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Agenda

o Motivating Applications and Focus

o History of 20t Century Computing, Vocabulary
o Test-Sets, Graver Basis

o Ising Model, QUBO

o GAMA

o Quantum Computing v2.0

o Closing Remarks
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What can quantum computing do for
non-linear integer optimization?
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; Motivating Applications

Supply Chain Management
Computational Biology

Portfolio Optimization

O O O O

Track Reconstruction
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gy Focus

Physics-based algorithms and computing
machines that provide a novel approach
to solving difficult optimization problems.
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; Computing

Conventional . 7
computing > Repeated calculation by program >
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Natural > natural 2| Convergence [>{Observation
computing phenomena
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; History of 20th Century Computing

1900-1929: Quantum Mechanics

1925: Ising Model (Lenz)

1926-1947: PNP Junction, Transistor

1936: Theory of Computing (Turing)

1947-1957: Integrated Circuit ("Chip”)

1954-1956: Oscillation Based Computing (von Neumann)
1939-1968: HP and birth of Silicon Valley; Intel

o O O O O O O O

1911-1998: IBM, Microsoft, Apple, Amazon, Google

O 1981: Quantum Computing (Feynman)

Carnegie Mellon University
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A Vocabular
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o Bits, Turing Machine, Logic gates

o Sequential State Computing

o Qubits, Spin, Superposition, Entanglement

o Gate/Circuit model, Quantum Logic

o Adiabatic Quantum Computing, Quantum annealing
o Ising Machine

o Collective State Computing

Carnegie Mellon University
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/, Points of Departure

/

N

o Adiabatic Quantum Computing v
Gate/Circuit

o Test sets v LP Relaxation/B&B/Sub-gradients

o Computational Performance v Worst
Case Complexity Analysis

o Supply Chain/Finance/Genomics v
Cryptography/Quantum Chemistry

Carnegie Mellon University
Tepper School of BUSINESS  wittiam Larimer Melton, Founder
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; (Combinatorial Optimization Version)

Problem Statement: Given couplings between a set of spins, find the
configuration that minimizes the energy function:

1<i<j<N
Highest energy Medium energy Lowest energy
P T - - ) ‘,J .J
-j J ' \ 4 J ‘
e J '
'
== Spins want to be opposite Satisfied interactions

Carnegie Mellon University Figure credit: Science doi:10.1126/science.354.6310.269
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AQC finds the ground state through adiabatic quantum
evolution that slowly evolves the ground state of the

initial known system into the sought ground state of the
problem:

H(S) — (]- — S)Hz'nitz'a,l + SHp’roblem-

The slow time s = t/T goes from 0 to 1 (where T is the
effective total time of the adiabatic evolution).

In practice, s could be replaced by a good g(s), for

improved performance as it affects the minimum spectral
gap of the resulting H(g(s)).

Carnegie Mellon University
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% Quantum v Classical

N

Energy

Solution Seolution

Quantum Tunnelling Adiabatic evolution
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7’;/ Cloud Quantum Computing
(Amazon Braket)

End to End Flowchart for Quantum Annealing

User interface’
& Visualizer

0-1 Problem
Language API

PUBO to QUBO
"Toric Ideals”

/ariable Reduction)
"Normal Forms"

Algebraic

Geometric
Annealing Reads
Post Processing

Hardware
Embedding
"Groebner Basis",

,/ Reads

Mapped QUBO

D-Wave Input/Output
API/Cloud

Quantum Annealer
Hardware Solver

Speedup Analysis
Theoretical & Mathematical
Contributions
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; What can we do now?

o Classical Solvers
o Simulated Annealing
o “Brute Force” QUBO
o GAMA: Test-Sets, Graver Basis

Carnegie Mellon University
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; Test Sets in Optimization

- Nonlinear integer program:

minif(x) : Ax=b, xe€Z" , [<x<u
(IP)A,b,l,u,f :
AeZ™" , beZ" , lLucZ", f:R"—R

- Can be solved via augmentation procedure:

1. Start from a feasible solution
2. Search for augmentation direction to improve
3. If none exists, we are at an optimal solution.

Carnegie Mellon University
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; Graver Basis of Matrix A

e Graver Basis is the finite set of conformal
minimal elements of:

L*(A):{x Ax=0, xeZ' , AeZ™ }\{0}

 Partial order:

Vx,yeR" xCy st. xy,>20 & V i=1,..n

Sb’i

 x is conformal minimalto y: xCy

ue
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; Graver Basis is Test Set for:

o mincx, Linear

o maxf(Wx),W € Z%*", f convex on Z%

- min ), f(%,), f. convex (separable convex)
o mn ‘x B xo‘p

o Some other nonlinear costs

Carnegie Mellon University
Tepper School of BUSINESS  wittiam Larimer Melton, Founder
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/ min f (x)

Ax=Db
X integer, non-negative

AX:O/ \AX:b

X integer, non-negative
|
QUBO, to get some feasible
solutions :
v classical
Embed into ISING

X integer

QUBO, to get kernel
elements

Embed into ISING

ISING outputs stuffy quantum ISING outputs stuff;,

Post-process to get some
feasible solutions.

