1 # %% D-Wave ®ETFIEKEMH pyqubo
2 'pip 1install dwave—ocean—sdk
3 'pip install pyqubo

B EEEEAE

R
2 5| X Pyqubo W[l Binary SHUE

3 L &R https://pyqubo. readthedocs. io/en/latest/refe
47

5 from pyqubo import Binary

QUBOATVET T

QUBOME [ ZTIRIEAIR —suexfE(X(Quadratic Unconstrained Binary

Optimization)] [1]. QUBOATNEFRERIENW BRI —EEER
(canonical form) , BILAEIEFE—4 & & (binary variable) 3R

IIME—{E— % (quadratic) BtZ& &l (objective function), QUBOATFE

FER AT
min f(z ZQuwz + ZQU%% + c.

z€{0,1}"

i<j
Fhz; BoTRREE (HEROELT) , BEFHAY,
xr = (331,3’,'2, coey n) c {O, 11" E_ﬁlj&fﬁz‘;z%ymil Q’L’LZEE_;K

IHEE, Q;; RTXIEFE, McEREEL
Bz, AMEAO0 51, HEittr; = w , BFLAQUBOA R LA L SR
B RIERR:

min ZQMCE — ZQ”:BZ:E] + c.

we{O,l} i<
BEQUBOAT AT AR BLA T RIAEREFZZ:

.
— + ,
wé?(}?} flz) =2 Qz + ¢




Heh, z=(21,22,...,2,) €{0,1}" BTREAE; Q B—
EXINEN x nB E=RFEEEE, BHEQ;; = 08t > j, Mc
BEIE,

LITEFERNRER, <

- Qll Q12 T an - ! 1 i
Qa1 Qa2 - Qo Lo
Q — . . ) . y L= . 9
| in Qn2 o an _ L Ln
EllES]
wTQQIZ = Z Z QijCBiCL‘j.
i=1 j=1

WA LS QEUSHITEENR (B0 Q; = Q) . BIEERISRAN L
=R RBTIIS T —E N = s Rerh, HieEns

stm o {?’Ll) 1= ],
igo Qii, 147
9 Wijs )
RS RI (RS
2T Q¥ = ) Quzmi + Y Qimiz;.
5 i<j

EEFT, BEEEBICRIES () RaEHEEkE,

#BRIZRER, QUBOLTILER [BRASEE] it fT2HaREEE
(Combinatorial Optimization Problems, COPs), #al&AZ!IRMRE(Max-
Cut Problem, MCP), §x{TH#EEE & MRE(Traveling Salesperson Problem,
TSP). EIZE&MRE(Graph Coloring Problem, GCP), iXfgIkMHRE
(Quadratic Assignment Problem, QAP), O/1E5&RE(0/1 Knapsack
Problem, 0/1 KP) AR FEENN4ERRE (Subset Sum Problem, SSP)&, &
AILAEAQUBOATUER, FHEIRMIZEREA, BRT COPASHIRIE(H
ZZ25h, BCOPHBAIRIF(constraint condition), BIAIERAG4ELA
SRR\ B IZREF,

2 (Ising) =BG/




ZF(Ising) 2B [ 2] SR W] R ERYPIRER SR Ernst IsinghR1925FR Y, 1FB
—(EFATERIME (ferromagnetism) AUIEERIEEY, FsRELAS R RI
EB’E?%E’J* B852  (Hamiltonian) . {RZER) (G ENEEE]

c{-1 +1} HERERIE

Zh s; + ZJUS@SJ + const,

i<j

He h; B5ME (bias) , J;; B85 (coupler) .
QUBO AT EIsingt=RBYfE

QUBORT\ERIsingtREIRT LISHERI B AHEEIR, 5RBRANT:

PN
>

=

1+s;
. - +25 (2 €{0,1}, s; € {—1,41})

KRAQUBOAT A BIsingRE:

Jij = Qi (4 <J')

4
Q
i g 4 Z sza
J7#1
1
const = ¢ + 5 Z Qi + Z Qij-
1 Z<]

AT HEX Ising (h,J), € s; = 2x; — 1 IEEE,
Qi = 4J;; (i <),
Qii = 2h; — 22 Jij»
J#i

c = const + Zh + ZJ”

1<J

I EERQUBOATUREEIZIsingtREY, MilsingtRELtEgEEERQUBOLY
. HEIERETFRKX#(quantum annealer) (%0 D-WaveXBIHY
Advantage [3]) . EFREEIEX#(quantum-inspired annealer) (4N
HZAFujitsu/AE]AYDIgital Annealer [4]E2 HZSHitachiZ &R
FPGA/CMOSIEX#4 [5]) . Jt2HETF=F#(Coherent Ising Machine,
CIM) (WNSEFHIE X2 ELH ANTTIARBBIRHAICIM [6])Ea5T25 T BRES



KB EEERNEEHE X (Simulated Annealing, SA)SEER[71LARZE
SHEE= (Tabu Search)/E&IA[8]) FTERIEHIERY,

[1] Glover, F., Kochenberger, G., & Du, Y. (2018). A tutorial on
formulating and using QUBO models. arXiv preprint arXiv:1811.11538.

