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AXHEESR Paddle Quantum EEFIRBAMAEE (QAOA, Quantum Approximate
Optimization Algorithm) BT {ERFE (1)

Frig Z RiseAuES TIE:

o FAtX paddlepaddle
o FRERAME, FlaNiEE TEE networkx 1 matplotlib.pyplot
o FARBE XK

from paddle import fluid

import os

import numpy as np

import matplotlib.pyplot as plt
import networkx as nx

from paddle quantum.circuit import UAnsatz
from paddle quantum.utils import pauli str to matrix
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EFEMNETEE (QAOA, Quantum Approximate Optimization Algorithm) Z7 AfEiR A 1R
FREE (NISQ, Noisy Intermediate-Scale Quantum) £ FIT&EN EiaiTHEB ZNHEEISENE
FEIE. 6la1, QAOA FAIMRRAMEEAEEFES N RMAEFIEE LNERASMAEM, XEMR

)& E AT AYTALE N T E R AR R

F = 'mimxl}sz‘j(l — ZiZj) = —z er?lrlll}ZquzzzJ + Z%g

HA, 2z € {-1,1} EFRN-TBH, R¥q; B 22, BINE (weigh), —Agith, $BIEKREEZIEE
XNFZHITEAZ NP-hard /Y, T QAOA HINR I BUIK X KM B A B BT IREME



QAOA MIFFERE LRZHMMAEIE (FIRAEHLRRE) EEEFAARE (HINEFZHR
gimp Ising #EEIAYKER) FMURAIKRB—TIERARZWE (Hamiltonian) MNESEE (W
MEEBNRME) REBNNES (METRADBNRME) . ZTE, REIENRAE 6
(Max-Cut problem) EER QAOA EIEHN TIEREMFRE, ERRARAEIREN, QAOA Y
R EFM T REB— TN AER H s/ MAHERENNASEEE,

MBI —FE DT o E FIFEREZR(VQE, Variational Quantum Eigensolver) —#, QAOA 2
—MEF-ZHREREE, AN QACA SN EFRENIMERFR, (XNERMTAHMNATSHNEFR
FRARIRAA R,
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1. Max-Cut |g)gi

EfY Mox-Cut [a) e AR R NF—1TEENEE N PN iis  (nodes or vertices) 1 M %8
(edges) IFTEE, HE—FoEARBEENTTRESDIRAINERFES S S, FE5EEXM
TREESZENINHERTEESZ., EMR, HENEBRES4T TR BEEHEERNE:
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REMA ¢;; IRERN 1, RABRONNERS, ZOENAERTRALTS

z=z22324 € {—1,1}* AR, MEBEZEEHAALSETEBRTNS/IVE (RILR) .

FHEL, IFBNRERTMAKE N aoEREsl, B2V, Fit, MERSMEMEMN, ERERN0
SERBRIIEN,

TR, BAUSHAH FRIIBEDE AN EE0E, BINEEY Paddle Quantum HAKIE
AT (FENE) &

o HiA1EBEIEERNRMBNNE (RENE)

o E2EEN BN ERIBIRIER.

1 def generate graph(N, GRAPHMETHOD):

2 wan

3 It plots an N-node graph which is specified by Method 1 or 2.
4

5 Args:

6 N: number of nodes (vertices) in the graph

7 METHOD: choose which method to generate a graph

8 Returns:

9 the specific graph and its adjacency matrix

10 e

11 # Method 1 generates a graph by self-definition

12 if GRAPHMETHOD == 1:

13 print("Method 1 generates the graph from self-definition\
14 using EDGE description")

15 graph = nx.Graph()

16 graph nodelist=range(N)

17 graph.add edges from([(O, 1), (1, 2), (2, 3), (3, 0)1)
18 graph adjacency = nx.to numpy matrix(

19 graph, nodelist=graph nodelist)

20 # Method 2 generates a graph

21 # by using its adjacency matrix directly

22 elif GRAPHMETHOD == 2:

