI NURION 10
Thecimnec iy hd Sandia Red Sky (#10) - elo (#6) [ HLRS Hazel Hen (48) AN Theta (416}
0 PNNL HPCS2 (#5) NCSA Abe (i#14) v
ORNL Kraken (#8) JCTR €30S Bl Ouioe (01 =
unimer ) @ LLNL BlueGene/L (#1) TR T =) . Riken K (#1) LANL Astra (flach)
- ACC Ranger (2) NSCC Tianhe-14 (41) i i
- Sandia Red Storm fs2 (#6) CEA Tera 10 (#19) Bnestar (#12) - T T CapaCIty 1.38)( per yea r — 1
NERSC Frankin (#9)
sandia Red Stort BNRENWES2 B0 5ig Red (12)
DOD ERDC Sapphire (#31) LSU Queen Bee (#23)
NCSA Tungsten (#4) l
w 1 LN Thunder (#2) ‘ NCsA Abe (416) | |
LLNLMCR (#3) :
. HDD Capacity: ~1.32x per year = Network Speed: ~1.32x per year
200MB/s Quadrics Elan3 HDR IB 20GB/s
120MB 200MB 320MB 640MB 2GB 3GB 4GB 6GB 12GB 16GB - 0.01
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Source: Rock Hard Lustre, Nathan Rutman, Cray (with updates for recent years); Disk Drive Prices (1955-2019), John C. McCallum
https://hps.vi4io.org/_media/events/2019/hpc-iodc-lustre_next_20_years-dilger.pdf
2028F R L —RIEB D 12018 F£DSummit DX kL —=1gE (2.5TB/s, 250PB) Z4M&
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Future - Post CMO!
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Kubernetes Ressources Map . cwi D s
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Towards Extreme Heterogeneity
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https://github.com/kubernetes/community/blob/master/ico
ns/docs/k8s-exposed-pod.png

Kubernetes Ressources Map
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© Computational Storage, Host CPU Processing Bypass Offload
FEREOBHZHE LIRS KRET —FUIE
O Integration of Storage Class Memory
O F—SR¥FFEIDHFFR: RPMA(Remote Persistent Memory Access)
— 1%\ —SULE
O Computational Storage, &f&&H S StreamingBY A\ DExiE
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Cloud Native, Offload E8I FUjiTSU

OCloud Edition for Lustre software on AWS, Azure, GCP, OCI
Cloud(Cd&lFdManaged Service
AWSI(ZHU\TI(ES3 storageddcacheE U TEME

OHDF5: DAOS with Optane SCM, k8s:E#E

HDF as a service:

OFuzzBall:
Computing Service based on Kubernates

OComputational Storage
FPGA
Computation in SSD Controller

ORPMA+CXLI(C Kk BSystem Wide Offload
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HDF as a service FUJITSU

https://www.hdfgroup.org/wp-content/uploads/2019/09/ServerBasedHDF. pdf

: L=
I Architecture rn
Data Access Options The HOF Group
Client SDKs for Python " Cfrortran | ( Web
Applications Appllcatlons

and C are drop-in

replacements for libraries mmn{uniw HDF Services
used with local files. Conventions Browser

L Clients do not
No significant code change HDFS Lib —-‘ (“)Ef‘;‘t"g::'r know the details
to access local and cloud : of the data or the

based data. ﬂ storage system
e priver

S b

Python Command
Appllcatlons Line Tools
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Fuzzball: the Ctrl IQ software stacks FUjiTSU

https://www.nextplatform.com/2021/02/18/why-the-founder-of-centos-is-building-the-next-platform/

Greg Kurtzer: one of the co-founders of the CentOS Linux distribution,
the Singularity container environment for HPC workloads, the founder of the new Rocky Linux distribution

Secure, Zero Trust Service Mesh

Helm

Kubemetes = my n
Deployment Li = 3 n

Manager

Fuzzball Core Kubernetes
Services Pods and
Containers
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Computational Storage : FPGA FUJITSU

Slides from FMS2018 https://www.flashmemorysummit.com/

Computational Storage: Alibaba Cloud
C) POLARDB

Alibaba Cloud
» No lag for analytics, low cost, unified storage “By bringing compute to the data, ScaleFlux is
transforming the way we are architecting

our Flash storage infrastructure.

