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Outline

* building brains

e 40 years of Moore’s Law

e il o how it Started... how it’s going
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The Case for the
Reduced Instruction Set Computer
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INTRODUCTION

One of the primary goals of computer architects is to design computers that are more cost-
effective than their predecessors. Cost-effectiveness includes the cost of hardware to manufacture
the machine, the cost of programming, and costs incurred related to the architecture in debugging
both the initial hardware and subsequent programs. If we review the history of computer families
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ARM development

Instruction set —
B 8BC BASIC for Windows 5.00a - sim76.bas o B X

J— SO hie Wilson File - Edit  Utilities -~ Options  Run - Help
P D@HS| > > L8 WP 8% > 0@ w

.
B BC B 10 ran%=8CO0:REN sin76 >simtext =
a S I C 20 0N ERROR PROCexit(™") E

30 CLS:cycle%=0:hiw%=&80:thiu%=ram%*4:xFX 229,1 #
40 MODEB:rct%=a84:ict%=a85:fct%=a86:trct%=0

re e re n Ce I I IO e 50 test%=0:pla%=0:trace%=1
60 IF trace% UDU 28,0,31,79,24:PRINTTAB(0,24);

70

_ 808 Iines Of Code gg REM The Project A Simulator

100 RESTORE 5898:READ totstep%,ncont%
) . 110 DI reg%(24),inss%(totstep%),inst%(totstep%),in%(totstep%,ncont%)
° It’s that sim ple | 120 D1n inst§(totstep%),men% ram%xh,condmx%(7),nbit%(ncont%)
140 PROCiInit:PROCAluinit
158

I n St r u Cti O n Set :gg IF pla% PROCaluexp:PROCexpand:STOP

180 PROCmMeminit:PRINT

validation suite N

210 ireg%=0:seq%=0:bbus%=-1:abus%=-1:din%=0
2208 sctlreg%=08:areg%=0:o0areg%=0:aregn%=0:0ldaluctlsz%=0
— soTrtware team 230 alua%=0:alub%=0:pipeb%=0:data%-633003
240 doutlat%=0:npsr%=&C000003:pipea%=0:newinst%=0:0ldseq%=0
250 pipeaval%=FnlLSE:pipebval%=FnlSE:ireqgual%=FaLsE
260 bu%=0:pencmask%=0:rp%=0:wen%=0
O C S p e CS 270 addex%=08:iregabt%=8:irq%=0:abort%=0:nmi%=0:reset%=0
280 obuw%=0:pipebabt%=0:dataabt%=90
298 nmilatch%=08:achkx%=0:0rp%=0:nlink%=0:nwb%=0

_ i m p I e m e nte d by V LSI . ?BB trans%=08:psrbank%=8:intsea%=0:ur%=0:seaout%=1 :”r“w‘2.=1 .
group

Press F1 for Help 19661 26,10




First ARM chip: 26" April 1985
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"5 BEC BASIC for Windows 5.00a - sim76.bas
P ———
- ey ; ™ -
N@WH& - B8 My 8§ % » onr
10 sin76 >simtext
20 ON ERROR PROCexit
30 CLS:cycle%=0:hiw%=&80:thiu%=ran%=s:xFX 229,1
40 1ODE i %
50 test zpla%: race%= E
68 1 trace% UDU 28,0,31,79,24:PRINITAR(0,24);
70
88 REN The Project A Simulator
90
160 RESTORE 589:READ totstep%,ncont% l
118 D11 reg%(24),inss%(totstep%),inst%(totstep%),in%(totstep%,ncont%)
128 0111 inst$(totstep%) ,men% ram%=h,condmx%(7),nbit%(ncont%)
130 It
140 PROCInit:PROCAluinit
150
H 168 1F play PROCaluexp:PROCexpand:STOP
178
180 PROCmeminit:PRINT
190 I
2080 cons *32
210 ireg%=0:seq%=0:bbus%=-1:abus%:
9 9 1
reg SE N
270 g - q% %
280 obu%=0:pipebabt%=0:dataabt:
298 nmilat : :orp%=0:nli :
301 i 1:ruh=1 B

Press Fl for Help




ARM design team advantages

(according to Acorn founder, Hermann Hauser)

