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AmplifyDEARBIRERSZE (1)

« FIREFAZAR—bK

I pip install -q amplify

from amplify import *

« [EHT IV ZER

client = FixstarsClient()

client.parameters.timeout = 1000

client.token = "AE/XXXXXXXXXXXXXXXXXXXXx "

TOMDIOSA 77> beERATIIGEIERFIAS hESEE
V‘\(FIXSTEIRE Amplify https://amplify.fixstars.com/ja/docs/amplify/v1/clients.html
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AmplifyDEARBIRERSZE (2)

- HREREEHOETVE (ZIER)
« J\AFUZIRNOEE

VariableGenerator()

g.array("Binary", 2)

- TNODIBE

f =2 * q[e] * q[1] + q[e] - q[1] + 1
print(f)

I\AFUZEE (“Binary”) TZIT TR, A2 0ZE (“Ising”) 1.

RBINEE (“Integer”). REZEL (“Real”) BIETEFIHE
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AmplifyDEARNREERTGZE (3)

« EFTILOAERR EN S 2 DEIT

model = Model(f)
result = solve(model, client)

« fERMDEUS

print(f"objective = {result.best.objective}")

print(f"q = {q.evaluate(result.best.values)}")
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Amplify SDK [C&DITOVS5=

from amplify import =

VariableGenerator()
g.array("Binary", 2)

1 - qle] * q[1]

one_hot(q)

model = Model(f, g)

client = FixstarsClient()

client.token = "XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX"

client.parameters.timeout = 1000

result = solve(model, client)

(f"objective = {result.best.objective}")
(f"q = {q.evaluate(result.best.values)}")

objective = 1.0
qg=1[0. 1.]
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$ pip install amplify
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! pip install amplify

token = "AE/*****************************" H# Zg%@ l\—a\/%ljj
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VariableGenerator()
g

g =
q = g.array("Binary", (a))
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i in (len(a)): f=(00(2%qg-1) % a).sum() ** 2

f += (2 * q[i] - 1) * a[il
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DERBANEHEZ DEEFTIVEIE
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K. Kitai, et al., Phys. Rev. Res. (2020).

FMQA : [T. Tnoue, et al., Opt. Express (2022).
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E5JLEEE U TD Factorization Machine (FM)

TF)LEE g(x) (CHEWFEZB TS )LD—FE TdprD Factorization Machine (FM) ZHW\D &, IR
DRDICEE x (X T D2RAN TDERN TE D,

n n
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1 2 2
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i=1 f=1 =1 i=1
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JSwv IRy O AREEDRE

« > =3 L —4 MixingSimulator

QO t 5ANRNSA—IETYI 1L —9—%#H1E
simulator = MixingSimulator(x0, x1, x2, %3, x4)

t Bl 500 FTOEBIUIIL—UaEERL. BEOREREZE ¢ std ZHNE
c std = simulator.simulate(duration=500)

# ERFT Lol _
print(f"{c_std=:.3f}") # HHEOBEDNRERE RREF/ A4 (o, X Xz X5, Xa)
simulator.plot_evolution(num_snaps=5) # EHFBEREDRESHROERIIZELEZ O

[inzE]
= . # 53 SNIHR /ST A—RITE SRS £ H—
« JSw Ry O XEE EEMO#ESaL—ay
© def blackbox(x0: int, x1: int, x2: int, x3: int, x4: int) = float: S P P e
s = MixingSimulator(x0, x1, x2, x3, x4)
c std = s.simulate(duration=500) hd M g \')

s.plot evolution()
print(f"{c_std=:.3f}")

return c_std (7]
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https://colab.research.google.com/drive/195 mSDUKv3poUuXgzOTzbBFQ7Bh5p2SW

J 5w IR 20X

[AA]
ERET/INS A=A (xg, 21, X5, X3, %,)

[4n]
BRSNS A—RICE DR RICL S —
ERROERIZaL—13Y

(A1
—EEM., BHEROMEOEREEE
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FM 22095416 (TS5vORYOXEEDES)

