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Solution Overview
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Solution Overview

JuMP Model
(MINLP)

JuMP Model
(QUBO)

QuUBO

min 2'Qx + £z + ¢

st. e {0,1}"

B cusobrivers.jl

Solver
Interface
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Solution Overview

Solver
Service &
Hardware

Solver
Interface

JuMP Model
(MINLP)

JuMP Model
(QUBO)

Compiler

MINLP
. QuBO
i i) Specific
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Integrating an heterogeneous Solver Landscape

Pump  PPLN Waveguide

iber beamsplitter

Fujitsu IBM P. L. McMahon et al., 2016 Microsoft Research

Quantum Annealing, Digital Annealing, Variational
Quantum Eigensolver, Quantum Alternating
Optimization Ansatz, Coherent Ising Machine,
Analog lterative Machine, Simulated Bifurcation
Machine, CMOS Annealing...

Toshiba, Goto et al., 2019

Hitachi, Yamaoka et al.
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Integrating an heterogeneous Solver Landscape

Fujitsu

Toshiba, Goto et al., 2019

Pump  PPLN Waveguide
e

iber beamsplitter

P. L. McMahon et al., 2016

Julia Mathematical Programming
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g JuMP
ing QiskitOpt

model = Model(QiskitOpt.QAOA.Optimizer )

avariable(model, x[1:n], Bin)
amobjective(

model,

Min,

x' * Q* x +2' X +C

optimize!(model)

dshow objective_value(model)
@show value.(x)

A Common Solver Interface

using JuMP
using DWave

model = Model(DWave.Optimizer)

avariable(model, x[1:n], Bin)
@objective(

model,

Min,

X' *Q* x + 48" *xx+c

optimize!(model)

@show objective_value(model)
@show value.(x)

JuMP
s PySA

lel = Model(PySA.Optimizer)

riable(model, x[1:nl, Bin)
jective(
1odel,
\in,
* Q* X + 2" *x X +cC

imize!(model)

1ow objective_value(model)
ow value.(x)
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Testing and Benchmarking Solvers

QUBO

Lib

@ % JUMP QUBO.jl: A Julia ecosystem for Quadratic Unconstrained Binary Optimization
L dd JuMP-dev | July 19-21, 2024 | HEC Montréal, Canada

24



Testing and Benchmarking Solvers

QUBO

Lib

Sources Summary

Collection Instances Size Range
arXiv:2103.008464 (3R3X) 2300 16 - 4096
arXiv:1903.100928 (3R3X) 3200 16 - 4096
arXiv:1903.100928 (5R5X) 307 24 - 24576

gplib* 23 120 - 1225

*QPLIB: A Library of Quadratic Programming Instances, Mathematical Programming Computation, 2018
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Testing and Benchmarking Solvers

QUBOL1ib.load_index() do index
db = QUBOLib.database( index)
df = DBInterface.execute(
db,
SELECT instance FROM Instances
WHERE dimension < 100 AND quadratic_density < 0.5;

QUBO

) |> DataFrame
codes = collect(Int, df[!, :instance])
@info "Running DWave Neal"

QUBOL1ib.run!(
index, DWave.Neal.Optimizer, codes; solver = "dwave-neal"

Lib

)

@info "Running DWave (Quantum)"
QUBOL1ib.run!(
index, DWave.Optimizer, codes; solver = "dwave"

)
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A Compiler for Mathematical Programming

min
St glya
yEZszR”
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A Compiler for Mathematical Programming

VARIABLE ENCODING

min f(x)
s.t. gi(x) € S;
x e {0,1}F

min f(y; z)
st. gi(y; z) € S
yeZm zeR"
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A Compiler for Mathematical Programming

VARIABLE ENCODING

min f(y; z)
st. gi(y; z) € S
yeZm zeR"

min f(x)

s.t. gi(x) € S;
CONSTRAINT x c {0,1}F
PENALIZATION

6 f(@) + X, i lgi(x) — Si
s.t. x e {0,1}F
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A Compiler for Mathematical Programming

VARIABLE ENCODING

min f(y; z)
st. gi(y; z) € S
yeZm zeR"

min f(x)
s.t. gi(x) € S;
x < {0,1}"

CONSTRAINT
PENALIZATION

PSEUDO-BOOLEAN MAPPING

st. x e {0,115 e 1?’“ jew

6 f@) + X, i lga() — il win o) = Y e [ 2
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A Compiler for Mathematical Programming

