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A tale of dancing metronomes
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Huygens’s clocks (1665)
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The Pendulum Clock: or

Christiaan Huygens (1629 — 1695)
by Caspar Netscher (1671), Museum Boerhaave, Leiden

Concerning the Motion of

Pendula as Applied to Clocks

(1673)

Geometrical Demonstrations
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Willms, "Huygens clocks revisited,” Royal Society Open Science, 4:170777, 2017.

NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN

s
s
Vs
Y
Y
s
Vs
s
Vs
Vs
s
Y
Vs
Y
Y
s
Vs




Nice toy, huh?

« But you can also do useful computation with this
— State = phase of the oscillator

* We can solve optimization problems, e.g., number partitioning (NP-complete)
— Divide a set of numbers into two subsets whose sum is equal (or as close as possible)
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A mathematical formulation

Assign variables s; € {1, +1} to each number n

Formulate the problem as minimizing a quadratic

minimize ( Z s; N, )?
e.g., minimize (1s; +3s,+21s;+9s,+4 s+ 12 s¢)?

This has terms s = 1 and s; s;, and converts to

minimize 2 K; s; S

Note: Need one reference state! s, = -1 = minimize (-1 +3s,+21s;+95s,+4 s +125;)?




What does this have to do with metronomes?

« Assign variables s; € {1, +1} to each number n

Reference

minimize 2 K;; S; S;

Coupling coefficients K;
between oscillators i and j




Coupled oscillator technologies
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Analog computing with coupled oscillators

* Using ring oscillators « Could have positive or negative coupling
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Analog computing with coupled oscillators
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More concretely...
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“Ising spin glasses”
« Has been explored with magnetic tunnel

Magnetic systems with potentially disordered
magnetization e junctions (MTJs)
Typical MRAM
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Ising computation for dummies (the Wikipedia version)

* Misnomer: formulated by Wilhelm Lenz * Energy given by a Hamiltonian function
* 1D model solved by Ising (Lenz’s student

ye 9 | ) | H(o) = = Y Jijoio; —p Y _ hjoj,
« 2D model: magnetic dipole moments in a lattice ) J

Ji; > 0, the interaction is called ferromagnetic,

| r

- i _ }/ ’} s Ji; < 0, the interaction is called antiferromagnetic,
A :f z v Jz-j = (), the spins are noninteracting.
A A A A A o € {—1,+1}
- xI - + . up spin h; > 0, the spin site j desires to line up in the positive direction,
g o ¥} 1 h; < 0, the spin site j desires to line up in the negative direction,
hj = 0, there is no external influence on the spin site.
« Configuration probability * One way to use this: [Lucas, Frontiers in Physics 2024]
¢—BH(0) — Map a problem to this coupled system
Py(0) = Zz — Start from known solution H, to the Hamiltonian ;

evolve from H, to H with temperature T

Ht)—(l i\
Zy =3 e P S _?) i e

ag

[Wikipedia, Wikimedia Commons]

where B8 = 1/(kgT'), and the normalization constant



Timing analysis of coupled oscillators

« Generalized Adler equation for N coupled
oscillators [Bhansali and Roychowdhury,
ASPDACO09]

di(t)
dt

= (0 — ") + wiZi;[:Lj%gCij(gbi (1))

« We have shown that this is a continuous-time
approximation of a series of discrete events

Cij = fJf,;(fPfj)/(z”)

where f is the delay shift per cycle

[Kumar et al., arXiv:2502.19399, 2025]
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Timing analysis of coupled oscillators (contd.)
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Simulation of all-to-all coupled arrays using DROID

« Evolution of RO periods using DROID
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« Evolution of the solution for 50 coupled ROs

RO index
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[Kumar et al., arXiv:2502.19399, 2025]

Comparison of the solution

Density 0.2, EMD 0.009
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Applications
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Max-cut on an Ising solver

« NP-hard problem, considered to be the “easy

problem for Ising
\ H(o) = z Wij 00j

Q 3 -‘1:::;,. . O \/" 3 ':“::j; .\/\ dif f group same group

@@ &—@ diff group e ...........dlffg"oup

Cut size=7 Cut size=9
- =~ ~ Wl] = 2 >q
27 !