« BEIRERE (G%51/\S A=) DIBEEDIEE

O it BEHRFNSX—9DLR - TIRiE
bounds: dict[str, tuplelint, int]] = {
"x07: (2, 10), #2<=x0<=10
"x17: (5, 20), #5<=x1<=20
"x27: (0, 45), #0<=x2<=45
"x37: (1, 5), #1<=x3<=5
x470 (1, 4), #1<=x4<=4

« 5w ORw 2 XBEEDER

© def blackbox(x0: int, x1: int, x2: int, x3: int, x4: int) -> float:
s = MixingSimulator(x0, x1, x2, x3, x4)
c_std = s.simulate(duration=500)
s.plot _evolution()
print(f"{c_std=:.3f}")
return c_std

A



FM 2’095 26 (BBET>

->9%;£’7T‘g5u¢ 8. FM (QUBO)IZ/\AMFUZ
« BUSI\AFTUDEWMEITDOITA

d—45—DtihISR)

BRI aEE

class Variables:
PTEBHMATRERDIA N EEBRTSITR,

(>

class IntegerVariable:

"SS5 Sy 5 RSEHELD T 5 DEERE

def

ISR, "

init_ (
self, bounds: tuplelint, int]

def init (self, variable_list: list[IntegerVariablel):
self. variable list = variable list

def encode(self, x: list[int]) —> np.ndarray:
TTREEHIEET Y I—RK U, NAFUET DB
ret: listlint] = []
for i, var in enumerate(self. variable list):

)E ret += var.encode(x[i]).tolist() # type: ignore
self. _bounds = bounds return np.array(ret)
def encode(self, x: int) —> np.ndarray: def decode(self, x: np.ndarray) -> np.ndarray:

TTTREEHEETI 2 O—FL. N1 T SR
if x < self. bounds[0] or x > self. bounds[1]:

raise ValueError(f”x must be in {self. bounds}”)
ret = np. zeros(self. bounds[1] - self. bounds[0])
ret[0 = x - self. bounds[0]] =1
return ret

def decode(self, x: np.ndarray) -> int:

TTINA F U EEBEECAEZEREICT I— R SEET”
if x.shape != self._qa.shape:

raise ValueError(f”x must be of shape {self._g.shape}”)

return x.sum() + self._bounds[0]

TTTINA FIHBEEECRAEEREICT O— R T SFEE
ret: listlint] = []
ista=10
for _, var in enumerate(self. variable_list):
iend = ista + len(var.binary_variables)
ret. append(var. decode (x[ista:iend]))
ista = iend
return np.array(ret, dtype=int)

var_list = [IntegerVariable(bounds=b) for b in bounds.values()]
variables = Variables(var_List)



FM 2’095 A 36 (FMETFIVDESR)

© class TorchFM(nn. Module):
def __init_(self, d: int, ki int):
TTETFIVERBRT D

Args:
d (int): AARI FILDHA X
k (int): NSX—=% k

super(). init ()

self.d = d
self.v = nn.Parameter(torch. randn((d, k)))
self.w = nn.Parameter(torch. randn((d,)))

self.w0 = nn.Parameter(torch. randn(()))

def forward(self, x: torch.Tensor) —> torch. Tensor:
TPAA X ERITELT y DHEEBELEATE
out_Llinear = torch.matmul(x, self.w) + self.w0
out 1 = torch.matmul(x, self.v).pow(2).sum(1)
out_2 = torch.matmul(x. pow(2), self.v.pow(2)).sum(1)
out quadratic = 0.5 * (out 1 - out 2)

out = out linear + out quadratic
return out

Y FIXSTARS Amplify

FM E£>)L%Z PyTorch TE&HI D

out_linear out_1 out_2

out_quadratic

Copyright© Fixstars Group 55



FM 2’095 A 4/6 (FMODEDR)

© def tfain(
o, FM 30, B OMANS B FRCED S, 0T
) e TR F-9EF B BIET DB, 32 \wFFE,
17 L—3 U . x, y: BT —~

epochs = 2000
# EFILOSBECREE

optimizer = torch.optim. AdamW([model.v, model.w, model.w0], Lr=0.1) * model: FM :ET)I/ (TOPChFM)

