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Symbolic Information — Physical World

Symbolic Information
Some : Solution to
Computational Logic . | Computational
Problem Problem
Initial Physical : Final Physical
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Computer Computer
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von Neumann Architecture

1945 — First draft of a report on the EDVAC

Control —{Arithmetic / Logic
Input Unit [« Unit Output
Device| (R (R — | Device
Memory
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The Boolean Bottleneck
=)

Cyber universe of Digitize l

Data compression
Analog sensors

Human understanding Data
visualization
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Heat Dissipation is the Problem

and 1t has happened before.....
CMOS
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SRC-NRI goal: develop next device/paradigm

to enable continued growth of electronics




Beyond CMOS Computational State Variable
= mEs s

Charge QlV CMOS, TFET

Electric Dipole P (FeFET)

Magnetic Dipole M, lspin All-Spin Logic (ASL), SpinWave
Device (SWD), NanoMagnetic Logic
(NML)

Quantum State Metal-insulator Mott FET, BisFET, excitonic FETs

Ferroic order Magneto-electric st. Magnetoelectric transducers

Tokura, Phys. Today

Ferroic order E-Dipole Magnetic -Dipole  Quantum State

G. Bourianoff, Intel
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Computing with a Dynamical System
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Outline

e Non-CMOS Computation

— Coupled Nanostructures
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Quantum-Dot Cellular Automata

A Quantum-Dot Cell
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A cell with 4 dots

2 extra electrons

An Array of Cells
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Represent binary
information by
charge configuration

Neighboring cells tend to
align due to direct
Coulombic coupling




QCA Devices
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Nanomagnet Logic

Digital logic based on field
coupling of single-domain
< N \ hanomagnets.
~7 '\ \
\ Goal: To investigate 1ts

- viability as a beyond-Moore
technology.

UNIVERSITY OF
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Why Nanomagnets for Beyond Moore?

ITRS ERD 2007: ...nanodevices, that implement both logic and memory in the same device
would revolutionize circuit and nanoarchitecture implementation.

Magnets work better on the nano-scale:
Low power-delay-area product
Wide temperature operating range
Radiation hard
Nonvolatile logic and memory

Generally many fewer process steps
= overall cheaper to manufacture

Array-like architecture allows specialized
lithographic tools and techniques
= smaller minimum feature size
- Relative lack of contacts Nanomagnet Logic Elements

= higher packing density Image: Edit Varga
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Elementary Building Block of NML.:
Single-Domain Magnets

200

ol Single-domain Multi-domain
E,, =200 KT € Eu =-200KT
1601
Tttt
— 140 14 1t ¢t
E 1114
S Lttt
§ 1201 |t ¢ ¢t
@ tttt .
2100 1111 Stable vortex region
S SRR
go- ft 11
60t
40 IEGGEEEEEE I
Single domain regicy =~~~ <€ >
20040 60 80 100 120 140 160 180 200 ~35 Hm

X dimension [nm]

A. Imre, PhD thesis, 2006

If magnets are sufficiently small, they do behave as ideal bistable switches.
Sufficiently small is < 60 nm for Permalloy nanomagnets
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Images courtesy of E. Varga
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Majority-Gate Structures
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Demonstration of
Majority-Gate Operation

UNIVERS 1T Qolpre ef al, SCIENCE, VOL. 311, 205 (2006)
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1 Bit Adder
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Input and Output Stack Development
MEI: “Magnetic-Electric Interface”

Output MEI: MTJ\Spin Valve...