23 print ("Method 2 generates the graph from networks using\
24 adjacency matrix")

25 graph adjacency = np.array([[(o, 1, o, 11, (1, o, 1, 01,
26 (o, 1, o, 11, 1, o, 1, 011)
27 graph = nx.Graph(graph adjacency)

28 else:

29 print("Method doesn't exist ")

30

31 return graph, graph adjacency

XEBIEE ARG IEE:

o ENHRHBE N =4
o [EHIAIE GRAPHMETHOD = 1

AR AR AL HAIERTRRIIM 0 FFIaTTER.



# number of qubits or number of nodes in the graph

N=4

classical graph, classical graph adjacency = generate_ graph(
N, GRAPHMETHOD=1)

print(classical graph adjacency)

pos = nx.circular layout(classical graph)
nx.draw(classical graph, pos, width=4, with labels=True,
font _weight='bold")

plt.show()

Method 1 generates the graph from self-definition using EDGE

description
[[0. 1. 0. 1.]
[1. 0. 1. 0.]
[0. 1. 0. 1.]
[1. 0. 1. 0.71]
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H Z; Z; 2 tensor product 128, R Pauli-Z BERFDHIERAEEFLLES i M1 j £, MERNEFLE
45 F ARG T = l; ﬂ B 2,7 = 2, ® Zo ® I @ I, B0 LRIRE, BATEZMaM®
(RS SRR H, 19SS F R EIRIARE ), B

F= rﬂpi;l@/}IHcI@D)-
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def

the

H generator (N, adjacency matrix):
This function maps the given graph via its adjacency matrix to
corresponding Hamiltiona H c.
Args:
N: number of qubits, or number of nodes in the graph,
or number of parameters in the classical problem
adjacency matrix: the adjacency matrix generated from
the graph encoding the classical problem
Returns:
the problem-based Hmiltonian H's list form generated from
the graph adjacency matrix for the given graph
H list = []
# Generate the Hamiltonian H c¢ from the graph
# via its adjacency matrix
for row in range(N):
for col in range(N):
if adjacency matrix[row, col] and row < col:
# Construct the Hamiltonian in the list
# form for the calculation of expectation value
H list.append([1.0, 'z'+str(row)
+ ',2' + str(col)])

return H list

BT NEELEMER H WEATER, FERRENFHLERS:

N =

# Convert the Hamiltonian's list form to matrix form

H mat

H dia
H max
H min
print
print

[ 4.
H max

rix = pauli_str to matrix(H generator(
N, classical graph adjacency), N)

g = np.diag(H matrix).real

= np.max(H _diag)

= np.min(H _diag)

(H_diag)

('H max:', H max, ' H min:', H min)

0. 0. 0. O0. -4. 0. O0. O0. 0. -4. 0. 0. 0. 0. 4.]
: 4.0 H min: -4.0
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def circuit QAOA(theta, adjacency matrix, N, P):

2 wan
This function constructs the parameterized QAOA circuit which

is composed of P layers of two blocks:one block is based on the
problem Hamiltonian H which encodes the classical problem, and the
other is constructed from the driving Hamiltonian describing the
rotation around Pauli X acting on each qubit. It outputs the final
state of the QAOA circuit.

4

5 Args:

6 theta: parameters to be optimized in the QAOA circuit

7 adjacency matrix: the adjacency matrix of the graph

8 encoding the classical problem

9 N: number of qubits, or equivalently,

10 the number of parameters in the original classical problem

11 P: number of layers of two blocks in the QAOA circuit

12 Returns:

13 the QAOA circuit

14 e

15

16 cir = UAnsatz(N)

17

18 # prepare the input state in the uniform superposition of

19 # 2°N bit-strings in the computational basis

20 cir.superposition layer()

21 # This loop defines the QAOA circuit

22 # with P layers of two blocks

23 for layer in range(P):

24 # The second and third loops construct

25 # the first block which involves two-qubit operation

26 # e”{-i\gamma Z iZ j} acting on a pair of qubits

27 # or nodes i and j in the circuit in each layer.

