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Abstract: This article presents two quantum algorithms for computing the product of a circulant
matrix and a vector. The arithmetic complexity of the first algorithm is O(N log? N) in most cases. For
the second algorithm, when the entries in the circulant matrix and the vector take values in C or R, the
complexity is O(v/N log2 N) in most cases. However, when these entries take values from positive
real numbers, the complexity is reduced to O(log® N) in most cases, which presents an exponential
speedup compared to the classical complexity of O(Nlog N) for computing the product of a circulant
matrix and vector. We apply this algorithm to the convolution calculation in quantum convolutional
neural networks, which effectively accelerates the computation of convolutions. Additionally, we

present a concrete quantum circuit structure for quantum convolutional neural networks.

Keywords: quantum algorithm; circulant matrix; quantum convolutional neural network

1. Introduction

Quantum computing, as a disruptive technology, has received widespread attention
from various fields, since it can efficiently accelerate the solving of some fundamental
computational problems. For example, Shor’s algorithm [1] can solve the factorization
problem in polynomial time, posing a great threat to modern cryptography in theory.
Grover’s algorithm [2] can achieve a square-root speedup in unstructured search. The HHL
algorithm [3] proposed in 2006 has an exponential speedup in solving linear equations.

As a linear equation solver, the HHL algorithm consists of three main parts. The first
part employs quantum phase estimation to achieve the eigenvalues of the matrix being
calculated. The second part applies quantum controlled gates to flip the auxiliary qubits
based on the given eigenvalues. The third part uses the inverse of quantum phase estima-
tion to undo the entanglement and restore some of the auxiliary qubits. By measuring the
remaining auxiliary qubits, one can obtain the target state. By modifying the second step of
the HHL algorithm, we can easily apply the idea of the HHL algorithm to matrix—vector
multiplication. It should be noted that the complexity of the HHL algorithm depends not
only on the size of the matrix but also on the condition number of the matrix. The condition
number of a matrix is an indicator of the sensitivity of the matrix to changes in the result,
and is an inherent property of the matrix. Therefore, it is difficult to manually constrain the
condition number of the matrix. There are some types of matrices that may have a high
condition number but contain some specific structures, which could lead to more efficient
computation. Circulant matrices are one of these types and, in this paper, we focus on
their computation.

Circulant matrices have been well studied in both classical and quantum settings.
In the classical setting, it was shown that the product of a circulant matrix and a vector of
size N can be computed with O(Nlog N) operations using FFT (Fast Fourier Transforma-
tion) [4]. By expressing a Toeplitz matrix as a circulant matrix, Golub and van Loan showed
that a Toeplitz matrix and a vector can also be multiplied in time O(Nlog N) [4]. Circulant
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matrices and related structured matrices were also studied in [5-7]. In the quantum setting,
different quantum expressions for the circulant matrix were presented in [8-10]. Refer-
ence [8] presents a quantum construction method for cyclic matrices. Where the Toeplitz
matrix can serve as a submatrix of the cyclic matrix, reference [9] provides an asymptotic
method for solving Toeplitz systems. Reference [10] applies cyclic matrices to quantum
string processing.

In this paper, we propose two new quantum algorithms for circulant matrix—vector
multiplication, which take advantage of the features of quantum mechanics and have better
computational complexity compared to classical algorithms. For the first algorithm we
propose, the complexity is O(N log? N) in most case. For the second algorithm, if the
elements in the circulant matrix and vector are randomly chosen from R or C with a norm
no larger than d, then the proportion of matrices and vectors that can be computed with
complexity O(v/N log? N) approaches 1 as the dimension of the matrix increases. Similarly,
if the elements are randomly chosen from R* with a norm no larger than d, then the
proportion of matrices that can be computed with complexity O(log3 N) also approaches 1
as the dimension increases.

Theorem 1. There exists two quantum algorithms which compute the multiplication of the circulant
matrix and vector. For the first algorithm, it computes the multiplication of a circulant matrix
and a vector over C (or R) with a probability of at least 1 — 3 and complexity O(Nlog® N),
where N is the dimension of the matrix, and the proportion of the circulant matrix and vector
combinations that can be effectively computed approaches 1 as the dimension increases. For the
second algorithm, it computes the multiplication of the most circulant matrix and vector over C (or
R) with a probability of at least 1 — 3 and complexity O(v/'N log? N), where N is the dimension of
the matrix, and the proportion of the circulant matrix and vector combinations that can be effectively
computed approaches 1 as the dimension increases.

Compared to the approach similar to the HHL algorithm, our second algorithm has
two advantages. Firstly, our second algorithm directly performs calculations on quantum
states without the need for Hamiltonian simulations, thus reducing computational com-
plexity and errors. Secondly, our second algorithm does not have the process of quantum
phase estimation (QPE), thus reducing the use of auxiliary bits and errors. Our second
algorithm also has a measurement step and has the same complexity as the HHL approach
during measurement. The comparison is shown in the Table 1. In particular, when the
circulant matrix and vector values are in R, the algorithm complexity is logarithmic with
respect to the size of the matrix.

