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Abstract

The quantum computer is expected to solve problems that the classical com-
puter cannot find the answer to in a realistic time. While the development of
quantum computers is accelerating, the near-term quantum computer (NISQ) that
we will obtain in the next few decades is far from ideal; the number of qubits is
small, and noise significantly affects the computational results.

This thesis aims to propose algorithms maximizing the functionality of NISQ
and assess their feasibility. First, we propose the faster amplitude estimation (FAE)
algorithm as an efficient quantum amplitude estimation algorithm (QAE) in NISQ.
QAE is the algorithm to estimate the amplitude of a quantum state with good
accuracy. Various quantum algorithms utilize QAE as their submodule. However,
a well-known QAE algorithm using phase estimation is not executable in NISQ due
to many noisy two-qubit gates. Recently proposed QAE algorithms successfully
reduce the number of two-qubit gates, but the computational complexity upper
bound is not given or loose. FAE proposed in this thesis both achieve the significant
reduction of the number of two-qubit gates and the tight upper bound of the
computational complexity:.

Second, we propose the algorithm called the quantum semi-supervised genera-
tive adversarial network (qSGAN), which is the variant of the variational quantum
algorithm (VQA). VQA is the most promising algorithm for solving real-world
problems utilizing NISQ. VQA is the method to train a quantum circuit that gen-
erates a quantum state minimizing the expectation value of an observable. There
are wide applications of VQA, such as the minimum eigenvalue problem of a Hamil-
tonian. Quantum generative adversarial network (QGAN) is a variant of VQA,
which is proposed as the quantum counterpart of the classical machine learning
algorithm called generative adversarial network (GAN). Even though GAN is suc-
cessfully applied to the semi-supervised learning problems, there were no methods
to apply QGAN to the semi-supervised learning problems. In this thesis, we pro-
pose qSGAN, the first application of QGAN to semi-supervised learning problems.
We also demonstrate the performance of the algorithm.

Finally, we discuss the scalability issue of VQA. In VQA, we train the quantum
circuit by updating the parameters embedded in the quantum circuit; if we find
the optimal parameters, we obtain the optimal quantum circuit. We usually fix the
structure of the quantum circuit; the structure often used is the so-called hardware
efficient ansatz (HEA), which has enough expressive power to generate an arbitrary
quantum state. However, it is recently shown that VQA with HEA suffers from the
scalability issue called the barren plateau phenomenon; namely, as the number of
qubits in HEA increases, the training of HEA becomes exponentially harder. The
theoretically guaranteed solution to the issue is changing the quantum circuit’s
structure from HEA to the alternating layered ansatz (ALT). Still, even though
VQA with ALT successfully avoids the barren plateau phenomenon under a specific
condition, ALT may not have the expressive power that HEA has. If ALT cannot
generate a wide variety of the quantum state, we cannot use it in VQA. In this
thesis, with a proper definition of the expressibility found in literature, we show
that ALT has almost the same expressive power as HEA. As a result, we show that
VQA with ALT is a promising architecture that can avoid scalability issues and
find solutions to various problems with NISQ.
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Chapter 1

Introduction

Richard Feynman once shared the idea of a quantum computer that works according to the
principles of quantum mechanics in 1982 [1]. Forty years later, we are now within reach of a
quantum computer that applies to real-world problems. A decade ago, quantum computing was
a secret art of a few researchers. In the past decade, the industry has been racing to develop
quantum computers, including big companies like IBM, Google, and Microsoft and startups like
TonQ and Rigetti.

A quantum computer is a device to perform calculations by sequentially changing the state
of quantum bits (qubits). A quantum state represents the state of each qubit with two binary
bases, |0) and |1). A quantum state with n qubits are represented by a quantum state in Hilbert
space with 2™ bases: [i1,12,...,4,) (i; = £1). Each unitary operation called a quantum gate
corresponds to each computational process; the sequence of the quantum gates is said to be
the quantum circuit. We perform quantum computation by transforming a quantum state by
a quantum circuit. In the case of a classical computer, the scale of the computation increases
linearly with each additional bit. In contrast, in the case of a quantum computer, the size of the
Hilbert space, which corresponds to the scale of the computation, increases exponentially as the
number of qubits increases. By taking advantage of the characteristics, rich range of applications
of quantum computers has been proposed, e.g., algorithms for prime factoring (Shor’s algorithm
[2]) quantum chemistry [3—6], finance [7-9], and machine learning [10-15].

However, quantum computers developed in the next few decades are predicted to be far from
the ideal quantum computer. The biggest problems are the small number of qubits and the
considerable noise. First, the number of qubits available for the computation may be increased
only up to O(10) ~ O(100) in decades, which spoils superiority over the classical computer; for
example, the prime factoring problem which Shor’s algorithm with O(100) qubits can solve, is also
solved by classical computers in realistic time. Another issue is the significant noise. Currently,
the error rate of a quantum gate that operates on two qubits is as substantial as O(1073). In
other words, if the number of the quantum gates to be operated is O(1000), the calculation results
will be wholly unreliable, which makes the execution of most quantum algorithms impossible.
Even though the above problems will be gradually improved, they are still predicted to remain
significant limitations. The near-term noisy quantum computer with O(10) ~ O(100) qubits
available for the computation is called a noisy intermediate-scale quantum computer (NISQ)
[16].

Researchers in the quantum computing community have been actively studying how to utilize
NISQ rather than waiting for the development of the ideal quantum computers for decades. The
most promising direction for maximizing the functionality of NISQ is reducing the number of
quantum gates to solve problems.

An important example of significantly reducing the number of gates is the quantum amplitude
estimation algorithm (QAE). QAE is the algorithm to estimate the amplitude of a quantum
state with good accuracy; namely, the goal of the algorithm is estimating the value of £ in the
following equation: |¥) = A[0)Y2"[0) = £]¥;)[1) + /1 — £2|T()|0), where |®y) and |®;) are n-
qubit states, £ € [0,1], and A is an quantum operator. Various quantum algorithms include
QAE as its submodule. For example, the quantum Monte Carlo integration [17] embeds the



integration result into &, and we need to extract the value of ¢ from the quantum state. In
practical applications, executing A is often costly, thus reducing the number of calling A4 while
estimating £ with required accuracy is the heart of the problem. There is a well-known approach
to estimate & by using the phase estimation algorithm [18, 19]. By the quantum algorithm
using the phase estimation, the estimation error scales as O(1/Nghot), Where Ngpot is the number
of calling A. However, the phase estimation requires many two-qubit gates, which are noisy
and intractable in the near-term devices. The attempt to reduce the number of gates is firstly
made by the literature [20]. Literature [20] shows that the number of gates is reduced in their
proposed algorithm using the maximum likelihood estimation. However, the theoretical proof
of the error scaling O(1/Ngpot) is not given while they give some numerical evidence for it. As
subsequent works, [21] give algorithms where the error scaling is theoretically proven. Among
these works, the theoretical upper bounds of the error in [21] is larger than 10°/Nype¢, while in
the faster amplitude estimation (FAE) [22], which is the contribution of the author of this thesis,
the constant factor is improved as O(10%/Ngpot). The detail of the FAE algorithm is described
in this thesis.

Another important example of quantum algorithms realizable with fewer gates is the vari-
ational quantum algorithm (VQA) [23, 24]. In VQA, we usually use the quantum circuit with
a specific structure where parameters are embedded; the structure often used is the so-called
hardware efficient ansatz (HEA) [25], which has enough expressive power to generate an arbi-
trary quantum state. Given the parameters @ and the unitary operation corresponding to the
quantum circuit as U(8), the goal of VQA is finding the optimal parameters 6, so that the gen-
erated state by the quantum circuit |¢(0.)) = U(0.)|¢po) with |¢p) as an initial state independent
of the parameters, minimizes the expectation value of an observable H: (¢(0,)|[H|p(04)). For
example, if the problem we want to solve is finding the lowest eigenstate of a Hamiltonian, then
H is the Hamiltonian and |¢(6.)) is the lowest eigenstate. We iteratively update the parameters;
for each iteration we compute the expectation value C(0) = (¢o|UT(0)HU(0)|¢po) by a quantum
computer and compute the new parameters, which is embedded into the quantum circuit in the
next iteration, by a classical computer. The algorithm is expected to be realized with a small
number of quantum gates since a classical computer assists the calculation, and therefore, is
suitable for NISQ.

Various variants of VQA have also been proposed recently. One promising variant is the
quantum generative adversarial network (QGAN) [26-40], which is the counterpart of the gen-
erative adversarial network (GAN) [41]. GAN is a classical machine learning algorithm with
many applications [42, 43]. In general, GAN consists of two adversarial components, typically
a generator (generating fake data) and a discriminator (discriminating real or fake data), and
their adversarial training yield an outperforming system over the one trained solely. In original
GAN, the generator and the discriminator are typically implemented by the deep neural net-
work, but in QGAN, the generator and/or the discriminator are implemented by the quantum
system. GAN is most successfully applied to semi-supervised learning [44-51] (SSL). The first
work combining QGAN and SSL is done by the author of the thesis in [52], which proposes the
algorithm named the quantum semi-supervised adversarial network (qSGAN). We will describe
the detail of gSGAN in this thesis.

Even though VQA and its variants are arguably the most important quantum algorithms
realizable in NISQ, it is shown that VQA with HEA has a severe issue called barren plateau
phenomenon [53]. Normally, parameters € are updated to the direction of the gradient vector
{0C(6)/00;}. However, the literature [53] shows that the norm of the gradient becomes exponen-
tially small: O(1/2™) with n as the number of qubits. As a result, we need O(2") measurements of
|¢(0)) for updating the parameters to the proper direction, which is intractable when n > O(100).
As a solution to the barren plateau phenomenon, the literature [54] proposes the method utilizing
the quantum circuit called alternating layered ansatz (ALT) instead of HEA. ALT is a quantum
circuit U(0) that has a specific structure different from HEA. The structure is the key to avoiding
the barren plateau issue; by using the detail of the structure, it is theoretically shown that the
barren plateau issue is avoided when using ALT under a specific condition. However, there is
one fatal caveat in the method. Specifically, due to the restricted structure of ALT, it is unclear
whether or not ALT has sufficient expressive power (expressibility) for generating a rich class of
states, which contains the optimal state minimizing C'(@). If it does not have enough expressive



power, we cannot adopt the method proposed in [54] as the solution for the barren plateau issue
or the scalability issue. Conversely, analyzing the expressibility of ALT is critical to assessing
the scalability of VQA. In [55], the author of this thesis analyzes the expressibility of ALT and
other ansatzes by utilizing the expressibility measure [56]. The method and the results of the
expressibility analysis are described in this thesis.

The goal of this thesis is to develop algorithms maximizing the functionality of NISQ and
assess their feasibility. More precisely, we summarize the contribution of this thesis as follows.

e The author of the thesis proposes the quantum amplitude estimation algorithm named
the faster amplitude estimation (FAE), whose state-of-the-art performance is theoretically
guaranteed (Chapter 4).

e The author of the thesis proposes a variant of the variational quantum algorithm called
the quantum semi-supervised generative adversarial network (qSGAN) for solving the semi-
supervised learning task, which is one of the most important tasks in machine learning
(Chapter 5).

e The author of the thesis analyzes the expressibility of ALTs through theoretical and nu-
merical analysis. The results show that a particular class of ALTs has sufficient expressive
power to generate arbitrary quantum states. Furthermore, it is shown that there exists a
class of ALTs that can both provide sufficient expressive power and solve the barren plateau
phenomenon (Chapter 6).

Additionally, we review the basics of quantum computation and NISQ comprehensively. We hope
this thesis is also helpful for those unfamiliar with quantum computation and NISQ.

The rest of this thesis is structured as follows. In Chapter 2, we review the basics of quantum
computation. We review the feature of NISQ in Chapter 3. VQA and the issues of VQA, including
the barren plateau phenomenon, are also discussed in the same chapter. We show the QAE
algorithm tailored for NISQ in Chapter 4. The variant of the variational quantum algorithm for
the semi-supervised learning tasks is discussed in Chapter 5. In Chapter 6, the possible solutions
for the barren plateau issue, including the one using ALT, are introduced and, we analyze the
expressibility of ALT in the same section. Finally, we conclude this thesis and show outlooks in
Chapter 7.
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Chapter 2

Quantum computation

In this chapter, we introduce the basics of quantum computation. We assume the knowledge of
quantum mechanics in this thesis. We review the building block of quantum computation, such
as the quantum bit and the quantum gate. Next, we briefly review how to include the effect
of noise in the quantum computation framework, which is inevitable for understanding the next
chapter. Finally, we show some essential quantum algorithms. For a more detailed review of the
quantum computation, please see the literature [19].

2.1 Building-blocks of the quantum computation

2.1.1 Quantum bit (qubit)

In the classical computation, the information is stored in bits that take the value of either 0 or
1. To the contrary, in the quantum computation, the information is stored in the quantum bits
named qubits. Each qubit retains information in a quantum state, whose basis are |0) and |1).
Namely, the quantum state that corresponds to a state of a qubit can be written as

|¢) = «|0) + B[1), (2.1)

where a, 3 € C and |a]? + |B]? = 1.
The computation process is done by using multiple qubits. Given the number of qubits as
n, when each qubit is independently operated, the n-qubit state is written in the form of

|61) @ |p2) ® -+ @ |¢n) = (@1]0) + B1[1)) @ (@2[0) + B2[1)) @ - @ (an|0) + Bn[1)), (2.2)

where aj, 3; € C(Vj), |a;]? + |ﬁ]2| = 1(Vj), and ® denotes the symbol for the tensor product.
In general, the computational process includes the interactions between qubits, and the n-qubit
quantum state cannot be written in the form of n tensor products; the general n-qubit state is

written as L )
) =D > Y irigiy i) ® |iz) @ i), (2.3)

i1=045=0  i,=0
where &;,4,....5, € C and Zill:O Z;:o - Z;n:o |Vi iy i, |* = 1. In the following we simplify the
notation ‘|i1) ® |i2) ® |in)’ to |¢142 - - - i, ). The basis {|i1ia, - -i,)} is said to be the computational
basis. Even though we can arbitrarily choose the basis for expanding |¢), the computational basis
is special because, as we see later, measurements in quantum computation are performed in the
computational basis.
In the classical case, n bits can store at most n binary data. Remarkably, n-qubits can store
2" complex numbers in the amplitudes of the quantum state. Thus, ideally, even one hundred
qubits quantum state store O(2'%°) = O(103°) bit data, which is intractable by any classical
devices. There are various ways of implementing qubits. For example, ion trap qubits [57], and
superconducting qubits [58] have been actively studied and developed.
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2.1.2 Quantum gate

Normally, the quantum state of qubits is prepared as |0)®" (n tensor products of |0)). From the
state, all the transformations other than the measurements are ideally done by unitary operators;
given a quantum state that we want to build as |¢), the state is built by using a unitary operator
U as

¢) = U[0)"". (2.4)

By measuring |¢), we obtain computational results.
The unitary operation is built by single-qubit gates and two-qubit gates. A single-qubit
gate is a unitary operation that operates on a single-qubit. Suppose that we write an arbitrary

B

the basis |0) and the second row corresponds to the basis |1). One of the example of single-qubit

gates is the Hadamard gate
1 /1 1
H= 7 (1 _1> ) (2.5)

The Hadamard gate H transforms an arbitrary single-qubit state as
@ 1 1 « 1 fa+ B)
_> = —_— . 26
()= G ) 6) -0 (20

Gl + ) = (0 1) 55 (1 1) (§) = J5+ 10+ J5@-am. e

single-qubit quantum state «|0) + 8|1) in a vector form , where the first row corresponds to

In the quantum state form,

As another example, the X gate is defined by

X = (? (1)) , (2.8)

which transforms an arbitrary single-qubit quantum state as

()0 o) () -() e
In the quantum state form,

xGelo)+ o) = (0 1) (7 ) (5) =410 +al. 210

Since the X gate invert the bit value, it is called the NOT gate.