28 for row in range(N):

29 for col in range(N):

30 if adjacency matrix[row, col] and row < col:

31 cir.cnot([row, col])

32 cir.rz(theta[layer][0], col)

33 cir.cnot([row, col])

34 # This loop constructs the second block only

35 # involving the single-qubit operation e”{-i\beta X}.

36 for i in range(N):

37 cir.rx(theta[layer][1l], i)

38

39 return cir

EinE QACA ERLE, BAEXIFTNBREMWHEITT R, #—FTHREK QAOA B AlgelE, 4,
BIDUSHER ZIRshIR B NE H, FRINSERLLES X Faiks R, (8) I BASKEES @R, BEX
REU3(B1, Bz, Bs)I]:



def circuit extend OAOA(theta, adjacency matrix, N, P):

2 wan

3 This is an extended version of the QAOA circuit, and the main
difference is the block constructed from the driving Hamiltonian
describing the rotation around an arbitrary direction on each
qubit.

4

5 Args:

6 theta: parameters to be optimized in the QAOA circuit

7 input state: input state of the QAOA circuit which usually

8 is the uniform superposition of 2"N

9 bit-strings in the computational basis

10 adjacency matrix: the adjacency matrix of the problem

11 graph encoding the original problem

12 N: number of qubits, or equivalently,

13 the number of parameters in the original classical problem

14 P: number of layers of two blocks in the QAOA circuit

15 Returns:

16 the extended QAOA circuit

17

18 Note:

19 If this circuit extend QAOA function is used to construct
QAOA circuit, then we need to change the parameter layer in the Net
function defined below from the Net(shape=[D, 2]) for circuit OQAOA
function to Net(shape=[D, 4]) because the number of parameters
doubles in each layer in this QAOA circuit.

20 e

21 cir = UAnsatz(N)

22

23 # prepare the input state in the uniform superposition of

24 # 2”N bit-strings in the computational basis

25 cir.superposition layer()

26 for layer in range(P):

27 for row in range(N):

28 for col in range(N):

29 if adjacency matrix[row, col] and row < col:

30 cir.cnot([row, col])

31 cir.rz(theta[layer][0], col)

32 cir.cnot([row, col])

33

34 for i in range(N):

35 cir.u3(*theta[layer][1l:], 1)

36

37 return cir

152 QACA EFHERNT(FTM/E, LITE FREEHEIRTA

(8,7, P)) = Uz (Bp)Uc(vp) - - - Ua (B1)Ue (1) [H)1 - - - [+) -
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EH QACA B— 1 EF-RHEREA, AUEETM QAOA B ESEIBNARKREE, BT
MHE—FLHRELENRAEEEITHNRMNSE B, v, MR —1TTBHATFRE.

TEREHEAY T8IY Paddle Quantum EZ5TE QAOA WL

1 class Net(fluid.dygraph.Layer):

2 W

3 It constructs the net for QAOA which combines the OQAOA circuit

with the classical optimizer which sets rules to update parameters
described by theta introduced in the QAOA circuit.

4

5 wan

6 def init (

7 self,

8 shape,

9 param attr=fluid.initializer.Uniform(

10 low=0.0, high=np.pi, seed=1024),

11 dtype="float64",

12 )¢

13 super (Net, self). init ()

14

15 self.theta = self.create parameter(shape=shape,

16 attr=param attr, dtype=dtype, is bias=False)

17

18 def forward(self, adjacency matrix, N, P, METHOD):

19 e
20 This function constructs the loss function
21 for the QAOA circuit.
22
23 Args:
24 adjacency matrix: the adjacency matrix generated
25 from the graph encoding the classical problem
26 N: number of qubits
27 P: number of layers
28 METHOD: which version of QAOA is chosen to solve
29 the problem, i.e., standard version labeled by 1 or
30 extended version by 2.

