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The cost of current computing technologies
is not sustainable

e In 2017 > 10 zettabytes of data were —
prOduced EDITORIAL - 0 FEBRUARY 2018

o IT infrastructures and consumer Big dat? needs a hardware
electronics absorbed > 10% of the global revolution
eleCtriCity Su pply- ::_T:':::l.::l[ :"\ll';';"::,: .':I.‘i."t.‘rr {ving the next wave of innovations in the

o By 2025, over 50 billion of Internet-of-
Things (loT) devices will be

Interconnected.
o Over 180 zettabytes of data will be
generated annually, potentially leading to a

consumption of one-fifth of global
electricity.
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Current trends in computing HWs
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Brain-Inspired computing

. Slow, noisy and variable processing elements
. Massively parallel distributed computation,
local connectivity

. Real-time interaction with the environment

. Complex spatio-temporal pattern recognition

1mg weight . . . .
1mm3 volume . Foraging, navigation, language, and social
960’000 neurons

10e-15 J/spike behaVIOr

<100 uW
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Neuromorphic Computing vs. Neuromorphic Engineering

Neuromorphic “computing” Neuromorphic engineering
@ Dedicated VLSI hardware. @ Fundamental research.
@ High performance computing. @ Deeply rooted in biology.
@ Application driven. @ Emulation of neural function.
@ Conservative approaches. ) @ Subthreshold analog and
asynchronous digital. J

SCIENTIFIC
AMERICAN

Carver Mead

Misha Mahowald §
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Current trends in neuromorphic processors
Not so radically different after-all (not solving the von Neumann bottleneck problem)
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Current trends in neuromorphic Processors
Not so radically different after-all (not solving the von Neumann bottleneck problem)
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“Listen to the silicon” (original approach)
Mixed-signal analog/digital neuromorphic systems

Analog/digital computation, digital asynchronous

communication.
Directly emulate the physics of neural systems.
Massively parallel collections of non-linear circuits.

Realistic neural and synaptic dynamics

Distributed memory

Co-localized memory and computation
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Channel current-voltage relationships
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FIGURE 4.6 Exponential current-voltage characteristic of voltage-dependent chan-
nels. At high voltages, the fraction of channels that are open approaches unity, causing
a saturation of the curves. (Source: [Hodgkin et al., 1952b, p. 464).)
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Analog circuits

Direct emulation of synaptic dynamics
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[Bartolozzi and Indiveri, 2007]
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Analog circuits
Direct emulation of neuron dynamics
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Spike-based plasticity VLS| implementation

Calcium variable C(t)
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Cortical networks: a high degree of clustering

Minimize memory requirements:
two-stage routing
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Pyramidal Cell of Layer 3 of Cat Visual Cortex.
Dendrites (Green), Axon (Red), Clusters of Boutons

(Black) in Layer 3 and 5. Scale bar, 500 ym 2\/"_ X /OQQ(C) X /Ogg(N) bits/neuron
[Moradi and Indiveri 2014]

[R.J. Douglas and K.A.C. Martin, Neuron, 2007]
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Memory optimized multi-core neural architecture
Hierarchical routing with heterogeneous memory structures

e Two-stage + 2D tree + 2D mesh multi-cast routing schemes using both
source-address and destination-address encoding.
e Fully asynchronous hierarchical routers for intra-core (R1), inter-core (R2)

and inter-chip (R3) connectivity.
e Embedded asynchronous CAM and SRAM cells distributed across and within

cores.
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Co-localized memory and computation
FD-SOI design, ready for beyond CMOS technology

* Multiple parallel I/0 pathways
« Multiple distributed asynchronous SRAM
LUTs

 Distributed multi-bit TCAM cells
« Capacitors for state dynamics and learning

* |deal for integration with (binary) resistive
memories
* |deal for integration with (learning)

memristive devices
* |deal for integration in 3D VLSI technology

e

| . 44
24 132
. 43 |
- LE]
~ s 4 .
1
| !
11 1
s44 14: 8
333 133
? b A SEE [~
- > S 133 4
3 TAIIMIII NN
EREIIIErISS
-SRI 33
IR 18
- 3
= AIT|ie
- S - Tl - BEET I
- 4. - .- :
- b =33 e [
213 et |
R E R e
-, -y - - -
33333333
- ot oatnin . B SIS S SRt Qe | %
T 2T
ZAITTAZZ
f3zay ‘
& e B BT rEr o
2433333
33333333 -
........
........
S bmet s
s §8 EEEEE St