@ ~0O | SR @il Ldiff groun

. Cut size

H = Hamiltonian of the system

) 1 iy = 1 ] -
o 0 o . @ of Spln.status of magnet i {+1 f)r 1}.
- - v £ w;; = weight between magnets i and j

Cut size =12 Cut size = 16 (max)




Other problems can be modeled in Ising form

0-1ILP
min cT X
subjectto S x = b, x,€ {0,1}

Minimize unconstrained Hamiltonian
H = Hx + Hp

m N 2 N
HAZZAEE:L%__E:SﬂQ} _HBZZ—Bzszm

j=1 i=1 1=1

« Factorizing 15

p=(x11)2,9=(x3x31),
H = (15 — pq)*

H = 128X1X2X3 - 56X1X2 - 48x1X3 + 16X2X3 - 52X1 _ 52X2-96X3+196

Hmod - 200X1X2 - 4‘8X1X3 - 512X1X4 + 16X2X3 - 512X2X4 +

128x3x4 — 52x1 — 52x5 — 96x3+768x,+196

[Lucas, Frontiers in Physics, 2014] [Jiang et al., Scientific Reports 2018]

Inteqger knapsack problem

N
Maximize knapsack cost C = Z CoXe
subject to knapsack weight a=1

N
Wszaxa <W

a=1

Maximize unconstrained Hamiltonian
H =Hs + Hp

2

14% W
Hy=A (1 — Zyn) + A (Z nyy, _ZWO‘X‘I

n=1 n=1 o

Hp = —BZ 6o Xy
o

All-to-all interactions between variables!

Introduce variable y,, = knapsack has weight n

|

2



QUBO formulations

« QUBO = quadratic unconstrained Boolean optimization
— Variables x;€ {0,1}

min F (X )_xTQx_ZQ”anZ Z Qi ixiX;

i=1j=1,j#i

° Equwa_lent Ising formulation ol (S;-I- 1)/2
— Variables s; e {-1,1}

mmF Zh:3:+2 Z Jijsis

i=1 j=1,j#i

J \ J
|

fleld coupling




Implementations of Ising machines

« Lattice graph (SRAM-based)  D-Wave

BLT[0] BLT[1] BLT[2] BLT[3] BLT[4] BLT[5] Unit | /
N10 N101 N1O BLB[0] BLB[1] BLB[2] BLB[3] BLB[4] BLB[S] celll [/
1 NOO0O I N100 i N101 N002 i N102 Lo
NOO N0O1 NOO. : &
N N
N110% . | N1 N1 k. WL[13:25]
A P~ > WL NO10 N012 N112
drivers Ll e
NO10, A N01>1V NO12y, o [n Tﬁ ®
A A WL[26:38]
N120¥ N121 N12 N020 || [ N120 ||| Mozt ||| N2t ||| Nozz ||| N122
—
NO20 N021y N022 1 T r—1 ik
Control Local IO
decoder (sense amp, write driver, col. MUX)
[Yamaoka, JSSC 2016]
[}
- )
* King’s graph CMOS ASIC
Caupling
EN1 weight
Do

~2
el

"

Positive
coupling

[Moy, Nature Electronics 2022]




Planar vs. A2A and minor embedding

* Number of connections in lattice-based/King’s graph structures = O(n) for n coupled oscillators
« Can program O(n) out of O(n?) possible connections

« Minor embedding: mapping logical spins to physical spins

« More replication = weaker spin strength

Topology Connectivity

King’s graph 8
(Hitach)
Chimera graph 6
(D-Wave)
Pegasus graph 15
(D-Wave)
Zephyr 20
(D-Wave)
All-to-all 48-1
(This work) =47

All-to-all graph Chimera graph King’s graph

[Lo etal., Nature Electronics 23]



Quantum vs. Quantum-Inspired

L |
/iy
andli |

QFN package

Quantum Annealer CMOS Ising Chip
5,000+ physical qubits

Qubits - 47 (all-to-all 59 physical qubits
Connectivity 15 58 (native all-to-all)
Couplers 35,000+ 1,71
Weight ~5 bit ~5 bit
resolution
Power 25,000W 0.010W

consumption

Technology Superconducting Foundry (TSMC)



https://ubiquity.acm.org/article.cfm?id=3084688
https://www.iotworldtoday.com/industry/bank-of-canada-taps-quantum-for-cryptocurrency-study