1 18R o o s "
loss_func = nn.MSELoss() « epochs: T/RwZT (#80DRL) DE
t F—sty ~OmRE . : FEXK

x_tensor, y tensor = (torch. from numpy(x). float(), torch.from numpy(y).float()) 1r: GQ)J’HH) FE=

dataset = TensorDataset(x_tensor, y_tensor)

e N il | [ kv £+ Ny = NS (R
train_set, valid set = random_split(dataset, [0.8, 0.2]) %Elﬁaj':ET“/(L_sd-b\ /A@J:Djan:l:'fﬂﬂ%:’?éﬁm
if len(valid set) == 0:

valid_set = train_set t HE T —YDANEBICEDITETIVETME

train_loader = Dataloader(train set, batch size=8, shuffle=True)
valid loader = Dataloader(valid set, batch size=8, shuffle=True)

# “range’ OO YVIZ “tadm® EV1—ILERAVWTEHEFRR
for i in trange(epochs, leave=False):
i FHBE
for x_train, y train in train_loader:
optimizer.zero_grad()
pred_y = model (x_train)
loss = loss_func(pred_y, y train)
loss. backward() 56
optimizer.step()

print(f"corrcoef: {compute corrcoef(model(x_ tensor), y tensor):.3f}")
print(f"RMS error: {min_loss:.3f}”)



FM 2’0295 A 5/6 (BB —S1ERR)

© def

def

generate_random_input() —> np.ndarray:

x: listlint] = []

for v_min, v_max in bounds.values():
x.append(rng. integers(v_min, v max + 1))

return np.array(x)

init_training_data(num_samples: int):
#n0 B RS d OANBEEEEZE RV TIER
data: list[np.ndarray] = []
for i in range(num samples):
data. append(generate random_input())
X = np.array(data)

t ADMEOEENRELTWES S VY LICEEEEL TRET S
X = np.unique(x, axis=0)

while x.shape[0] != num_samples:
x = np.vstack((x, generate_random_input()))
X = np.unique(x, axis=0)

# blackbox BAEZEFEL TAAEITHET S nl) BOLENERFSD
y = np. zeros(num_samples)
for i in range(num samples):
y[i] = blackbox(Ckx[i])
return x, y up

FBT—HZEEICKDERK
® num_samples : FBF—SFDH > T )L

® blackbox : 5w Rw X (EEEX (&
>=al—232) fx)

57



7o a\_ / (X{ ~ nl}ﬁ) https://colab.research.google.com/drive/195
FM D 7A 6 6 /I:I mSDUKv3poUuXgzOTzbBFQ7Bh5p2SW

©  WHIBET — 9 DR
n_0 =30
X, ¥ = init_training_data(num_samples=n_0)
x_encoded = np.array([variables.encode(x[i]) for i in range(x.shape[0]1)])

t MHEETETIILOIER
model = TorchFM(len(x encoded[0]), k=10) ERR(CHY SILTOTSLAEZEZTLUTHELL D,

t EFNEBORIT T I AL bDERENS.
train(x_encoded, y, model, plot_learning_curve=True) o
*  EMDJ\A)C—){S X —4 (k)
* T/Rw%%S (epochs)
* FHXK(Ir)
IREZEEB UGS, BEiEEFANEOHEBRERT
RMSIREFEDLD(CEILTDTULL DN ?

AN
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https://colab.research.google.com/drive/1E Rel1W2hhGtRmMWDhil VijTg-002T9Mk

J 5w IR 20X

[AA]
ERET/INS A=A (xg, 21, X5, X3, %,)

[4n]
BRSNS A—RICE DR RICL S —
ERROERIZaL—13Y

(A1
—EEM., BHEROMEOEREEE

Y FIXSTARS Amplify

=
w1 2o)L
@ FHLWAD T # © BB
T 2w OImw 2R 7EF8T—AIC
Rk ST, e
® EFILBHICE @ FBF— (B
SEREANRHE SEEF LM

g (Ri#fk) - g(x) =iEE
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FMQA 2’0935 A 112 (7

def anneal(torch_model: TorchFM) —> np.ndarray:

