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Let’'s Remind Ourselves — what is a supercomputer?
OLCF —“Summit”

. . 4. Node Card (“Node Board”):
3. Compute Card ("Node”): 32 Compute Cards (2x2x2x2x2),
One BQC Module (1x1x1x1x1), Optical Modules, BQL Link Chips, Torus

16 GB DDR3 Memory

2. Module:

i S \“’Eﬁ b

-

<A

Sh. I/O drawer (1,2 or 4 per rack): 7. System: N

*81/0 cards @ 16 GB, e.g. 8 racks (8x8x8x8x2) = 1.7 PF/s - | A

* 8 PCle gen2 x8 slots (1B, 10GbE) e.g. 96 racks (16x12x16x16x2) = 20 PF/s a Vi
Sponsors  U.S. Department of Energy

Operators IBM

Architecture 9,216 POWER9 22-core CPUs
27,648 Nvidia Tesla V100

5a. Midplane:
16 Node Cards (4x4x4x4x2)

1
*Sustained single node perf: 10x BG/P, 20x BG/L GPUS[ ]
* MF/Watt: 6x BG/P, 10x BG/L (~2GF/Watt)
ower 13 M2l
6. Rack: 2 Midplanes (4x4x4x8x2)
Source: IBM Storage 250 PB
Speed 200 petaflops (peak)

Purpose Scientific research

Web site www.olcf.ornl.gov/olcf-resources

.(Pfl. \)L% Blue 2,397,824 cores!! /compute-systems/summit/ &
“ Brain
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Key Enablers

Transistor - 1948 Integrated Circuit - 1958

April 25, 1961 g n. NovcE Sl L

SEMICONDUCTOR CEVICE-AND-LEAD STRUCTURE
Filed July 30, 1989
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www. explainthatstufl.com
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Moore's Law
20,000,000,000

10,000,000,000
5,000,000,000

1,000,000,000

IBM z13 Storage Controller.
SPARC M7

18-core Xeon Haswell-E5 L4
Xbox One main SoCx, €)22-core Xeon Broadwell-E5

61-core Xeon Phi '8 8,1 5-core Xeon Ivy Bridge-EX
12-core POWER,; BM z13 . .
8-core Xeon Nehalem-EX~_ gApple A8X (tri-core ARM64 "mobile SoC")

i 8-core Core i7 Haswell-E
Dua<~corselxl;gg{3n)|(e2% 7400° ® Duo-core + GPU Iris Core i7 Broadwell-U

’ Qo Quad-core + GPU GT2 Core i7 Skylake K
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cache:
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5,000 8003¢, 81" Sl 8080
© Motérola %’1500% Technology
Intel 4004 2900
1,000
3V F S ST S S E P S Y E
N N N N N N N N N N N N N N Y vV VY VY VYV VY DV

Year of introduction

Data source: Wikipedia (https://en.wikipedia.org/wiki/Transistor_count)
The data visualization is available at OurWorldinData.org. There you find more visualizations and research on this topic.
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J nm Gate Oxide
~ 4 rows of Si atoms!

o

)

SILICON
ATOMS!
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10,000,000
Dual-Core Itanium 2 = /
1,000,000
n -
Intel CPU Trends 4
(sources: Intel, Wikipedia, K. Olukotun) b
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Source: Dr. Dobb’s Journal, 30(3), 2005; update 2009 online
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Shaw et al., SC2014 - Molecular Dynamics — Anton2

Anton 2: Raising the bar for performance and programmability
in a special-purpose molecular dynamics supercomputer

David E. Shaw,” I.P. Grossman, Joseph A. Bank, Brannon Batson, J. Adam Butts, Jack C. Chao.”