Table 1. Comparison of HHL method, Algorithm 1, and Algorithm 2.

HHL Method Algorithm 1 Algorithm 2
Hamiltonian simulation need need not need not
QPE need need not need not
Number of auxiliary qubits O(log(N)) 2log(N) +2 log(N)
Measurement probability O(VN) O(N) O(VN)
Error exist no no

Furthermore, we apply our algorithms in convolution computation, which is an
important and fundamental problem in quantum machine learning (QML). The field
of quantum machine learning has been developing rapidly in recent years. Machine
learning algorithms suffer from computational bottlenecks as the dimensionality increases.
To promote experimental progress towards realizing quantum information processors,
the approach of using quantum computers to enhance conventional machine learning
tasks was proposed, and this led to the development of quantum convolutional neural
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networks (QCNNSs). The earliest QCNN was proposed in [11] for solving quantum many-
body problems. Subsequently, in [12,13], QCNNSs for image recognition were discussed.
The difference of their results is that the quantum circuit in [12] is a purely random quantum
circuit, while the quantum circuit in [13] has a simple design. In [12], the authors presented
real experiments to confirm that their algorithm still has some effect even when using
a fully random quantum circuit. The quantum circuit designed in [13] only entangles
different qubits without a more specific definition of the quantum circuit. In this paper, we
present an effective quantum circuit for computing convolutions, which may be used as a
sub-circuit in the quantum circuit of QCNNSs.

The structure of this article is as follows. In Section 2, we introduce circulant matrices
and some basics of quantum computing, and present some quantum circuit structures
that will be used in the quantum algorithms for circulant matrix—vector multiplication.
In Section 3, we describe the details of our new algorithms and analyze their running
times. As both algorithms involve quantum measurements, Section 4 presents a probability
analysis of the measurements and, for parts where theoretical analysis is not available, we
present experimental results to support our algorithms. In Section 5, we discuss the specific
application of circulant matrix-vector multiplication in convolution computation. Finally,
conclusions and future directions are presented in Section 6.

2. Preliminaries

In this section, we will present some background information that will be used in
our later discussion of the circulant matrix—vector algorithm. This includes properties
of circulant matrices, existing results in quantum computing, and structures of quantum
circuits, as well as the effects that these structures can achieve in quantum circuits.

2.1. Circulant Matrix

For any vector a = (ag,ay,- - ,aN,l)T in CV, its corresponding circulant matrix is
denoted by A and is represented as follows:

ap a ax -+ 4AN-1
aAN-1 40 41 -+ AN-2
A= . L ) 1
a a asz --- ao

The circulant matrix A can be represented as a linear combination of matrix T, denoted as
N-1 .
A=) aT, )
j=0

where T is the cyclic permutation matrix and can be represented as

o1 0 --- 0
00
T=1:: - 0 ®)
00 --- 0 1
10 --- 0 O

NxN

In addition, a circulant matrix can also be diagonalized by a Fourier matrix of the same
. e . 27ti
order. Let F be the Fourier matrix in CN*N  and let w = en ; then, F can be expressed as
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1 1 1 1
1 w w? A

F=1. : : - : (4)
1 wN-1 W2(N-1) .. (N-1)

Using F, we can diagonalize A to a diagonal matrix A’. Specifically, if we denote
diag{F~1a} as the diagonal matrix with F~1a on its diagonal, then, we have

A= %FAF*1 = diag{F'a}. (5)

In this paper, we are calculating the matrix-vector multiplication of a circulant matrix A and
a vector x = (xg, X1, - - ,xN,l)T over C. Here, A is given by a vector a = (ag, a1, - - - ,aN,l)T,
and their correspondence can be found in Equation (1). It is easy to check that the k-th eigen-

value of A is A\ = ij\igl ajw_fk, and Ay = ﬁ (1,wk,---, w‘k(N_l))—r is the corresponding

eigenvector. Moreover, we have x = ZkN: 61 ( ﬁ Zj]\i 61 xjwjk)Ak and, in the following, we denote

ﬁ Zj]i?)l xjw* by A¥ for simplicity.

To compute matrix—vector multiplication by a quantum algorithm, we need to repre-
sent the given two vectors by quantum states. The modulus squared of the coefficients of
the quantum state corresponds to the probability of measuring that quantum state. There-
fore, we first normalize the two given vectors and then convert them into the representation
of quantum states. Unless otherwise specified, the vectors a and x we use later are both in
the normalized form. As argued in most of quantum algorithms, we always assume that
the quantum states |a) = Z]-I\i 61 a;[j) and |x) = Zjl\i 61 xj|j) are already effectively prepared
and we can directly use them for calculation. For example, our algorithm can serve as a
subroutine in a larger algorithm and, in this case, the required quantum states |a) and |x)
have already been generated. Generally speaking, it is difficult to prepare an arbitrary
initial state, and there are only a few methods available now [14-16].