The two-qubit gate is a unitary operation that operates on a control-qubit and a target-qubit.
If the state of the control qubit is |0), no operations are performed to the target-qubit, while
if that is |1), an operation is operated to the target qubit. Suppose that we write an arbitrary
Qoo
Qo1
Q10
Qi1
of two-qubit gates is controlled-not (CNOT) gate

two-qubit state as , where o, denotes the coefficient for the basis |z). One of the example

1 0 0 0
01 0 0
CNOT= |0 o o 1l (2.11)
0 010
which transforms an arbitrary state as
(67410} 1 0 0O Q00 (7414}
a1 O 1 0 0 a1 _ o1
10 - 0 0 0 1 10 - 11 ) (2.12)
a1 00 1 0 Q11 @10
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01 cos(6/2) —isin(6/2)
= : R ate =
X gate . <1 0) ! x 9 .' (—zsm(9/2) cos(9/2)>
0 i R, gate =<cos(9/2) —sm(9/2)>
Y gate =" 0 sin(6/2)  cos(6/2)
i
—16/2
0 R, gate = < 19/2>
Z gate = <1 > :
0 -1 g phase- Lo
i shift = (0 ei9>
_ (1 1 ) i gate
\/5 -l control qubit
1000
Lo | CNOT gate o
T gate = = 0001
0 et 0010
target qubit
1 00 O
S gate _ (1 0 _|010 0
000 -1
Figure 2.1: Examples of quantum gates.
In the quantum state form,
|00) 1 0 0 0 Qo0
_||o1) 01 0 0 Qo1
CNOT(O(Q()|OO>—|—OL()1|01>+Ol10|10>+0511|11>)— |10> 00 0 1 10 (213)
|11> 00 1 0 a1

= 0100|00> + 0601|0].> + Ck10|].].> + Ol11|10>. (214)

We see that |10) becomes [11) and |11) becomes |10), while [00) and |01) are unchanged. Similarly,
with G as an arbitrary single-qubit operation, controlled-G gate transforms the target-qubit by G
when the control qubit is |1) while no operations are operated to the target-qubit if the control-
qubit is |0). In Fig. 2.1, we show representative examples of the quantum gates with their matrix
forms.

Quantum circuit

The sequence of the above-defined quantum gates is called a ‘quantum circuit.” Quantum circuits
are often visualized in the following manner. Suppose that the number of qubits is n, we write
vertically aligned n-horizontal lines; each line corresponds to each qubit. We write quantum
gates from left to right in the order of the operation. Operations that can be simultaneously
executable can be lined up vertically. Each gate is written as in the images in Fig. 2.1. Each
single-qubit gate is appended in the line (qubit) where it performs. Each controlled-G gate is
written over the two lines where it performs; a dot is depicted in the control bit, the G is shown
in the target bit, and the vertical line is displayed between the control qubit and the target qubit.
As an example, we visualize the following operations in three qubits in Fig. 2.2:

1. Operate H gate to the first qubit.
2. Operate Y gate to the second qubit.

13



Figure 2.2: An example of the quantum circuit.

E_, W @ W, W, K . =

Figure 2.3: A decomposition of the Toffoli gate.

3. Operate CNOT gate to the first and the third qubits with the first qubit as the controlled
qubit.

Universal quantum gates

The other unitary operations are built from the single-qubit and the two-qubit gates. For exam-
ple, the controlled-NOT operation with two control qubits, which performs NOT to the target
qubit only if the state of control qubits are |11), can be built as shown in Fig. 2.3; the three-qubit
operation is called the Toffoli gate. Similarly, controlled operations with multiple control qubits
can be built from single-qubit and two-qubit gates.

The swap operation is also an important operation implementable with multiple gates. The
swap operation Swap(i, ) swaps the i-th qubit and the j-th qubit in the sense that each basis
state |kika---ki---kj---ky) is transformed as

Swap(i, j)|kiky - ki k- kn) = kiky - ky e ki ). (2.15)

The swap gate is implementable by using three CNOT gates, which is shown in Fig. 2.4.

Beyond those operations, it is well-known that certain combinations of the single-qubit and
the two-qubit gates can approximate any unitary operations to arbitrary accuracy. If combina-
tions of a set of gates can approximate any unitary operations to arbitrary precision, the gate set is
said to be an universal quantum gates. One example of the universal gate set is {CNOT, H, S, T}
[19].

Note that even though the limited gate set can be universal, it generally requires an expo-
nential number of gates to implement an arbitrary unitary operation. Thus, for reducing the
number of gates, we do not need to restrict ourselves to use only the universal gate set; instead,
we use various gates such as the ones listed in Fig. 2.1 to implement desired unitary operations.

2.1.3 Measurement

We need measurements to extract the final result of the computation since we cannot efficiently
extract the quantum state itself. Recall that in quantum mechanics, the measurements are
described by using the positive operator-valued measure (POVM). POVM is a set of positive
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SWAP
gate

Figure 2.4: The implementation of the swap gate.

semi-definite operator {E;}7_, that satisfies
J

E; =1 (2.16)
=1

J
Each index j corresponds to each measurement outcome. Given p as the density matrix corre-
sponds to the final state, the probability that j-th outcome is obtained is given by Tr(pE;). Since
E; is positive semi-definite, there exists an operator M; = \/Ej;, namely, M; =", \/)\fﬂ|ek><ek|

with {\¥} and {|ej)} as eigenvalues and eigenvectors of E;. By using M;, we can write the state
after observing j-th outcome as

M;pM]
pj = ——". (2.17)
7 Te(pEj)
For example, in a two-qubit system, let us define the following POVM:
Ey = [00){00]
E; = |01)(01] (2.18)

Es = [10)(10[ + [11)(11],

then
M, = Ei1, My = E5, M3 = F3. (2.19)

If the quantum state is %(|OO> + |11)), the corresponding density matrix is given by
1
p = 5(]00) +[11))((00[ + (11]), (2.20)
and therefore, the probabilities that the measurement outcomes corresponding to F1, Esy, F3 are
1 1
Tr(Eyp) = 3 Tr(Eqp) =0, Tr(Esp) = 3 (2.21)

respectively. Also, the density matrix after F; is measured, is given by
p1 = =———— =|00){00|, (2.22)
and similarly, the density matrix after E3 is measured is

ps = = [11)(11]. (2.23)

L1
1
2
In the quantum computation, measurements are performed in the computational basis, where the
POVM is given by {|i1i2 - in){i1i2 - in|} ({1,492 =0 or 1). Still, it should be noted that the
measurement regarding the other POVMs is possible by rotating the final state p. The quantum
circuit corresponding to the computational basis measurement of a qubit is drawn as in Fig. 2.5.
In Fig. 2.5, the Hadamard gate is firstly operated to one qubit, and then the state is measured
on the computational basis.
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-H_a_

Figure 2.5: Computational measurement

2.2 Noisy quantum operations

Up to this point, we have proceeded with our discussion by implicitly assuming that no noise
is introduced into the calculation results. However, the calculation is subject to noise in reality,
which distorts the computational results. In the presence of noise, quantum state transitions
would be performed by quantum operations rather than unitary transformations. In general, the
quantum operation £ is the function that maps density matrix p as:

o = E(p). (2.24)

In noiseless case, the map £ is
E(p) =UpUT, (2.25)

with an unitary operator U.

Normally, we assume that noise affects quantum states after each quantum gate is operated
to the state. Namely, given the unitary quantum operation and the noise quantum operation
corresponding to k-th gate as Uy, and &, the quantum operation for performing K gates to the
initial state p;, can be written as

E(pin) =Ex olUr 0---Ey0lUy 0 & oUi(p), (2.26)

where A o B denotes the composition function of A and B. Note that given an unitary operator
corresponding to k-th gate as Uy, the unitary quantum operation Uy can be written as

Uy (p) = UrpUy. (2.27)

Operator-sum representation

There is various ways to represent the function £, one of which is the operator-sum representation.
In the operator sum representation, the map is expanded as

E(p) =Y K;pK]. (2.28)
=0

As long as the map does not change the trace of the density matrix, we obtain

Tr | Y KjpK] | =1, (2.29)
j=0

for all density matrix p. Therefore,
S KKI=1. (2.30)
j=0

It is well known that this representation can describe a wide variety of noise properties.
Examples of noisy quantum operations

Phase flip

The phase flip is the quantum operation that can be written as

Ko=+1-p (é ?) , K1 =p (é _01> , (2.31)
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in the operator-sum representation with p as a real number satisfying 0 < p < 1. For example,
given an arbitrary single-qubit pure state as |1) = «|0) + 5|1), the noise quantum operation to
the quantum state is

E(l)(w]) = (1 = p)l) (] + plv') (W], (2.32)
where
[¥') = al0) - Bl1). (2.33)
Therefore, the phase flip quantum operation flips the sign of the amplitude regarding the quantum
state |1) with the probability p.

Amplitude damping

The amplitude dumping is the quantum operation with the operator-sum representation:

Ko = (é \/lofp) K= (8 \@ . (2.34)

The effect of the noise quantum operation to an arbitrary single-qubit state is

an-( )5 F)6 )6 DE G
- <|04|2+p|5|2 maﬁ*)_
Vi—pa'8 (1-p)p)? .

Depolarization

The depolarization is the quantum operation with the operator-sum representation:

3
Ko=14/1— Zpl, K1 = /pX, Ko = \/pY, K3 = \/pZ. (2.36)

The resulting quantum operation is written as

E(p) = (L=p)p+31. (2.37)

Fault torrent quantum computation

Even if each p in the above examples is small, the effect of noise increases as the number of gates
increase, which makes the computational results unreliable. For the reliable computation, device
developers are trying to reduce the effect of noise in each gate.

However, to obtain reliable computational results, we do not need to reduce the noise to
exact zero because there is a technique called the fault torrent computation. In the fault torrent
computation, information that can be expressed by one qubit is redundantly embedded into
multiple qubits. Even when some errors occur during the computation, the error-correcting
function corrects the quantum state, and as a result, reliable quantum computation is possible.
For more detail, please see a recent review [59].

2.3 Quantum algorithms

Now let us review a quantum algorithm for demonstrating the power of quantum computation.
The quantum algorithm we review here is the quantum phase estimation [18, 19], which is the
essential quantum algorithm that has various applications such as prime factoring. The quantum
phase estimation requires the quantum Fourier transform (QFT) [19] as its submodule. Thus,
we first review QFT and next review the quantum phase estimation in the following.

17



2.3.1 Quantum Fourier transform

The Fourier transform is a useful mathematical tool for classical computing. The quantum
counterpart of the transform is said to be the quantum Fourier transform (QFT). Specifically,
QFT is the unitary opertion Ugpr that transforms an arbitrary computational basis state |j) as

N—
1
Uqrt |J T Z 2mikg/N |k (2~38)
k=0

where N = 2" with n as the number of qubits. The indices j and k are the decimal representation
of binary bits; for example |[4) = |100) in three-qubit state. If we build the transformation Ugpr,
we can transform an arbitrary n-qubit state [¢)) = 3 a;|j) as

;| Nl
UgrtlY) = —= > a;Uqrrtlj)
VN =
N1 (2.39)
- k|k>7
k=0
where
N-1
Yk = Z ™k, (2.40)
j=0
We can easily check that the inverse operation of Ugprr works as follows:
;] Nl
k) = ——= ) e 2mRUN gy (2.41)
QFT|
W5

Implementation

As a preparation, we write the binary representations of |j) and |k) as [j1j2 - - - jn) and |k1ka - - - ky)
respectively. The important building blocks for the Fourier transform is the following phase shift
gate

. 1 0
Ry, = P(2mi/2%) = (0 Joni /2’“) . (2.42)

Let us also write the controlled- Ry, operation as C' Ry (x,y), where z is the index for the controlled
qubit, and y is the index for the target qubit.

The process of QFT is separated into n-stages. Let us write |¢(s)) as the quantum state
after s stage, where [1(0)) = |j). In s-th stage, the quantum state is transformed as

[(s)) = Uflu(s — 1)), (2.43)
where
n—s+1
Ul = ( II CRi(s+k- 1,s)> (I 1@ H® I, o 1) (2.44)
k=2
For example, in the first stage,
[0(1)) = CRa(n, 1)+ CRy(3,1)CRa(2,1)(H & L 1)[(0)). (2.45)

With this definition of the operation in each stage, the following theorem holds:

Theorem 1. Suppose that the transformation at n-th stage is given by (2.43), and |1(0)) = |j).
Then for 1 < s <mn,

[(s)) = \/127 <H (10) + ezﬂio‘jaja+1"'jn|1>)> o1 Jin)s (2.46)
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where the product is defined by
H (|0> 4 eQTFiOAJaja+1"']’1L|1>) _ <|0> 4 627Ti0-j1j2"'jn|1>) (|0> + 627fi0-]'2”-jn|1>) .. .®(|0> + 627Ti0-jsjs+1“'jn|1>) .
a=1
(2.47)
In the theorem, we follow the convention in [19] that writes a number >."'_, 27%j, as its binary
representation 0.j1jz - - - j,. For example 0.11 in binary representation denotes 1/2 4+ 1/4 = 3/4
in decimal and 0.101 denotes 1/2 + 1/8 = 5/8 in decimal.

Proof. We inductively prove the theorem. First, we prove the theorem in case of s = 1. The
Hadamard gate operates to the initial state |¢(0)) as

1

HJ(0)) = Hlj)liz - dn) = 75 (10) + 700 1) 2 ). (2.48)
Then, the operations of C'Ry(k, 1) recursively add the phase to |1) state in the first qubit as
- - - 1 w10.J i) . .
CRaVHo 1) = 5 (1) + ™02 1)) i)
1 o o
_ ﬁ (|O> —|—€2 O.J1J2‘1>) |,72 . ']n>7
- - - 1 710.517 i) . .
CR3(3,1)CR2(2, 1)(H|j1))|j2 - - jn) = 7 (|0> + 09172 2 ]3/23|1>) 2 Jn)
1 3031727 ) )
= 75 (10 ETONEE) [ ),
s ) 1 70 ) )
[(1)) = CRn(n,1) - CR2(2,1)(HIj1))|j2 - - Jn) = 7 (10) + 2O a=2 I 1)) [y - - ),

(2.49)

which concludes the proof of the case when s = 1.
From the induction hypothesis, (2.46) holds for s = ¢ (¢ < n). Then, the operation of the
Hadamard gate to the ¢t + 1-th qubit of |1(s)) can be written as

Is @ H @ In1-s[¢(s)) = [9(0) (H |je-41))|jer2 - dn),

= [¢())(|0) + €™ 0T 1)) |fega -+ i), (2.50)

where ,
1 o _
) =— 0) + T 0Jadatrdn1)) 2.51
(1)) \/?g(” 1) (2.51)
Similar as (2.49), CRy(k,t+ 1) recursively append the phase to |1) state in the ¢t + 1-th qubit as

; ; ; ! Ti0.Ge g1 27ige g2 /22 ; ;
CRo(2,t 4 1) (Hljera)ljesa-+-n) = 16(0) (10) + 209125052/ 1)) [y o)

1 O . .
= 5160} (10) + 0T 1)) Lo+ ),
—516(0) (10) + riOdnde2mis2) ) an )

S5

CR3(3,t +1)CR2(2,t + 1)(H|j1))|Jt2 - - Jn) =

5

1 s . .
— ﬁw(t» (|0> + 62W10-Jt+1jt+23t+3 |1>) |Jt+2 .. .Jn>,
S _ 1 o _ _
CRy(n,t+1) - CRa(2,t + 1)(H|j1))|j2 - jin) = ﬁ|¢(t)> (10) + 20Tt 1Tz In 1)) |Gy e o).
(2.52)
Thus, Eq. (2.46) holds for s =t + 1, which concludes the proof of the theorem. O

19



i)=> HH

Figure 2.6: The quantum circuit for Uqpr when the number of qubits is five.

As a result of the n-stage operations, we obtain

1
o (10)

Given an operation that swaps j-th qubit with n — j-th qubit for all j(< n/2) as SWAP,

[(n)) = + 2012 1)) ((0) 4 27092 I (1)) - (0) 4 €270 (1)) (2.53)

[¥'(n)) = SWAP)(n)) =

(10) + €209 [1)) - - (J0) + 20T I 1)) (|0) 4 €209z n | 1))
(2.54)

1
A /2?7,
The coefficient of the basis |k) = |k1ka - - - k) in |¢'(n)) is given by

1 .
kiko - - kn|'(n)) = e
(kb () =
= 2mi (k
27m

V= 10.Jn + k20.55—17n + k30.Jn—2Jn—1Jn + - - kn0.51)
7 12" 4 k(2" 1+ 27 ) e k(27T 27 R e o )]

2mi -
= W <2ajnak _9on Z kab+12b_1>

a=0 b=1
 2mijk

+ 27TiN1,
(2.55)

with N7 as an integer. Thus, |¢'(n)) is the quantum Fourier transform of the basis |j) given in
(2.38), and

Uger = (SWAP)USU! ... U{. (2.56)

In Fig. 2.6, we show the quantum circuit for implementing Ugrr when the number of qubits is
five.

2.3.2 Quantum phase estimation

Given an unitary operator as U and its eigenstate as |u), the following holds
Ulu) = ™7 |u) (2.57)

in general, where v is a phase that takes a real number (0 < v < 1). The quantum phase
estimation is an algorithm to obtain the value of the phase . First, we assume that we can
prepare the eigenstate |u), and later we relax the condition. We also assume that Controlled-U?
(j=0,1,--- ,n) operation is implementable.