Neuromorphic Cognitive Systems INI|UZH|ETH | Zurich 16




Latest NP chip specs

oAb A A A A A _A j
:

Y YTy Y Y

IBM TrueNorth DynapSEL
Technology 28nm CMOS 28 nm FDSOI
Supply Voltage 0.7V 0.73V
Neuron Type Digital Analog
Neurons per core 256 256
Core Area 0.094 mm? 0.36 mm?
Computation Time multiplexing Parallel processing
Fan In/Out 256/256 2k/8k
Synaptic Operation / Second / Watt 46 GSOPS/W 300 GSOPS/W™1
Energy per synaptic event 10 pJ <2 pl*2
Energy per spike 3.9n) <1.68 nJ*3 EE TimeS

* 8X Fan-in / 32X Fan-out for more complex spiking networks
* 13X more power efficient I

aiCTX, Confidential

A large-scale, multi-core, neuromorphic processor DynapSEL in 28 nm
FDSOI, is reported in ISSCC 2018
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Neural dynamics
with appropriate time constants

Paradigm shift

 Radically different from von Neumann
architectures.

» Co-localized memory and computation.
« No virtual time (time represents itself).

« Data/event driven computation.

“Slow” (biologically plausible) time constants

» For interacting with the environment in real-time.
* Inherently synchronized with the real-world “natural” events.

Memory
Arithmetic
+ Logic
Control .
Unit e Unit

Input

» To process “natural” sensory signals efficiently (low bandwidth/power).

Neuromorphic Cognitive Systems
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Event-based convolutional network
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Real-time autonomous behaving agents

symbol duration=30ms

pooling lay

output layer
re. . NEEN W

Neuromorphic Cognitive Systems INI|UZH|ETH | Zurich 20




Connecting neuromorphic processors to heuromorphic

sensors and robots

Space-Time Spike Events
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Hardware preliminary (state-of-the-art) results

INPUT

INPUT SIGNAL AL SOURCE
SHAPE O NEURONS

RESERVOIR
NEURONS

RESERVOIR RASTER
PLOT

OUT NEURONS PREDICTED
ACTIVITY

Neuromorphic Cognitive Systems INI|UZH|ETH | Ztrich 22



Distributed Artificial Intelligence

Active
exploration task

control

Hand
control _.»

v
—e

Artificaal
tactile

encoding
Autonomous embedded systems & Brain Machine Interfaces
sensory-motor systems emerging memory technologies & prosthetics
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Team Work: Institute of Neuroinformatics

« Ning Qiao (INI)  Dora Sumislawska (GeorgiaTech, USA)
« Yulia Sandamirskaya (INI) « Fabio Stefanini (Columbia Univ., USA)
« Lorenz Miiller (INI) - Jonathan Binas (Univ. Montreal, CA)

« Melika Payvand (INI) « Emre Neftci (UC Irvine, USA)

« Elisa Donati (INI) « Saber Moradi (Yale, USA)

« Dongchen Liang (INI) « Hesham Mostafa (UCSD, USA)

- Raphaela Kreise (INI) « Chiara Bartolozzi (IIT, Italy)

«  Moritz Milde (INI) « Elisabetta Chicca (Univ. Bielefeld, DE)
.« Marc Osswald (inSightness) « Stefano Fusi (Columbia Univ., USA)
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Technology-transfer effort to commercialize

« Dr. Ning Qiao
 Prof. Giacomo Indiveri

* Dr. Kynan Eng

* Dr. Dylan Muir

* Dr. Sadique Sheik
« Dr. Qian Liu

« Felix Bauer

» Carsten Nielsen

« Ole Richter

* Anita Tuomi
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The end

Thank you for your attention
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Spiking Neuron Network (SNN)
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Spiking Neuron Network (SNN)
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Co-localized memory and computation
FD-SOI design, ready for beyond CMOS technology

Intel i7-4960X DYNAP-SEL
-

.......

Shared | A
" L3Cache ~ |9 ;Cpre .

* No I/O bottleneck
« No memory bottleneck
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A closed-loop bi-directional BMI

from motor area

to sensory area

Y

Recorded signals

¢

Stimulation patterns

—F = ¢(x,)—>

Controlled Device
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