2.2. Quantum Computing

Definition 1. Let n > 0 be an integer, and N = 2". The quantum Fourier transform on n qubits
is defined by

-1 ] ;
Nl Y, ATy (0<x <27 1) (6)
y=0

The complexity of the quantum Fourier transform is O(n?), and its quantum circuit
diagram is as shown in Figure 1.

%) ~~~4Rﬂ [0)
|x1) . H --—R,

—1 | y1)

%2) . (H} R —— ly2)
|xn71>: - - k @ :\yn—1>

Figure 1. Quantum circuit for the quantum Fourier transform.

FNZ |x> —

Next, we introduce the quantum amplitude amplification algorithm [17]. The quantum
amplitude amplification algorithm can be classified into two types: the first type is when
we already know the success rate of the target algorithm, while the second type is when
we only know the possible values of the target algorithm. Both types achieve quadratic
speedup. The algorithm can be described as follows.

There exists a quantum algorithm QSearch with the following property. Let A be any
quantum algorithm that uses no measurements, and let x : Z — {0,1} be any Boolean
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function. The Boolean function x : Z — {0,1} induces a partition of the values of algorithm
A into a direct sum of two subspaces, a good subspace and a bad subspace. The probability
that the measurement result of the quantum algorithm A falls onto a good subspace is a.
Algorithm QSearch finds a good solution using an expected number of applications of .A
and A~1, which are in O(ﬁ) if a > 0, and otherwise runs forever. Please refer to [17] for

more specific details.

2.3. Quantum Circuit

Here, we will introduce some quantum circuits that we will use and their roles.

Quantum Arithmetic Operation

We only need addition among quantum arithmetic operations. Here, we use the
quantum adder given in [18], which consists of two parts. The first part is the calculation
of carry, composed of the sub-circuit MA]J, and the second part is the addition process
using the carry calculation, composed of the sub-circuit UMA.This adder is an in-place
circuit, and its result is stored in the second register to reduce the number of qubits used.
The relevant structures and circuit diagrams of the sub-circuits are shown below (calculate
aayag + babi1bg = ¢3575150).

In Figure 2, M and U correspond to the sub-circuits MAJ and UMA in Figure 3,
respectively, as detailed below:

0 — ao — 0
bp |4 M ag P by U — so
ap — — €1 — a1 ®cy = —__ 4o
by M a; @ by u s1
g — — €2 — —ax D c2 — €2 — M
by M —a, & by u 52
ap — C3 az
0 S c3

Figure 2. Quantum addition circuit.

Ci —( a; D c; a4 D¢ Ci
b'é a; b bi a; D b; S;

a; Cit1 Cit1 —fp—e ;g

(a)MA] (b) UMA
Figure 3. Sub-circuits of quantum addition circuit.

From the above circuit diagrams, we can see that the number of gates required to
perform the addition of two n-bit numbers is O(n).

2.4. Quantum Circuit for the U? Transformation

In this subsection, we suppose that we have the quantum circuit for the unitary matrix
U; then, we introduce the quantum circuit for the U’ transformation, which appears as
a sub-circuit in quantum phase estimation. Specifically, given a quantum state |2) and a
unitary matrix U, the U transformation

®n 2ot 1
0)°" Ja) = )
i=0

V21

i) U’ |a) (7)
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can be implemented as shown in Figure 4.

0) —{H] s i)
0) —{H] ' |iz)

’O> @ |in—1>
0) —{H] Jin)

la) ——u? Hu? w2t AU e |b)

Figure 4. Quantum controlled-U circuit.

This circuit requires n controlled-U gates and performs a total of O(n) quantum gates.
Later, we will present the specific structure of the U gate to analyze the complexity of our
first algorithm.

2.4.1. Quantum Circuit for the Cyclic Permutation

According to Equation (2) in Section 2.1, we know that the circulant matrix A can be
represented by the cyclic permutation matrix T. Here, we present a specific implementation
for T, where T is a 2" x 2" cyclic permutation matrix.

Let F be the 2" x 2" Fourier matrix. It is easy to check that

T = FTF ! = diag{«®,w ™, -+ ,w~ @1} (8)

is a diagonal unitary matrix, and T’ can be implemented in Figure 5:
jo) = Ry-1(n—1) — |yo)
1) = Ry-1(n = 2) — |y1)

j2) —{Rp-1(n—3) — |y2)

jn—1) — Rp=1(0) — |yn—1)

Figure 5. Quantum circuit for transformation T'.

where

0 w™

R, (k) = ( Lo ) ©)

As introduced in Definition 1, we can implement F with complexity O(n?). Then,
using T = F~T’F, we can derive the implementation of T from those of F and T’. Moreover,
we can construct T2 similarly. Since we have T? = (F~IT'F)? = F~!T’>’F, we only need to
construct T'’?’. From our previous result, we have T? = diag{wo'zs, w I wf(z’ul).zs}
thus, the circuit for T? can be easily achieved by replacing R,-1 (k) with R w2 (k) in the
circuit for T/, where

7

1 0
R, (k) = ( - ) (10)
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In this way, for any s € {0,1,---,n — 1}, we can implement the matrix T? with
O(n) quantum operations, and we can further implement the matrix T2 with O(n?)
quantum operations.