In the phase estimation, we prepare the following state as

|6(0)) = (H®|0)*")|u) = 10) + 1) |u). (2.58)

f(
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There are two stages for the phase estimation: the first stage is the sequencial operations of the
controlled-U?" gates, and the second stage is the operation U&;FT. Suppose that we write the

controlled-U?’ operation as CU;(z), where x is the index of the control qubit and U 2 s operated

to the last w qubits with w as the number of qubits in |u). Conversely, CU;(z) operates U? to
the last w qubits only if the z-th qubit is |1). Then, the output of the first stage |¢(1)) is written
as

[6(1)) = CUy—1(1) --- CUa(q — 2)CUs(q — 1)CUo(q)|9(0)). (2.59)

Each controlled-U? operation sequentially append phases to the first n-qubits as follows:
CUo(q)|¢(0))
_ 0
= —=(10) + [1)®7 (|0} |u) + [L)U? |u))

(10) + [1)®7L(|0) + €272 [1)) u)
CUL(q — 1)CUs(g)|$(0))
= ([0) + 11)2972([0) + €27 [1))([0) + €272"7[1))u)

_Q _Q

9=

(2.60)

CUy—1(1)---CUz(q — 2)CU1(qg — 1)CUy(q)|9(0))
= %<\0> + 221 ([0) + €272 L)) - (J0) + €272 1) ) )

\/7 Z eszk'y‘k >

The second stage is the operation of U(SFT to the first g-qubits. By utilizing (2.41), we obtain

1 — 2rik T
[6(2)) = Ubpr ® Lulé(1) = /o Z;) " (Ugpr|k))|w)
Qq__ .y (2.61)
1 2mik(y—£/29)
I 0)]u).
=0 (=
If v = N, /27 with some integer 0 < N, < N,
N—1
e2mik(y—€/2%) _ 2q5N7127 (2.62)
k=0
and therefore,
291
=D onelO)lu) = [N)u). (2.63)
£=0

Thus, the measurement result of the first n-qubit always returns N,, which gives 7. Note that
even when v cannot be written in the form of N, /29, it is known that we obtain the nearest
integer to 29+ with high probability. The quantum circuit for the phase estimation in case that
q = 5 is written in Fig. 2.7.

The number of gates required for implementing the quantum phase estimation is O(29) as
long as we need to implement U?" as the 29 repetition of the operation U. In some algorithms,
such as the prime factoring, U?* is implementable by utilizing O(¢?) gates [2]. In this case, the
total number of gates for implementing the quantum phase estimation is also O(¢?) since for
implementing U(SFT, only O(q?) gates are needed.

In the above, we assume that we can prepare the eigenstate of U as |u). Even without the
assumption, the same approach estimates the phases of an arbitrary initial state. Suppose that
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Figure 2.7: The quantum circuit for the quantum phase estimation when ¢ = 5.

the set of the eigenstates of U is given by {|¢;)}, and the corresponding eigenvalues are given by
{~;}. If we prepare |¢) as the initial state, it can be expanded as

6) = zle5). (2.64)
j=1

Given the unitary operation for the phase estimation as Upg,

o
Upg|0)®"(¢) = > x;|Nv;)[6;), (2.65)

Jj=1

here we assume that 29v; is an integer. Thus, by the computational measurement of the first
n-qubits, we obtain the value of «; and its eigenstate |¢;) with the probability |z;[2.

Finding the ground state energy of a Hamiltonian

One of the application of the phase estimation is finding the ground state of a given Hamiltonian
‘H. More precisely, the problem is finding the following |¢¢) and Fy:

H|po) = Eoléo), (2.66)

where Ej is the minimum eigenvalue of . The problem can be rewritten in the following form:
o) = eF|go). (2.67)

Thus, if we can prepare |¢) and implement e?*! by the quantum circuit efficiently, we can solve
the problem by using the quantum phase estimation. In reality, we need careful treatment for
the initial state preparation and the implementation of e***.

As for the initial state preparation, if we prepare a state |0)®7|¢) = |0)®4 Z?:O zjlo;),
then the probability that we obtain the eigenstate with the minimum energy as a result of the
measurement is |zo|? after the phase estimation. Thus, for getting the target state with high
probability, we need to prepare the state |¢) that has enough overlap with |¢g), which depends
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on the problems; for example, in quantum chemistry, the adiabatic state preparation is a method
to prepare a good initial state [60].

An important technique to efficiently implement e*™** is the one using the Lie-Trotter-Suzuki
decomposition [61]. Hamiltonians we often have interests, such as the ones in the quantum
chemistry, can be written in the form of

iHt

M
H=> hy (2.68)
j=1

where ¢! is implementable with polynomial number of qubits (see [62]). The first order of the

Lie-Trotter-Suzuki decomposition of e** is
s
M
et = H eht/S 4 0(t%/8), (2.69)
j=1

where we can arbitrary choose S; the first term in the right hand side is implementable by using
polynomial number of circuits. If we choose S as S = ¢/t?, then the approximation error becomes
O(¢). We implement the first term of (2.69) instead of e’

Other algorithms utilizing the phase estimation

We saw the power of the quantum phase estimation above. There are other critical applications
of utilizing phase estimation.

One of the essential algorithms is the Shor’s algorithm [2] for prime factoring. By taking
advantage of the feature that CU;(-) in the prime factoring is implementable with O(j) gates, the
computational complexity of the quantum algorithm is exponentially smaller than the classical
counterpart. Also, Harrow-Hassidim-Lloyd (HHL) algorithm [63] effectively uses phase estimation
to solve linear equations.
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Chapter 3

Noisy intermediate-scale quantum
computers and variational
quantum algorithms

In the previous chapter, we reviewed some powerful quantum algorithms that outperform each
classical counterpart. To execute those algorithms, we need ideal quantum computers that have
0O(1000) qubits available for the computation, few noise, long coherence time, and the error
correction functions. However, such ideal quantum computers will not be available for several
decades due to the difficulty of the development. In fact, current quantum computers are far from
the ideal devices; they have O(10) ~ O(100) available qubits, much noise, short coherence time,
and no error correction functions. Such non-ideal quantum devices are called noisy intermediate-
scale quantum computers (NISQ) [16].

Researchers in the quantum computing community have been actively studying how to utilize
NISQ rather than waiting for the development of the ideal quantum computers for decades. The
key points of maximizing the functionality of NISQ are two-fold: (i) efficiently mitigating the
errors from the computational results and (ii) solving problems with a small number of gates.
The former is essential for making the final computational results reliable, while the latter is
essential for reducing the noise. These two key points are targeted in many recent proposals for
NISQ utilization.

Based on the above, we review the researches regarding NISQ utilization in this chapter. In
Section 3.1, we will first see the limitation of NISQ. Then in Section 3.2, we review the method
called error mitigation for mitigating the noise, which corresponds to the key point (i). Note
that Section 3.2 does not directly relate with the rest of this thesis, but we add the section
for completeness. In Section 3.3, we review the variational quantum algorithm (VQA) realizing
quantum computation processes with fewer gates, which corresponds to the key point (ii). Even
though VQA is arguably the most important NISQ algorithm, there exist critical scalability issues
in VQA. We discuss the issues in Section 3.4. Possible solutions to the issues are discussed in
Chapter 6.

3.1 Limitation of the near-term devices

Various types of quantum computers are now being actively developed. One of the most promis-
ing quantum computers is one with superconducting qubits; companies such as IBM, Google,
Microsoft, etc., are now working on developing superconducting quantum computers. As we note
above, the devices are far from the ideal device, and there are many limitations of the current
devices. In the following, we see those limitations with the example of superconducting qubits.
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Figure 3.1: An example of the qubit connectivity in superconducting quantum computers. Each number in
the figure corresponds to the label of each qubit, and the black bars between each pair of qubits show that
two-qubit operations are executable in the pair.

3.1.1 Limited number of qubits

The apparent limitation of NISQ is the number of qubits. Currently, the number of qubits
available for computation in quantum computers is O(10), and may go to O(100) in the near
future. The limited number of qubits result in the two consequences.

First, the execution of many important quantum algorithms such as factorization does not
have a quantum advantage over classical algorithms. Even if there is exponential speed-up, the
classical computational complexity is at most O(2"), where n is the number of qubits; if n is
small, O(2") can be easily simulated by classical devices.

Second, the quantum error correction can not be used if the number of qubits is limited.
The error correction protocol requires several qubits per one logical qubit for adding redundancy.
Even if O(100) qubits are available in a device, only O(10) qubits are used for the computation
if we use the error correction, which makes the first point even worse; therefore, the execution of
the quantum error correction is unrealistic in NISQ.

3.1.2 Noise

In NISQ, errors in computations and the decoherence affect the computational results in the
noise. Since the noise cannot be corrected by the quantum error correction protocol mentioned
above, the effect of noise is directly reflected in the computational results.

Regarding the gate error, two-qubit gates are severer than single-qubit gates; the error rate
of the two-qubit gate is as large as O(1073) [64-66] while that of single-qubit gate is O(107%)
[67]. Consequently, the computational result after O(100) operations of CNOT gates can not be
trusted at all. In addition, the measurement operations also append sizable errors, which is also
a significant source of the error in the computational results.

We also need to care about the coherence time. The duration that a qubit maintains its
quantum state is called the coherence time; qubits decohere by interacting with their environment
and losing information about the original state. Since qubits gradually decohere, as the time
for computation becomes longer, the decoherence affects more badly the computational results.
Thus, the effect of decoherence also limits the number of gate operations.

3.1.3 Qubit connectivity

In NISQ, two-qubit operations are only executable in limited pairs of the qubits. If two-qubit
operations are executable in a pair of qubits, the pair is said to have the connection, and the
set of the pairs is called the qubit connectivity. In Fig. 3.1, we show an example of the qubit
connectivity in superconducting quantum computers. Each number in the figure corresponds
to the label of each qubit. The black bars between each pair of qubits show that two-qubit
operations are executable in the pair.

The limited connections between the qubits increase the number of two-qubit gates. For
example, suppose that the qubit connectivity is given by Fig. 3.1 and an algorithm requires a
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Figure 3.2: CNOT operation between ¢; and g4 when the qubit connectivity is given by Fig. 3.1.

CNOT gate between the qubit with label 1 (¢1) and the qubit with label 4 (g4), where ¢ is the
control and ¢4 is the target. Since we can not directly execute the CNOT gate between these
qubits, we need to construct an equivalent operation in another way, which is done by utilizing
the qubits with label 2 (g2) sand label 3 (g3). The resulting circuit is drawn in Fig. 3.2. We see
that we use two-qubit operations only between pairs of connected qubits. Notably, the number
of CNOT gates becomes eight times larger than when there is a connection between ¢; and g4. In
this way, the number of two-qubit gates considerably increases in NISQ, where the connections
are limited.

3.2 Error mitigation

Here we review some of the protocols to mitigate the error from the computational results. Most
error mitigation protocol aims to remove the effect of noise on the expectation value of observables
rather than recovering the ideal quantum state. Namely given an ideal final state not affected by
noise as pideal, and an observable as O, the goal of the error mitigation is recovering the following
property Tr(,oideaIO) from the measurement results in a noisy environment.

3.2.1 Measurement error mitigation

One of the important source of errors is appended in the measurement. Given a set of POVM
operators as {Ek}kN;’l with Np as the number of POVM elements, the probability that the k-th
element is observed is written as

e = Tr(Exp), (3.1)

where p is the state to be measured. We assume that the probabilities p = {pk},iv 7, are distorted
by noise as
p' = Xp, (3.2)

where X is an invertible matrix corresponding to the effect of noise and p’ is the probability
distribution distorted by the noise [68]. If X = Iy, then there is no noise in the measurement;
to the contrary, large off-diagonal elements correspond to the case where the effect of noise in
the measurement is large.

To obtain the ideal probability distribution p from distorted probability distribution p’, we
need to know the vector p. In fact, the matrix X is obtained by the quantum detector tomography
(QDT) under the assumption that the noise in the measurement of a qubit does not affect the
noise in the measurement of another qubit [68]. Once X is obtained, we may compute p by

p=X"'p. (3.3)

The vector p might be unphysical, e.g., some elements of p are negative. In such case, p is
obtained by
p = argmin [p’ — Xpy], (3.4)
p:€Qp

where Qp is the set of physical probability distribution with Np elements.
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3.2.2 Zero noise extrapolation

There are several ways to mitigate the noise in the computational process. As one of the most
powerful tools, extrapolation error mitigation techniques are proposed. Here we review some of
such methods.

Richardson extrapolations

Let us assume that a quantum gate is distorted after the execution of p-th gate by the following
noise channel:

Ep = (1= €(p))T + €(p)Np, (3.5)

where 7 is the identity map, N, is p-th noisy map, and €(p) is the p-th noise parameter. Also,
we assume that e(p) takes the same value e for all p. Then, given the expectation value of an
observable O when the noise parameter is € as (O)., the expectation value can be expanded to
Taylor series as

(O)e =(0)o + Z Ope®. (3.6)
k=1

In the Richardson extrapolation [69, 70], it is assumed that the noise parameter can be am-
plified without changing the noise channel A/(p). There are several ways for error amplification.
One example is appending the extra gates that ideally do not change the computational results;
for example, two consequent CNOT gates to a certain pair of qubits do not change the com-
putational result ideally, but the extra noise is appended. Another example is the re-scaling of
the physical Hamiltonian for gate operations; namely, by slowing down the process of executing
quantum gates, the noise for each gate is amplified.

Suppose that we measure the observable in different noise parameters: € = g < € < -+ <
€x. Then until the K-th order, we obtain

= (0)o+ > oxek + O(F ), (3.7)
k=1

(O)e

J

where {0}, € R. In the matrix equation form,

1 oeo & - ) [(O)o+O0("H) (O)eo
1 & e% e e{( 01 (O)e,
= (3.8)
1 ex e%( ef OK (O)ex
By solving the equation, we obtain the ideal expectation value as
K
(O)o =D ar(0), + O(XHY), (3.9)
k=1

where {ay, }£ | € R. Note that each oy, increases exponentially as K becomes larger; therefore if
the number of measurements for estimating (O)., is fixed, the estimation error of (O)q increases
exponentially with the value of K. Thus, we need to set K to a small value.

Exponential extrapolations

Suppose that the noise channel after the p-th gate is written by
E=(1—e)Z+eN, (3.10)

as in the Richardson extrapolation case. In Richardson extrapolation, we implicitly assume that
the Talor expansion until K-th order well approximate the relationship between (O). and (O)o.
However, when the number of gates is large while € is small, the Talor expansion does not capture
the relationship effectively, as we see in the following.
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Suppose that p-th noiseless gate operation is given by U, then given the number of gate as
N¢, the whole noisy gate operations is written by

SESNGOUNGO~-~O(€QOUQ0510L{1. (311)
Using (3.10), it holds that
Ng Nk
E=> 1 —eNoTkY Wk (3.12)
k=0 q=1
NG k1nk k
where ny = X and {W;}7*, are all the elements of the set S” defined by
Ng
SE =S WIW = H X;U;, X; =T or €;,the number of j that satisfies X; =Z isk p. (3.13)
j=1

Then, by setting W* = Y=* | W /ny,, we obtain

Ng
E=>" (?) f (1 — e)Ne—kyk, (3.14)
k=0

In the limit that Ng is large while Nge < 1, the Poisson limit theorem tells that

k
(NG> f(1—e)No=k ~ e—NGEM, (3.15)
k k!
and therefore N
G k
~ ,—Nge (Nge) k
E~e sz A (3.16)
=0

Approximating the sum up to the first order of Nge, we obtain
£~ e Nee WO £ NgeW! + O((Nge)?)). (3.17)
Then the expectation value of the observable O when the error parameter is € is computed as
(O)e = e Ne< ((0)0 + NaeTr(OW' (p) + O((Nee)?))) , (3.18)
where p is the input state. If we can amplify the noise parameter to ae (a > 1),
(O)ac = N5 (0o + NgaeTr(OW!(p)) + O((Nge)?))) . (3.19)
Combining (3.18) with (3.19), we obtain

() = U™ = (O)ace™™ | (2. (3.20)

a—1

The error mitigation protocol using this formula is called the exponential extrapolation [71, 72].

Note that the merit of expanding £ as (3.17) is that we can include all order of e=V¢€, while
the Taylor series expansion of £, which is utilized in the Richardson extrapolation only includes
the first order of e~ Né¢ as

E WP 4+ (=NeW + NeWh)e + O((Nge)?). (3.21)

Thus, in case that we can use the approximation (3.16), it is more preferable to use the exponential
extrapolation than the Richardson extrapolation.
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3.3 Variational quantum algorithms

This section reviews the variational quantum algorithm (VQA) proposed to obtain the quantum
advantage in NISQ [23, 24]. VQA is the method to solve tasks by expressing them in the form
of the cost function minimization problems using parameterized quantum circuits. VQA is now
utilized in various problems, and they share some of the concepts. The variants of VQA are
also actively studied. One of the most promising variants is the quantum generative adversarial
network (QGAN).

In this chapter, we firstly review the basic concepts shared with almost all VQA applications
in Section 3.3.1. In Section 3.3.2 we review the applications of VQA. In Section 3.3.3, we review
QGAN, which is a promissing variant of VQA.