Martin M. Deneroff," Ron O. Dror,” Amos Even, Christopher H. Fenton, Anthony Forte, Joseph Gagliardo,
Gennette Gill, Brian Greskamp, C. Richard Ho,” Douglas J. Terardi, Lev Iserovich, Jeffrey S. Kuskin,
Richard H. Larson,” Timothy Layman,” Li-Siang Lee,” Adam K. Lerer, Chester Li,” Daniel Killebrew,"
Kenneth M. Mackenzie, Shark Yeuk-Hai Mok,” Mark A. Moraes, Rolf Mueller.” Lawrence J. Nociolo,

Jon L. Peticolas, Terry Quan, Daniel Ramot,” John K. Salmon, Daniele P. Scarpazza, U. Ben Schafer,”
Naseer Siddique, Christopher W. Snyder,” Jochen Spengler, Ping Tak Peter Tang,’ Michael Theobald, Horia Toma,”
Brian Towles, Benjamin Vitale,” Stanley C. Wang, and Clff Young®

D. E. Shaw Research, New York, NY 10036, USA

Abstract—Anton 2 is a second: ion special-purpose su-
percomputer for molecular dynamics simulations that achi
ignificant gains in perfc ce, progr
compared to its predecessor, Anton 1. The ar
ton 2 is tailored for fine-grained event-driven operation, which
improves performance by increasing the overlap of computation
with communication, and also allows a wider range of algorithms
to run efficiently, enabling many new software-based optimiza-
tions. A 512-node Anton 2 machine, currently in operation, is up
to ten times faster than Anton 1 with the same number of nodes,
greatly expanding the reach of all-atom biomolecular simula-

simulates a standard 23,558-atom benchmark system at a rate of

85 ps/day—180 times faster than any commodity hardware plat-
form or general-purpose supercomputer.

Villin DHFR ApoAl ATPase STMY Ribosome
# atoms 13,773 23,558 92224 327506 1M  22M
Anton 2 (ps/day) 858 358 5394 28.2 9.5 36
Anton 1 (ps/day) 197 189 75 — — —
General-purpose 117 0.471°  0289" 0039 0035 0171

hardware 0235 0.127¢ 0.018"
(ps/day) 01447 0.076"

0.108°

0.100°

—-> 0(100x) faster than general-purpose computers
ACAT19



The End of Moore as we Know it for Weak Scaling?!

INTERNATIONAL

ROADMAP

* More Moore DEVICES AND SYSTEMS
» “Ground rule scaling is expected to slow down and saturate around 2027”
» “Transition to 3D integration and use of beyond CMOS devices for complementary System-on-
Chip (SoC) functions are projected after 2027”
» "technological solutions will assure continuation of Moore’s Law for an additional 10-15 years”
« BUT also: “Die cost reduction has been enabled so far by concurrent scaling of poly pitch, metal
pitch, and cell height scaling. This [will likely] continue until 2024”

2017 EDITION

YEAR OF PRODUCTION 2097 2079 2021 2024 2027 2030 2033
P5IM36_| P4SM26 | Pdzmad P36M21 P32M1a P32M1dT2_| P3zM14T4

Logic industry "Node Range" Labeling (am) 0" T 5" R 21" 1.5 1.0

. B d C M O S IDM-Foundry node labeling 017 715 13 121 24115 A510 H.0-0.7
eyon L ogic devics strecture options finFET | finFET LGAA LGAA LGAA | VGAA,LGAA | VGAA, LGAA

FDSO1 LGAA finFET VGAA VGAA 3DVLSI 3DVLSI

° E merg i n g ArCh itectu res L ogic davice mainstream davice ﬁnFE'I:. finFET %GAA : LGAA :G:‘i . VGAA VGAA

Emerging Devices/Processes @4 & m g
85 >

* Emerging Materials

MPLUFSoC Metaix % Pitch (nm){1,2}
MPL¥S0C Metailr1 % Pitch (nm)
Contacted poly haif pitch (nm)

Lo Physical Gate Length for HP Logic (nm) [3] 20 18 16 14 12 12 12
Lo Physical Gate Length for LP Logic (nm) 22 20 18 16 14 14 14

Channel averlap ratio - bvo-sided 0.80 0.50 0.80 0.50 0.80 0.80 0.80

N2 Spacer width (nm) 8 7 ‘5 .5 '5
.( I)fl. )bil(\ Blu.e Contact CD (nm) - finFET, LGAA 18 16 14 12 10
*Brain

: Cantact CD (nm)- VGAA
ECOLE POLYTECHNIQUE 26 -
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» There is still substantial room for improvement in software and algorithms
« We will have to work more on software and be ready for architectural changes

* Specialized Chips
« GPUs, TPUs, NPUs, Spatial Accelerators efc.