Input: Biasing/o

: D%,
line or STT Re

—
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Outline

 Non-Boolean Computation

— Coupled Oscillators
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Synchronization of Coupled Oscillators

Coupled metronomes

Coupled ring
oscillators

UNIVERSITY OF
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Coupled VO,
oscillators

Coupled spin
torque oscillators
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Computing with Coupled Oscillators

e Associative Computing
— Phase dynamics computes distance metrics efficiently

e Combinatorial Optimization
— Phase dynamics computes color sorting algorithm efficiently

UNIVERSITY OF
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Image processing pipeline using spin-torque

oscillators

 DARPA-UPSIDE: A project to address energy efficient processing of massive video streams
* We study the emerging device-based filtering block (pre-processor)

Picture courtesy of Narayan Srinivasa, HRL laboratories
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Magnetic Spin-Torque Oscillator (STO)

 Spin polarized current induces torque R X
on magnetization vector < =~

e For steady state oscillations, dissipation /

must baldnce torque
e Straightforward fabrication

* Potential low power (~10 uA @ 10 mV " B -
= 100nW) operation

Sidewall coating

> H H“ U w W \ AH“

Mxﬁi

Magnetization M/M;
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Coupled STOs

* Phase locking demonstrated over

500 nm distance and reasonable
current range

* Phase synchronization mediated

by spin waves

40 nm Spin torque point contacts with 500nm
separation

* Robust, room temperature effect in

conventional magnetic materials

Vol. 437115 September
20051do1:10.1038/nature04035

UNIVERSITY OF

Combined spectrum from both contacts as current
through contact B is ramped from 7mA to 12 mA.
Current through contact A is fixed at 8 mA.
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A DIY oscillator board

?
fy=6.5 kHz Synced regime
f:=5.7kHz— 7.6 kHz

—_—
Un-synced regime

Circuit built by Bob Frame, . . .
REU /| NURF student We added an RMS-measuring chip to the common (coupling)

node of the oscillators. This graph shows one of the oscillators
being swept continuously, while the other kept at a fix value.
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All the physics / circuit knowledge goes into a circuit model
4 N ™

(~ Parasitics / interconnect modeling )

Micromagnetic model of STOs SPICE model for electrical components
« Magnetic Material parameters ¢ Transmission line * Parasitic capacitances, resistances
* Fit between full micromagnetic * Filters, biasing circuits * Long cable delays
\ and simple model y \ - Feedback amplifiers y L * Crosstalk, self-oscillations y

zzzzzzzzzzzzz

A A — a1 MY S
i =1 = |
:_ . _Cl - -i cs c6
XI—L : ” : |— INPUT 3 r R [I— -
INPUT 1 = 1 re [ INPUT 2 R11 [ I = I oro |
- r7 | sTO1 : % : r10 | STO 2 % () S
!A S
T
Independent driver for each STO | High-pass RC filter / bias tee_ Parasitic couplings through the ground node
The entire coupled-STO system is modeled via an equivalent circuit | ... oo
» Allows to model STO behavior in arbitrary environment STO circuit model

UNIVERSITY OF UNIVERSITY 0F NOTRE DAME
&) NOTRE DAME ASFS

CENTE F. NANO SCIENCE AND TECHNOLOGY



The degree of synchronization in an STO cluster

90 — Output [DOM] l
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: —— — i RI%DOM output

70— [ ’7
= = —
< STO inputs Fieldine input
X 60— "
=
S 50—
S
Q 4 O — STO common OUTPUT

30—

)
T
QU
[
]
VR
—_
SIS
|
—_
SIS
N—
N —
[\®)
N

0.5 1.0 1.5 20 2.5 3.0 3.5

Circuit output measures the length of analog input current vector [mA]

or Euclidean distance between vectors

Nikonov, Dmitri E., Ian A. Young, and George I. Bourianoff. "Convolutional Networks for Image
Processing by Coupled Oscillator Arrays." arXiv preprint arXiv:1409.4469 (2014).
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Simulation of patch-based Gabor filtering

5 x 5 Gabor filter for 45° lines
P
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 Pixel intensities in image segments are
represented by analog current values

« An image is convolved patch-by-patch with a
Gabor filter

» The processed analog image is formed by the
oscillator array outputs

 Oscillators synchronization does the analog
Gabor filtering

Convolution using Matlab
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The entire system... and what we learned

STO module is actually dwarfed by all the required CMOS circuitry....
Spiking neural networks have done better in the benchmarking

Highly optimized, low-accuracy digital circuits have also done better

UNIVERSITY OF
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EXtremely Energy Efficient Collective ELectronics
(EXCEL) - Lead PI: Suman Datta

EXCEL i1s organized
into a vertically
integrated structure of
computer scientists,
mathematicians,
architects, integrated
circuit designers,
device physicists and
material scientists
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Phase transition in VO2 and relaxation oscillators

VO2 shows MIT (metal-insulator
transition), 1.e. it switches to a metallic
state at a higher E-field, and to a
insulating state at lower E-field.