Post-process to get some
Graver basis elements .

Start with any/many feasible solutions ¥

(If stop with single quantum » Augment via (partial) Graver basis using f(x) computation
call, we get partial Graver Stop when no improvement found
basis.) \ /
Carnegie Mellon University
Report

Tepper School of BUSINESS  wittiam Larimer Metion, Founder result(s)




g/QUBO for Kernel

Ax=0, xeZ" , AeZ™
mn xQx , Q=AA , xeZ

X ...0X }, x, €

r _
X—|:)Cl Xy .. ;

- Integer to binary transformation: x =e’ X
XZ_Tz[ XK, X, }E{O,l}ki

o Binary encoding: ef:[ 2° 20 .. 2’%}

o Unary encoding: efz[l 1 .- 1}

.

K,
Carnegie Mellon University '

Tepper School of BUSINESS  wittiam Larimer Melton, Founder




g/QUBO for Kernel....

Lx, e, 0 0" || X,
Lx T T T X
x=L+EX=| ?* |+ 0. e.l’. 0. -’
Lx, of o ... e: X,

(L is the lower bound vector)

o QUBO
min X' QX . Q,=E'QE+diag(2L'QE)
Xe{01}" ., Q=A"A

Carnegie Mellon University
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g/QUBO for Feasible Solutions

Ax=Db [<x<u

min X' Q,X, Q=E'QE~+2diag|(L'Q,~b'A)E]

Xe{0,1}", Q,=A"A

Using adaptive centering and encoding width for
feasibility bound

Results in many feasible solutions!

Carnegie Mellon University

Tepper School of BUSINESS  wittian Larimer Metton, Founder 22
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; Capital Budgeting

Important canonical Finance problem
ﬁ expected return min ->" px + \/1__52’_’ o2y
. i=1" 11 c =1 17
i variance |
E risk Ax=b , xe{0,1}"

Graver Basis in 1 D-Wave call (1 bit encoding)

A S M5><5O({07 e 7t}) Ju € [0,1]50Ml (O S [anui]smd

when t = 1 we have: Q(A) S M50><304({—1a07 +1})

Carnegie Mellon University

Tepper School of Business

William Larimer Mellon, Founder




Z“ ~ 6500 Solutions in One Calll

Sorted cost function values for all feasible solutions

cost values

A A I s A A
1000 2000 3000 4000 5000 6000
solutions

o From any feasible point in ~24-30 augmenting
steps reach optimal cost = -3.69

Carnegie Mellon University
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; Quantum Computing v2.0

Quantum Computing v1.0 Quantum Computing v2.0

1981-2017 2017-
Computing Model Gate/Circuit Model Ising Model

Sequential State computation Collective State computation
Algorithms Worst-case Performance Hybrid Quantum-Classical

Quantum Complexity Theory (QCT) Quantum Integer Programming (QulP)

Carnegie Mellon University
Tepper School of BUSINESS  wittiam Larimer Melton, Founder
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# © Nvidia, Google, Fujitsu, Hitachi, Toshiba...

/

GPUs and TPUs Complementary metal-oxide
| semiconductors (CMOS)

1k-spin subarray

Host Device

e
Grid 1
—
Kernel 1 0,0 (1,0) 2,0)
Block-{"| Block [3| Block
1) LD [t e

ww g

Oscillator Based Computing

Pump PPLN Waveguide

==

f——

SHG
Pulsed Laser
1560 nm

< Fiber beamsplitter
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Available Ising Solvers

Calculation method

Maximum number of bits
Coefficient parameter

Combined graph

Total number of
combined conversion

bits
APl endpoint

Carnegie Mellon University
Tepper School of Business

Fixstars

Optigan

GPU

Over

100,000

Digital (32
/ 64bit)

Fully

combined

65,536

Fixstars

D-Wave
2000Q

Quantum

annealing

2,048
(16x16x8)

Analog
(about
5bit)

Chimera

graph

64

D-Wave
Cloud

Hitachi
CMOS

Annealing

Digital

circuit

61,952
(352x176)

Digital (3bit)

King Graph

176

Annealing

Cloud Web

William Larimer Mellon, Founder

Fujitsu
Digital

Annealer

Digital

circuit

1,024/
8,192

Digital
(16/64
bit)

Fully

combined

1.024/
8,192

DA Cloud

Toshiba
SBM

GPU

10,000

Digital
(32bit)

Fully

combined

1,000

AWS
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5/2020 Tayur Prize

Hardware Challenge
Cheap
Room-Temperature
Based on available components
Non-classical computation
Coherent Ising Machine (CIM)
Oscillation Based Computing

March 2020: NSF $10M funding to NTT, Stanford,
Cornell, NASA consortium for CIM!

Carnegie Mellon University
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; Closing Remarks

o Non-linear Integer Programs model a variety of real world
problems from many domains

o Solving them classically has limitations
o We explored non-classical approaches based on Ising
o GAMA is a general purpose heuristic that utilizes Test-Sets

o There are a variety of options to solve large scale Ising
model, expect more in the future

o What will 21st Century Computing look like?

Carnegie Mellon University
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