* New computing paradigms: Neuromorphic, Quantum

I(I’ﬂ-  Brain

7" Project ACATI9 9
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Lexer >
P S — : OptumuzatuonPasses ‘ﬁ'
[w... o000 000C ] i Parser
CLELELEaO.0.080,0.0,0

i AST Generator Code Generator
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) EEEEREEEREE-) $§-I+ DDDDD R d%+ . ﬁ: )
C] Properties (m. h, ena. ek) of mechanism instances in AoS layout where

3%\‘ b@‘ |
: e @ V pmunlua:w;[:m;md:mn:nwxuw i } *#%» i
e - &le S ; >

|m m mlm |nin|n|n -n-‘a—lzamJ . » ! Abstract Syntax Tree i _
—— e — Domain Specific Language (DSL) 1 i —
[ S N
i } cuoa »u%»
A] Dendritic structure of neuron cell with machanisms D] Properties of mechanism instances in SoA Layout where lecsssssssssssssssssssssssssssssss=s=s=y
inserted into compartments property access [e.g. m) is contigious in memory d

Platform Compilers

1) Classical Optimization and Scaling 3) Source to Source Translation

runtime complexity memory complexity

fon channels FeNogn (14 Noyi) Nijn (Noji + Noyi) neuron 1 [ ||H|||I [T T 1 MIITTT

detailed COBA  membrane potential %NC/” Nefn (J’\-'p_;¢+1'\-'i.,-c)
. D]

I N TN (1 ) neuron 2 [T T JiIT]

orcomy et potctal | 1 Nyt N neuron 3 [T T {IT T T T JIIITT]
- synapses LK (14 Nop) + TFEN, ;o K (Npja+ Ny

s ark (L4 Woge) 4 T8N aje K (aia + o) neuron 4 [T {IT-T—T |l

membrane potential % Nptn + Ny
point CUBA time

synapses TIKN,, K ('\ s+ N, ) _

2) Analytical Performance Modeling 4) Asynchronous Execution

5) Rethinking the problem: e.g. using machine learning

l(l’ﬂI 7 B -
", Brain Pramod Kumbhar, Francesco Cremonesi, Bruno Magalhaes

ECOLE POLYTECHNIQUE

bt bF auswe 1 Project http://arxiv.org/abs/1901.10975, http.//arxiv.org/abs/1901.05344 ACAT19 10



http://arxiv.org/abs/1901.10975
http://arxiv.org/abs/1901.05344

iali i — | ooRs oA oies |
necla Ize Ins \/ 30GiBls
14 GiB/s m“ 30 GiB/s M FIFO
gMF

0 30 GiB/s

Matrix Multiply
Unit

(64K per cycle)

Normalize / Pool

10 GiB/s

E.g. Google’s TPU v1 —an ASIC
specialized to calculate matrix-vector -
multiplications for deep neural network

inference N o »

PCle Gen3 x16

g 14 GiBls

=

Host Interface

167 GiB/s

BT o < T J
1 1 1 1 [§] Compuaston = =
|-Cache Access Register File Add Add I control
Access
Thermal Design TeraOpsls ] W GPU/CPU W TPU/CPU W TPU/GPU M TPU/CPU M TPU/GPU

Model | mm? [nm| MHz |Power (TDP) per |Cores 2‘;"10? (s.‘.hnpsl TSDP per
Chip 8 bit | FP32 | 2PYie/s [server| Server

Haswelll 662 |22 |2,300 145 W 18 | 26 | 1.3 51 2 504 W
N&’gga 561 | 28| 560 150 W 13 | - | 28] 160 | 8 [1.838W
TPU [<331|28| 700 W 1 92 - 34 4 861 W

A E'rglen Tora prformanceri incemeta erformance Wt
ECOLE POLYTECHNIQUE Jouppi et al., 2018
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“The fact that we can build devices that implement the same basic operations as those the
nervous system uses leads to the inevitable conclusion that we should be able to build entire
systems based on the organizing principles used by the nervous system. | will refer to these

systems generically as neuromorphic systems”