VO: oscillators can be created using a
series combination of VO2 device and

a resistance. The resistance can be a
MOSFET.

When the load line does not intersect
the V-I curve within the regions of
operation, the circuit never reaches the
stable points, and oscillates.
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Coupled VO, oscillators

When coupled using a capacitor, the VO2 oscillators show synchronization
in frequency and they lock anti-phase
UNIVERSITY OF
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Graph coloring problem

Also known as vertex coloring, the aim of
GCP (graph coloring problem) is to assign a
color to each vertex of a graph such that no 2
vertices connected by an edge receive the
same color

Graph coloring with minimum possible
number of colors is called minimum graph
coloring

Graph coloring 1s a critical problem in
combinatorial optimization with applications
in pattern matching, scheduling, resource
allocations, timetabling, analysis of networks
properties.

NP-complete problem; even approximate
colorUiIXLgl 1s NP.

VERSITY OF
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Graph coloring circuit

Coupled relaxation oscillators
based on VO2, when coupled in a
graph, result in output phases that
approximately solve vertex
coloring problem.

Phases align in an order such that
same colored vertices appear
together.

i ) Parihar et. al., Nature Scientific Reports, 20177
Calculating the coloring from such fic Rep

an ordering of phases is O(n?). Earlier Work:

Chai-Wah Wu, IEEE Trans. Circ. Syst., 1998
J. Wu et al., Physica D, 2011
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Experimental results

Parihar et. al., Nature Scientific Reports, 2017
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Outline

— Neuromorphic Ring Oscillators
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Neuromorphic circuits from electrical oscillators

It is well established that oscillators can realize Hopfield-like networks

This schemes does not well for real oscillators (frequencies are all different, phase
noise) — would be better to have a scheme for stabilizing the oscillators.
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Parametric oscillators as two-state systems
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'/ Wigington, R. "A new concept in computing." Proceedings of the
IRE 4, no. 47 (1959): 516-523.

The Parametron, a Digital Computing Element
which Utilizes Parametric Oscillation®
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1. Electronic Computers, IRE Transactions on. 1959 Sep(3) 308-16.
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Subharmonic locking of ring oscillators

Vee
vce

L Modulation at f (oscillator frequency) to set initial phase
D B
2, Modulation at 2f (2 x oscillator frequency) to keep the phase a2 ']
X bistable — N

-

D I .
Vee Vee Vee Vee Vee Vee -~
T I
I I I I I I I 7/-inverter ring
) B ) - : - - oscillator

Ring oscillators may work as parametric oscillators, if the power supply of one inverter
is modulated. This is lot more practical in a integrated realization than LC oscillators.

Trond Ytterdal, Dept Electron and Telecom, Norwegian University of Science and Technology, Trondheim, Norway

For a related concept, but with Boolean devices, see: Roychowdhury J. Boolean Computation Using Self-Sustaining
Nonlinear Oscillators. Proceedings of the IEEE. 2015 Nov;103(11):1958-69.
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Simulation of a single oscillator

* Depending on the initial conditions / initial f pumping, the oscillator may oscillate in one
or the other phase.
» Qscillators with somewhat different frequencies still remain perfectly in phase

E-a UNIVERSITY OF
z NOTRE DAME 53




Interconnecting two oscillators

%)mln-phase (pulling) connection %Anti,-phase (pushing) connection

Vee Vee Vee Vee Vee
U('li ]:UAi IU5i Iusi IU7i I

i—
[—

S RaRgeias @f%‘f% 5

I

We use a three-stage pumping scheme to put coupled oscillators into ground state:
* Initialize the oscillators into a given phase by f~pumping