VARIABLE ENCODING

min f(y; z) QUADRATIZATION
st. gi(y; z) € S

yeZm zeR"

min f(x)
s.t. gi(x) € S;
x < {0,1}"

min Y(x; w) = [x; w]'Q[z; w)

CONSTRAINT st. [z w] € {0,115+

PENALIZATION

PSEUDO-BOOLEAN MAPPING

st. x e {0,115 e 1?’“ jew

6 f@) + X, i lga() — il win o) = Y e [ 2
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A Compiler for Mathematical Programming
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A Compiler for Mathematical Programming
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A Compiler for Mathematical Programming
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Compilation use case: Generation capacity expansion
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Compilation use case: Generation capacity expansion

g,u,x
s.a. Z g§t) — \%
J
gj(t) S ugt) G;max) \V/], +
ugt) < 0 V7,1

g € [0,GI™] v, ¢
ul € {0,1} Vi, t
X c {O, 1} V]
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Compilation use case: Generation capacity expansion

OPERATION
min e 1 i'x
s.a. Z g§t) — W \%
j BALANCE
gj(t) S ugt) G;max) \V/], +
uﬁt) < 0 V7,1
(t) (max) -
9j < [0’ Gj ]opl\svn/ZflgN
ul? € {0,1} Vi, t
z; € {0,1} vy
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Compilation use case: Generation capacity expansion

g7u7x

s.a. Z g§t) — dW \%
J

g](t) S u;t)G§max) \V/],t

(t) UNIT COMMITMENT
u; < T Vi, t
g € [0,GI™] v, ¢

ul? € {0,1} Vi, t

UNIT COMMITMENT

X c {0,1} V]

min Z c'g®) +i'x
'
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Compilation use case: Generation capacity expansion

INVESTMENT

min z c'g® +i'x
L

g7u7x

s.a. Z gj(-t) = d® vt
J

(t) (t) (y(max) -
9;" Su;"G; Vi, t
u§t) = by V7,1

INVESTMENT

g € [0,GY™] vyt
ug-t) e {0,1} Vi, t
z; € {0,1} v

INVESTMENT
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Compilation use case: Generation capacity expansion

OPERATION INVESTMENT
min E c'g®) +i'x
g7u7x
t
t
s.a. g g§) — W \%
j BALANCE

gj(t) < ’U,;t)Gg-maX) \V/], +

(t) UNIT COMMITMENT
u; < T Vi, t
(t) (max) INVESTI\{IENT
g € 0, Gj ]opl\svrx/ZflgN

ul? € {0,1} Vi, t

UNIT COMMITMENT

;€ {0,1} ]

INVESTMENT
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Compilation use case: Generation capacity expansion

OPERATION INVESTMENT

min E c'g®) +i'x
g7u7x t

) _ () .
S.a. qg: = d Y47 ,
zj: g BALANCE Pbalance (; (Z gjt . d(t)
J

(t) (t) (y(max) /- , REFORMULATION
g] S u] G.? \VI], ¢ (t) (mazx) 2
Pinvest E (g + SuB — ijj )

(t) UNIT COMMITMENT
u; < T V7,1 T
INVESTMENT
J J OPERATION k

ul? € {0,1} Vi, t

UNIT COMMITMENT

z; €{0,1} vj

INVESTMENT
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Compilation use case: Generation capacity expansion

&

min
7u7x

S.a.

75 JUMP

OPERATION INVESTMENT

c'g®) +i'x

t
SO0 v
J

BALANCE

g](t) S Ugt) G§max) \V/], +
) UNIT COMMITMENT
u; < T vy, t

INVESTMENT

(t) (max)] oy
9; = [0’ Gj ]OPI\EVR/ZﬁgN
ul? € {0,1} Vi, t

UNIT COMMITMENT

;€ {0,1} ]

INVESTMENT

using JuMP
using PySA

model = Model(PySA.Optimizer)

avariable(model, 0 < g[1:T,j=1:n] < Gmax[j])

avariable(model, u[1:T,1:n], Bin)
avariable(model, x[1:n], Bin)

@Mobjective(model, Min, sum(c'g[t,:] for t=1:T) + i'x)

@constraint(model, [t=1:T], sum(gl[t,:]1) = d[t])

@constraint(model, [t=1:T,j=1:n]l, glt,j
aconstraint(model, [t=1:T,j=1:nl, ult,j

optimize!(model)

ashow objective_value(model)
ashow value.(x)

QUBO.jl: A Julia ecosystem for Quadratic Unconstrained Binary Optimization
JuMP-dev | July 19-21, 2024 | HEC Montréal, Canada
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1 <

ult,jl * Gmax[jl)
x[31)
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Compilation use case: Generation capacity expansion

&

min
7u7x

S.a.

