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Context and Disclaimer

* This presentation focuses on
- a new computing paradigm
- in early stages of research
- that is highly exploratory and somewhat finicky
- with very little experimental data available in public domain

* Sit back and relax (with an open mind)
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Ising Spin Glass Model
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Using Nature to Find the Ground State
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Example Problem #1: Factorizing 15

p=(x11);,9=(x3 x31);
H = (15 — pq)*

H =128xyx,x3 — 56x1x5 — 48x1x3 + 16x,x3 — 52x1 — 52x,-96x3+196

H0a = 200x1x, — 48x1x3 — 512x1x4 + 16x5x3 — 512x,x,4 +
128x3x, — 52x1 — 52x, — 96x3+768x,+196

S. Jiang, et al., “Quantum Annealing for Prime Factorization”, Scientific Reports 2018
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Example Problem #2: Graph Coloring

For graph G(V,E) of the map problem—no two vertices, V, connected by an edge, E, e.8. XyinnRed = 0, Xminn,Biue = 0,
should select the same color from set C—construct a cost function with binary variables,

) : : XMinn,Sand = 1, XMinn,Green = 0
Xpe = 1 when v € V selects color ¢ € C, by implementing two constraints:

XWisc,Red — 0, XWisc,Blue = 1,
(qu,c — 1)2, Xwisc,Sand = O:xWisc,Green =0
C

which has minimum energy (zero) when vertices select one color only, and

Z Z Xva,cXvy,c/r

¢ vg,0p€E
which adds a penalty if the vertices of an edge select the same color.
These constraints give a QUBO,

E(xv: xva,vb) = Z(va,c - 1)2 + Z Z Xpg,cXvy,c
v

¢ vg,0p€E

D-Wave Problem-Solving Handbook, 8/13/20




Example Problem #3: Finding Max-cut

* The problem of finding a maximum cutin a 1 AN Vo
graph is known as the Max-Cut Problem N B

Finding max-cut of a graph is an NP-hard 1/ 2/ \\\1 15 2 1
problem e = % P

Cut size =12 Cut size = 16 (max)




Example Problem #3:

Finding Max-cut

H(o) = — Z(_Wij) 0,0j
i,j

= Z (—wij) + Z Wij

dif f group same group
diffgroup -IIIIIIiI’J;IIIIIDdiffgroup
DRI
all sdif f group .
Cut size

H = Hamiltonian of the system
o0; = Spin status of magnet i {+1 or -1}
w;; = weight between magnets i and j

* Ising Hamiltonian = [sum of all weights] — 2x[cut size]




Other NP Problems Mappable to the Ising Model

e Partitioning problems (e.g. max cut)

* Binary integer linear programming

e Covering and packing problems

* Problems with inequalities

* Coloring problems (e.g. graph coloring)

e Hamiltonian cycles (e.g. traveling salesman)
* Tree problems

e Graph isomorphisms

A. Lucas, “Ising formulations of many NP problems”, Frontiers in Physics, Feb. 2014




Example of Graph Embedding
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Using Coupled Oscillators to Find the Ground State
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s, H(s) = —Jijsis;
y If]l] >O,then {Sl',Sj }:{+1,+1} or {-1,-
J12 = R~J12 1} : Same phase
If]l] <0 , then {Sl',Sj }:{+1,-1} or {-
S2

1,+1} : Opposite phase




Using Coupled Oscillators to Find the Ground State

1.0V, 65nm LP, 25°C

T
Final phases:
0°,0°,0°
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Final phases:
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Time (a.u.)
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Super Harmonic Injection Locking (SHIL) Signal
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Other Oscillator Devices

Purnp FFLM Waveguide

E— Y7 .

ROSC2

Phase
comparator

ROSC1
EN1

Superconducting qubits o hrm—— MEMS/NEMS
P &4 Optical fiber CMOS
c} VO, Oscillator
output

I V
Injectlon Vesi y 55 §T GF

signal . .
) ) ) Cavity parametric Ferroelectric
Phase transition material Magnetic tunnel junctions oscillator

Sources: Google image, IEDM
20, EDL2017, Science 2016




Comparison of Coupled Oscillator Technologies

Qubit Optical Phase transition Spintronic
- N vm} VO, Oscillator :
1[ - output
Conceptual figure ( l : ——] SN o ﬁ %
ﬁ\-a/ — ; - : I
Injection Ves is ;T g
= e e signal f n
# of oscillators ~2000 100-2000 4 8 2000+
i
(single chip) (lab setup) (probe station) (board level) (1.3mm? chip in 65nm)
Room temperature,
Room Room Room
Advantages Under debate leverages CMOS,
temperature temperature temperature

cloud/edge computing

Disadvantages

Cryogenic cool,
25kW power,

premature tech.