3.3.1 Basic concepts

The building blocks of VQA are the parameterized quantum circuit (PQC), the cost function,
and the optimizer. In the following, we firstly review those components one by one, and next,
we see how those components are combined in VQA.

Parameterized quantum circuit

PQC is a circuit where some of the gates are parameterized by 0; we write the circuit as U(8).
How we embed parameters into the circuit depends on tasks. PQC with a specific structure is
called ansatz. There are two types of ansatz used in VQA. One type is the problem agnostic
ansatz, where prior knowledge is not reflected in the structure of the ansatz. Another type is
the ansatz tailored for specific problems, e.g., the unitary coupled-cluster ansatz [73]. Since the
problem agnostic ansatz is now actively examined due to its broad applicability, we focus on it
in the subsequent section. The most typical ansatz among the problem agnostic ansatz is the
hardware efficient ansatz, which we show the detail in the following.

Hardware efficient ansatz

The hardware efficient ansatz [25] consists of multiple layers of single-qubit rotation gates
and the entangler that entangles all qubits. Concretely suppose that the number of layers is L
and the unitary operator corresponding to the ¢-th layer is U,(6%), then the unitary operator
corresponding to the hardware efficient ansatz is given by

L
U®) = [ U6, (3.22)
=1
where Uy(0°) can be decomposed as
Ui(0°) = WV (6, (3.23)

with V(8%) corresponding to the single-qubit gates and W corresponding to the entangler. In
the single-qubit gate, the j-th parameter is embedded as exp(if;0;), where o; is one of the Pauli
operators. In many of the settings V(8%) is the tensor product of the single-qubit rotation gates;

V(0°) = exp(ifio!) ® exp(if505) @ - - @ exp(if’ ot), (3.24)

n-n

where 9§ is the j-th parameter in the ¢-th layer and Jf is again one of the Pauli operators. We
show an example of the structure of the hardware efficient ansatz in Fig. 3.3, which is depicted
by using [74]. As we see in the figure, we do not use any knowledge to build the structure of the
hardware efficient ansatz.

Note that the hardware efficient ansatz characteristics that each entangler only entangles
neighboring qubits is suitable for the execution in current superconducting quantum computers
where the connection between qubits is limited as in Fig. 3.1. On the contrary, we need many long-
range interactions between qubits in general to implement ansatz tailored for problems; namely,
we need many two-qubit operations between qubits not directly connected, which requires an
unignorable amount of swap gates.
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Figure 3.3: The structure of the hardware efficient ansatz when the number of qubits is six and the number
of layers is six.

Cost function

The cost function in VQA is the function to be minimized, which is often computed by
C(0) = Tr(pU(0)TOU(0)) (3.25)

with an Hermitian observable O and an input state p. We update the parameters in the direction
that C(0) decreases, and after enough iterations we obtain the optimal parameter 8*.

The cost function is chosen so that minimization of the cost function corresponds to the
solution to the target problem. For example, if the problem we want to solve is finding the
minimum energy of a Hamiltonian H, the observable and the input state is chosen to be O = H
and p = (]0)(0])®", where n is the number of qubits. The minimum energy obtained as the
solution of VQA is C(8*) = Tr(pU(0)t0OU(8)).

Optimizer

To find the optimal parameters 8* we iteratively update the parameters 8 as 8(0) — 6(1) —
-+ — 0(T), where O(k) are the parameters at the k-th iteration step and T is the final iteration
step. The component to find the parameters 8(t + 1) from 6(t) is called the optimizer. The
gradient-based optimizers are used in many of the problems.

The gradient-based optimizers utilize the gradient vector of the cost function, which is given
by {0C(0)/00; }le where P is the number of parameters. The gradient vector can be computed
by using the following parameter shift rule [75]:

ac(6)
09,

= C(g(j+)) _ C(g(j—))’ (3.26)

where the elements of 8U%) are given by

o ={ o tep 017 (320

under the condition that the j-th parameter §; is embedded into the quantum circuit as exp(—i6;%/2)
with ¥ as the Hermitian operator satisfying 32 = I. In the rest of this thesis, we assume that the
condition for the parameter-shift rule is satisfied because ansatz we have interests, such as the
hardware efficient ansatz, satisfy the condition. In the practical situation we can not exactly esti-
mate the value of the gradient, but by using the O(M) measurements of C'(8U1)) and C(9U~)),
we can estimate the value of the gradient within O(1/v/M) error with high probability.

The most important gradient-based optimizer is the stochastic gradient descendent (SGD)
where each parameter is updated by the following rule:

aC(0)
05 lo—o()) ’

0(t+1); =6(t); —n (3.28)
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Figure 3.4: The overview of the VQA when using the gradient descent optimizer.

where 7 is called learning rate that we can freely choose. There are also many variants of the
SVD optimizer; for example, Adam [76], which is originally proposed for the classical machine
learning, is one of the SGD optimizer.

Combining the above-discussed components, we can write down the process of VQA. Initially,
we determine the ansatz and the cost function, so the minimization of the cost corresponds to
the problem’s solution. Then we initialize the parameters in the ansatz; there are various ways
of initialization, such as random initialization. The optimizer updates the parameters according
to its rule. For example, suppose we use a gradient-based optimizer. In that case, the gradient
vector of the cost function is computed, and the parameters are updated for the direction of the
gradient vector as in (3.28). The update of the parameters is repeated until convergence. The
parameters, the value of the cost function, and the value of the quantum state generated by the
circuit at the final iteration are the output of VQA. In Fig. 3.4 we show the overview of VQA
when using the gradient descent optimizer.

Note that classical devices execute the computation of finding the new parameters. In con-
trast, quantum computers compute the cost function or the gradient vector. It should also be
noted that we can choose the number of gates in the ansatz; if the number of gates is small, then
the noise can be reduced, which is why VQA is expected to be executable in NISQ.

3.3.2 Applications
Variational quantum eigensolver

The variational quantum eigensolver (VQE) is an algorithm to find the minimum eigenvalue and
corresponding eigenstate of a Hamiltonian. More precisely, given a Hamiltonian as H the goal of
VQE is finding the solution that satisfies

Hlp) = Eol¢), (3.29)

where Fj is the minimum eigenvalue of the Hamiltonian and |¢) is the corresponding eigenstate.
Note that finding such a solution is especially important in the quantum chemistry [3-6], where H
is the molecule’s Hamiltonian. As we can see, if the dimension of the Hilbert space is exponentially
large, the problem is difficult to be solved by any classical devices.

It can be easily checked that by using the phase estimation algorithm, which we discussed in
Section 2.3.2, we efficiently find the solution. However, the phase estimation algorithm requires
the inverse Fourier transform, which requires many controlled operations and is intractable in
NISQ.
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To find the solution by NISQ, VQE is proposed as a method that does not use phase es-
timation. In the algorithm, the cost function C(8) is given by the expectation value of the
Hamiltonian; namely

C(0) = Tr(pU (9)HU (0)), (3.30)
where U(6) is the unitary operator corresponding to PQC and p is a pure input state: p =
[®in)(Pin|. Then given the optimal parameters as 8*, the minimum eigenvalue is given by C(6*)

and the corresponding eigenstate is given by U(0*)|®;,). From the parameter-shift rule (3.26),
we can compute the gradient vector as

aC(8)

50 = Tr(pUT (U T)YHU(8YH))) — Tr(pUT (8Y)YHU (Y )). (3.31)

The update of the parameters is often performed by using the gradient descendant with this
gradient formula.

Quantum circuit learning

The variational quantum algorithm is also used for machine learning problems. As one of the
essential variational quantum algorithms in machine learning, we review the quantum circuit
learning (QCL)[77] in the following. Before going into the detail of QCL, let us review the
supervised machine learning problem settings.

Supervised learning

Supervised learning is one of the most important machine learning tasks, whose goal is
building a functional approximator or a classifier from a labeled training dataset. There are
various real-world supervised learning applications, such as image processing, object recognition,
and natural language processing.

In supervised machine learning, the training dataset denoted by {x*, yk}fvw:1 is given, where
x* and y* are the k-th input vector and the label vector respectively, and M is the number of
the training data. The supervised learning is the task to find the function that correctly maps an
input vector to an label vector. More precisely suppose that the training dataset is sampled from
the unknown data distribution D, then the supervised learning is the task to find the function f
that minimizes the following value

C(f) = E(x,y)ND [L(f(x)7y)]7 (332)

where L(f(x)),y) is a distance measure between f(x) and y; therefore as f(x) predicts the label
vector correctly, the cost becomes small. An example of the distance measure is the following,
which is called as the mean squared error (MSE) given by

L(f(x).y) = [1f(x) = ylI3. (3.33)

where || - ||2 is the L?-norm.

Normally we limit the function space to a parameterized function space F = {g|g = fy°4!,0 €
RP}, where P is the number of parameters and f3°%¢! is a function whose dimension of the input
and output are same as the input vector and the label vector of the training dataset respectively.
The choice of the function form of f},“"del corresponds to the choice of the model, e.g. if we use
a neural network with a certain structure as the model, the function form of fgwdd, and hence
the function space F is determined. Then the problem of minimizing (3.32) is converted to the
problem of minimizing the following value

E (x ) ~p [L( 5 (%), ¥)]. (3.34)

However, we can not directly obtain the solution of (3.34) because the distribution D is unknown.
Thus, we approximate the expectation value by using the given training dataset as

M
oy L5 (), 9] = £(8) = 52 3 L), v, (335)
k=1
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Figure 3.5: The overview of the structure of f§°4°!, when the model is DNN. The blue nodes correspond to
the input layer, and the red nodes correspond to the output layer.

We can update parameters by using an optimizer such as the gradient descendant (3.28) so that
(3.35) is minimized. The function £(0) is called as the cost function.

As an example of fi°dl let us briefly introduce the deep neural network (DNN), which is
currently the most successful machine learning model. In DNN, the model function fgode! is
constructed by a network of L layers. Let ny be the number of nodes (width) of the ¢-th layer
(¢ =1 and ¢ = L correspond to the input and output layers, respectively). Then the input x7 is
converted layer by layer to the output fg“’del (x7) in the following manner:

oM (x7) =%,
a(é)(xj) - U(é)(d(f)(xj))’
(3.36)

. 1 ,

5D (33) — =7 (0 5O (53 (0

a b'e W a7 (x7) + €6\,
(x7) g (x?)+¢

J3etel () = alb) (),

where W) € R™*™-1 is trainable weight matrix and b() € R™ is trainable bias vector, and ()
is the activation function in the ¢-th layer. The choices of each W), b() and ¢(® determine the
function structure of each DNN. We illustrate the overview of the structure of DNN in Fig. 3.5.

Note that the minimization of £(#) may lead to the phenomenon called overfitting. For
example, suppose that the dimensions of both the input vector and the label vector is one, and
the training data is sampled from the following distribution D; the input x distributes under the
uniform distribution between 0 and 37 and the corresponding label y distributes as

y = sin(2z/3) + ¢, (3.37)

where € is sampled from the centerd Gaussian distribution with the standard deviation equals
to 0.2. Then obviously (3.34) is minimzed if and only if f3°d!(z) ~ sin(2z/3) in = € [0, 37].
On the contrary there are many functions that minimize (3.35) including non-smooth function;
in Fig. 3.6 we show one of f3°%!(z) when (3.35) is almost minimized where M = 15 and L is
MSE. We see that although fgwdel(ac) goes through most of the training data, it is not close to
sin(2x/3) at all, and therefore f3°%!(z) does not correctly predict the label unless the input z
coincides with one of the training data. For avoiding this issue, the regularization term (6),
which makes f3°%(z) smooth, is often added to £(8) as

Lo(8) = £(6) + Q(8) (3.38)

and Lg is minimized instead of £(0). One example of the regularization term is Q(6) = \||0]|3
with a positive real value A; in this case the value of L become large if the norm of the parameter
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Figure 3.6: An example of overfitting in a supervised machine learning problem.

vector is large, and therefore the norm of the parameter vector tends to become small as a result
of the optimization. Note that even though the strategy to use the regularization term works in
some cases, it is often difficult to design the term properly.

The algorithm of the quantum circuit learning

QCL is an algorithm using the quantum circuit for the supervised learning problem. In QCL,
the function fgde! is defined by

f5(x) = Tr(pxU (0)'OU (), (3.39)

where O is an Hermite observable and p, = U(x)[0)®™(0|®"U (x)" with U(x) as a unitary operator
that encodes an input vector x. The choice of the encoding circuit U(x) is arbitrary; one of the
choice is

U(x) = €77 ® ¢9:%2 @ ... @ e'7=7n, (3.40)
In QCL, we can compute the cost function by (3.35) and the gradient vector by

Z oL f’ ‘ OTr(pr U(0)TOU(6))
j M fzfénodel (x*) 89j
_ Z OL( f, (T‘I‘(pxkU(H(j+))TOU(9(j+)>) _ Tr(pxkU(e(f‘))TC’)U(B(j_))D ;
M f:fénodel (xF)

(3.41)
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where in the last line, we use the parameter-shift rule shown in (3.26). Using the gradient de-
scendant algorithm with this gradient vector, we update the parameters so that the cost function
is minimized.

In [77], it is claimed that the possible quantum advantage of QCL over classical algorithms is
that the model function of QCL (3.39) has a potential power to represent more complex functions
than its classical counterpart. On the contrary, subsequent studies [78] have shown that the
conditions under which the quantum advantage is achieved in QCL are stringent; namely, this
topic is an area of active discussion, and further research is needed in this regard.

Also, the possibility of overfitting is discussed in [77]. Concretely, it is inferred that QCL
is less likely to overfit compared to the classical counterpart because the model function (3.39)
is built by the unitary operator and the unitary constraint corresponds to the regularization
term. Even though no counterexamples have been shown so far, theoretical evidence is needed
for verifying this conjecture.

3.3.3 Quantum generative adversarial network

In this subsection, we review the quantum generative adversarial network (QGAN), which is
the variant of the variational quantum algorithm, and the quantum counterpart of the generative
adversarial network (GAN) [41] in classical machine learning. We first review the GAN algorithm,
and next, we show the detail of QGAN algorithms.

Generative adversarial network (GAN)

GAN is originally proposed as an algorithm to train generative models. A generative model
is a sampler trained by a dataset. What a generative model generates as a sampler depends on
the dataset; for example, a generative model becomes an image generator if trained by an image
dataset and becomes a text generator if it is trained by a document dataset. Normally the goal of
the training of the generative model is that the samples generated by the model become similar
to the training dataset. The generative model has various real-world applications such as the
image synthesis [79-86], the text generation [87-90], and the object recognition [91-93].

The most successful algorithm for training the generative model is GAN. GAN consists of two
adversarial components: a generator and a discriminator. The goal of the training is to obtain
a good generator as the generative model that generates samples similar to the training dataset.
The generator takes a set of random seeds as its input and transforms them into samples called
fake data. The discriminator receives either the fake data or the training data (real data) and
classifies them as ‘fake’ or ‘real’ exclusively. The discriminator is trained so that the true data is
classified as ‘real’ and the fake data is classified as ‘fake’. In contrast, the generator is trained so
that the fake data generated by the generator is classified as ‘real’ by the discriminator. Namely,
the generator is trained to fool the discriminator, and the discriminator is trained to identify
fakes. Surprisingly we obtain a good generator as a result of this adversarial training.

The training of GAN is formulated as follows. We denote the function corresponding to the
generator as G(z) and that corresponding to the discriminator as D(x), where x corresponds to
the fake/real data and z corresponds to random numbers. A random number is necessary because
if the generator does not take any random inputs, the generator’s output is always the same; by
taking the random numbers as its input, the generator can generate a wide variety of samples.
The dimension of G(z) is the same as the training data. The discriminator D(x) takes the value
between zero and one; zero means that the classification result is ‘fake,” and one means that
that is ‘real.” The generator and the discriminator implicitly have trainable parameters 8 and 6’
respectively. Still, we do not show them for simplicity. The generator and the discriminator tend
to be implemented by deep neural networks. We denote the training dataset by X = {x/_,. j]\il
and the corresponding random numbers as {z’ }]]Vil
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The cost function for the generator and its gradient is given by

_/dZ log D (G(z)) p(z) = —Eamp(z) [log D(G(z))], (3.42)
OLg0) _ [, 1 9D(g) 0G(z)
06, )¢ D(G@) 99 |,cw 00 p(z), (3.43)

where p(z) is the distribution of the random numbers that we can freely choose, e.g., the Gaussian
distribution. In the practical training, we can not exactly compute the expectation value and
therefore we approximate the value by using M samples {x7,,.}}Z, and random numbers {z’}}Z,
as

log D( Xfake (3.44)

= \

8
5 =

(3.45)

-
T

<Xfake) 99

The cost function and the gradient vector for the discriminator is given by

Ln(®) = —% [ daliog(1 ~ DG p(a) — 5 [ dxlog Dx)at) (3.46)
5 (Eayolloa(l — DG m + Eygioo log D(x )D (3.47)

OLp(6") 1 dD(G( 1 (x)
o0, / DG 69’ T2 / *D(x) aef a(x) (3.48)

1 9D(G(2)) L 9D(x )}’ (3.49)

QEZNP(Z){ [—D(G@) 00, }QEXNQ(X) {D(x) o0/

where ¢(x) is unknown data distribution. The expectation values are also approximated by the
sum as follows:

M
Z |:10g (1 - Xfake)> + logD(X(]iata):| ’ (350)
J:
/ M J J
8LD /0 Z < 1 - aD(Xfake) _ ﬁ aD(X‘fam)> . (351)
89 =1 (Xfake) 89k D(Xdata) 80k

It should be noted that the gradient of G(-) and D(-) are efficiently computable by using the
technique called the back propagation as long as we implement the generator and the discriminator
by DNN discussed around the equation (3.36).