SILICON RETINA

Carver Mead (Caltech), 1990 >§Q ™ RF/
—— /,H ><8‘® b 1988; picture from Scientific
¢l

.(I)ﬂ. t{ E:’guen MW Sk S - America Article (1991)

ECOLE POLYTECHNIQUE 26 -
FEDERALE DE LAUSANNE b Pro_le(_t ACAT19 12




Selected Contemporary Neuromorphic Systems

Loihi

SpiNNaker

Biologically
| nspired

Massively
Parallel

Architectures

Many-core (ARM) architecture
Optimized spike
communication network
Programmable local learning
x0.01 real-time to real-time

G T

ECOLE POLYTECHNIQUE

s -
FEDERALE DE LAUSANNE WK PrOJECt

Biological realism

Full-custom-digital neural circuits
No local learning (TrueNorth)
Programmable local learning (Loihi)
Exploit economy of scale
x0.01 real-time to x100 real-time

Analog neural cores
Digital spike communication
Biological local learning
Programmable local learning
x1.000 real-time

Also:  Stanford — NeuroGrid/BrainDrop architectures
Zurich — DeltaRNN architecture ACAT19

13



SpiNNaker inte|‘> Brainscaies
. L/ ScaleS
TrueNorth Loihi
o Abstract model: Point neuron, e.g. Leaky Integrate and Fire
Vall) o dVal®) = {® , 1<l YES YES YES YES
e [t — RuCunlog(1— 20, > Iy, , . . .
- numeric numeric numeric  physical
Simplified model: Single compartment and ion channel formalisms
, O iy icy v AL R
; y o —l_ I em | =V I (Vi) (1 — m) T (Vi Jm NO NO NO NO
~ ~
; an (Vo) h) (Vi )l
Cellular model: Cable and ion channel formalisms
(2040896AP2 C,,dV, E.,, —V,
R. 1 lehannels NO NO COMP  COMP
2(Var Vin,) | 2(Vim Vi numeric  physical
Y R, R R R
" Subcellular model: Reaction-Diffusion formallsm
A : 5068 = —p(6) 3" au)+
o A=t NO NO NO NO
) ¢ Blue > plx—suit)au(x—su)
Qi ff Blue. Pt

£COLE POLYTECHNIQUE -
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Building Blocks of Neuromorphic Hardware: Synapses

= (mtel) %%ﬁé%‘

TrueNorth Loihi

Abstract model: fixed weight
W YES 1-bit 9-bit 6-bit
Heeottansmiir Y . numeric numeric numeric  physical
released into synapse attached
" / Simplified model: exnonential

X VES NO NO 6-bit
_ (t=10) i —_ 4N
% 8o (1) = Z&yn O (=) numeric physical

Phenomenological: Short term plasticity
de 2 uxd(t — top)

Spi Naker

dt Tree NO NO NO NO
Neurotransmitter Enzyme that destroys dy Y
stored in vesicles neurotransmitter * - n uzd(t — tsp)

dz _ ¥__2
dt 1 Tree
du
— = + U —uw)d(t—t
dt Tracil ( ) ( s'p)
Isynup.@e ("'«) = z Aljyﬁj (t)
i

Subcellular model: Reaction-Diffusion formalism

» NO NO NO NO
p(xt) = —p(x;t) ¥ au(x)+
=1
IO e e
ECOLE POLYTECHNIQUE ] Braln 2 p(x—su; t)ap(x—sy)
FEDERALE DE LAUSANNE PrOJeCt =
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("wd"‘vm Ew 7 L7m I
7 T Lchannels

dt R..