31 Returns:

32 the loss function for the parameterized QAOA circuit
33 and the circuit itself

34 e

35

36 # Generate the problem based quantum Hamiltonian

37 # H problem based on the classical problem in paddle

38 H problem = H generator (N, adjacency matrix)



39

40 # The standard QAOA circuit: the function

41 # circuit_ OQAOA

42 # is used to construct the circuit, indexed by METHOD 1.
43 if METHOD == 1:

44 cir = circuit QAOA(self.theta, adjacency matrix, N, P)
45 # The extended QAOA circuit: the function

46 # circuit extend QAOA

47 # is used to construct the net, indexed by METHOD 2.

48 elif METHOD == 2:

49 cir = circuit extend QAOA(self.theta,

50 adjacency matrix, N, P)

51 else:

52 raise ValueError("Wrong method called!")

53

54 cir.run_state_ vector()

55 loss = cir.expecval(H problem)

56

57 return loss, cir

4. R L

HATFEIISGED QAOA M, Bl@iEitstiag B = (81, 52,083, 81) v = (71,72,73,74)
SREIRME H, S/)MSHENB N,

5282 IB L1, BRIRE QACA NEERBSL

FEESEEYSEE N
FHERRIREL P
EAORELITR
FIBKIR

1 N =4 # number of qubits, or number of nodes in the graph
2 P =4 # number of layers

3 ITR = 120 # number of iteration steps

4 LR = 0.1 # learning rate

RE, REREA:

o S=THEMIBIALS: BT superposition layer() BT =FLLSFLTFHRFSNS
2(0) + 1))
KAME QAOA (iEN METHOD=1) &Y B QAOA (IEA METHOD = 2)
Z Bt 28 Adam optimizer

&E, HRBEAHREFER:



def Paddle QAOA(classical graph adjacency, N, P, METHOD, ITR, LR):

This is the core function to run QAOA.

Args:

classical graph adjacency: adjacency matrix to

describe the graph which encodes the classical problem

N: number of qubits (default value N=4)

P: number of layers of blocks in the QAOA circuit
(default value P=4)

METHOD: which version of the QAOA circuit is used:
1, standard circuit (default); 2, extended circuit
ITR: number of iteration steps for QAOA

(default value ITR=120)

LR: learning rate for the gradient-based
optimization method (default value LR=0.1)

Returns:

the optimized QAOA circuit

with fluid.dygraph.guard():

# Construct the net or QAOA circuits based on
# the standard modules
if METHOD == 1:
net = Net(shape=[P, 2])
# Construct the net or QAOA circuits based on
# the extended modules
elif METHOD == 2:
net = Net(shape=[P, 4])
else:
raise ValueError("Wrong method called!")

# Classical optimizer
opt = fluid.optimizer.AdamOptimizer (
learning rate=LR, parameter list=net.parameters())

# Gradient descent loop
summary iter, summary loss = [], []
for itr in range(l, ITR + 1):
loss, cir = net(
classical graph adjacency, N, P, METHOD
)
loss.backward()
opt.minimize(loss)
net.clear gradients()

if itr % 10 == O0:
print("iter:", itr,
"loss:", "%.4f" % loss.numpy())
summary loss.append(loss[0][0].numpy())
summary iter.append(itr)



theta opt = net.parameters()[0].numpy()
print("Optmized parameters theta:\n", theta opt)

os.makedirs("output", exist ok=True)
np.savez("./output/summary data",
iter=summary iter, energy=summary loss)

return cir

HRARRIINGER, hEFINKRMSHOE B M v, HEE QAOA NiEHEARMEIERHATLE
5

classical graph, classical graph adjacency = generate graph(N, 1)

opt _cir = Paddle QAOA(classical graph adjacency,
N =4, P=4, METHOD=1], ITR=120, LR=0.1)