The training is the repetition of the following two steps: (1) updating the parameters 0 by
the gradient descendant with the gradient vector in (3.45), and (2) updating the parameters 6’
by the gradient descendant with the gradient vector in (3.51). As a result of the training, we
obtain the generator as the good generative model for generating samples similar to the dataset
X; namely, the distribution of the probability that the generator generates a sample x becomes
close to g(x). The overview of the architecture of GAN is shown in Fig. 3.7.

Quantum generative adversarial network (QGAN)

QGAN is the algorithm whose generator and/or the discriminator are implemented by quan-
tum circuits. Among various QGAN models, we review QGAN for training the data loading
circuit (QGANDL) [29].

Loading data into the amplitudes of a quantum state, which is called as amplitude encod-
ing, is an important submodule for various algorithms. However, exactly loading data into the
amplitudes of a quantum state requires exponential number of quantum gates [94-100], which

36



Repeat o and e until convergence

training data
— Ixl 2 M
random number X = {Xy,. X + Xgata)

£ak data’
y ? 4

generator
—Jp real/fake
G() /
Update parameters in a generator Update parameters in a discriminator
so that fake data is so that it classifies real data as “real”
classified as “real” by a discriminator and generated data as “fake”

Figure 3.7: The overview of the generative adversarial network (GAN).

is intractable in NISQ when the number of qubits is large. Methods for realizing the amplitude
encoding with fewer gates are highly demanded.

The literature [29] proposes a QGANDL to approximately load the underlying probabil-
ity distribution of the training data into the amplitudes of a quantum state with fewer gates.
More precisely, given the discretized underlying probability distribution as ¢(r), the goal of the
algorithm is generating the following state:

|¢) ~ Z Va(r)err), (3.52)

where each |r) is the computational basis, and each a, can be any real number, namely controlling
each «, is beyond the scope of the algorithm. In other words, the goal of the algorithm is
approximately building a state where the probability of measuring the state |r) is g(r). Note
that if |¢) is loaded, it is applicable to practical problems such as the Monte Carlo integration.
QGANDL is proposed as an algorithm to achieve the goal by using GAN formulation, where
the generator is implemented by a quantum circuit and the discriminator is implemented by a
classical machine learning model such as a deep neural network. More precisely, M outputs of the
generator {x{,,.}17, are obtained by measuring a state U(6)|0)®" in the computational basis,
where U(0) is a PQC. When generating one output, the probability that the output equals to r
is given by
pa(0,r) = Tr (poU(0)"|r) (r|U(6)T) (3.53)

where pp = [0)®™(0|®". The discriminator is the same as the one in the classical counterpart.
It should be noted that, unlike the classical case, the generator need not take random numbers
as its input because the randomness is already included in the quantum generator; namely, the
computational measurement of the quantum state returns a different result for each measurement.

Suppose that the training data is given by X = {Xqata’ }j]‘/il as in the discussion about
GAN. The function for the discriminator is D(x), and the generator is G, where the input of
the generator is omitted. Then the cost function and the gradient vector for the discriminator
in QGANDL are same as (3.50) and (3.51). Also the cost function for the generator is given by
(3.44). To the contrary, the gradient vector of the generator in QGANDL is different from the
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formula (3.45). Concretely the gradient is given by

8%;}@ = _a% ( / dr 1og(D(r))pG(0,r)) (3.54)
- / drlog(D(r))%‘Z’r)7 (3.55)

= [ artog(D(r)) (a6 ) ~ (64 .x). (3.56)

= —E,pe (ot ) l0g(D(r))] + E,opi o0 ) log(D(r))] (3.57)

where in the third line, we use the parameter shift rule (3.26). Each expectation value E,_,,, g+ r)[*]
can be approximately computed by M samples generated by measuring the quantum circuit
U(0U*))|0)®™ in the computational basis. Let us denote the j-th sample obtained from measur-

ing U(0%+))|0)®" as xﬁék:c), then

Lc(6 J( +) J(k—)
89k M Z( IOg Xfake )) +10g(D(Xfake ))) . (358)

The procedure to train the generator and the discriminator using the gradient vectors is the
same as that in the classical counterpart. As a result of the adversarial training, the samples
generated by the generator becomes close to the underlying distribution ¢(r). Namely, given the
state generated by PQC as |¢), the following holds

(W [r)]* = q(r), (3.59)

which is the goal (3.52).

Recall that QGANDL only loads the probability distribution, and the phases «a, is uncontrol-
lable. On the contrary, the algorithm in [101], which is a contribution of the author of this thesis,
proposes a method to load any real vectors into the amplitudes of a quantum state without using
QGAN formalism.

In classical machine learning, we can find the most successful application of GAN in the
semi-supervised learning tasks [44-46]. Even in the quantum setting, the quantum generative
adversarial network can be applied to the semi-supervised learning tasks by utilizing the algorithm
proposed by the author of this thesis. We describe the algorithm in Chapter 5.

3.4 Critical issues of the variational quantum algorithms

As seen in Section 3.3, VQA and its variants are suitable for the execution in NISQ, and there
are many promising applications. However, to apply VQA to practical problems, we need to
overcome several critical issues. Of particular important issue is the so-called barren plateau
issue, which is pointed initially out by Ref. [102]. In Section 3.4.1, we firstly review the barren
plateau issue, and the other issues are briefly discussed in Section 3.4.2. We discuss the possible
solutions to the barren plateau issue in Chapter 6.

3.4.1 Barren plateau issue

In VQA, we need to update parameters in PQC so that the cost function is likely to decrease. In
many of the problems of VQA, the new parameters are found by utilizing the gradient descent
algorithm that we discuss in Section 3.3. Reference [102] theoretically shows that as the number
of qubits n increases, the norm of the gradient becomes exponentially small when PQC is deep,
and we randomly choose 6, which is called the barren plateau issue. More precisely, given the
input state as p, the observable as O, the unitary operator corresponding to PQC as Uy, and the

cost function as C(0) = Tr(pUsOUs),
<gecj> /du(Ue)gac 0, <<§Z)2> /du(Ug) (gg) =0 <2ln> : (3.60)
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Figure 3.8: A cartoon of the cost function landscape with the cost function C(0) corresponding to Equa-
tion (3.60).
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where du(Up) is the measure of the probability of the unitary operator when randomly choosing
6. The deriviation of (3.60) is shown at the end of this section. The formulas imply that the
landscape of the cost function is almost everywhere flat as we show in Fig. 3.8.

The reasons why (3.60) is fatal in VQA are two-fold. First, we need an exponential number
of measurements to correctly estimate the sign of 9C/96; for each j and each point. Thus to up-
date the parameters to proper directions, O(2") measurements are needed, which is intractable
in practical problems with O(100) qubits (recall 210 ~ O(10%°)). Second, we need an expo-
nential number of iterations to obtain the optimal parameters since the distance between the
initial parameters and the optimal parameters are O(1) on average, while in each iteration, the
parameters are updated only by O(1/2™) as long as we choose the learning rate as O(1).

It should be noted that in [103], it is shown that the presence of noise makes the barren
plateau issue severer, which is unfavorable for VQA that is expected to work in noisy devices.
Also, it is shown in [104] that even if we use the gradient-free method, e.g., Nelder-Mead, Powell,
and COBYLA, for the optimization, the barren plateau issue is unavoidable. That is because the
gradient-free techniques need to find new points where the cost function becomes smaller as in
the case of the gradient descendant, but for finding the points where the cost decrease by O(1)
value, O(2") trials are necessary since the cost function landscape is flat in almost everywhere.

As we see in the above discussion, the barren plateau issue is so severe that it may kill all of
the variational quantum algorithms, including the ones stated in Section 3.3. Thus many pieces
of research are tackling this issue, some of which provide possible solutions. We will discuss those
solutions in Chapter 6.

Derivation of the equations (3.60)

Before concluding this subsection let us show the detail derivation of (3.60). The equations (3.60)
are theoretically proven under the assumption that the distribution of the unitary matrices corre-
sponding to the PQC is unitary 2-design [105]. The unitary 2-design is the random distribution
that resembles the Haar distribution, the random distribution in the Haar measure. Namely,
when the distribution of the unitary operators is unitary 2-design, the following element-wise
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integration formulae hold:

OabOe
/ dUU, U, = / dUU, U, = —2bcd (3.61)
2design Haar N
1
| UMV = [ UaUaUesU, = 55 Gacduadegbin + Bagdindecd)
2design Haar
1
- m(dac5bh5eg5fd + an0bddecOry),

(3.62)

where [, design @U 18 the integration over the unitary 2-design, Jtaae AU is integration over the Haar
distribution, and NV is the dimension of the unitary matrix. The assumption seems to be valid
because as the PQC becomes deeper, the distribution of the unitary operator corresponding
to PQC becomes more random and closer to unitary 2-design when randomly choosing the
parameters [102]. These formulae are used to prove (3.60).

The gradient of the cost function can be written as

oC oU, 0Uyg
=T [ g8 - To=—2 .
o _ (o1 hous) 1 (i) "
Since each parameter is embedded as exp(iX;6;) where X; is an Hermitian operator, we can write
Ug = Uy exp(iX;0,)U_ (3.64)

by using a parameterized circuit U+ and U_. Then its derivative becomes

oU ~ ~
879 = iU, %, exp(i%;0,)U_ = iU, 2,;U_, (3.65)
J
where in the last equality we write Uy = Uy and U_ = exp(iX;6;)U_. By substituting (3.65) to
(3.63), we obtain
ocC .
o5, =~ (Tr (pUiszloUw_) T (pUi U10U+2JU_)) (3.66)

We can prove the first formula in (3.60) when Uy or U_ is 2-design. When U, is 2-design,
the first term becomes

/ av, T (pUt 50T 00U )
design

/2 vy U] UL Ol
b.ed,e esign g

Qin 3" Gpebea [U_pUizj] , O (3.67)
b,c,d,e

_ Q%TT(O)Tr (v-p's;),

where in the second equality we use (3.61). Similarly,

1
/ U Tr (pUiUIOU@jU_) — —_Tr(O)Tr (pszjU_) . (3.68)
2design 2

Thus from (3.66),

/du (Ug)— /dU_/ dU+ =0. (3.69)
2design 89
When U_ is 2-design the first term in (3 66),

/Zdesign U+ Tr (PUiEjUIOTAUf) = > Ul S [Uiocq}de U_es

b,c,d.e,f

1
= on . Zd: f5bf5cepfb2jcd {U_TFOUJrLe (3.70)

1
= 27TI‘ [E]U10U+:| y
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where in the second equality, we use (3.62). Similarly,

1
/ av T (putvlov,z;u-) = o |20l o] (3.71)
2design
and therefore,

/ du( Ug / U, /2 ) %€ 89 0. (3.72)
esign

Thus we successfully derive the first formula in (3.60).

The second formula in (3.60) can also be derlved when Uy or U_ is 2-design. From (3.66)
we obtain

aC\> t + - 2
<89j> =~ (e (e zutov v ) - T (putviov, o)) (3.73)

For the case that the distribution of U, is 2-design, the following term can be transformed as

/2 — U, (Tr (pUi Ut ou, U_))2

- ¥ S [U_pUiElebl Uty o Oty Usdyen [U_pUiszzb2 Uty Ocsts Ut e

bi,c1,d1,e1,f1 ba,c2,da,e2,f2

=YY [pein] | O [vpvls] | O

bi,c1,d1,e1,f1 ba,c2,da,ez,f2

1 1
x 22n _ 1 |:(§blel 601‘11 65262602112 + 61)162501112517261662111) on (6b161 5cld25b262 5ch1 + 6b1e2 (Scldl 5b2e1 602d2):|

- ﬁ {(Tr((’)))2 ((Tr (pUisz,))2 +0 <21n>> +Tr(0?) ( {( vis;u) ] + c()3<7%>> } ,

where in the second equality we use (3.62). Similarly,

2 (e (02000250 )

= g { O (- (rme ) vo (7)) s mion ([ (s ) o () )}

(3.75)
The cross term can be transformed as
/ AU, Tr (pUisziomU,) Tr (pUiUiomsz,)
2design
= Z Z [U,pUi Zj:| U—J&r-blcl 001d1 U+d161 [Ej U,pUi} eob UI—bg@ Oczdz U+d2€2
b1,c1,d1,e1,f1 ba,c2,d2,e2,f2 erb 22
= Z Z [U,pUiEJ} , Oc,d, [EjU,pUiL , Oc,d,
b1,c1,d1,e1,f1 ba,c2,d2,e2,f2 e 2v2

1 1
X 92n _ 1 |:(6b1 e10cydy Obyes0cady F ObyesOcyds Obser Ocady ) on (5171 e10c1dy0bse50c5d; T ObyesOcydy Obser Ocyds ):l

- (s ) o (2)) o (i) o ().

(3.76)
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where in the third line we use (3.62). Thus,

aC\>  2Tr(0?) N : 2
/dU, /2deSign U, (ae) - W/dU, {Tr (p U_sz,) Ty [(pU_EjU) ”

o (Tr(0)2 Tr((92))

23n 23n

1
<
<0(5);

(3.77)
where in the last line, we use Tr(0?) < O(2"), Tr(0)? < O(22"), Tr (sziEfU,) < O(1), and
2
Tr {(pUiEjU_> ] < O(1).

For the case that the distribution of U_ is 2-design, the following term can be transformed

as
2
/ av_ (x (pUt ;00U )
2design
- Z Z Peiby Ujblcl [21U10U+]01d1 U—dyie1 Pesbs Uibzcz [Ej UI_OU_,_}Cde U_dze,
bi,c1,d1,e1,f1 ba,ca,da,e2,f2
= Z Z Pe1by [EjU-J{—OU+]01d1 Peabs [EjU—.‘,r-OU+]C2d2
bi,c1,d1,e1,f1 ba,co,d2,e2,f2
1 1
X W |:(5b161601d1 65262§C2d2 + 5b162561d25b2€1662d1) - 27 (617181561!12517262662611 + §b1€2661d15b261602d2):|
1 f 2 1 > i 2 1
= s (B Uloun) (140 (5 ) )+ T () T ((Svtovy) ) (140 (5] ) 1
(3.78)
Similary,

/ du_(e\Ututou, s;u_|ey@utulou,s;u_|e)
2design

1 2 1 2 1
_ T 2 1
o ((Tr(ZjU+OU+)) (1 +0 <2n>) +7Tr (p?) Tr <(2jU+(’)U+> ) (1 +0 (271 )) .
(3.79)
The cross term can be transformed as
/ dU_Tr (pszjUjomU_) Tr (pUiUIOU@jU_)
2design
= Z Z Pe1by Uiblcl [ZjU—J{-OU-‘r]Cldl U—dlel Peabs UibQCQ [U—J{-OU-"-E]'}de U—d2e2
bi,ci,di,e1,f1 ba,co,da,e2, f2
Z Z Pe1by [EjU-JIf—OU-O-]Cldl Pesbs [U-J{-OU-FEJ']CQ(&
bi,c1,d1,e1,f1 ba,co,d2,e2,f2
1 1
X W |:(6b1€1601d1 517262662dz + 6b162661d25b2€1602d1) - on (617161661(1266262602(11 + 6b1€2601d16b2€1602d2):|
— 1 T 2 1 2 2771 y2 1
S (Tr(EjU+OU+)) 140 (5 ) )+ () m©@2ulztuy) (1+ (5 ) ) )
(3.80)
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Figure 3.9: A cartoon of the local minima in one dimensional parameter space.

where in the second equality we use (3.62). Thus,
aC\? 2 20t o2 : 2
/dU+ /mign U <89]> - W/dm (Tr((’) Uls2U,) - Tr ((zjm@m) ))

(3.81)

2
where in the last line, we use Tr(OQU_TrE?U-s-) < 02", Tr ((EleOU+) > < 0(2?"), and
Tr (p2) <1

3.4.2 Other issues in VQA

There are two issues other than the barren plateau issue that we need a careful treatment of
when executing VQA. We discuss the two issues in the following.