— No people

e small team meant simplicity
in design was an absolute
requirement

— No money
* everything was done in-house o S
using simple, familiar A &
home-grown tools ‘
. p»
— apart from VLSI design tools -




1990: ARM Limited

Acorn’s market was too small to
support ARM development

Apple wanted ARM for the Newton

Joint Venture set up (with Apple &
VLSI Technology) in November 1990



ARM Limited

Systems-on-Chip
— SoCs took off in the early 1990s
— ARM'’ s simplicity
* led to low power and small size
— leaving room for other components

* important features in early SoCs

— where chip area and power were at a
premium

2023: 250 billion ARM-powered chips shipped
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Outline

e from little Acorns...

e 40 years of Moore’s Law
* how it started... how it’s going
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200 years ago...

 Ada Lovelace, b. 10 Dec. 1815

"I have my hopes, and very distinct
ones too, of one day getting cerebral
phenomena such that | can put them
into mathematical equations--in short,
a law or laws for the mutual actions of
the molecules of brain. .... | hope to
bequeath to the generations a calculus
of the nervous system.”
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70 years ago...

Vor. Lix. No. 236.] [October, 1950
ALAN TURING
r

MIND

A QUARTERLY REVIEW
oF

PSYCHOLOGY AND PHILOSOPHY

I.—.COMPUTING MACHINERY AND
INTELLIGENCE
" ALAN TURINU : :
1912 -1954 X By A.M.TuriNg

Founder of computer science -l L The Imitation Game

and cryptographer, whose work -
was key 0 breaking the I ProPOSE to consider the question, ‘Can wmachines think ?’
wartime Enigmia codes, /. This should begin with definitions of the meaning of the terms

Iived andgistere. “ machine ’ and * think *. The definitions might be framed 80 as to

reflect so far as possible the normal use of the words, but this
attitude is dangerous. If the meaning of the words ‘ machine’
and ‘ think ’ are to be found by examining how they are commonly
used it is difficult to escape the conclusion that the meaning
and the answer to the question, ‘ Can machines think ? ’ is to be 13




Neuromorphic Computing
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Analog VLS| and 3
Neural Systems | 5

Carver Mead

Caltech, 1980s

* observed analogy
between ion channels
in neurons and sub-threshold analogue
transistor behaviour

Carver Mead

* neuromorphic touch, hearing & vision
Sensors



The Human Brain Project

Why focus on the brain ? Three Reasons

Neuromorphic

— Understanding the brain (Unifying Science Goal) p

* Underpins what we are, Comput]ng
* Data & knowledge are fragmented,
* Integration is needed,
* Large scale collaborative approach is essential. . .
Neuromorphic Machines
— Understanding brain diseases (Society)

* Costs Europe over €800 Billon/year,
Affects 1/3 people,
Number one cause of loss of economic productivity,
No fundamental treatments exist or are in sight
Pharma companies pulling out of the challenge.

Algorithms and
Architectures for
Neuromorphic Computing

*  Theory

- Developmg Future Computing (Technology)
Computing underpins modern economies,

¢ Traditional computing faces growing hardware, software,
& energy barriers,

* Brain can be the source of energy efficient, robust, self-
adapting & compact computing technologies,

* Knowledge driven process to derive these technologies is
missing.

*  Applications

Co-funded by
the European Union




Next generation of NMC is more biology driven

ScaleS

1st generation SpiNNaker-1 Machine 1st generation BrainScaleS-1 Machine Brainisca]e
I+ | ScaleS

y-core system
bn ARM cores ( SN vEE
e simulator

Physical model system
4M neurons, 1B plastic syn.
elerated emulator

152 Cortex MA4F per chip On-chip plasticity processors
36 GIPS/Watt per chip Flexible hybrid plasticity
x10 with constant power _ . 3 Active dendrites

I

¥

SN S
== TN

Designed and built from the transistor up !
Co-designed with (theoretical) neuroscience




Neuromorphic systems worldwide

Biologically

SpiNNaker Ei—a_.—? |nte|> Brain3ca?§§
= e ScaleS

pr TrueNorth Loihi

Biological realism

Ease of use

Full-custom-digital neural circuits Analog neural cores

Many-core (ARM) architecture
Optimized spike
communication network
Programmable local learning
x0.01 real-time to x10 real-time

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

Digital spike communication
Biological local learning

Programmable local learning
x10.000 to x1000 real-time

17



Bio-inspiration

e Can massively-parallel computing resources
accelerate our understanding of brain
function?

e Can our growing understanding of brain
function point the way to more efficient
parallel, fault-tolerant computation?