1km optical fiber,
FPGA chip,
complex setup

Premature device,
no real area
advantage over

Premature device,
no real area
advantage over

Will it outperform GPUs
and software solvers?

cloud only CMOS CMOS
Integrated system
) No No No No Yes
in 10 yrs?
Target NP-hard and NP-complete combinatorial optimization problems (e.g. supply chain, Al/ML, transportation,

applications

smart grid, communication, IC design, bioinformatics, computer vision, and robotics)




Outline

e Current State of the Art
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Breadboard and PCB Implementation

T. Wang, arXiv, 2017 (UC Berkeley) T. Wang, arXiv, 2019 (UC Berkeley)
Pros:
Can achieve coupling dynamics, good for proving the concept
Cons:

Not practical for large number of programmable spins, not an integrated solution

mece e -l ¢



Breadboard and PCB Implementation

o LU VAVAVAVAVAVAVAVAVAV
Al (@) 1 ROOOOOOOKK
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F8 + + + + , > B Time [ps]
o ) N %180" o AVAVAVAVAVAVAVAVAVAN
E O
nm\zhl\ Rza\h’\ - < 50 . "‘1:«:“5] 150 200
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I VAVAVAVAVAVAVAVAVAVY
= R1\4777‘ RZ:LH‘ R34 Digital 180° £ IJo 50 100 150 200
potentiometers Time [yl
J. Chou, S. Bramhavar, et al., Scientific Reports, 2019 (MIT Lincoln Labs) %40/\/\/\/\/\/\/\/\/\/\
Pros: 180° E uO 50 100 150 200
_ Time [us]
Can achieve coupling dynamics, good for proving the concept RN VAVAVAVAVAVAVAVAVAV;
. . . RN AVAVAVAVAVAVAVAVAVAN
all-to-all coupling using crossbar architecture 150° N N AV AVAVAVAVAYAVAVAYAY

Co n s : Time [ps]

Not practical for large number of programmable spins, not an
integrated solution




ASIC Implementation

M. Yamaoka, JSSC, 2016 (Hitachi)
T. Takemoto, ISSCC, 2019 (Hitachi)
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Interaction
calculation
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CMOS Ising computer | o, EE .
Os SRAM  Digital circuits TR T S RN N N N
. . . L . T R e R R I
. . . . S g T R R R R R
Pros: IS
. . . ¢ A A A A A A A
Can theoretically solve a wide variety or problems TR IZOZ OO
o A A A A A A A AN
% FA A A A A A AN
: : . H H A A A A A A A
1. No coupling dynamics : computation time and IR RIIRIRIIIIRIRIIIR!

energy may be hlgher I ; I I t i : I I t ; I } I # Real time demo available at

H H H . ling-cloud.
2. Search for better solution is time dependent IRIIRRIIRDARAXD] - =nnestine cleud.com




ASIC Implementation

T. Takemoto, ISSCC, 2019 (Hitachi)

spin WIS X sein
N ATAAY

Tapo  IXIXIX] @ XD 9P

®/® ':‘o':ﬂ'x‘ 1’:‘0’:‘1"‘0 0/

...........................................................

Pros:

ISSCC2015

D-Wave 2000Q . This work
(previous)
Method Quantum annealing Simulated annealing
Accuracy Better Not so good Good
Implementation Superconductor | 65-nm CMOS 40-nm CMOS
Number of. No No 2 (ml-,lltlf:hlp in
connected chips principle)
Number of spins 2k 20k 2 x 30k
Bit width of N/A 2 bits 3 bits
coefficients
Annealing time* N/A 10 ms*** 22 us
Energy efficiency™ ** N/A 2200 times*** 1.75 x 105 times

Can theoretically solve a wide variety or problems

Cons:

1. No coupling dynamics : computation time and

energy may be higher

2. Search for better solution is time dependent

0 us (intial state) ,

(iii) 21.8 ps (final state)

AN (@I D




ASIC Implementation |

[ae.] Cae] - [ ]
I
Max Sca!e:81 92 bit N\,  Flip-bit 7
sk 6[|' bi selector
Max Precision: it Sk