»  HTAP: Hybrid Transactional/Analytical Processing

®  ScaleFlux compute @ data enables:
*  HW accelerated real-time analytical processing
from transactional data

* Intelligent data management at the storage layer We're looking to fully utilize the values of

* Massive data movement, power, and latency Computational Storage in order to COSt-
reduction effectively scale real-time analytics
* Fast time-to-value with programmable HW across exploding transactional data sets, all the

while delivering the most responsive,

cloud-native user experience.”
- GM of Alibaba Cloud

10X Transactional-Analytical Processing, Half the Flash Capacity

oscaleFqu- Flash Memory Summit 2018
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Computational Storage: Arm
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FUJITSU

Slides from FMS2018 https://www.flashmemorysummit.com/

Flosh Memory Summit

Compute:

* Frontend: Host I/F + Flash Translation Layer
* Cortex-R or Cortex-A series

*  Backend: Flash management
* Cortex-R or Cortex-M series

* Accelerators:
* Encryption, LDPC,...
* Arm NEON, ML, FPGA...

Memory: DRAM ~1GB for each 1TB of flash
Storage: 256GB to 64TB... flash storage
Interfaces: PCle/SATA/SAS...

Flash Memory Summit 2018
Santa Clara, CA

SSD SoC Functionality:

I'E] Compute in SSD controllers

DRAM

Cache + FTL Tables

Frontend Processor(s)

Host Control

MVMe
Command Queues

Flash Translation Layer

Cache / Buffer
Management

Flash System
Management

Block Management
Wear Levelling, Bad
Block mapping...

Hast / Flash
Address Translation

Flash Processor Control

38
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RPMA: Remote persistent Memory Access FUjiTsu

https://github.com/pmem/rpma

IEEE Cluster 2020 WS: ITAP2020-Session2—2-PMoRDMA .pdf

INITIATOR NODE TARGET NODE

Appliance
Method

f

PCIe Rootl
Port inj
Non-Allocating
Write Mode for
RNIC Writesl

Initiator SW: :
-RDMA Read at ;
i SW Durability point ;

RDMA Write Request from Initiator SW RDMA Read Forces any remaining write data to ADR Domain

110 Non-Allocating Write Data Flow RDMA Read proceeds after writes have been pushed ahead of it

RDMA Read Request from Initiator SW RDMA Read retrieves data from NV Media and returns to Initiator SW

ITAP2020 © 2020 Intel® Corporation. All rights reserved. InteL 8
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CXL: Compute Express Link FUJITSU

HETEROGENEOUS COMPUTING REVISITED - WITH CXL

=CXL enables a more fluid and flexible memory model
=Single, common, memory address space across processors and devices

- More efficient population and W’-att‘lacﬁea Memory
update of operands (OS Managed)

Writeback PCle DMA

- More efficient extraction of Memory \
results Load/Store

- Memory resource “borrowing” cpu cpu NiC
mee. mmem
- User/Kernel level data accessand (™™™ ‘mm=

data movement : L
- Low latency to memory, host to \ e l > Eu—

PCla DA
e DIVIA

device and device to host Accelerator-Attached Memory

(Runtime managed cache)

17 © OpenFabrics Alliance

Compute Express Link™ and CXL™ are trademarks of the Compute Express Link Consortium.
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H k Device Driver
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Netwd Device Dri ~
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Network NVMe-oF
NVMB on &F FPGA
L
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Linux Kernel
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Post Moore: Computing Beyond Moore’s Law
Disaggregated Computing
Cloud Native Computing
NGACI: Next-Generation Advanced Computing Infrastructure

OCNMBEDEZAT A - AL—=2 - TJ7AIL2 AT A
Keywords: Extreme Heterogeneity, Disaggregated, Cloud Native
= Dynamically Configured Heterogeneous System
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