2.4.2. Quantum Extraction Circuit

We introduce a circuit that can extract the target state Zial ca;x; |i) |0) from a given
quantum state Zial Z?ial a;x; |i) |j), where c is the change coefficient due to the collapse of

the original state to the target state after measurement. For example, if n = 3, the quantum
extraction circuit is in Figure 6:

i1) —e li1)
|i2) * |i2)
‘l3> * |Z3>
j1) —D A
1j2) - A
173) S— A

Figure 6. Quantum extraction circuit.

When the measurement results for the last three qubits are |000), we can obtain our
target state. In this way, the probability of obtaining the target state is lelal |a;x;|*. This
probability can be increased by using the quantum amplitude amplification algorithm,
and we will give a specific probability analysis later.

3. Multiplication of Circulant Matrices and Vectors

We present two different algorithms for computing the product of a circulant matrix
and a vector, which result in different representations. It should be noted that, when the
entries of the circulant matrix and the vector are all in R, our second algorithm can achieve
exponential acceleration compared to classical algorithms. In this section, the computation
of the indices and the binary numbers (or integers) corresponding to basis states is in the
ring Zy, where N = 2" and 7 is the number of qubits. For the sake of simplicity, we omit
the “mod N” symbol in their expression. Specifically, for a variable a; or a basis state |i)
with i > N or i < 0, we mean a; or /), with j = i mod N.

3.1. The First Algorithm

Theorem 2. There exists a quantum algorithm that computes the multiplication of a circulant
matrix and a vector over C (or R) with a probability of at least 1 — 3 and complexity O(N log? N),
where N is the dimension of the matrix, and the proportion of the circulant matrix and vector
combinations that can be effectively computed approaches 1 as the dimension increases.

We suppose that a = (ag, a1, - ,a4,_1) ', and A is the corresponding circulant matrix
for a. Letx = (xO, X1, , xn,l)T. Then, the input of our algorithm is

N-1N-1

0)" la) [b) = 3~ Y- ajxi[0)*" 1)) [k) (1)

j=0 k=0

where |a) = Z].I\i o a;j|j) and [x) = Yol x |k) are the quantum states corresponding to the
vectors a and x, respectively.
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Obviously, we have
agxo+ s +an_1XN_-1
aN-1Xo+ -+ FaAN-2XN-1
Ax = ) ’
AN—kXo+ -+ FAN—k-1XN-1
LZlX(H— tet —Q—LZ()XN,l (12)
apxo+ s FAN-1XN-1
a1xx+ T +apxq
AgXor+ s a1 X1
AN-1XN-2+ -+ +aN-—2XN-3

If we remove the + sign on the right-hand side, then we can achieve a matrix A* with

Al’.‘]. = a;1jX2i1j- Then, the output of our algorithm is the quantum state (212 61 (ZJ 0 al+]x21+])

1)) |0)¥" |0)*", whose amplitudes are equal to Ax.
Our algorithm is presented in Algorithm 1. In the following, we provide a detailed
analysis of each step of this algorithm.

Algorithm 1 Multiplication of a circulant matrix and a vector

Input: The quantum state |0)®" |a) |x)
Output: The cLuantum state
(22 1(2]2 0 az—o—]sz-i-]) i) ‘O>®n |0>®n.
1: Apply the H" transformation on the first register.
2: Apply the T! transformation on the second register, then get the state

22" 122” 1 1 DT |
i0 Lo ) |.]>| ) 13
= 2 Z] 0 \/27al+] ‘ > |]> |x>
3: Double the basis state of the first register, then get the state
2"712"21 1
—5= i+ [20) 1)) %) - (14)
i=0 j=0 \/7 "

4: Apply the quantum adder for the states of the first two registers with the result stored
in the first register, then get the state

2n—12"—1 2"—1 2n—12"-12"-1

Z Z a1+] |21+] |] Z xk‘k Z Z Z a1+]xk‘21+]> |]> ‘k> 15)

5: Run the quantum state extraction circuit in Figure 6. Then, with some probability the
state of the first three registers is

2n—12"-1 c | ' > |> | >®n
2 E —=aiyjXivj|2i + ) [1) [0)7. (16)
i=0 j=0 V2"

6: Reverse the quantum arithmetic operations performed on the first register, then get
the state
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2n—12"-1

Y. aipixaigi |i) ) 0)°". (17)
20 =0

7. Apply the H" transformation on the second register, and then measure the second
register, when the measurement results for the second register is |0) ", then get the state

271 271

c( X%) ( X%] aijxoii;) |i)) [0)" 0)°". (18)
i=0 j=

8: return (Z?lal(zjzial ﬂj+jx2[+j) |i)) |0>®n ‘O>®n'

Step 1. We apply the H" transformation on the first register.