The first issue, which is related to the barren plateau issue, is that the landscape of the cost
function in VQA may have many local minima. A local minimum is a point that the gradient
vector is zero while the value of the cost function is not minimized; the cartoon of the local
minima is shown in Fig. 3.9. As long as we use the gradient descendant, the existence of the
local minima is troublesome because once the optimization is trapped by the local minima, we
need to restart the optimization; therefore, the more the number of local minima is, the more
trials are necessary to find the global minimum that minimizes the cost function. Employing
several established classical optimizers [106] or using optimization strategy [107] tailored for
VQA might be a solution for the local minima issue in some cases, but none of which is currently
the comprehensive solution.

The second issue is that the depth of the circuit tends to become larger for reducing the
value of cost function below a certain specified value [108], which is an important issue because a
deep circuit leads to much noise (recall that one of the most important motivations to introduce
VQA is that VQA can be executed with a shallow circuit). There are various attempts to reduce
the circuit depth in the previous literature [109-112]. Also, Refs. [113, 114] provide methods to
split a large quantum circuit into several small quantum circuits. However, none of them is the
perfect solution to this depth issue.

Note that even though the local minima issue and the depth issue are severe, those issues may
be less critical than the barren plateau issue for certain algorithms. For example in the quantum
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machine learning, which we discussed in Section 3.3, does not require the perfect optimization;
namely, we do not need to completely minimize the cost function as long as the resulting quantum
machine learning model performs well. Thus, in such cases, it may be acceptable that the
optimization is trapped by local minima and/or the circuit depth is not enough deep to reduce
the cost value to near zero.

On the contrary, the barren plateau issue is critical in every variational algorithms; solving
the issue is essential for the practicality of all variational algorithms. In Chapter 6, we focus on
the solution to the barren plateau issue.
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Chapter 4

Quantum amplitude estimation
algorithm tailored for NISQ

As we show in the previous chapter, there is significant noise in NISQ, and we need to reduce
the noise for building real-world applications. One approach is reducing the number of gates
required for the computation. As an important example of this direction, we discussed VQA in
Section 3.3. Still, there are other essential algorithms whose number of gates has been successfully
reduced recently. Among those algorithms, the quantum amplitude estimation algorithm (QAE)
we discuss in the following has been significantly improved regarding the gate count.

4.1 Quantum amplitude estimation

QAE is the algorithm to estimate the amplitude of a quantum state with good accuracy. Con-
cretely, QAE is the algorithm to estimate the value of £ in the following equation:

(W) = AJ0)="]0) = £[W1)[1) + V1 - €2[W0) 0), (4.1)

where |¥y) and |¥;) are n-qubit states, & € [0,1], and A is an quantum operator. QAE is
included as a submodule in various quantum algorithms; namely, A is a quantum algorithm
that embeds the computational result into the amplitude of the quantum state, and we need
QAE to extract the computational result. One such example of the quantum algorithm is the
quantum Monte Carlo integration [17], which embeds the integration result into &—in practical
applications, executing A is often costly, thus reducing the number of calling .4 while estimating
& with required accuracy is the heart of the problem.

Previous approaches to the QAE problem

A naive approach for solving the QAFE problem is estimating £ by measuring the n + 1-th qubit
on the computational basis many times. Given the number of calling A (i.e., the number of
measurements) as Ngpot, the estimation error of £ is as large as O(1/v/Nghot)-

On the contrary, there is a more efficient approach to estimate £. Let us rewrite (4.1) as
|T) = A[0)2"]0) = sin ¢|W1)[1) 4 cos | P)|0). Then, we can define an amplitude amplification
operator G = A(L, 11— 2[0)n11(0)ns1)AT (L1 — 2, @ [1)(1]) with I,,41 as the identity operator
operates on n + 1-qubits and |0),11 as the n+ 1 tensor product of |0). The operator G operates
on |¥) as B }

G™ W) = sin((2m + 1)§)[¥1)[1) 4 cos((2m + 1)¢)[¥0)|0). (4.2)

Namely, G rotates |¥) in the two dimensional space spanned by [¥)|0) and |¥;)|1). We can
easily check that the eigenvalues of G are +2i6, and the corresponding eigenstates are |¥,) =

(01)[1) £ [¥0)[0))/v/2. Since [¥) = (|W) +[P_))/V2.

G|U) = 2|W, ) + e 29|V _), (4.3)
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Thus, we transform the QAE problem to the one finding the eigenvalue of the operator G,
which can be solved by the phase estimation algorithm introduced in Section 2.3.2. By using
the phase estimation, we can estimate the value of the amplitude with the estimation error as
O(1/Nshot ), which is the quadratic improvement from the naive approach. However, as we see
in Fig. 2.7 with setting U = G, we need many controlled-G operations for the phase estimation,
which require many noisy two-qubit gates, and intractable in the near-term devices. Quantum
amplitude estimation algorithms executable with much fewer two-qubit gates but achieves the
error scaling O(1/Ngpot) is highly demanded.

Recently, several attempts to reduce the number of gates have been made, all of which
utilizes the amplitude amplification operator [20-22]. The first attempt is made by the literature
[20]. Literature [20] shows that by measuring sin®((2m + 1)0) in (4.2) with various ms, we can
reconstruct the value of the amplitude by using the maximum likelihood estimation without using
the controlled-G gates. However, the theoretical proof of the error scaling O(1/Ngpot) is not given
while they give some numerical evidence for it.

Subsequent works [21, 22] also utilize (4.2) and do not require the controlled-G gates. Due to
their detailed strategy to choose m, they successfully prove the error scaling O(1/Ngpot). Among
these works, the theoretical upper bounds of the error in [21] is larger than 10°/Ng,e; when
firstly proposed, while in [22] the constant factor is dramatically improved as O(10%/Ngpot). In
the following, we describe the faster amplitude estimation (FAE) algorithm proposed by the
author of this thesis in [22].

4.2 Preliminary

Before going into the detail of the FAE algorithm, let us prepare some operators and functions
utilized in the algorithm. The most important technique we introduce here is the amplitude
amplification operator.

Attenuation of £

In the algorithm of FAE, we use the assumption that ¢ is less than or equals to 1/4. However,
it is not necessary to impose the condition on £ since the amplitude can be attenuated by
appending an extra auxiliary qubit as follows:

‘ﬁ§|\1/ )[10) + vi=& |\p )[01) + visd = &) |\I'0 100).

= sin §|W;)|11) + cosA| L), (4.4)

W) = Xp0)jo0) = S)11) +

where sinf = £/4 and | L) is a state orthogonal to [¥;)[11), and X = A® R with R as a single
qubit rotational gate, which operates as:

R0) = i|1> + @\oy (4.5)

As expected, the amplitude is attenuated such that sin 6 € [0,1/4], and without loss of generality,
we can assume

0 <6 < 0.252. (4.6)

Thus, instead of estimating the value of £ directly, FAE estimates the value of 6 and converts it
to &. The condition (4.6) is utilized as the initial bound in FAE.

Amplitude amplification

FAE utilizes a variant of the amplitude amplification operator Q that amplifies the amplitude
whose last two qubits are both 1. Concretely, the operator Q is defined by

Q = XU XU, (4.7)
Uo = ( n+2 — 2|0>n+2<0|n+2)7 (48)
Ui = ( n+2 21, ® |11><11|)7 (49)

46



auxiliary
qubits

Figure 4.1: The circuit for Q when the number of qubits is five.

where I, is the identity operator that operates to an n-qubit state. We show an example of the
circuit for Q when the number of qubits is five in Fig. 4.1. The direct calculation shows

Q" |V') = sin(2m + 1)9|\i'1>n|11) + cos(2m + 1)6| L). (4.10)

We get the estimates of cos(2(2m + 1)) by measuring the state (4.10) for multiple m. Let us
define ¢, as

Nll
)
Nshot

e, =1-2 (4.11)

where Nj; is the number of the results of the measurements in which the last two qubits in (4.10)

are both one and Ngyot is the total number of measurements of the state (4.10). The above

defined ¢,, is a good estimate of cos(2(2m + 1)6); the estimation error of ¢,, can be evaluated by

using the Chernoff bound for the Bernoulli distribution, i.e., given the confidence interval of c,,
min_cmax] the hounds of the interval are computed as

as [cmn ¢
2 12 . 2 12
1,¢, +/In (—) , ™t =max [—1,¢,, —/In <—> , (4.12
60 Nshot] [ 66 Nshot ( )

where §, is the probability that the true value of ¢,, (i.e. cos(2(2m + 1)6)) is out of the interval.

max _ :
Coy = min

Other functions

For later purpose, let us also define following three functions: COS(m, Nghot), CHERNOFF(c,,,, Nghot, Oc)s
and atan(s, ¢). The function COS(m, Ngpot) returns c,, as a result of Ngpot measurements of the
amplified state (4.10). The function CHERNOFF(c,,,, Nshot, dc) returns the confidence interval
[emin emax] of ¢ which is computed from the parameters: c,,, Ngmot, and .. The function

atan(s, c) is an extended arctangent function defined in the realm ¢, s € [-1,1] by

arctan(s/c) (¢>0)
/2 (c=0,s>0)
)0 (c=0,5s=0)
atan(s,c) = i (c=0.5<0) (4.13)
7+ arctan(s/c) (¢ <0,s>0)
—m + arctan(s/c) (¢ <0,s<0)

Finally, we denote the number of calls of Q required for estimating € by Ngyac. The goal of
FAE is estimating 6 with required accuracy while reducing the number of Ng;ac.
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4.3 Faster amplitude estimation algorithm

Now let us describe the algorithm of FAE. FAE is the method to estimate the amplitude by
utilizing the amplitude amplification operator effectively. Even though the previous works [20, 21]
also utilizes the amplitude amplification operator, the way of using the operator in FAE is different
from those in the previous works, which leads to the major difference in the algorithms.
Suppose that [0 . 67 ] as the confidence interval of 6 in j-th iteration, the algorithm
updates the values of 67 and ¢ so that the width 67— 67 . becomes smaller in each
iteration. Users of the algorithm can choose the total iteration count ¢; ¢ should be chosen so
that the final estimation result satisfies the required accuracy. As we see later, given an acceptable
error of the amplitude as ¢, € ~ 1/2¢ holds. Therefore, it is suffice to take ¢ as £ ~ log,(1/e).

Algorithm 1 Faster Amplitude Estimation (§. and ¢ as the parameters)

1: #Gﬂlin and 67 . : the confidence interval of § in j-th iteration.

2: Set 09, to 0 and 62, to 0.252.

3 Set Nit, = 194410 (£ ) and N3 = 9721n ().

4: Set FIRST_STAGE to true.

5: Set jo to L.

6: for j =1 to ¢ do

7. if FIRST_STAGE then

8: Set ¢,;_; to COS(27~1, NIt ).

0 Set e, cnax to CHERNOFF(cy, o, NI, 5,).

10: Set 07, = arccos(c™ ) /(2741 +2) and 07 = arccos(c3%) /(27! 4 2).
11: if 27167 > 3% and j < { then

12: Set jo to 7. )

13: Set v = 270(0do, 4 670, ) # the estimate of 270+10

14: Set FIRST_STAGE to false.

15: end if

16: else

17: Set ¢,; 1 to COS(2971, N23nd).

18: Set Sy, t0 (¢yy—1 cosv — COS(2771 + 200~ N2n)) /sinv.

19: Set p; = atan (32]._1,02_7._1).
20: Set n; to [5= (277! +2)69.1 — p; + 7/3)] where [z] is the largest integer which does not exceed z.
21: Set 07 . = (2mn; + p; — 7/3)/ (27T +2) and 04, = (2mn; + p; + 7/3)/ (27T + 2).
22:  end if
23: end for

+62..)/2, estimate of § where the probability that § € [67 . 69 ]is larger than 1— (20— jo)d,.

min’ Y max

return (6°

min

There are two stages in the FAE algorithm; the estimation procedures are different in each
stage. At the beginning of the iteration (j = 1), the algorithm is in the first stage. The algorithm
may change into the second stage in later iterations if a condition is satisfied. The overview of
the algorithm is shown in Algorithm 1'. We show the detail of each stage in the following.
There are a typical number of measurements for each stage: Nsl}f(ft in the first stage and Nf}ﬁ)‘ﬁ in
the second stage. '

Note that even though 6 is not always inside the confidence interval: [6” . 67 1. the prob-
ability exponentially decreases as N15! and N3¢ increases. Thus, for simplicity, only the case
where 6 € [#7 .67, ] holds for all js is discussed here. As we will see later, the probability that

X “min’ Ymax
0 e .07 .| holds for all j is larger than 1 — 2£4,.

IThe source code of the algorithm is shown in https://github.com/quantum-algorithm/faster-amplitude-estimation.
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First Stage
The algorithm is in the first stage either (a) when j = 1 or (b) when j > 1 and all

MO (k= 1...j — 1) satisfy 2V710),, < 3. In this stage, 67, 6J,,, is gotten by inverting
chy and )2 as
201 271
, arccos(ci, ) j arccos(ch™)
0ok = ——— 0. == (4.14)

max 2j+1 42 min 2j+1 49

That is because (291! 4 2)0 < 7 is guaranteed as we see in the following discussion. In case
of j = 1, the bound (4.6) leads to (2'*! +2)§ < 1.52 < 7. In another case where j > 1 and
2kH1gk . < 3% for (k=1...j — 1), the following holds

max

(271 +2)0 < 2(2009-1) + 20 < 3 /47 + 0.504 < . (4.15)

max

The algorithm changes into the second stage if 277167 > 37w/8. At the timing, the following
two values are memorized for the second stage; one is jy defined as the last value of j in the first
stage and another is v defined as
j Jo
v =200+ w. (4.16)
It should be noted that the above-defined v is an estimate of 270*16 whose confidence interval is
obtainable by using the Chernoff bound.

In case that 277107 s less than 37 /8 for all j(< £), the algorithm finishes without going to
the second stage and the output of FAE is (0%, +6%..)/2; jo is set to be jo = ¢. In the case, the
error of the output is at most A0 = (0%, — 0%,.)/2 = (arccos(c™ ) — arccos(cgi™)) /(2472 4 4).
As a result, the error of the amplitude is bounded as

arccos(chi™, ) — arccos(ch™)

of

€ =4 (sin(d + Af) —sinh) < 4A0 < (4.17)

as long as 6 is inside the confidence interval for all j, whose probability is computed as (1 —d,)* >
1—45:.(=1— (20— jp)de).

Second Stage

In the second stage, (2771 +2)6 might be larger than 7, and therefore, the value of (2771 +4-2)0
can not be estimated only by inverting c,,_, due to the ambiguity of arc-cosine function. However,
it is still possible to estimate the value of (2771 + 2) by utilizing the results of measurements in
the other angle: (29+! 4 2J01 4 2)4. Here, let us firstly show how to estimate (291! + 2)0|mod2r
and next let us show how to estimate (2/*! + 2)0 without mod(27) ambiguity.

(i) The estimate of (27! + 2)0|0d2-

For estimating (2771 +2)0|mod2x, it is necessary to obtain not only the estimate of cos((2/+!+
2)0) (i.e., ¢,;—1) but also the estimate of sin((2/7! + 2)f). We can not obtain the estimate of
sin((277! + 2)6) directly from measurement results, but it can be computed by the following
process. From the trigonometric addition formula,

cos((2911 + 290 £ 2)0) = cos((27T! 4 2)0) cos(27°T10) — sin((27T + 2)6) sin(270T1H).  (4.18)
As long as sin(2/0+19) is non-zero,

cos((2711 + 2)) cos(270F10) — cos((29H1 + 270+ 4 2)0)
sin(270+10) ’

sin((277! +2)0) = (4.19)
By replacing cos((2/7! +2)6 to cy; 1, 2707160 to v and cos((27F! + 270F! 4+ 2)6 to ¢y pj041 In
the right hand side of (4.19), we define s,;_, by

Cojo1 COSV — Coj 1 oig—1
2 27 ~1+42J0 (4.20)

)

Soj—1 = s
2 smmv
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/ \\ d / \\
[ \ \\
| | m |
Image \ | pj-"’ —Tr /
\ / /
¢ /// C\\\ V4
PJ\\ o N
b
Confidence [a, b] [—71', C] and [d, 7T]
Interval of p;
Definition of o o max(2m + p; —d,c— p;) (if pj € [-m,¢])
Ap; max(pj —ab = p;) max(p; —d, 2m+c - p;) (if p; € [d, )

Figure 4.2: The overview of the definition of Ap;. Reprinted figure from [DOI: 10.26421/QIC20.13-14-2].
Copyright 2020 by the Rinton press. The author is permitted to redistribute the figure.

which becomes an estimate of sin((2/7! + 2)¢). The estimation error of s,,_, is determined by
the estimation errors of ¢,; 1, ¢y, 42d0-1 and v, which is discussed in Appendix A.1. Straight-

forwardly, we get the estimate of (277! 4 2)6|nod2- from s,,_, and c,;_,; the p; € [, 7] defined
by

p; = atan (Sy;-1,Cq5-1) (4.21)

is an estimate of (27! + 2)0|mod2x-
The confidence interval of p; can be derived from those of ¢,; 1, ¢5; 1 55,1 and v asin s,; ;.
There are two types of the confidence interval. One is the connected confidence interval; there
is no discontinuities in the confidence interval, e.g., [-7/3,7/4]. The other is the disconnected
confidence interval; the confidence interval is separated into an interval containing —m and an in-
terval containing 7, e.g., [—m, —27/3] and [37/4, 7]. The discontinuity arises when the confidence
interval of Cy;—1 contains —1 and that of S9j—1 contains 02. In the connected confidence interval
case, given interval as [a, b], let us define define Ap; = max(p; — a,b — p;). In the disconnected
confidence interval case, given intervals as [—7,¢] and [d, 7], let us define Ap; as
pp  [maxrp, —demp) Gy elome), )
max(p; — d,2m +c—p;) (i p; € [d,7])

We show the conceptual image of the connected/disconnected intervals and that Ap; in Fig. 4.1.
We can interpret above defined Ap; as the estimation error of p; in a sense that

2mn; + p; — Apj < (2771 +2)0 < 2mn; + p; + Ap; (4.23)

2If both the confidence intervals of Coj1 and Shj-1 contain 0, there is a discontinuity in the confidence interval of p; at

pj = +m/2. However, as long as we set Nslhsét and Nfﬁlo‘i enoughly large as the upper bound value derived in Appendix A.1,
the estimation errors of Coj1 and Sy;-1 are suppressed so that either the confidence interval of Cgj1 OF that of St does

not contain 0 (recall that (c2j71)2 + (52j71)2 ~ 1 holds when errors are suppressed). Thus, we do not discuss this type of
discontinuity in the following argument.
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holds with an unknown integer n; if the true value of p; (i.e. (297! + 2)6| 1oa 2x) is inside the
confidence interval.