* Let them push and pull each others phase and settle

* Usea 2f scheme to lock their phases into one of two possible states

@NOTRE DAME ND/rargy
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A 51mulat10n snapshot

M l “ “ a 10n Setthng into new state Converged to new p ase state
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Phase evolution of three coupled oscillators

* Oscillators 1 and 2 pull toward each other due to in-phase coupling

e Oscillator 3 pushes away from 1 and 2 due to anti-phase coupling



A Hopfield-network-like interconnection scheme
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Convergence to a 4x4 image

Initialization Interaction Locking

phase phase phase
< > < > <€ =

Programmed phase pattern

Converged phase pattern

Csaba, Gyorgy, Trond Ytterdal, and Wolfgang Porod. "Neural network based on parametrically-pumped oscillators." In Electronics,
Circuits and Systems (ICECS), 2016 IEEE International Conference on, pp.45-48. IEEE, 2016.



Physical limits of neuromorphic computation

For conventional, binary computation, it is widely accepted that computation
requires at least kT energy per operation

For neuromorphic / non-Boolean computation, it is not clear what operation means
* So we look at dynamic computing devices and adding noise models
* Johnson-Nyquist noise in the interconnection network
* Basic Hopfield model for case study

UNIVERSITY OF
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Behavior of Hopfield networks in the presence of noise

Network dynamicsat 7 = 10 K, V;; = 10 uV Network dynamicsat 7" = 300 K, V4, = 6. uV

a back of envelope calculation for the just working case:
VZ
V ==6uV,R = 250k, At=50us » P= = " W = Pxt = 7x107%Y] = 1.7 kgoitzmannT

The numbers seem reasonable — each resistor dissipates roughly 1.7 kg T energy during the operation.

Lesson: Highly interconnected networks are not that great at very low powers...
each interconnection has to dissipate at least kT over the course of the computation...
that adds up to a lot in the case of a fully-interconnected static Hopfield network.

UNIVERSITY OF
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Outline

— Spin Waves
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Optical computing

Synthetic-aperture radar 4-f correlator

Input scene s(x, y)
Flight / Reference R(u,v)
path
SIM /
\ I
: S
] ya

Antenna Correlation ¢(x, y)

—
beam - _
coverage —_

Goodman, Introduction to Fourier optics

Pierre Ambs, “Optical Computing: A 60-Yéar Adventure,” Advances in Optical Technologies, vol.

Character I'GCOgIllthIl 2010, Article ID 372652, 15 pages, 2010.
Matched filter

Goodman, Introduction to Fourier optics Goodman, Introduction to Fourier optics
UNIVERSITY OF
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Why Spin Waves?

PRO

- Wavelength and frequencies compatible will
nanoelectronics: 30-100nm, 10-25 GHz

— Spin waves can be generated, detected and manipulated
electrically

— Material set compatible with modern nanoelectronics
- Low voltage and current ~10-20 mV, 10-100 pA
— Nonlinear collective effects useful for convolution integrals

— Spin wave damping lengths ~1 pm

— Scattering and device variation

— Nonlinear effects poorly understood

- An immature but rapidly developing technology

UNIVERSITY OF

NOTRE DAME G. Bourianoff, D. Nikonov



Components for ‘Spin-Wave Optics’

1: Coherent sources

Spin-torque oscillators are a well- |

1
established technology and has been !
used to create spin-waves in many |

1
experiments. In our studies we used a a

\ Is

1

1

1

1

1

1

1

1

~20 GHz AC current to drive the STOs —
this keeps the wavefront coherent.

inned e
e omagne(’l\éon magnetlcw‘,,‘mg

Line of STOs
goes here
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Phase shifted spin waves