Step 2. We apply the T’ transformation to the second register, with the qubits in the
first register serving as the control qubits. Based on the circuit in Figure 4 and the properties
of the matrix T, we can easily obtain the circuit of the controlled-T operations as shown
in Figure 7:

0) < H]} li)

0) —[H] Jin1)
0) —[H] 7 Jin)
a) 2 Hr2 1 HF 1| )

Figure 7. Quantum C-T circuit.

In this circuit, implementing F and F~! requires O(n?) operations as mentioned
earlier, and implementing each controlled-T’? requires O(1) operations. Therefore, Step 1
requires O(n?) operations. It should be noted that, for a basis state |j), T|j) = |[j —1);
hence, T! |j) = |j — i). Therefore, by modifying the indices of these a js, we can obtain the
expression in Equation (13).

Step 3. We double the basis states of the first register: [ini,_1 - i1) — |iniy—1 - - -,0 mod 2")
= |ip_1iy—2 - - - 110). This can be implemented directly by some swap gates, CNOT gates, and
one auxiliary qubit.

In Figure 8, we present the circuit for doubling the basis state of four qubits. In this
circuit, we want to double |i3ii1ip). By using one auxiliary qubit, we convert |0iziitip) to
|izini1ip0), and the output we need is |izi1ip0). This means that |i3) on the auxiliary qubit is
a garbage output. Here, we do not restore it to |0) immediately, since its value will not affect
the following steps. In Step 5, this auxiliary qubit will be restored to |0) by uncomputation.
Therefore, we omit this qubit in the description of our algorithm.

lio) ®— 10)
li1) lio)
li2) li1)
|i3) |i2)
0) ® |i3)

Figure 8. Quantum circuit for doubling.

Step 4. We use the quantum adder in Figure 2 to apply the modular addition for the
first two registers and store the result in the first register. It should be noted that the mod 2"



Information 2024, 15, 453

10 of 18

operation can be easily implemented by removing the operations that generate the highest
carry in the quantum adder circuit. Therefore, the complexity of this step is O(n).

Step 5. We run the quantum state extraction circuit in Figure 6 for the first and third
registers in order to obtain the desired state. The complexity of this step is O(n). The
probability of obtaining this result is zln Since the state of the third register collapses to
|0)*", the normalized state is multiplied by a coefficient ¢, which is equal to v/2" and can be
cancelled out with the denominator. As the probability of the measurement outcome being
10)*" is 2%,, the quantum amplitude amplification algorithm can increase the probability
toover 1 — % with complexity O(1/2"). A detailed analysis of the measurement success
probability will be presented in Section 4.

Step 6. We reverse the quantum arithmetic operations performed on the first register.
This step has a complexity of O(n).

Step 7. We apply the H" transformation on the second register, and then measure
the second register; the normalized state is multiplied by a coefficient ¢’; the probability of
the measurement outcome being |0)*" is O(v/N) in most case. A detailed analysis of the
measurement success probability will be presented in Section 4.

Step 8. We return the quantum state of the three registers.

After organizing the complexity of the previous calculations, the overall complexity
of the algorithm was determined to be O(N log?(N)). Ultimately, we obtained a quantum
state containing result information. Compared with classical results, the quantum state we
obtained may have more applications, for example, when used in quantum convolutional
neural networks.

In this section, we also present a new quantum representation method for circulant
matrices, which is given through controlled matrices and related quantum states, with the
expectation of having better applications.

3.2. The Second Algorithm

Theorem 3. There exists a quantum algorithm which computes the multiplication of the most
circulant matrix and vector over C (or R) with a probability of at least 1 — & and complexity
O(vVN log2 N), where N is the dimension of the matrix, and the proportion of the circulant matrix
and vector combinations that can be effectively computed approaches 1 as the dimension increases.

We suppose that a = (ag, a1, - ,4,_1) ', and A is the corresponding circulant matrix
for a. Let x = (xg,x1,- - ,xn,l)T ; then, we have that computing Ax = b is equivalent
to computing FAF 'Fx = Fb. Moreover, we have FAF ! = diag(F'a), so Fb can be
computed by F~'a and Fx. We can then use a quantum extraction circuit to extract the
target state, and the whole algorithm is presented in Algorithm 2.

Algorithm 2 Multiplication of a circulant matrix and a vector

Input: The quantum state |a) |x)
Output: The quantum state

G o' (Tio" 4j%je) I1)
1: Apply the inverse quantum Fourier transform (QFT) to |a) and the quantum Fourier
transform (QFT) to |x), then get the state

125l 2t nloaen
o L 4 X e IR Y () S g)). (19)
j=0 k=0 p=0 q=0

2: Use the quantum extraction circuit in Figure 6 to extract our target state from the first
two registers. Then, with some probability, we get the state

21 211 n

C i,y n : n

5 ( Z aje 27tijk/2 )( Z xpeZm;zk/Z )|k> ‘O>®n' (20)
k=0 j=0 p=0
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3: Perform QFT" on the first register, then get the state
2n—1 21 2r—1 -

¢ Z ( Z aj672nijk/2”>< 2 xpeZm'pk/Z” 2 merk/Z” ). 1)
k=0 j=0

(2")? %o p=0

4: Return the quantum state

211 2"-1

c
(2 ) rZ(:) ; a;x ]+r . (22)

Here, we analyze the complexity of each step in detail.