(ii)The estimate of (2911 + 2)6

Next we show how to estimate (277! + 2)6 from p;. By using (4.23) and the following
inequality,

(21 4 2)07- 1 < (291 4 9)9 < (27 + 2)9 L (4.24)
it holds that
(2 4 2)07 0 — pi — Apy < 2mny < (27T +2)000L — pj + Ap;. (4.25)
Thus, as long as
(2 +2) Bk — o) + 208, < 27 (4.26)

is satisfied, we can uniquely determine the integer n; as

1 . o
ny = o[ + 2000 — i + Apy) (4.27)

max

where the symbol [z] denotes the largest integer that does not exceed xz. By using (4.24) and
(4.27), we can inductively show that if all px(k = jo+1...j—1) are determined with the precision
of Apy < m/3 then the condition (4.26) is satisfied.

As we see above, (4.23) with n; in (4.27) gives the upper/lower bounds of (271! 4 2)6, but
we do not need to evaluate Ap; inside the algorithm. Instead, in FAE, we set the upper/lower
bounds of # at the j-th iteration as

i _ 2mn; +p; — /3 b 2mn; + p; +7/3 (4.28)
min 2i+1 1 9 ) max 241 + 2 ) .

and

max

1 . .
nj = 5[ + 2)00ax — pj + /3], (4.29)

which are correct as far as Ap; < 7/3. In Appendix A.1, we show that for all j(> jo), the
conditions Ap; < 7/3 and (4.23) are satisfied with the probability larger than 1 — (2¢ — jo)d.
when at least we choose the

2 2
ot =19441n (5) : 2nd — 9721n <6> : (4.30)

In the ¢-th iteration, the output of FAE is given by (#° ¢ .)/2. Then, the estimation

max + emin
error of the output Af is less than A = (0%, — 0%..)/2 < /(3 -2F1). Thus, we estimate the
error of the amplitude as

™
{—1"

€ =4 (sin(6 + Af) —sinf) < 4A0 < 31 (4.31)

The overview of FAE when ¢ = 5 and jp = 3 is shown in Fig. 4.3.

Complexity upper bound

In Appendix A.1, we prove that the query complexity Nypac with which the estimation error of
£ is less than e with the probability less than § is bounded as

4.1-103 <410g2(2ﬂ'/36)>
In 5 .
€

Norae < (4.32)
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Figure 4.3: The overview of FAE when £ = 5 and jo = 3. Reprinted figure from [DOI: 10.26421/QIC20.13-
14-2]. Copyright 2020 by the Rinton press. The author is permitted to redistribute the figure.

The worst case is when the algorithm moves to the second stage at the first iteration (when
j =1). We see that the upper bound of Ny, achieves the scaling: Nyyac o 1/€ (recall that the
dependency of the factor In(log,(7/€)) on € is small, e.g., even if € = 1072° the factor is at most
6).

Here let us show a brief sketch of the proof regarding why the upper bound is proportional
to 1/e. For € to be suppressed as (4.31), it is suffice that the errors of all ¢,; ;s used in FAE
are less than 1/9v/2, which is realized if Ny ~ O(10001og (1/6)) for each j. The number of

calling Q in each j is about 277! for each measurement. Therefore, Norac ~ Nghot XEZ 201 =

Nanot 28 < Ngnot /€ as we expected.

Number of controlled gates

Given the estimation error as O(1/2%), the phase estimation algorithm needs the control-QZZ
operations, which requires many multi-Toffoli gates. On the contrary, the circuit in FAE includes
ng operation in the /-th step, and therefore the only controlled gate needed is the one included
in Q; in FAE, the number of controlled gates is dramatically reduced.

Still, the number of controlled gates in @) is harmful; particularly, even if the operator for a
quantum algorithm A is realizable with a shallow circuit, we need a multi-Toffoli gate for realizing
Up. Thus, reducing the number of controlled gates in Q is important future work.

4.4 Numerical Demonstration

Now let us demonstrate FAE by numerical experiments. The amplitudes estimated are chosen to
be £ = 0.1, 0.2, 0.3, 0.4, and &, is taken as 0.01. The query complexity Ny;ac and the estimation
error e are computed with changing ¢; in each choice of (£,¢), we execute 1000 trials of the
algorithm.
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Figure 4.4: The estimation error (green dot) is plotted so that 95% of the estimation errors in 1000 trials
are equals to or smaller than the plotted value. In the same figure, the value of jj is shown. We write “First
Stage Only” instead of writing the value of jy for the data points where the algorithm does not go to the
second stage. We fit the data points with logy(Norac) = —10g1(€) + b (blue lines) where we determine the
fitting parameter b by the least-squares. Reprinted figure from [DOI: 10.26421/QI1C20.13-14-2]. Copyright
2020 by the Rinton press. The author is permitted to redistribute the figure.

We show the computation results in Fig. 4.4. The horizontal axis is the value of Ny,a. and the
vertical axis is the estimation error e. For each Ngp,c, the estimation error (green dot) is plotted
so that 95% of the estimation errors in 1000 trials are equals to or smaller than the plotted value.
In the same figure, the value of jy is shown. We write “First Stage Only” instead of writing
the value of jy for the data points where the algorithm does not go to the second stage. We fit
the data points with log;y(Norac) = —logy(e) + b (blue lines) where we determine the fitting
parameter b is by the least-squares.

We summarize the notable points in the following:

e The scaling Norae < C % 1/€ is almost achieved since almost all green dots are on the blue
lines.

e In case that the algorithm does not go to the second stage, the error tends to be below the
blue line, i.e., the required number of Ny is smaller for fixed 1/e than that in the case
when the algorithm goes to the second stage.

e The larger £ becomes, the smaller j; becomes. The reason is that as ¢ increases, 29110, >
3/8m is satisfied with smaller j.
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Chapter 5

Quantum semi-supervised
generative adversarial network as
an application of NISQ

In Section 3.3, we discuss the quantum generative adversarial network (QGAN) as a variant of the
variational quantum algorithm. In classical machine learning, GAN is most successfully applied to
the semi-supervised learning tasks [44-46]. Even in the quantum setting, the quantum generative
adversarial network can be used for semi-supervised learning (SSL) tasks. The quantum semi-
supervised generative adversarial network (qSGAN), proposed by the author of this thesis is the
first algorithm that successfully applies QGAN to semi-supervised problems. In this chapter, we
describe gSGAN, the algorithm for solving the SSL tasks in NISQ. In the following, we will first
discuss the basics of SSL, and next, we will discuss the detail of gSGAN.

SSL is one of the most important machine learning tasks that use a dataset containing both
labeled and unlabeled data as the training dataset. From those data, a model function fg‘Odel
is optimized as it correctly predicts the label of a new data. The merit of using the unlabeled
data is that the result of SSL is likely to become more robust than that of supervised learning.
For example, unlabeled data clarifies the underlying data distribution in classification cases. As
we demonstrate in Fig. 5.1, it contributes to getting a better decision boundary of the classifier,
which is the boundary between different classes. The nature of SSL that leverages unlabeled data
to obtain better performance is preferable, especially when getting labeled data is costly.

GAN is successfully applied to semi-supervised learning tasks. Originally the idea of using
GAN in SSL was proposed in Ref. [44] and since then various studies [45-51] have been proposed.
Same as the standard GAN discussed in Section 3.3.3, GAN in semi-supervised learning (SGAN)
contains a generator and a discriminator, yet the role of the discriminator in SGAN is different
from that in GAN. Namely, the discriminator not only classifies the input data as real or fake
but also estimates the label of the data; the goal of SGAN is training the discriminator so
that it becomes a good classifier, rather than training the generator. Notably, SGAN achieves
competitive results in various SSL tasks [44-51]. The reason GAN contributes to the classification
quality is that the samples generated by the generator complement the training data so that
the discriminator finds a better decision boundary [50]; thus the generator should have a rich
expressibility power for effectively complementing the training data.

5.1 Algorithm of qSSGAN

Quantum circuits are expected to have more expressive power than the classical models; the
quantum supremacy experiment [115] takes advantage of the rich expressibility of the quantum
circuit. Thus, by changing the generator to the quantum generator in SGAN, we may obtain a
better classifier as a result of the training. In the following, we describe the algorithm of gSGAN
based on the original proposal [52], which is a contribution of the author of this thesis. Note

54



without unlabeled data with unlabeled data

?

? ‘.1.

training data with label=0
training data with label=1
training data without labels
decision boundary
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Figure 5.1: The benefit of using unlabeled data in SSL. We show the classification problem with two labels:
red and blue. Depending on the label, labeled data is shown by red or blue circles. A gray circle shows
unlabeled data. Green curves show possible decision boundaries. The left figure is the case when not
using unlabeled data, and the right figure is when using unlabeled data. Without unlabeled data, the data
distribution is unclear, and it is not easy to obtain a good decision boundary of the classifier. The data
distribution becomes clearer with labeled data, and we get a better decision boundary.

that even though the idea of using the quantum generator is already proposed in QGAN, as we
see in Section 3.3, gSGAN is the first algorithm that applies the quantum generator to the SSL
problems.

Training data

Suppose that we can separate the labeled/unlabeled data into Np groups (we call each group
as a batch and Np as the number of batches). Also, suppose each batch contains ¢p labeled and
m — £p unlabeled data. We denote the set of labeled data in the a-th batch as

{(x07, y»I)}e (5.1)

where xi’j and y®7 are the j-th labeled input vector and the j-th label vector in the a-th batch.
’I”I’L7A€D

Also we denote the set of unlabeled data as {x{/ } i

single data vector as

, Let us summarize x;, and Xy, into a

. @i 1<i<t
Xt =8 byt T (5.2)
XU, Ip+1<i<m
The label data y*7 takes one of the values of {1,--- ,c}, where c is the number of classes.

Generator

The generator is built by PQC, which prepares the following quantum state 1)) = U(6)]0)®".
The circuit outputs m fake data {xgake};”:l as a result of the computational basis measurements
of [¢). The probability that r is measured is given by

pc(0,1) = Tr (poU(8)|r) (x|U(8)) (5.3)

which is same as QGANDL case (3.53).
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Discriminator/Classifier(D/C)

In the framework of gSGAN, the discriminator not only has the function D(x) that classifies
the input data x as real or fake, but also have additional function: the classifier C(x). The
value of D(x) represents the likelihood that the received x is included in the training dataset
as in the case of the standard GAN. The classifier C(x) is the vector whose dimension is ¢ + 1;
the u-th (1 < u < ¢) element of C(x) represents the likelihood that x belongs to the u-th class
while the last element is the likelihood that x is a fake data. The C'(x) and D(x) are built by a
double-headed classical neural network, meaning that with the notation of (3.36),

() = aB 0 (xd), C(x) = 0 (Wat V() +1), D) = 0P (Walt=D(x) +bP),
(5.4)

where W € RETDXxne—1 and W’ € R*"-1 are trainable matrices, o€ and o is activation
functions; 0 takes ¢ + 1 dimensional input and returns the same dimensional output while o”
takes 1 dimensional input and returns the same dimensional output. In the following, we denote
the discriminator having two functions C'(x) and D(x) by D/C.

Training rule

In the training process of a-th batch, m real data are loaded from the dataset, and the
generator generates m fake data. Those two types of data are the inputs of D/C. Those data
are classified by D/C; C(x) computes the likelihood that x belongs to each class, and D(x) also
computes the likelihood of real/fake. Based on those results, the parameters of the generator
and the D/C are updated by the gradient descendant as follows.

For generator, we update the parameters so that fake data are classified as real by D(x).
More precisely, the parameters of the generator are updated to the direction that the following
cost function Lg decreases,

Z log Xfake (55)

as in case of QGAN discussed in Section 3.3.3. Also by the same argument to derive (3.58), the
gradient vector is given by

0La(6) =5 (- 0s(DOE) + 1oa(DGA)) (5.6)

For D/C, we update the parameters so that it correctly judges if the input data is real/fake
by D(x) and additionally classifies them into the true class by C(x). Thus, we update the
parameters of the classical neural network to the direction that the following cost function Lp ¢
decreases:

Lpjc = (Lp + Lc)/2, (5.7)
where

Lp = —Exwpg(8.x)l0g(l — D(x))] — Exgx) [log(D(x))] (5.8)

-1 i (10g (1~ Dxtye)) + o5 D) ) 59)

L = Bnpiglhle + 1, CG0)] 4 Bx o (3. CG0)] (5.10)

%i hle+1,C(xdy,) + 2fh<y%c<xi’j>>, (5.11)

with ¢(x) as the underlying probability distribution of the input vectors in the training dataset
and ¢;(x,y) as the underlying distribution of the pairs of the input vector and the label in the
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Algorithm 2 Quantum semi-supervised generative adversarial network [52]

1: for i = 1 to Njer do
2 for a =1 to Ny do ‘ ‘

3 Load labeled data {(x;”, ya’j)}ﬁil and unlabeled data as {X%’ﬂ};n:_lh’.
4 for j =1tomdo

5: Set x},,., to the measurement result of U(0)|0)®".

6: end for
7
8
9

for k =1ton do
for j =1 tom do
: Set x%;l]::) and x%;l]f;) to the measurement results of Uy (0)|0)®™ and Uy_(6)]0)®".
10: end for

11: Set OLG /00 to >°7L, {f log D(x%:l:;)j) + log D(xgl;)j)] /m.

12: end for

13: Update 0 by the gradient descent algorithm using the gradient vector {0L¢ /00y }f_; -

14: Set Lp to —> 1, [log (1 — D(xgake)> + log D(xg’ajta)} Jm.

15: Set Le to 37y h(e + 1, Clxly,))/m + 302, hly™, C(x¢7)) /.

16: Set LD/C to (LD + Lc)/2.

17: Compute the gradients of Lp,c using the back propagation and update the parameters by the

gradient descent algorithm.
18:  end for
19: end for
20: The classifier C'(x) as the final result.

labeled dataset. Here h(y,a) is the cross entropy loss defined by

u=1

d
h(y,a) = —ay + log (Z exp(zu)> ) (5.12)

where z, is the u-th element of the vector z and d is the dimension of z. The gradient vector
can be computed in a similar manner using the backpropagation as (3.51). Same as the training
of the generator, the gradient descent is used for the update of the parameters in Lp c.

In each iteration, we update the parameters of the generator and the discriminator by using
all batches. After a sufficiently large number of iterations, we obtained C(x) as a good classifier.
The overall algorithm is summarized in Algorithm 2 with Njte, as the number of iterations.

5.2 Numerical Demonstration

In this section, we demonstrate the performance of the SGAN method through numerical sim-
ulations. In particular, we find that a quantum generator with high expressive power leads to
a better classifier after successful learning. Also, the resulting classification accuracy is compa-
rable to that of using a standard classical neural network generator. The resulting classification
accuracy is comparable to that obtained using a classical neural network generator.