1.845x10"9 Gradations

Digital Fig. 1. A diagram of the parallel search technique

Annealing Unit
Appropriate E, 4 increases

the acceptance probabilities
25}
=
=
@ -
| ﬁ ry [
. = Local minimum
Conventional Digital Annealer :
il
Global minimum
' State X
‘4 , ' Fig. 2. A diagram of the escape technique
Ex:‘mple P > [":gf‘e .
Syt s | e g < DA S. Matsubara, et
Mp—" S voh 10 g — Conventional SA al., ASP-DAC 2020
Select Shortest Optimized 20 in Fuii
20 i n (Fujitsu)
Path 40 Route Selection 40
50 0
Low 60 i i Minimum energy

Time steps

Conceptual diagram of speed-up achieved by DA



Outline

* Case Study: 560 Coupled Oscillator Test Chip
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ROSC Coupled Using Digital Latches

Phase
arator

a) Positive coupling b) Negative coupling

* Any coupling medium that enables energy transfer may couple ROSCs

* ROSC and digital latches are designed with global and local enable signals
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Choice of Architecture

system - Zz]l,] Sl S]
ROSC waveform Cell state i=1 )=
Osc.1 1ML s =1 n; = number of coupled neighbors of i-th cell,
i — Jj= [ ight bet lls i and j
l-th.cell and ] Osc. 2 |_|_,_|_,_|_,_|_,_|_ $,=0 : 7 = coupling weight between cells j and j
neighbors z z ; ; ] g
Osc.3 M 1T 1IlI s=0 4
Latch-based Osc.4 _ LI LT LI ss=1 g
coupling LT s 5
NN Osc.:. > . ss=1 -E
. T
Hexagonally coupled Osc. 559 |—|_|—|_|—|_n—|_|—|_ s29=0 B Slobal Local
28x20 ROSC array I O O e T 8 | _minima e,
Osc. 560 Cell states (2°°~3.8x10'®® combinations)
Proposed architecture ROSC waveform and unit cell states System energy of the Ising computer

* Hexagonal unit cell maximizes the number of neighbors in 2D plane
* Latch based coupling between cells is digitally controlled




Other Possible Architectures
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Modular Unit Cell: Circuit Blocks

G_REN  A<4> CLK G_LEN A<0>  A<0>

—\_5
L_REN A<0> L LEN<1:3>

a) ROSC block b) Latch coupling block

A<4> [L_REN| [L_LEN<1:3>
2 D Q[ Qj J_ J_
DATA_IH4D Q4D Q4D QHHD QB-DATA O
Ai<4> D> SCLK_O < < < < SCLK_|
3 2
c) Read block d) Scan block

* Read block samples one of the neighboring ROSC

* Scan block programs the graph: four program bits per cell, 2,240 bits for the chip ‘



Die Photo and Chip Summary

k]

Read On-chip
scans CEK

28x20 hexagonally
coupled ring oscillator
array

1.2mm
(T LT
R L

A

" 1.2mm
Die photo Full chip layout

Application

Combinatorial
optimization problems

Process

65nm CMOS

Architecture

ROSC, latch based
coupling, self-annealing

Voltage 1.0V
Chip: 1.44mm?
Area Core: 0.53mm?
Unit cell: 0.00095mm’
Peak power 23mW
Power per cell 41uW
Chip summary

» 28x20=560 coupled oscillators (only limiting factor is chip area)

* Oscillator area < 5% of the full chip area




Embedding Ising Problem to Hardware

" B2 inver ﬁ
— B2B inverters




Example Problems (Regular versus Random Graphs)

e o Oscillator (+1 or -1 states)
— B2B inverters (negative coupling)
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Max-cut Results for 15x15 Graphs

407150 gifficult max-cut problems

~ Graph size: 15x15
=30/ search space: 2'™'%=5.4x10% | pm Test chip results
2 (3 repetitions)
T:é 20
g 10 1M random solution
a per problem

0

0 0.2 04 0.6 0.8 1
Normalized cut-value

* 150 difficult COPs are mapped and max-cut results are measured for each graph sizes
* Measured results are compared with 1 million randomly sampled solutions from the
solution-space for each specific graph.
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Max-Cut Results for Different Graph Sizes

1 1M random solutions per problem B 150 max-cut problems

40~ ‘ ‘ 40 ‘ ‘

Graph size: 6x6 Graph size: 15x15
< 30 Search space: 2°°~6.9x10" 30 Search space: 2'%"°=5.4x10”
2 2
5 20 N 520
© ©
o] o]
° 10 ‘ H ‘ ©10
o o

0 ﬁmﬂﬂHHHHHHH HHHHHHHﬁm 0 HHHH( —‘Hﬂ |
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Normalized cut-value Normalized cut-value
401 I | 40" - ‘

Graph size: 10x10 Graph size: 26x18
X 30 Search space: 2'91921 3x10%* K30 Search space: 271827 6x10'%°
z z
5 20 EZO
3 3
£ il |
o o