Step 1. We apply QFT" to |a) and QFT to |x). Obviously, the complexity of this step
is O(n?).

Step 2. We use the quantum extraction circuit in Figure 6 to extract our target state
from the first two registers. This step has a complexity of O(n). When the measurement
outcome is |0)®", we obtain the target state. Since the state of the second register collapses
to [0)®", the normalized state is multiplied by a coefficient c. If the elements of vectors a
and x (not normalized) are randomly chosen from (—1,1) (over R), or the ball (over C)
with a norm of 1, then, for most cases, the probability of the measurement outcome being
|0)*" exceeds ﬁ With a complexity of O(v/N), the quantum amplitude amplification
algorithm can increase this probability to at least 1 — % Moreover, if the elements of |a)
and |x) are randomly chosen from (0, 1), then, for most cases, the probability of obtaining
10" exceeds % The specific analysis will be discussed in the next section.

Step 3. We perform QFT" on the first register, with a complexity of O(n?). Then, the
amplitude of |r) is

211 z" 1 2"—1
c Z aje 27rz/k/2 Z X eZm‘pk/Z")efZTCirk/Z”
p
(213 =0 p=0

27 -12"-12"1 2ri(—itp—rlk

el D D T

(2")2]0P0k

2n—12"-1 2"—1 Zm( jg(,f+j>7r)k
xt+]

(2 )

/* Substitute p with t—|—] */ (23)

211271 2mi(t—r)k

e zn

oon 2"—1 211 2"—-1

= 32“}—&4:#2(2%9@—&4)

)2 =0 2") =0 =0

Step 4. We return the quantum state \/27 Y2t (ijn o aixjy) |r) .

In summary, the output of this algorithm is exactly the result of the circulant matrix—
vector product given in the first algorithm. If the components of the vectors a and x (not
normalized) are randomly selected from (—1,1) (over R), or the ball (over C) with a norm
of 1, then, for most cases, the complexity of this algorithm is O(v/N log®(N)). If the compo-
nents of |a) and |x) are randomly selected from (0, 1), then the complexity of this algorithm
is O(log®(N)), achieving exponential acceleration compared to classical algorithms.
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4. Measurement Success Probability Calculation

In this section, we will present a detailed analysis of the probability of obtaining the
target states after measurements in Algorithms 1 and 2. Here, we also omit the “mod
N” symbol in the indices with N = 2". The vectors a and x in this section are no longer
normalized, and the conditions they satisfy will be given below.

For Algorithm 1, we have the following success rate of measurement in Step 4:

Zzn 122 71( 12naz+]x21+]>(\/%ai+jf2i+j)

Proyec =
2 —1 2” 1v27—1
Yio 0 i ( Zn“z+]xk)(\/27“1+]xk)

2" -1 2” 1/_1 _
Z Z ( zna1+]x21+])(ﬁai+jx2i+j)
211 2" L .
D B Ej:O Aijlivj Yh—g XKk
2m—12"—1 1 1

= l;,] ];] (ﬁai—i—szi—&-j)(ﬁﬁi—&-sziﬂ) (24)
1 2'=12-1
o Y B (i) X2 (i) B (i) Kih (i)
i—0 =0

1 21 2" -1
T Yo () XigXis)
t=0 i=0

21’!

In Step 7, we have the state

1 2n—1 2"—1

NeT ZZ(;] E ai i) 1)) [0)5710) " + | L), (25)

where | L) is orthogonal to

2" 12"-1
; (Y aijxai) i) [0)2" |0)2", (26)

j=0

\/>

so the success rate of measurement in Step 7 is (22 ot (E] 0 1 @iy jX2i4 ) (Z]zlal i1 j%2itj))

and is O(v/N) in most cases. We will use experiments later to illustrate.

For the probability calculation of Algorithm 2, unfortunately, we were unable to
present an explicit formula. Therefore, we used experimental results to demonstrate that,
for most matrices, we can effectively compute them in Algorithm 2. Our goal was to
estimate the proportion of circulant matrix—vector combinations that our algorithm could
effectively compute, in all circulant matrix—vector combinations. We randomly generated
matrices and vectors by selecting elements from a given interval, and then used classical
algorithms to calculate the required probability. We then recorded the proportion of
circulant matrix-vector combinations that we could effectively compute, and observed how
this proportion changes with the interval and dimension.