[2] Ising, E. (1925). Beitrag zur theorie des ferromagnetismus.
Zeitschrift fur Physik, 31(1), 253-258.

[3] Johnson, M. W., Amin, M. H., Gildert, S., Lanting, T., Hamze, F.,
Dickson, N., ... & Rose, G. (2011). Quantum annealing with
manufactured spins. Nature, 473(7346), 194-198.

[4] Aramon, M., Rosenberg, G., Valiante, E., Miyazawa, T., Tamura, H.,
& Katzgraber, H. G. (2019). Physics-inspired optimization for
quadratic unconstrained problems using a digital annealer. Frontiers
in Physics, 7, 48.

[5] Inagaki, T., Haribara, Y., Igarashi, K., Sonobe, T., Tamate, S., Honjo,
T., ... & Takesue, H. (2016). A coherent Ising machine for 2000-node
optimization problems. Science, 354(6312), 603-606.

[6] Yamaoka, M., Yoshimura, C., Hayashi, M., Okuyama, T., Aoki, H., &
Mizuno, H. (2015). A 20k-spin Ising chip to solve combinatorial
optimization problems with CMOS annealing. IEEE Journal of Solid-
State Circuits, 51(1), 303-309.

[7] Kirkpatrick, S., Gelatt Jr, C. D., & Vecchi, M. P. (1983). Optimization
by simulated annealing. science, 220(4598), 671-680.

[8] Glover, F. (1989). Tabu search—part |. ORSA Journal on
computing, 1(3), 190-206.
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QUBO (Quadratic Unconstrained Binary Optimization, —/XEEZJER
ZItEiEN) H Ising IRE R RiEHS RIFCRBEINERRIAL TN, BE
& D-Wave E-FIBXHEAZFEFFEK (Ising machines) FIHE, HARE
TE—(ELENENTE, SIREMEREELRES QUBO/Ising iz,

All, Recruit Communications Co., Ltd. FIFAE RIS T
PyQUBO —— —{@ELA Python EIRAY DSL (Domain Specific
Language) , ge20LABRERIENSTUERE QUBO 128Y, (i BEh#HET
it D-Wave Ocean SDK g Efth BQM (Binary Quadratic Model) f8&
NEZE(EFBRYTRTC.

FESESR

e 2019 £E: £ Journal of the Physical Society of Japan E¥ZRAISL
EFERNEE T PyQUBO BIRRETHES: [Tanahashi et al.,

2019] . =xEm X ETam 7 PEEAV BRI S ERERESFE T2,
Hehmi e & PyQUBO BI#IhRETE,

* 2021 £F: PyQUBO RBYSTEEN4RELINGEIESRNAS IEEE Transactions
on Computers [Zaman, Tanahashi & Tanaka, 2021] , [EIFFE
arXiv 3R MTERE (arXiv:2103.01708), F4HNET
Constraint, Placeholder E& Integer #85IA8Y5&5T,

e GitHub B8if: E2H Recruit Communications Co., Ltd. 7
GitHub 358, #:E&E B8 S Kotaro Tanahashi £2 Shu Tanaka &
A. EIZEL C++ [&E cimod BEELURFHRIEE,

o EIEHE: PyQUBO FHEMHESES, & Python 3.13, lifR¥FEE
D-Wave Ocean £RERES,

{FEEAEE(Y
. EBfFE:

o Mashiyat Zaman

o Kotaro Tanahashi
o Shu Tanaka

e FREBEE{i: Recruit Communications Co., Ltd., Japan
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A% | LE

SN

PyQUBO BURETEERZEFRELL [#2FKEN | MARENERE, &
BYm-EeSig HEE S QUBO 8 Ising iz, dfE(H:

e Constraint: B[#F295R{&(4ER N\ QUBO,
e Placeholder: FFEAEFAmZAIET FaAr e 28,
* Integer: RUEBEEEHAIRSZIE.

—?