UM ETILONSA—FEZITRY ., ENSONITA-F|CLYUERT

# TorchfM DS /8SA—% v, w, w0 ZEE
v, W, w0 = torch_model.get parameters()

# Amplify @I F U REEHERES
X = variables.binary variables

t MM EFILESEMA QUB0 £/ (BRIEEE) =1ERR
out_Linear = w0 + (x * w).sum()

out_1 = ((x[:, np.newaxis] * v).sum(axis=0) *x 2).sum() # type:

out_2 = ((x[:, np.newaxis] * v) =x 2), sum()
objective: Poly = out_linear + (out_1 - out 2) / 2

# Amplify EFILEER
amplify model = Model(objective, constraints)

# BIMEZESRIT BELETTIVE, BHITFERVIIN=031F7 2

result = solve(amplify_model, client)
if len(result.solutions) ==
raise RuntimeError("No solution was found.”)

# EFNERIMET BANAY ML (RERE/NS X —S13H) &5

return x.evaluate(result. best.values).astype(int)

ns H

ignore

b Z5%

Yo FIK3TdRY Amplify Copyright© Fixstars Group

——U>DEs5)

FBBRHFMICEDE x THTE T DHEH

I\ FUREZ BT DEUS

FBEHETILHDSET) LR ZEUS

ET)URSICEDEBENEER g(x) ZHEE

solve DEIT (b—0>8BHZTNT (D)

AKYADIVCETD x ZiRA]
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jo 0\_ 2/2 (x r ~ ﬂl}ﬁ) https://colab.research.google.com/drive/1E
FMQA D 7A /n Re1W2hhGtRmMWDhil VjTg-002T9Mk

t PHFEET—9 (X)) ENAFUEICIYI—F 1Y

x encoded = np.array([variables.encode(x[i]) for i in range(x.shape[0])])

L EECH> TN TOIS L EETUTHELLD !
INEBOATFL—3avEET

# “range” OADOYIC todn EV21—ILERWCERNERT
for i in trange(n):
t HHEETTIVOLER 1
model = TorchFM(len(x encoded[0]), k=10) 1071

t EFIVFEBEDORT
train(x encoded, vy, model)

f(x)

t FEEHFETIVORIMEESZBANRY LILODE (N FUEICT Y O— RiER) IS
x hat = anneal (model)

# x hat BFEBT—FAY VFILERB—DBEIES 5 LICHEER

while (x hat == x encoded).all(axis=1).any(): 10-2
x hat random = generate random input() — '
x hat = variables. encode(x hat random. tolist()) # type: ignore 10 0 10 20
print("deduplication”) number of iterations

N )RR E A EECRETEIC T O —
x hat decoded = variables. decode(x hat)

t WESNIAARY FILERWT TS IRy 9 A =T
y hat = blackbox(*x hat decoded)

t AL ZEET—9 1Y MEN
x encoded = np. vstack((x encoded, x hat)) 62
y = np.append(y, vy hat)
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FMQA 2’095 ADEFHETDERAE

© def blackbox(x0: int, x1: int, x2: int, x3: int, x4: int) —> float:

s = MixingSimulator(x0, x1, x2, x3, x4)
c_std = s.simulate(duration=500)
s.plot_evolution()
print(f”{c_std=:.3f}")

return c_std

=

© def blackbox(x: np.ndarray) -> float:
# xDFEEE %ISR ERIE

objective = input(f"{x=} TERBREZEEL. FREEAHDLTLETL)

t FlEk. vIalb—rarEEE
objective = run_simulation(x) # type: ignore

t =/MEUL7=VWVERBEHEEZ S - &)
return objective
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HAMI(C. blackbox()ZZEE T D, WEICIS
UT. IREDFEZFT—5DH R EZIEBN,

* Hl® : blackbox() RNT>=aL—>3>&FFUH
L. BB, ZORDEZE/IVETDLDCEHEL.

* @ : blackbox() NTEEZITD, DFD. 1ED
FMQA THHEEINIERIZE X ZWRICERL., &
BEHENT—4(JBI. ROFMQA RiT7Z175,

* h(x) ZRKICTDELDBAN x ZHET DIHE(E.
— h(x) 2 EZBHIREE f(x) £ D,
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