Key challenge:

Connectivity

. . . LR N N
........ . esEbepEEOeseS
T a P DR O =58P i Seg=g=y
sSvePPETEPYTIREYITETDY
....... L AL A U B o o K B B B
; L A A B i s B B B J
Archifecture | ¢ ¢esr ¢seoesd o ::::::::::::
S 48 seteeens L R R N R R R S R R R
Ssmé sesas SsEPEEEbes s
gt 2L IS M r S EPEEELSSES
ST P POETISTT LTS
King's graph Eagle Chimera
L 289 {equivalent to 17 2,000+ {equivalent to
¥ of qubits ' 127 ' 59
S all-to-all) ~50 all-to-all)
Connectivity 8 (max) 3 (max) 6 58
Weight 0,-1 N/A N/A 5 bit
Device type Rydberg atoms Superconducting Superconducting CMOS {room temp.)
Mines Required Required Required Not ired
embedding equ equi equi ol require
P \
o N/A N/A 25 000W 0.010W
consumplion
Reference Science 2022 [Ebada) Nature 2023 [Kim| D-Wave website Thas work




CMOS Ising chip prototypes

Chio name COBISHIL COBITX COBIFIXED COBIFIXED®G5
P (28nm, Jan. 2023) (28nm, Jan. 2023) (28nm, Mar 2023) (65nm, May 2023)
i s
A
Chip Layout
Chio name COBIHAM COBIRISCV2 COBIGRADIENT COBITRANSPOSE
P (28nm, May 2023) (28nm, Jun 2023) (28nm, Sep 2023) (28nm, Dec 2023)
I
=
=
Chip Layout -
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[ /!
Chio name COBIFIXED28 COBIDUALRES COBIFIXED28P COBIFIVE
P (28nm, Jan. 2024) (28nm, Feb. 2024) (28nm, May 2024)
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COBI oscillator array

« Coupling strengths depend on wire parasitics
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* Need complete symmetry in the structure

¢ Local field, h,

Coupling weight, J;

+ Strong connection

Phase sampling circuit
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COBI oscillator array (contd.)

Chip layout Problem mapping

H=his;+ hys,+ hgSg+ hys,+
J155:8,+ 138483+ Jy 8,5, +
Jp3S9S3+ J5s8,8,

oscillator

Oscillator area < 3% of COBI chip.
Rest is memory, coupler, logic,
control, and IO.




Improved 59-spin A2A Ising solver chip

Technology TSMC 65 nanometer
Supply voltage 1.2v
Die size 24 mmx 2.0 mm
Array size 63 X 63
. 59 spins + 2 SHIL + 2 calibration
# of spins ~
=63 cells
N Connectivity 58 (all-to-all)
\ - N/ : - » Coupler -14,-13, ..., 13, 14 (29 levels)
5 node ARM processor SIRG ' resolution
gt . # of 59x 58/2=1711
couplers
Power 8.2mW (graph density = 0.0)

consumption 10.0mW (graph density = 1.0)

Oscillation 5.19 MHz (graph density = 0.0)
frequency 5.36 MHz (graph density = 1.0)

Operating Room temperature
temperature
Zero static power coupler, sub
Key features harmonic injection locking

(SHIL), individual frequency
calibration

[Cilasun et al., https://doi.org/10.21203/rs.3.rs-4208492/v1]



Array architecture and coupler design

| Phase Sampling Circuit |

N N N

SHIL_CLOCK [
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[Cilasun et al., https://doi.org/10.21203/rs.3.rs-4208492/v1]
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Solving real problems in the real world
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The solution Is inherently probabilistic!