ELETNREESS PyQUBO %5hliE SR BRI R L RIE/R B,

=)

e Tanahashi, K., Takayanagi, S., Motohashi, T., & Tanaka, S. (2019).
Application of Ising Machines and a Software Development for
Ising Machines. Journal of the Physical Society of Japan, 88(6),
061010. https://doi.org/10.7566/JPSJ.88.061010

e Zaman, M., Tanahashi, K., & Tanaka, S. (2021). PyQUBOQO: Python
Library for Mapping Combinatorial Optimization Problems to
QUBO Form. |IEEE Transactions on Computers, 70(8), 1201-1213.

https://doi.org/10.1109/TC.2021.3065091

e GitHub Repository: https://github.com/recruit-

communications/pyqubo

e PyQUBO Documentation: https://pyqubo.readthedocs.io/

Subset Sum Problem A

Subset Sum Problem 2—{E4REAY NP 552 (NP-Complete, NPC)f

W, AT AR —(EEEE target, HIESEELEEHRE—E

FE, [FEEFIFR target,

FREEEIR



https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.7566%2FJPSJ.88.061010
https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1109%2FTC.2021.3065091
https://github.com/recruit-communications/pyqubo
https://github.com/recruit-communications/pyqubo
https://www.google.com/url?q=https%3A%2F%2Fpyqubo.readthedocs.io%2F

1E§E§?‘Z1FHE_?H§IE&§Q A17 A27 sy An *D_ﬂil E@{E target, ?‘Z{Fﬂ%tzé
IERIEEHBERIREEFE, EFEFA target, FFIrT LU RIREEIR A
QUBO RIFZZ., BRZSEBAT:

EF—_TUEE:

SEHERE A, HER—EtE x,, B, =1, TREEAF
BFEN—ED; & x; =0, BAEEZEL

FEEE QUBO B1ERREL:

BiZ2ERIEEEF] target BoJpeiEkr, BIEERE:

XAz = target

ASHEERA—(E QUBO BIZERE, AJLIRAEILAE BZ(E target
ZERNEFF&RIME:

(X" A;z; — target)?
FERILE{L:
A5 Lk BIRRERERER, BFHSEI—E RIRE— RIGAHERHIRRES:

HehEEIESECRREESE, L2, AtEMEsIMCLATEER
8

A QUBO #BERE: RIBREFRIZVF, BFILIE QUBO BERTA
ABfE Q FUZEl, WASHEBARIEF T EREE BB E EZRE TR,

14 ERTHEAMEER

2A = [1, 2, 3, 4] # ERELGILH
3n = len(A)

4 target = 5 # TR THEMPHE

5

==

Hi o HEE H, B £ox Hamiltonian 28 R&GIHERE
B, WAMTFEEMG H WA 0 BIET.

=
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10
11
12
13
14
15

RAEME n Hiozxw, rLhE®E n o8, xi 4
e.g. x = [Binary(x0), Binary(xl), Binary(x2), B:
Binary &5 o BOEH, EREMIEGE & Zu, P
Binary ("x”) M —1{f Label % “x” H Binary

nnn

x = [Binary(C x +str(i)) for i 1in range(n)]

© 00 3 O U1 v» W DN

— = e e e e
O Ol B~ W NN~ O

nnn

B, WMEEE ALi]*x[i] &&A
e.g. H = A[O]*x[0]J+A[1]*kx[1]+A[2]*x[2]+A[3]*x[3]

e 25 PR 38 M8 A8 A1 25 HARAR 7
e.g. H = ((AL0]*x[0]J+A[1]*x[1]+A[2]*x[2]+A[3]*x[3])-

m IR KRR RS T4 x SEAE (0 B 1) 7
for i in range(len(A)): # #FMPTAER Ali] * x[i
H += A[i]*x[i]

-= target # (A - HIE)
= H«H # (#&Ff - HE) 2

© 0 3 O U1 v» W N

T "
N — O

nnn

1%, FRAMEK B A A a2 QUBO B,
H.compile() % H #Wi®pk Pyqubo HJ Model %4, 18
[Model 4] (https://pyqubo. readthedocs. io/en/latest/

model. to_qubo() & [E[{#H —1E tuple % (QUBOHiP#, FHE
[to_qubo() 3] (https://pyqubo. readthedocs. io/en/lat

if: offset J& pyqubo BHIRAy qubo HIIEFE A B & A 1Y

nnn

model = H.compile()
Q, offset = model.to qubo() # ¥ HAEpREEEIA QU
print(Q) # FIH QUBO [

{Cx2", "’x0"): 6.0, Cx3, "x2°): 24.0, (Cx3, "x3"): -24.0, (x2,

J

|



1 from dwave. samplers import SimulatedAnnealingSample:

2 sampler = SimulatedAnnealingSampler() # &4+ Sampl
3 sampleset = sampler.sample qubo(Q, num reads=1000)
4 best sample = sampleset.first.sample # #aEEHICH

5 print ("best solution: 7, best sample)
6 print ("Hamiltonian: 7, sampleset.first.energytoffset

best solution: { x0": np.int8(0), ’x1’: np.int8(1), “x2’ : np.int8(
Hamiltonian: 0.0

1 # BEME LB EER

2 total = 0
3 for i in range(len(A)):
4 if best sample[f ' x{i}’] == 1:
5 total += Al[i]
6
7 print (total == target)
True