75 JUMP

OPERATION INVESTMENT

c'g®) +i'x

t
SO0 v
J

BALANCE

g](t) < Ugt) G§max) \V/], +
) UNIT COMMITMENT
u; < T Vi, t

INVESTMENT

(1) (max) -
9; = [0’ Gj ]OPI\EVR/ZﬁgN
ul? € {0,1} Vi, t

UNIT COMMITMENT

;€ {0,1} ]

INVESTMENT

using JuMP
using PySA

model = Model(PySA.Optimizer)

avariable(model, 0 < g[1:T,j=1:n] < Gmax[j])
avariable(model, ul[1:T,1:n], Bin)

avariable(model, x[1:n], Bin)

@objective(model, Min, sum(c'g[t,:] for t=1:T) + i'x)
@constraint(model, [t=1:T], sum(gl[t,:]1) = d[t])
dconstraint(model, [t=1:T,j=1:n], glt,j] < ult,j] * Gmax[j])
aconstraint(model, [t=1:T,j=1:nl1, ult,jl < x[jl)

optimize!(model)

ashow objective_value(model)
ashow value.(x)
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Compilation use case: Generation capacity expansion

min
7u7x

S.a.

& Aump

OPERATION INVESTMENT

c'g®) +i'x

t
SO0 v
J

BALANCE

g](t) < Ugt) G§max) \V/], +
) UNIT COMMITMENT
u; < T Vi, t

INVESTMENT

(1) (max) -
9; = [0’ Gj ]OPI\EVR/ZﬁgN
ul? € {0,1} Vi, t

UNIT COMMITMENT

;€ {0,1} ]

INVESTMENT

using JuMP, QUBO
using PySA

model = Model(() — ToQUBO.Optimizer(PySA.Optimizer))
avariable(model, 0 < g[1:T,j=1:n] < Gmax[j])
avariable(model, ul[1:T,1:n], Bin)

avariable(model, x[1:n], Bin)

@Mobjective(model, Min, sum(c'g[t,:] for t=1:T) + i'x)
@constraint(model, [t=1:T], sum(gl[t,:]1) = d[t])
@constraint(model, [t=1:T,j=1:n], glt,j] < ult,j]l * Gmax[jl)
aconstraint(model, [t=1:T,j=1:n], ult,j] < x[3j])

optimize!(model)

ashow objective_value(model)
ashow value.(x)

QUBO.jl: A Julia ecosystem for Quadratic Unconstrained Binary Optimization
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Reformulation Performance

Travelling Salesperson Problem Number Partitioning Problem
2 [
: §

—_

L
A
!

Building Time (sec)
Building Time (sec)

400 600
#variables #variables

%+ Qiskit (docplex) --&k- OpenQAOA (docplex) --l- qubovert --¢- PyQUBO @+ amplify -~ dimod e ToQUBD.le




TABLE I: Comparing the support provided by of proposed framework and existing libraries and framework in each step of
quantum optimization.
v indicates that the corresponding action is performed automatically.

-t 4 / signifies that a proper function is available for implementing the step.
u a l a l Ve X indicates that the method is not fully supported.
Analysi

* denotes that logarithmic encoding is also compatible with bases different from two.
* signifies that the encoding techniques can be exploited only for constraints translation.
T indicates that the polynomial reduction is implemented by exploiting the corresponding qubovert function.

Existing Libraries Existing Frameworks
pyqubo [31]|qubovert [32]|dimod [33] | Qiskit [34] | fixstars [35] | openQAOA [36] | AutoQUBO [37]| QUBO.jI [38]
Floating Encoding x x X x x x
Logarithmic [39]

Unitary [39]
Integer Encoding |  Dictionary [39]
Domain-Wall [40]
Bounded-Coeff [41]

Arithmetic [42]

Equality [22] [21]

Inequality [22]

Boolean [22]

UB positive [43]
MQC [43]
VLM [44]

Penalty Weight MOMC [43]
MOC [43]

UB Naive [45], [46]
UB posiform [45], [46]
Polynomial Reduction
Dwave QA

QAOA

VQE

GAS

SA
Solution Decoding
Check Constraints
Sequential [47]
B B L ) Penalty Update Scaled [47]
Towards an Automatic Framework for Solving Optimization Binary search (47]