18



SpiNNaker project

A million ARM = Y
g o © 3
processors in one K TSN\
¢/ o & R ® r b4 @ A
computer QNN (V2705 wane SN\N
LA .'.'u',.o.."'". I\
* Able to model about 1% <"+ ettlseltt L et
. { e v e 153 0
of the human brain... T PR 87 y
. ® 4 o €]
e ..or 10 mice! R b A
® ® p’ é
:.. ,,. ) ‘/,’ ‘ .,“/’ 2 “'/’ b‘ Ethé;net Link : jir’: - ;}f\grccrgr?:ggts
‘/, --" /:, -1, ® SpiNNaker CMP
£ ) & ! .:f HostSystem
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Spiﬂll\.lvle\.loker

SpiNNaker chip

Multi-chip
packaging by
UNISEM

Do
N

The University AR
of Manchester —"
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SpiNNaker

Router

routing tables
spike packet routing
system comms.

RAM port

synapse states
activity logs

Il 21
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Chip resources

Instruction memory

T P —

R | . run-time kernel
| | application callbacks

i

Data memory

i
¥

kernel state
neuron states
stack and heap

Processor

neuron and synapse
state computations
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SpiNNaker board
(864 ARM cores)
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SpiNNaker chip
(18 ARM cores)

SpiNNaker machines

«  HBP platform {.;)

— 1M cores "

man Brain Project

— 11 cabinets (including server)

* Launch 30 March 2016
— then 500k cores
— ~450 remote users
— 5M SpiNNaker jobs run

SpiNNaker racks
(1M ARM cores)
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SpiNNaker

Multicast routing

8 bits 32 bits 32 bits
| Header| Key Data (optional) ]
MC Packet in ...

(32) (32) (18 + 6)

Key Mask Route

Key Mask Route

Key Mask Route

1024
Ternary CAM Entries Routing RAM
Parallel Search
(Associative Lookup
with Don’t Cares)
MISS =¥ Default Route HIT =% Route

Packet route out ...

RERERNRRRRRRRRENY

Core Route (18)

HHETH

Link Route (6)

2 1 21 21 21
—34,7 0—35,7 0 36,7 0—37,7 0|
4 4 4 4
|
21 21 21 21 21
—33,60—34,6°|~35,6“ 36,6 0—137.6 O
4 4 4
]
2 1 2 1 2 1 2 1 2 1 2 1
—132,5 0—133,5 0—134,5 0—35,5 0 6,590 7,50
4 4 4
|
21 21 21 21 21 21 21
31,4°|—'32,4°—'33,4°—’34,4" 35,4 0—136,4 0—137,4 0~
4 4 4 4 4
|
2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1
30,3 0—131,3 0—132,3 0—133,3 0—134,3 0—135,3 0—136,3 O[==3 7,3 0[—
4 4 4 4 4 5 4 4 ?
21 21 21 21 21 21 21
30,2 0—31,2 0—{32,2 0|—33,2 0—{34,2 0—{3 5,2 0—{36,2 O|—
4 4 4 4 4 4 4 5
I
2 1 2 1 2 1 2 1 2 1 2 1
30,1 0—{31,1 Of=H32 { Of=H33 { Of==H34 1 0—351 Of—
4 4 4 4 4 4 5
I
21 21 21 21 21
30,00 31,09—32,0 0—33,0 © 34,0 OF
4 5 45 4 5 45 45
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PyNN

Script

High-level software flow

sPyNNaker
I

SpiNNFrontEndCommon Result Data

PETEINELEES
converted to Data

Pre-compiled
Instruction Code

25
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SpiNNaker

NEST % SpiNNaker

-1 o
2-2 g

X(mm)

T4t eor &6 =TT
Pearscn corr. cont Pearson corr. cont.