0 THHHH H Hﬂﬂm 0 I mﬂﬂ il

-— |

0 02 04 06 08 0 02 04 06 08 1
Normalized cut-value Normalized cut-value




Repeated Experiment for Same Graph

e Vertex — Edge

Measured solution

for same graph

20

40 60 80
Iteration

100

1.0 08 06 04 02 0.0
©
- Probability of cell
2 state flip (100
£ iterations)
°
(&
k—— Rows (1-26) ———
25
=20
215
=
T 10
2
a5
0

0 02 04 06 08 10
Hamming distance (between iterations)




Temperature versus Solution Quality

Temperature: -40°C Temperature: 25°C Temperature: 90°C

Max-cut (normalized)
o O -
) » o ©
T
1
Max-cut (normalized)

o

O N
T

1

o o =
o o ©O

o
~

1

1

c c
— 04 0.4
5

o

N
(=2
~

Max-cut (normalized)

o

0 20 40 60 80 100 20 40 60 80 100 0 20 40 60 80 100
lteration Iteration Iteration

o

Y -
¥

System Energy
System Energy
System Energy

2N spin states 2N spin states 2N spin states

Low temperature: High temperature:
lower noise, stronger coupling higher noise, weaker coupling




Supply Voltage versus Solution Quality

106 —o- -40°C VDD1 oV —e— -40°C, VDD 0.8V 10 —o- 25°C VDD 1.0V —— 25°C, VDD 0.8V
- x 0 " b 6 - ‘u 9.9 ol A0 R X w_f‘ P o,‘, ARP. e AL D
208
©
€0.6F -
o
=
-~ 04
-]
Q
s 0.2F .
> b)
0
0 20 40 60 80 100 0 20 40 60 80 100
Iteration Iteration

* Lower VDD - higher noise & weaker coupling
* Higher VDD - lower noise & stronger coupling




Outline

e Commercialization Effort and Outlook
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Other Developments: Quantum Computing Startups

Investments: Challenges:
Dwave >5204M Kilowatts of coolin y 0\.Ner er chi
lonQ > $82M &P perchip

Large form factor
Limited scalability
Expensive (e.g. $15M/chip)
Immature technology

Rigetti > S198M
PsiQuantum > $215M
IBM, Toshiba, Hitachi, Intel, Google, Microsoft,
NASA, LANL, Amazon AWS, Lockheed, ...
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Dwave Quantum Annealer

File Edit Selection View Go Debug Terminal Workspace Help

EXPLORER: CLUSTERING ¢ a - Lo Preview README.md ¢ X > PROBLEM INSPECTOR

u for coord in coordinates: -

. csp.add_constraint(choose_one_group, (coord.r, coc °
> W readme_imgs e Problem Details v Solver Details

> Btests

clustering.py bgm = dwavebinarycsp.stitch(csp)
example_clusters.py Source - Force Directed Vv Source - Samples - Histogram

> B pycache

four_points_clustered.png
four_points.png
LICENSE

README.md

for i, coord® in enumerate(coordinates[:-1]):
for coordl in coordinates[i+1:]:

d = get_distance(coord®, coordl) / max_distanc
requirements. txt weight = -math.cos(d*math.pi)
utilities.py

bgm.add_interaction(coorde.r, coordl.r, weight
bgm.add_interaction(coord@.g, coordl.g, weight
bgm.add_interaction(coord@.b, coordl.b, weight

w
w
o
z
w
@
o
=
O
o
o
z
o
I
=)
i}
o
7]

for i, coord® in enumerate(coordinates[:-1]):
for coordl in coordinates[i+1:]:

>_ Iworkspace/clustering workspace/clustering >_Python x [@ ® Solution (e ese
Your plots are saved to 'four_points.png' and 'four_points_clust O 5
ered.png’. ®o
Leap IDE $ /usr/local/bin/python /workspac ENERGY (SOURCE)
e/clustering/clustering.py
{t;]) [(e.0, @.0), (1.8, 1.8)], 'r': [(2.0, 4.0)], 'g': [(3.0, 2
.0 : .
T G (50 oY) & YR AT (o) G e, G Console All Warning Types v [¥ Show warnings for selected sample only
ered.png'.
Leap IDE $ /usr/local/bin/python /workspac
e/clustering/clustering.py
{'b': [(e.8, ©.8), (1.0, 1.0)], 'r': [(2.8, 4.8)], 'g': [(3.0, 2
-0)1} No Warnings
Your plots are saved to 'four_points.png' and 'four_points_clust
ered.png'.
Leap IDE $