Problems with Quantum Computers, arXiv:2406.12840, 2024

Supports for each step

Y

SISISISISISISISISISISISISIS S

-

AN AN AN AN Y R AN R R R R Y R
e | ] e 3 [ v v | v | e v 3| % |

e [ [ S S S| SPSSS s x|x|S[S[S[S]S]S]SS]S

S e e | S]] S e e e | SN S] e e[ S]] | e | e e |3 [ 3|2 ] 2| %%
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Qualitative
Analysis

Towards an Automatic Framework for Solving Optimization
Problems with Quantum Computers, arXiv:2406.12840, 2024

TABLE I: Comparing the support provided by of proposed framework and existing librg
quantum optimization.
v indicates that the corresponding action is performed automatically.
 signifies that a proper function is available for implementing the step.
X indicates that the method is not fully supported.
* denotes that logarithmic encoding is also compatible with bases different from two.

signifies that the encoding techniques can be exploited only for constraints translation.
T indicates that the polynomial reduction is implemented by exploiting the corresponding qubovert functiol

Supports

for each step

Existing Libraries

Existing Framewor

pyqubo [31]

qubovert [32]

dimod [33]

Qiskit [34]

fixstars [35]

openQAOA [36]

AutoQUBO [37] | QUBO.jl [38]

Floating Encoding

x

x

X

x

x

x

Logarithmic [39]

Y

Unitary [39]

Integer Encoding

Dictionary [39]

Domain-Wall [40]

Bounded-Coeff [41]

Arithmetic [42]

Equality [22] [21]

Inequality [22]

Boolean [22]

Penalty Weight

UB positive [43]

MQC [43]

VLM [44]

MOMC [43]

MOC [43]

UB Naive [45], [46]

UB posiform [45], [46]

SISISISISISISISISISISISISIS S

Polynomi

ial Reduction

-

Dwave QA

QAOA

VQE

GAS

SA

AN AN AN AN Y R AN R R R R Y R

e | ] e 3 [ v v | v | e v 3| % |

Solution Decoding

Check

Constraints

Penalty Update

Sequential [47]

Scaled [47]

Binary search [47]

e [ [ S S S| SPSSS s x|x|S[S[S[S]S]S]SS]S

S e e | S]] S e e e | SN S] e e[ S]] | e | e e |3 [ 3|2 ] 2| %%
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What’s new?

Additional attributes to control reformulation
d e.g.ConstraintPenaltyHint, VariableEncodingMethod
Reformulation Callbacks

Architecture-based dispatch
Disjuctive Programming (DisjunctiveToQUBO. j1)
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&

75 JUMP

Wlllﬂ 5‘"091'5

min 2’Qz +€z+c
st. z =[xy

x € {0,1}™
y € [-1,+1]"
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&

Ulimo Solpppg

min 2’Qz +€z+c

st. z =[xy
x e {0,1}"
y e [—1,+1"
AANAAN
AAAN
AANAA
AANAANA
AAAN
AAA
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Wllm Sn’m,r .

min 2’Qz +€z+c
st. z = [x; Y]

x e {0,1}"
y e [—1,+1"

AANAA

% It
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Integrating an heterogeneous Solver Landscape

Fujitsu

Toshiba, Goto et al., 2019

Pump  PPLN Waveguide
e

iber beamsplitter

P. L. McMahon et al., 2016

Julia Mathematical Programming
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Microsoft Research AOC

(QUBO) m}iﬂ x'Qx +€x +c (QUMO) m}in 7/ Qz+ €'z +c

s.t. x € {0,1}" s.t. z = [x;y]
x € {0,1}""

y € [_17 +1]n

Toshiba, , 2019 Hitachi, Yamaoka et al.
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BRIDGING THE GAP
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MOI Bridges: [2002.03447] MathOptinterface: a data structure for mathematical optimization problems (arxiv.org)
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What about MOI Bridges?

In fact, it is good to use as many MOI Bridges as possible

Some of the operations are too destructive
A e.g. Penalization, Encoding Continuous Variables

Solver-dependent reformulation path finding
Fine-grained control over reformulation steps




MNEXBSIEps

Generalize the reformulation algorithm

Expand constraint support

Set up continuous benchmarking service

Draw insights from benchmarking to guide reformulation

Iy Iy My

@ % JUMP QUBO.jl: A Julia ecosystem for Quadratic Unconstrained Binary Optimization
L4 JuMP-dev | July 19-21, 2024 | HEC Montréal, Canada

69



Wishlist Food for Thought

A Asynchronous optimize! call
@ Communication protocol for client-server apps
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