* Realtime execution of cortical model

 1mmZ cortex
. 77k neurons
. 285M synapses
. 0.1 ms time-step

» Best previous versions of this model
. HPC: 3x slow-down
. GPU: 2x slow-down

 Will scale to 100mm? without slow-down
« on current machine, simply by using more boards

Cortical microcircuit

e SRS e e e, o,

=

I Feedback
e e — input
Feed- |
forward |
output o
P - 4 Feed-
| forward
input
—
Feedback |
output |
—
| exc. inh.
DI A . neuron pop.

P ) connection
~ -

= e - —— -

S.J.van Albada, A.G. Rowley, A. Stokes, J. Senk, M. Hopkins, M. Schmidt, D.R.
Lester, M. Diesmann, S.B. Furber, “Performance comparison of the digital
neuromorphic hardware SpiNNaker and the Neural network simulation
software NEST for a full-scale cortical microcircuit model”, Frontiers 2018.

Oliver Rhodes, Luca Peres, Andrew G. Rowley, Andrew Gait, Luis A. Plana,
Christian Brenninkmeijer & Steve.B. Furber, “Real-time cortical simulation on
neuromorphic hardware”, Phil Trans Roy Soc A, December 2019.
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SpiNNaker2

e 152 ARM-based
processing elements

* 4 GByte DRAM

e 7 energy-efficient
chip-to-chip links

 10x SpiNNaker1

e co-developed with
TU Dresden

SpiNNaker2

28



evaez  SpiNINaker2 chip overview

| SerDes ‘ | SerDes |
b | oy | gy
P | & ol HH
152 ARM-based LlA | A JT‘"L\L h |
processing ik jTr ik
elements (PEs) mrEr CEE . CRE
e 4 GByte LPDDR4 g ‘H”Jj r il SpiNNaker ks &
DRAM Ly |y | B | '
e 7 energy efficient = T r hilk
chip-to-chip links L Lo Ay JJH L J#'LLJ
Y T T r T T i
il il s o W Hf‘ ﬁfr ITT




woez  SpiNNaker2 Processing Element

VSRAM
(0.80V)

Dynamic Power Management for PL2

(0.60V)
—_— PL1

enhanced energy efficiency (0.45v)

Memory sharing for flexible code, state

and weight storage —_— KK
- Bt arm_sram 37>

VDD rails

Multiply-Accumulate accelerator
for machine learning

arm_sram <:I>

Neuromorphic accelerators and
random generators for synapse
and neuron computation

crossbar

comms_cfrl

MAC

DMA
array

Network-on-Chip for efficient
spike communication

Adaptive Body Biasing for : : ,
energy efficient low voltage — VPV e e T |
operation
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from little Acorns...

building brains

how it started... how it’s going
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Apple Silicon M1 (2020)

e e T g e e e

(AlclolrinBlRIIISICEMM]alclhlin]e]

(die images roughly to scale)

Moore’s Law (1965):

* The number of
transistors on a chip
doubles every ~2 years

— X 1,000 every 20 years
— X 1,000,000 in 40 years

* ARM1: 25,000 transistors
e M1: 16 billion transistors

32



~40 years of Moore’s Law

e e T g e e e

(AlclolrinBlRIIISICEMM]alclhlin]e]

(die images roughly to scale)

Feature size:

e  ARM1: 3um

e M1:5nm
— ~1,000x smaller
— ~1,000,000x denser

NB: ~4 Silicon atoms per nm

33



~40 years of Moore’s Law
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(die images roughly to scale)

Neural

e S —
Cache

Performance:

ARM1: 6 MHz, 32-bit

M1: 3.2 GHz, 64-bit
— ~1,000x faster
— 8 ARM cores

* 4 performance
* 4 efficiency

~10,000x throughput
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~40 years of Moore’s Law

Memory:

ARM1: 4 Mbytes
— in 64 packages

M1: 8/16 Gbytes

— In 2 packages
~1,000x memory size
~100,000x density

35
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The Call to ARMs

How it started... How it’s going...
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nowdpen  gpiNNaker book

e Open Access in PDF form (i.e. free!)
e S90 on paper

20 years in conception and 15 in construction,
the SpiNNaker project has delivered the
world’s largest neuromorphic computing
platform incorporating over a million ARM
mobile phone processors and capable of
modelling spiking neural networks of the scale
of a mouse brain in biological real time...

http://dx.doi.org/10.1561/9781680836523
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