/) . .
o m(Vin)(1 —m) — By (Vin)m
dt
dh
- \I’I';'H (1 l ] jl‘fl'{ym l
P = (V)1 ) ~ (Vi)
Ichannet = M"hgchannet(Vin — Echannet)

Numerical Simulation

User Configurability

Compactness Accessibility

Energy Efficiency Time
STEPS NEURON

e

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE \\{?‘% PrOject

dVv

m E = gleak(EIeak _V)

Numerical Neuromorphic

User Configurability

Compactness Accessibility

Energy Efficiency Time

SpiNNaker

R= 1/gleak V(t)

]: Eleak Cm |

Physical Neuromorphic

User Configurability

Compactness Accessibility
Energy Efficiency
Brainscale$
ScaleS
ACAT19 16



Spi!quer
« At similar time to solution numerical neuromorphic *  Physical neuromorphic up to 100x faster
and simulation have similar power consumption; and 1000x more power efficient than
simulation can go 10x faster at cost of higher energy simulation
AW F——————— SNN &girsitrigitrynent

LR EE N Wunderlich et al., 2019

(AW o Blu van Albada et al., 2018

ECOLE POLYTECHNIQUE A -
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Blue Brain Project — Simulation Neuroscience

00
‘ogo (\‘d dr C

G < Informatics 1
N o‘(\ Statistics a, CEW -E)g)

Theory

Applied » A Swiss national infrastructure project to

Math

et build digital reconstructions and
mining . , .
simulations of the rodent, and ultimately
Experment the human brain

« Funded by the ETH Board and
implemented as a center at EPFL

i silco » Mission-driven team-science project with
% S X Hypotheses, . . .
Theory \ % Steering 130 scientists and engineers
Applied Math
Biology Valigatio®
il
Ml i Website: https://bluebrain.epfl.ch
N Vieualization Public Resources: https://portal.bluebrain.epfl.ch
& Analysis

o

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE PrO_]eCt ACAT19 18


https://bluebrain.epfl.ch/
https://portal.bluebrain.epfl.ch/

BBP Reconstruction and Simulation of Neocortlcal Microcircuitry

A Morphological diversity of neurons: B Microcircuit anatomy: (a) Microcircuit dimensions, C Reconstructing
(a) m-types, (b) cloning (b) m-type distribution, and morphology selection microcircuit connectivity H_ Markram E MuIIer S. Ramaswamy,
i i Michael W. Reimann, M. Abdellah, Carlos

A. Sanchez, A. Ailamaki, ..., Stefano M.
Zaninetta, J. DeFelipe*, Sean L. Hill* I.
Segev*, and F. Schiirmann*,
Reconstruction and Simulation of
Neocortical Microcircuitry, Cell, 2105

T LA |
& e L

https://bbp.epfl.ch/nmc-portal/

ANATOMY ° i - 1

TR TS L6 &Y Major egample of highly collaborative

D Electrical diversity of neurons: ESynaptic diversity: F Reconstructing virtual tissue volumes for neurOSClenCe 82 aUthorS
e-types s-types in silico experimentation
<oE T, «  Shows that detailed models can be built
LTS TR ' f : i
j — || PSR~ | from sparse data
fp L W powl i BRAGIPN & 27 R e «  Emergent behavior reproduces wide
] % e B0 | | range of in vitro and in vivo experiments
; Wi Yl ‘ i :
%@ — L PEY L bl Lo ol  Can ask new questions about cellular
' <> . R iz : ,
- and synaptic mechanisms

o

FC(_)[T[(}I\TFLHT\IQ_UI’ =t
FEDERALE DE LAUSANNE PrOJect ACAT19 19


https://bbp.epfl.ch/nmc-portal/

Microcircuit Neocortex

Rodent Cerebellum
G

Rodent Hippocampus CA1

Blue .Bram .Reconstructlon & Human Neurons
Simulation Workflows ACAT2018 20



General + Specialized Architectures

General Purpose

More Moore Beyond CMOS maintain

boost

Machine Learning Specialized Architectures

More Moore Beyond CMOS comp lergnt gomp lement

boost boost
. . | |

Machine Learning/Bio- Neuromorphic Architectures
inspired Intelligence More Moore

Beyond CMOS Better a

Optimization? Quantum Annealing Architectures

Search/Specialized Functions? Quantum Gate Computers

W e
ECOLE POLYTECHNIQUE q Bral_n
FEDERALE DE LAUSANNE VR Project
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