We first considered the circulant matrix—vector multiplication on R with the norm of
the elements not exceeding d. Leta = (ag, a1, ,as_1)' and x = (x0,x1, -+ ,xs_1) ' be
two vectors with each component randomly chosen from (—d, d). To satisfy the condition
of quantum state, we need to normalize them, which gives

As—1 T
a’ cee, ). (27)
\/25 1 2 \/):s 1 2 le;&alz
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Moreover, we have

a9

d
NS RICIERYvs

If a; is randomly chosen from (—d, d), then % is randomly chosen from (—1,1). There-
fore, to simplify the computation, we can assume d = 1. Similarly, we have

s—1

e oy

!/

a = ( )" (28)

a
d
o

x/ — ( xO xl . xs—i )T (29)

\/Zslz\/2512 '\/ﬂ

We consider the trend of the proportion of circulant matrix-vector combinations whose
probability of obtaining the target state under this interval condition is greater than - as the
dimension s varies. We randomly selected 1000 sets of a and x for each s € (1,2,---,100)
in the manner described above, and plotted Figure 9a based on the proportion of circulant
matrix—vector combinations whose probability of obtaining the target state was greater
than 21—5

We notice that, as s increases, the values of the proportions from Figure 9a gradually
approach 1. Therefore, we believe that our algorithm can effectively compute most of the
circulant matrix-vector combinations on R with the norm of the elements in the matrix and
vector not exceeding d, and the proportion of circulant matrix—vector combinations that
can be effectively computed gradually approaches 1 as s increases. (It is obvious that the
success rate is 1 when s = 1).

Further, we consider the computation of circulant matrix—vector products with the
norm of elements not exceeding 1 over C, and discuss it in the same way as over R,
obtaining (b) of Figure 9. We also believe that our algorithm can effectively compute most
circulant matrix-vector combinations over C with the elements’ norm in matrix and vector
not exceeding 1, and the proportion of circulant matrix—vector combinations that can be
effectively computed gradually approaches 1 as s increases.

When the elements are all in R*, we can obtain more exciting results compared to
the first two domains under the same conditions. We raised the baseline probability of the
target to 4. The proportion of circulant matrices and vector combinations that satisfy the

condition of having a probability greater than % to measure the target state changes with
the dimension s, as shown in Figure 9c. We find that this proportion also approaches 1 as s
increases. Since % is a constant, for matrix-vector combinations that satisfy the condition of
having a probability greater than 3, we need k measurements to get the target state with a
probability of more than 1 —

Here, we also present some theoretical analysis results that we obtained. Let |a) =
2;1;]:_01 ag k), |x) = Z,I(\]:_Ol X |k); then, we have

1 1 N=PN-T o omje
Frlo = —= ¥ (L me ) i), (30)
j=0 k=0
1 N-1 N-1 2mijk
Fl) = —= L (X %™ )j), (31)
j=0 k=0
_ 1 —1IN-1 N-1 Zm]k 27mtijy k . .
(F ) @ (Flx) =+ L LIE we ° zxke “Olio) 7). (32)

=0
The coefficients of the basis state | jo) |j1) in the aforementioned state can be denoted
as Fjjj,. Let i = Z] o} ajxj.s; then, we have

N-1N-1

Fkk _ 1 Z Z 1. x]+t3271[\11tk i 2mtk (33)
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The probability of obtaining the target state is

NN )
Y |Fkl®* =Y Fu Fu
k=0 k=0

1 N-1 N-1 itk et
- ﬁ Z ( Z e N Ft)( E e N Ft)
k=0 t=0 t=0

1 N=I NZIN=1 opikgty)

72(2 Ze N 1FfUFfl) (34)
k=0 to=0#=0

1 N-1N-1

- N2 tg(;J(kgo EF)

=\

1 N-1

— _ Y FF
th 1Fi

We look forward to someone providing an explicit formula for the probability distri-
bution that correspond to the above expression when the entries of |a) and |b) satisfy some
specific distributions.

If the approach modified by the HHL algorithm is used, we only need to calculate the
multiplication instead of finding the inverse, so we have the state

n—1
¢ N . Y CALAL[0) [0)™ | A) (35)
k

AN e i

where C is chosen to be O(1) and Ay = 4. Since Ay = Z]-N:Bl a/w’jk < Z].I\if)l la;| <

/\max :
VN, Apax < V/N. The complexity of quantum state extraction is O(¥ ' (/\,’(‘)2)Ck2C2) =
O(ZIZ(V;Ol |Fek|?). So, our second algorithm has the same probability of obtaining the target
state as the approach modified by the HHL algorithm.

5. Quantum Convolution Computation

Quantum machine learning is a rapidly developing direction in quantum computing.
Quantum convolutional neural networks have been proposed for image recognition and
classical information classification. An example of a convolutional neural network was
first proposed in [11]. For a typical image recognition problem, the input image undergoes
convolution to generate a feature map, which is then classified. Rather than completing
general convolution calculations like classical convolutional neural networks, existing
convolutional neural networks use one of the following three approaches to entangle
different qubits and improve parameters through optimization algorithms: use a fully
random circuit, treat the circuit as a black box, and simply use CNOT gates. In contrast, we
can use a quantum circuit to complete general convolution calculations.