————

2: Phase shifters

" Spin wave wavelength vs. magnetic field
esk. fora particular geometry

A localized magnetic field changes the
wavelength of the spin wave — we
characterized this by micromagnetic
simulations. A certain magnetic field g ; :
corresponds to a certain n refractive S e .................. .............................. _
index over a region and one can use [ N A
this analogy to design ‘spin wave optic’ ;

devices. 02 04 Appl?é(:j fiold (32'$rom Z-ax:s) 7] Localized magnetic field

&IB%ERESII)TAYN(I)E N D UNIVERSITY ﬁﬁ
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Spin-Wave Lens and Fourier Transform

[ Readout

4| High field
field region

| Input wave

SOurces

G. Csaba, A. Papp, and W. Porod, “Spin-wave based realization of optical computing primitives,”
Journal of Applied Physics, vol. 115,n0. 17, p. 17C741, May 2014.
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Spin-Wave Mirror and Fourier Transform

<€

Wave propagates up

..-.JJI“I'II"L—J“I‘—.JI“I.'L‘!_
* Input vector is is used as a boundary

condition (to excite the STOs). * The pulse train that arrives back
represents the Fourier transform

« The amplitude of 64 oscillators (both amplitude and phase)

represents the input vector

UNIVERSITY OF
&5 NOTRE DAME
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Wave reflected back
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Spin-wave diffraction (simulation)

10 GHz
x10° |

‘ 10.25 GHz

|

(o]

(o]

l zero order

|

-100 -50 0 50 100
Rowland circle [deg]

SN

wave intensity [a.u.]

fC;.’

Cross section view
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Outline

e Quantum Computation
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Classical Computer

Representation of Information by classical 2-State System
* Switch, magnetization direction, presence/absence of
charge

Single Bit: (1), ({)
« 2" possible states

Two Bits: (T 1), (1), (1), (1)

« 22 possible states

N Bits: String of N (10111 11]-..)
« 2N possible states

UNIVERSITY OF
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Quantum Computer

Representation of Information by quantum 2-State System
« Electronic spin, quantum dot, impurity atom

Single Qubit: 27 basis states |t>, 1>

* Superpositionstates Yy =al|f>+bl|>

« Complex amplitudes a,b withla >+ 15 I?> =1
« Continuum of states

Two Qubits: 22 basis states |1 1>,11 |>, || 1>, 1| |>
* Superposition  yp =al|t1>+b|T[>+Cc[l 1>+d][] |>
 Amplitudes a, b, c,d withlaP+1bP+1clP+1dI?=1

N Qubits:  String of N [T{11]1!]...>
« 2N basis states and complex amplitudes

UNIVERSITY OF
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Classical vs Quantum

In a classical computer with N bits:
— Its state at any given time is one of 2N discrete states
— State 1s described by N integers

— Information is processed by controlled transition between
states, one bit at a time

In a quantum computer with N qubits:
— Its state at any given time is in a superposition of 2N basis states

— State is described by 2N complex amplitudes

— Information 1s processed by unitary transformations (quantum
gates) that change these amplitudes in a controlled manner

UNIVERSITY OF
NOTRE DAME



How many qubits are needed?

Common estimate 1s N = 1000 qubits
— Information qubits, without error correction

— With error correction, increases by factor of 100

Quantum state described by 2109 ~ 103% complex amplitudes
— This 1s a VERY large number

— Number of particles in whole universe ~ 10%°

Quantum computer 1s an analog machine with a super-
astronomical number of degrees of freedom, which are
continuous parameters that need to be controlled precisely

UNIVERSITY OF
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S0, when will we have a useful quantum computer?

The experts say ...

— Optimistic expert: In 10 years
— Moderate expert: In 20 to 30 years
— Cautious expert: Not in my lifetime

Michel Dyakonov: When we learn to control quantum states
with 2199 complex analog amplitudes (which means Never)

Giinter Mahler: Quantum computers are attractive because
they do not suffer from the exponential increase in
algorithmic complexity, as classical computers do. However,
they likely suffer from an exponential increase in hardware
complexity, which classical (digital) computers do not.
UNIVERSITY OF
&5) NOTRE DAME
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Let Physics do the Computing!

Thank You!
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