* Requires repeated solutions — not a problem if each solution is fast =~ %3

] oM

1% 4
] — Raw data, no SHIL
Post-processed, no SHIL

« Let p = probability of achieving a solution
« QOver n attempts, probability of success =1 — (1- p)"

Success Probability

« Time-to-solution (TTS) metrics
— To achieve piqe (€.9., 99%) accuracy,

== Raw data, SHIL
= Post- processed SHIL

_ n 01% I I I I
Prarget = 1-(1-p) 0.00.1020304050607080.91.0
Graph Density

n= |Og(1 _ ptarget)/log(l - p)
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Overall
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Living with the limitations of the hardware

Limited hardware + Problem decomposition

Repeats

Larger problem

Size
Limited coupling « Map to multiple spins DEdoigosts
. : subproblem
weights « Truncation
Precision « Scaling
Improvement  Truncation _ |
a Default mode b 2 spin merge c Asymmetric merge
(1X weight resolution) (4X weight resolution) (1X, 4X mixed weight resolution)
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Solving large problems with a decomposer

Large COP

Coupled oscillator array

Read out phase states

Si, Sj : Spin state {+1 or -1}

L ©9N>10000 i N>100 _i—l_i—l_ s;=1

| & p

i ewe!

H(s) = —dzj;]usisj _Zhisi _I_I_l_l_ sn=1
H(s) = —Y<ij>JijsiSj — Xihisi :1sing Hamitonian

»

System Energy

2" spin states

Jij : Coupling strength  h; : local field strength
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Exploiting parallelism

« Multicore COBI chips can accelerate solution

Repeats
Larger problem

Decomposed
subproblem



Problem mapping: 3SAT on the COBI Ising chip

100
« 3SAT parameters: n variables, m clauses S g | T ey g
* Various possible mappings £ o M Pesdorndon
— Maximal independent set (3m spins) £ 4o W SAT
%
= 20
<
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— Chancellor, NuR3lein formulations (n + m spins)
— ILP formulation (n + 2m spins)
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Problem decomposition and frozen spins

« All spins outside the decomposed segment are
“frozen” to values in the previous iteration

 Impact of freezing a spin in this expression Larger problem

n n
i Decomposed
IIlSlIlF(S) — thSj + Z Z J;’ijSj subproblem
l

i=Lg=—1 1#i
\ \ Y
field coupling

Repeats

INe<>$

— Frozen s; = field term constant = removed AR
— Frozen s;ands; = coupling constant = removed
— Unfrozen s;ands;= coupling term kept as is
— Frozen s; but not s;= coupling — field term

« Field terms can become very large!

« Theoretical result: if field term h; s, satisfies
an inequality, it forces the spin s;value to £1
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Some early runtime comparisons

250 === Chip uf-20-91/11 === Chip uf-20-91/15
Chip uf-20-91/12 === (Chip Average
e Chip uf-20-91/13 Tabu Average
Runtime (ms) Energy (m)J) 200 Chip uf-20-21/14

Benchmark

Tabu | WalkSAT | Chip Tabu WalkSAT | Chip
uf20-91-11 | 4322 2.351 12.83 | 367,370 199.8 0.128
uf20-91-12 | 1596 2.337 6.30 | 135,660 198.6 0.063
uf20-91-13 | 5095 2.506 27.58 | 50,950 213.0 0.276
uf20-91-14 | 7148 2.470 28.07 | 433,075 210.0 0.281
uf20-91-15 | 1591 2.377 4.09 | 607,580 202.0 0.041

1501

100

N
<

Number of iterations for all-SAT

0010 20 30 40 50 60 70 80 90 100
Number of repeats

Very recent results on ~200-variable SAT problems show great promise

[Cilasun et al., Scientific Reports 2024]




Conclusion

* Quantum-inspired Ising solvers can be manufactured in today’s foundry processes
 QUBO challenges and future directions
— Problem formulation for larger constrained optimization problems
— Higher-order interactions beyond QUBO
* Ongoing work on k-SAT shows promise
— Mundane issues:
« Huge QUBO file size, memory bottleneck
« ASIC designs with integrated pre- and post-processing, PCle, memory interface

* In future: Massively parallel solutions (1000 cores = 10W)

Thanks to
 You, the audience

« Husrev Cilasun, Ahmet Efe, Ulya R. Karpuzcu, Chris H. Kim, Abhimanyu Kumar, Hao Lo, Will Moy, Nafisa
Sadaf Prova, Ziging Zeng

« DARPA QuICC, NSF ASCENT
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