Here, we focus on the problem of image recognition. First, we consider the conversion
from classical information to quantum information. For this goal, Venegas-Andraca et al. [19]
proposed a storage method based on a “qubit lattice”, where each pixel in an input image is
represented by a qubit, requiring at least 2" bits of storage. Le et al. [20] proposed an FRQI
model, which associates pixel values and positions through the tensor product of quantum
states. One qubit is used to encode pixel values, and color information is encoded in the
probability amplitude. In [21], a NEQR model was proposed, which also associates pixel
values and positions through tensor products, but uses d qubits to encode pixel values
and encodes grayscale information in the basis state. In [22], a QImR model is proposed to
encode 2D images into quantum pure states. In this model, pixel values are represented by
the probability amplitude of the quantum state, and pixel positions are represented by the
basis state of the quantum state.
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We used the QImR model and assumed that we completed the representation of the
image. We considered a one-dimensional convolution calculation and, below, we give the
definition of convolution calculation.

a = (ag,a1, - ,a,_1)" and x = (xp,x1, - ,%,_1)" are sequences of length m
and n,‘respectively. Their convolution is denoted as h = (hg,hy, -, hyn_2), where
hi = Z;:O Xjli—j-

We set D to be the minimal integer satisfying D < m +n —1and D = 2! for certain
I € N. According to the definition of the QImR model, the quantum states |a) and |x) are
given as follows: [a) = Y2 ' a}|i) and |x) = ©2 ' x/ |i), where a} and x/ satisfy

4 ie0,m—1]

a, = \/W ’ (36)
0 i€ (m—1,D)
X: = Zj=0 xj (37)
0 ie(n—1,D)
Their convolution is denoted as |h) = ZD U1l |i), where I satisfies
1hf - i€[0,m+n—2]
Wo=1{ O )55 (38)
0 i€ (m+n—-2,D)

We plan to use circular matrix—vector multiplication to compute the convolution.
The circular matrix corresponding to |a) and required for convolution computation should
be of the form

!/ !/ !/ !
ﬂ/o ”D/—l aP72 s ﬂ/l
a a a -eoa
1 0 D—-1 2
A= ; ) : ) . (39)
!/ / !/ !
ap_1 A4p_o A4p_3 " g

It should be noted that the matrix here is the transpose of the matrix we previously
introduced. Therefore, we need to construct |a’) from |a), where |¢/) = Y2 ' a’ |i) and
a = al,_;. We can first use apply an X gate to each qubit of the state [a) = Y7 ;' a/|i) to
obtain ZD 0 Ap_ - ;|i), then apply T~! to obtain the target state |a’). The complexity of
this part is O(log? D).

Then, our two different multiplication algorithms can be used according to different
result requirements. Compared with the classical one-dimensional convolution with a
complexity of O(Dlog D), our algorithm can effectively accelerate it. The computation of
two-dimensional convolution can also be extended in the same way.

In recent years, quantum neural networks have continuously developed, and improv-
ing their performance is a worthwhile research topic. For example, reference [23] proposes
a new framework, ResQuNNSs, as an improvement direction. The algorithm presented in
this paper can improve the circuit of each layer and be combined with other methods to
expect good results. On the other hand, quantum machine learning also poses significant
challenges, such as the existence of plateaus. For this issue, improvements can be made
in terms of framework and structure, as seen in references [24,25]. On the other hand,
improvements can also be made to each layer of the circuit, combining the two aspects to
further reduce the impact of high altitude.

6. Conclusions

We present two different algorithms for computing the multiplication of a circu-
lant matrix and a vector. The two algorithms yielded results of different forms, and the
appropriate algorithm can be chosen according to the computational needs. For most
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circulant matrices and vectors with elements in C or R, our algorithm has a complexity
of O(VN log2 N) to compute their product. For most circulant matrices and vectors with
elements in R™, we were able to reduce the complexity to O(log® N), which achieves ex-
ponential acceleration compared to the classical complexity of O(N log N) for computing
circulant matrix—vector multiplication.

Our algorithms are based on efficient quantum circuits for circulant matrices. With quan-
tum circuits that can efficiently implement the quantum Fourier transforms, the multipli-
cation of circulant matrices and vectors can be significantly accelerated. Compared to the
HHL algorithm, our algorithms have the following advantages. First, we can complete
the matrix operation through quantum circuits and corresponding vectors; hence, we no
longer need to use quantum simulation to simulate the matrix to be calculated. Second,
our complexity is no longer affected by the condition number, and we can present effective
calculation for matrices with large condition numbers.

Furthermore, we have applied our approach to accelerate the basic convolution cal-
culations for convolutional neural networks in machine learning. Our quantum circuit
holds significant potential for applications in quantum machine learning , especially in
convolutional neural networks.

In the success rate analysis of our second algorithm, we only presented some experi-
mental results, which should also be expressed more clearly through probability theory
in the future. Since different problems have different calculation intervals, finding more
effective calculation intervals for this algorithm is also an interesting problem.
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