# Load the data of QAOA
x1 = np.load('./output/summary data.npz')

H min = np.ones([len(xl['iter'])]) * H min

# Plot loss
loss QAOA, = plt.plot(xl['iter'], x1['energy'], \
alpha=0.7, marker='",

linestyle="--", linewidth=2, color='m'")

benchmark, = plt.plot(xl['iter'], H min, alpha=0.7, marker='",
linestyle=":", linewidth=2, color='b')
plt.xlabel( 'Number of iterations')

plt.ylabel('Loss function for QAOA')

plt.legend(handles=[
loss_QAOA,
benchmark
|
labels=][
r'Loss function $\left\langle {\psi \left( {\bf{\theta
}} \right)} '
r'\right |H\left| {\psi \left( {\bf{\theta }} \right)}
\right\rangle $',
'The benchmark result',
1, loc='best')

# Show the plot
plt.show()



1 Method 1 generates the graph from self-definition using EDGE
description

iter:
iter:
iter:

iter:
iter:
iter:
9 iter:
10 iter:
11 iter:
12 iter:
13 iter:

2
3
4
5 iter:
6
7
8

10 loss: -3.8531
20 loss: -3.9626
30 loss: -3.9845
40 loss: -3.9944
50 loss: -3.9984
60 loss: -3.9996
70 loss: -3.9999
80 loss: -4.0000
90 loss: -4.0000
100 loss: -4.0000
110 loss: -4.0000
120 loss: -4.0000

14 Optmized parameters theta:
15 [[0.24726127 0.53087308]
16 [0.94954664 1.9974811 ]
17 [1.14545257 2.27267827]
18 [2.98845718 2.84445401]]

Loss function for QAOA

-3.0 1
: == Loss function (y(@)|H|w(6))
| The benchmark result
-321 1|
!
[
|
-341 |
|
|
|
=361 |
[
[
384 |\
S
vV \
-4.0 1 ......\{.,. .\.-v.‘?.s.-.n ___________________
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Number of iterations

V(87"
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p(@) = [(2|¥(8", 7", P))I".

SEERT, ETFEHIABEREA, EWREENNA Mox-Cut BB AFR FIBEM A,

Itt5h, Paddle Quantum 1t 7T E& QAOA & FREEHHINSHINELER B RS MAVRE:

with fluid.dygraph.guard():
# Measure the output state of the QAOA circuit
# for 1024 shots by default
prob measure = opt cir.measure(plot=True)

0.5 1
0.4 4
0.3 4
0.2 4
0.1 4
0.0

Measured Probabilities

L B N B L L L L B B B

O - O A O O A OO HO H O

88s822=2288¢:8¢:8¢8¢8+5-+5

88880000.—1.—1.—0:—1-—1:—1:—10—!
Qubit State

85, BRABSERE |2) = 2 =22 — 1€ {~1,1}, TUMBFERRIMIEE Max-Cut (515
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BEERR SR A — 1 TR R AR R,

ik [

ERNEERPEIMLRERNIS TS, REGEMRSOZEE, FEBEXNNNEKEILRE:

=W N

A Ul

BEelxRETERS
AelRETES S
R 2R TR BRI

# Find the max value in measured probability of bitstrings
max_prob = max(prob measure.values())

# Find the bitstring with max probability

solution list = [result[0] for result in prob measure.items() if
result[1l] == max_prob]

print("The output bitstring:", solution list)

# Draw the graph representing the first bitstring in the
solution list to the MaxCut-like problem
head bitstring = solution 1list[O0]

node cut = ["blue" if head bitstring[node] == "1" else "red" for
node in classical graph]



edge cut = [
"solid" if head bitstring[node row] == head bitstring[node col]
else "dashed"

for node row, node col in classical graph.edges()

]

nx.draw (
classical graph,
pos,
node color=node_ cut,
style=edge cut,
width=4,
with_labels=True,
font weight="bold",

)
plt.show()

The output bitstring: ['0101']
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