Quantum Processing Units (QPUs)

AWS Braket

D-Wave — Advantage_system1.1

Quantum Annealer based on superconducting D:\JaAuE
qubits

Qubits Status

5760 ® ONLINE

Region Next available
us-west-2 © AVAILABLE NOW

D-Wave — DW_2000Q_6

Quantum Annealer based on superconducting Di:\JavueE
qubits

Qubits Status

2048 ® ONLINE

Region Next available
us-west-2 ® AVAILABLE NOW

lonQ

Universal gate-model QPU based on trapped ions O
v

Qubits Status

11 ® ONLINE
Region Next available
us-east-1 08:14:38

Rigetti — Aspen-8

Universal gate-model QPU based on
superconducting qubits

rigetti

Qubits Status
31 (® ONLINE
Region Next available

us-west-1 10:14:38




Fujitsu and Hitachi’s Digital Annealers

(_,\ FUJITSU Inspired C ing Digital

O Digital Annealer Cloud Service

General Formula Type
(QUBO API)

Submit Ising model (QUBO) formulas through
Web API

Customer Site Fujitsu Datacenter

Digital
Annealer
Infrastructure

Find Optimal
Solutions

Customer

Definition &
Formulation
Ising Modeling
~Variables
< Constraints,

)
Web API
(General Formula)

Optimum
Solution

= Difficult to maintain a quantum state
™ Limits in connection and expansion

O
FUJITSU

Solution-Specific Type
(Optimization Solutions API)

Submit solution-specific data and receive
optimal solution

=
52
@@

Web API
(Solution-Specific)

Optimum
Solution

Customer Site

Fujitsu Datacenter

Digital
Annealer
Infrastructure

Find Optimal
Solutions

Customer
o
-_=

Solution-Specific
Data

igital Annealer

Easy to apply to
actual problems

m Stable operation with digital circuit,

and easy miniaturization

M Easy mapping of more complex problems

with a fully-connected architecture

www.annealing-cloud.com

m Status: @ Success (Execution time: 301089790 nsec ) &

o Set value INPUT  QUTPUT

O mew @

t
|
t
t
t
!
t
{

Set parameters

Number of annealing

~ Advanced

—_ - = = = = —
—_ = = = = = = —

Terminal

File Edit View Search Terminal Help

Burl -H 'Authorization: Bearer dfdadefe267dBaecafo5d12270263395 * -
“num_executions": 10 del”: [ [0,0,1,0,1],[0,0,0,1,
1,00,1,1,0,1], [0 1] [@ 102 1],[e

2,1 o l [ 1],[e,2,0,2

1.l
B .[0,8,1,8, 1][08091][0819
‘11,10,9.1,8,11,[0,8,1,8.1],(0.9,0,10,-11, [091101] [0,9,0,9,1], [0
][0101101] [0100111] [0101
-1] o (e

. [ [
1][11221][1111 -11,11, ,,,22 .
2 11,1032, 3400, 11,3,8 BA1,10 4, J,[1,324x][13131][1423
1][1424 11104,1,5.10,(1,4,2,5.11,{1,4,1,4, 11, [1.5,2 1,01,
. 11,01 51][15,2
2.7 1,7:128,11

-11,11,9, [ 10 1
,[1,10,2,11,-1],{1,10,1,10,11, [1,11,2, 10, 1] [1,11,2,11,-11,11,11,1,12,2],[1,11,2,1
g Al (1,11,1,11,2], [1,12,2,11,11,[1,12,2,12, -2],1,12,1,13,-1],[1,12,2,13,1], 1,12

1,01,13,2,12,1],[1,13,2,13,1],[1,13,1,14,1],[1,13,2,14,-1] ] }' https://an
nealxng cloud. com/api/v2/solve

—_ = = — — —
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A~ A a @ A A Al E AT A AW UA

Dt il i — i i iyl il

- o o e = — — —>

—_—— o - = = = s — — = = —

SYS - |

R R i el e
—_, e > = = > = — — —
—— - > D > > = = — = — — — —
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http://www.annealing-cloud.com/

Key Takeaways

* NP-hard optimization problems could be the key driver for future computing growth

* A true coupling based integrated CMOS Ising computer was demonstrated in 65nm

- Probabilistic exploration of various local minima
- Mapped and solved 1,000 COPs in the chip with an accuracy of 82%-100%
* For oscillator based computing to be a viable approach however, there has to be a clear
and significant power-performance-area advantage over
- Mathematical optimizers (available today)
- GPU, FPGA, Custom ASICs, digital annealers (available today)

- Quantum computers
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