5.2.1 Noiseless case

The source of the real data used in this simulation is the set of images of 1 x 8 pixels shown in
Fig. 5.2. Each pixel takes a value of 0 (black) or 1 (white). Also, each image is assigned a label
‘0’ or ‘1’ (hence ¢ = 2) for the following convention. If all white pixels in an image are connected,
or there is only one white pixel in an image, the image is labeled ‘0’. If the white pixels in the
image are split into two separate parts, then the image is labeled ‘1’. The number of images with
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Figure 5.2: Left (enclosed by the blue rectangular): The real data used in the numerical simulation. The
data is divided into eight batches. Right (enclosed by the red dotted rectangular): Examples of images and
their labels. Reprinted figure from [DOI: 10.1038/s41598-021-98933-6]. Creative Commons Attribution 4.0
International license. Copyright 2021 by the Kouhei Nakaji and Naoki Yamamoto.
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Figure 5.3: Left: The quantum circuit with four layers used in the simulation. Center: The D/C system,
where the last layer functions as the classifier C'(z) or the discriminator D(z). Right: The training/test
dataset combination for the 4-fold cross-validation. Reprinted figure from [DOI: 10.1038/s41598-021-98933-
6]. Creative Commons Attribution 4.0 International license. Copyright 2021 by the Kouhei Nakaji and
Naoki Yamamoto.

the label ‘0’ and the number of images with the label ‘1’ are both 28; therefore, there are a total
of 56 images. This dataset is divided into eight batches containing m = 7 images.

As the quantum generator, we use an eight-qubits parametrized quantum circuit with a single
layer or four layers; the generator with four layers is shown in the left of Fig. 5.3. Each layer
is composed of parametrized single-qubit rotational gates exp(—if;0,,/2) and CNOT gates that
connect adjacent qubits; here 6; is the i-th parameter and o, is the Pauli operator (a; = z,y, 2).
All 6; and a; are randomly initialized at the beginning of each training. The numerical simulation
run on Qiskit QASM Simulator [74].

As the D/C, a neural network with four layers is used, which is shown in the center of Fig. 5.3.
The first three layers of the network are shared by both the discriminator D(x) and the classifier
C(x). The number of nodes in the first, second, and third layers is 8, 40, and 8, respectively;
all nodes between the layers are fully connected, and we use ReLLU as the activation function.
The last layer for the classifier has three nodes, corresponding to the likelihood of label ‘0’, label
‘1’, and fake classes; these nodes are fully connected to those of the third layer, and the softmax
function is used as the activation function. The last layer of the discriminator has one node,
which gives the value of D(x); this node is fully connected to the nodes of the third layer, and
the sigmoid function (o(x) = 1/(1 + exp(—x))) is used as the activation. The neural network is
implemented by PyTorch [116].

We choose two of the eight batches as the training dataset (hence Np = 2) and the other six
as the test dataset in each trial. We perform the 4-fold cross-validation by changing the training
and test dataset, which is summarized in the right table of Fig. 5.3. For each training/test dataset,
we execute 20 trials; therefore, we execute 80 trials totally. To demonstrate the semi-supervised
learning, we mask some labels in each batch; recall that the number of labeled examples in
each batch is denoted by ¢, which takes £ = 2 or 5 in this simulation. As the gradient descent
algorithm, Adam [76] is used, whose learning coefficient is set to 0.001 for the case of generator
and 0.005 for the case of D/C.

58



The left and center plots of Fig. 5.4 show the relationship between the average classification
accuracy of the test data and the iterations. Each point is obtained as the average of 80 trials. The
two subfigures correspond to different number of labeled data, as £ = 2 (left) and £ = 5 (center). In
each subfigure, we show three different cases, depending on the generator; the quantum generator
with one layer (blue) and that with four layers (orange), and the uniform-noise generator (green)
that randomly generates 8-bit data with equal probability, which is not updated while training.
The error bar represents the standard deviation of the average classification accuracy.

We see that when only a few labeled data is available (¢ = 2), the quantum generator
with four layers results in the highest classification accuracy, which implies that the quantum
generator with bigger expressibility contributes to the higher accuracy by effectively generating
samples to train the classical D/C. On the other hand, in the case where five of eight image data
in each batch are labeled (¢ = 5), the three generators achieve almost the same accuracy. This
might be because, in this case, all the generators fail to generate a more valuable dataset than
the set of labeled real data for effectively training the D/C. This observation is supported by
the fact that the untrained uniform-noise generator, which, of course, is not related to the real
dataset, achieves almost the same classification accuracy. Therefore, we expect that the quantum
generator is useful when the number of labeled data is limited.

In this numerical simulation, we obtained the best classification accuracy when the con-
structed classical sample distribution corresponding to the output of the quantum generator
does not match the distribution producing the real dataset, as predicted in [50]. In addition, we
found that the cost for the quantum generator, L¢, is larger than that for the classical D/C,
Lp,c, when the best accuracy is reached. These facts are favorable for the current noisy quan-
tum devices that cannot be effectively trained due to the noise. Hence the next topic is to study
how much the noise affects the quantum generator and accordingly the classification accuracy.

5.2.2 Noisy case

We examine the case where a noise channel is applied between every layer of the quantum
generator. In particular, we assume the depolarizing channel:

Elp)=(1 fp)p+p2£n, (5.13)

where p is a density matrix, I is the identity matrix, n is the number of qubits and p is a noise
parameter. In this density matrix representation, the ideal unitary gate operation is expressed
as Ui (p) = Uip UJ, where U; is the i-th layer unitary matrix. Then, the output density matrix of
the four-layers quantum circuit under the above depolarizing noise is given by

Pout =EoUy0E olUs o0& oldy o & oUy(|0)(0])

=CfolygoEolzo&olhy ((1 —p)U1|0><0|U1T +p2{l>

== (1= p) ' UsUsUU1 |0) (0| UTUSUS U + (1= (1 - p)*) (5.14)

1
277
where for instance, £ o U;(-) denotes the composite function & (U;(+)) of £(-) and U;(-). The
samples are generated by measuring poyt. Other than the noise, the simulation setting is the
same as the noiseless case. We examine the case when only two of eight image data in each batch
are labeled (¢ = 2).

The resulting classification accuracy achieved via the quantum generator under the depo-
larization noise is shown in the right of Fig. 5.4, with several values of noise strength p. The
horizontal axis represents the magnitude of total noise, i.e., the coefficient of the second term in
Eq. (5.14), while the vertical axis represents the average classification accuracy at the final (=
100-th) iteration step. The error bar is the standard deviation of the average accuracy. The result
is that, as discussed before, the classification accuracy does not become worse than the noiseless
case as long as the depolarization noise for each layer of the quantum generator is suppressed to
some level (p = 0.05). This demonstrates the second advantage of the proposed gSGAN; The
quantum generator in our qSGAN framework does not need to generate a pure quantum state.
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Figure 5.4: Left, Center: Classification accuracy of the classifier when using the quantum generator. The
number of labeled data is £ = 2 (left) and £ = 5 (center). Right: Classification accuracy of the classifier for
¢ = 2 when using the four-layers quantum generator under the depolarization noise (5.13). The data points
surrounded by the red rectangles are drawn with the same data. Reprinted figure from [DOI: 10.1038/s41598-
021-98933-6]. Creative Commons Attribution 4.0 International license. Copyright 2021 by the Kouhei Nakaji
and Naoki Yamamoto.
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5.2.3 Comparison with classical neural network generator

Finally, we compare the performance of the proposed gSGAN to the fully classical case where
the generator is given by a five-layer classical neural network. The input to the generator is
the 1-dimensional normal Gaussian noise with zero mean and unit variance. The second, third,
and fourth layers comprise 40 nodes and the fifth (= final) layer has eight nodes. The nodes
between the layers are fully connected, and ReLU is used as the activation function. The output
sample is obtained by transforming the values of the nodes at the final layer by the sigmoid
function (o(z) = 1/(1 4+ e *)). We use the same D/C used in the quantum case. As the
gradient descent algorithm, we use Adam, whose learning coefficients are set to 0.001 for both
the generator and the D/C. Fig. 5.5 shows the classification accuracy for the test data over the
number of iteration, which is obtained as the average of over 80 trials when using the classical
neural network generator. The two subfigures are obtained with a different number of labeled
data, £ =2 and £ = 5.

The result is that for the case ¢ = 2, the classifier aided by the classical neural network
generator achieves the classification accuracy of about 67%, which is comparable to that of the
four-layers quantum generator shown in the left subfigure of Fig. 5.4. The notable point is that
the number of parameters of the classical and quantum generators are 3688 and 32, respectively.
Hence, naively, the quantum generator has a rich expressibility power comparable to the classical
one even with much fewer parameters. This means that the training of the quantum generator
is easier than the classical one, which is actually shown in Figs. 5.4 and 5.5. More importantly,
this result implies that a bigger quantum generator with a tractable number of parameters could
have a potential to work even for some problems that are intractable via any classical one due to
the explosion of the number of parameters.
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Chapter 6

Solutions to the barren plateau
issue assessed by the
expressibility analysis

As we see in Section 3.4.1, the barren plateau issue is critical for all variational quantum algo-
rithms. For mitigating this issue, several approaches have been proposed; e.g., circuit initial-
ization [117], special structured ansatz [54], and parameter embedding [118]. In Section 6.1, we
review those possible solutions.

Among those solutions, the literature [54] only gives the theoretical guarantee that the bar-
ren plateau issue is avoided, and therefore, is arguably the most promising among the solutions.
However, for applying the method in [54], we must use the alternating layered ansatz whose en-
tangling operations are limited compared to the hardware efficient ansatz. The limited entangling
operations in general lead to the loss of expressive power for generating arbitrary quantum states;
if the loss is huge, the solution in [54] is not usable in the variational quantum algorithm. In
Section 6.2, which is the contribution of the author of this thesis, we examine the expressibility
of the alternating layered ansatz and assess the method in [54].

6.1 Possible solutions to the barren plateau issue

6.1.1 Identity block strategy

The proof of the barren plateau utilizes the fact that the parameters in the hardware efficient
ansatz are randomly initialized, which is why the distribution of the unitary matrix corresponding
to the ansatz is close to unitary 2-design. The method proposed in [119] is to change the random
initialization strategy to another one so that the barren plateau issue is avoided. In this method
the hardware efficient ansatz is still used.

The initialization strategy introduced in [119] is so-called identity block strategy. In the
strategy the deep PQC is separated into multiple blocks; the depth of each block, which is also
a hardware efficient ansatz, is taken to be shallow enough so that even if we randomly initialize
the parameters inside the block the distribution of the unitary operator corresponding to the
block does not become close to unitary 2-design. Some of the parameters in each block are
randomly initialized while the rest of the parameters are initialized so that the unitary operator
corresponding to the block is identity. More precisely each block is separated into the former
part and the latter part that has the same structure as the former part, and if the first part of
the /-th block is randomly initialized and the unitary operator corresponding to the former part
is given as Uy then the latter part of the block is initialized as Ug as we show in Fig. 6.1, which is
realizable by inverting the signs of the parameters in the former block. Once the training starts
the parameters in the latter part of each block is freely changed; given the unitary corresponding
to the former part of /-th block at the iteration ¢t as U (Of’t), the unitary operator corresponding
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Figure 6.1: The overview of the initialization when using the identity block strategy.

to the latter part becomes U(85") # U(05")T. Note that U(84°) = U, and U(85") = Ug.

As a consequence of introducing the above initialization strategy, the gradient of the cost
function at the first iteration becomes large as we see in the following argument. Given the
number of blocks as L and the cost function at iteration ¢ as

C'(6) = Tr (pULy(6)' OUL(0)) , (6.1)

where U(0)%), = HLI U(8%1) and U(0%) = U(05")U(65), the gradient of the cost function at
t=0is

0CO)| . (ULOF 0 oty OUL(O)
| =T & g 0Us(6)) +T0 (Ut(e)'0 Z t=0> 62

Suppose that the parameter ¢; is included in the ¢'-th block, then

OTr (U(af’vt)TOU(af’vt))
- 5 , (6.3)

aCt(6)
00,

t=0 —o
which is O(1) since U(0%*) corresponding to the #-th block is shallow.

The obvious flaw of the above argument is that we do not discuss how large the gradient
becomes after the serveral iterations; it is only proved that large gradient vector is obtained at the
first iteration. In [119] from a numerical experiment using VQE with 7-qubit hardware efficient
ansatz, it is inferred that even after much iterations the gradient is still large and therefore the
barren plateau issue is avoided.

6.1.2 Layerwise learning

Another method for devising the initialization strategy is the layerwise learning strategy proposed
in Ref. [120]. As in the initial block strategy discussed in the previous subsection, the way of
initializing the parameters is devised so that the barren plateau issue is avoided. In this strategy
there are two stages: (i) layerwise learning stage and (ii) overall learning stage.
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Figure 6.2: Overview of the layerwise learning.

(Phase 1) Layerwise learning stage

Suppose that we want to find U(0) that minimizes the cost function
C(0) =Tr (pU(8)'0OU(0))) . (6.4)

In the layerwise learning stage, we start from training a shallow hardware efficient ansatz U, (0)
by the gradient descendant so that the following cost is minimized

C1(61) = Tr (pU1(61)TOUL(61))) - (6.5)

Note that the training is not troubled by the barren plateau issue because U;(6;) is shallow.

Suppose that after enough training of U; (61) we obtain an optimal parameter 8. Then in the
second step we add a shallow hardware efficient ansatz Uz (62), which is initialized as Uz(02) = I,
after the circuit U;(07) and we train Us(62) so that the following C5(602) is minimized:

Ca(62) = Tr (pUs(62) U1 (67)TOUL(07)U1(61)) . (6.6)

It should be noted that the parameters in the firstly appended ansatz U; are fixed; the optimiza-
tion that minimizes Cy requires training of the shallow circuit Uz(0). Therefore in this step again
the training is not troubled by the barren plateau issue.

In the similar manner, new shallow hardware ansatz Uy(8,), which is initialized as identity, is
appended to the circuit in the ¢-th step and only the parameters in this newly appended ansatz
are trained. In every training steps, only the shallow ansatzes are trainied, and therefore, the
barren plateau issue can be avoided in this stage. In the following, we assume that we stop this
procedure at L-th step, i.e. we obtain the circuit

v°(9) = [T vet6). (6.7)
(=1

which becomes the input of the next stage. The overview of the process of the layerwise learning
stage is shown at the top of Fig. 6.2.

64



(Phase 2) Overall learning stage

In the overall learning stage, we train all parameters of the circuit built in the previous stage.
More precisely the circuit is trained so that

C(0) =Tr (pU(8)'OU(0)) (6.8)
is minimzed, with
L
U(0) = [ Ue(60). (6.9)
=1

As the initial parameters, 8, = 8 are used for all £ that are obtain in the previous stage.

A merit of using the method

The training process in Phase 2 is same as that of the ordinary VQA using the hardware efficient
ansatz. The only difference is the parameter initialization. In [120] it is claimed that the process
in Phase 1 functions as the initialization process different from the random initialization, which
is why the barren plateau is avoidable by this method since the barren plateau issue is proved
under the condition that the parameters are randomly initialized. For supporting their craim,
the authors in [120] also shows a numerical evidence that the barren plateau is avoided by using
a quantum machine learning task.

6.1.3 Using alternating layered ansatz instead of hardware efficient
ansatz

The above discussed two methods change the initial parameters but it does not change the cost
function landscape. Ref. [54] propose a method to change the cost function landscape by using
an ansatz named alternating layered ansatz.

The structure of the alternating layered ansatz is as follows. ALT is composed of multiple
layers. Each layer of ALT has separated blocks, where each block has repetitions of parametrized
single-qubit rotational gates and entanglers that entangle all qubits inside the block. In the
odd-number-labeled layers, each block contains m qubits, so that m is an even number and
n/m is an integer. Conversely, the odd-number-labeled layers contain n/m blocks which operate
on {1,...,m}, {m+1...,2m}, ..., and {n —m + 1,...,n} qubits. The even-number-labeled
layers contain n/m + 1 blocks which operate on {1,...,m/2}, {m/2+1,...,3m/2}, ..., and
{n—m/2+1,...,n} qubits; namely, the first and the last block operate on m/2 qubits, while the
others operate on m qubits. The structure of the alternating layered ansatz when the number of
layers is L, m = 4, and the number of qubits is 12 is shown in Fig. 6.3. For later purpose, let us
call m as locality.

The characteristics of the cost landscape when using the alternating layered ansatz depends
on the form of the cost function. Before going into the detail of how the cost landscape is changed,
we define two types of observables: the local observable and the global observable.

Local observable
An observable O is said to be k-local if O can be written in the form of

n/m

0=> ¢O0r, (6.10)
j=1

where O is an Hermitian operator that non-trivially operates on m(j — 1) + 1 ~ mj-th qubits
and {c;}}_, are real constants (some of c; can be zero). For instance

O=0,01, 1+L®0o,®1,_2 (611)
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Figure 6.3: The structure of the alternating layered ansatz when the number of layers is L, m = 4, and the
number of qubits is 12.

is a I-local observable. As another example
0=0.Q0yQ@Ih o0+ L ®o, @0y (6.12)

is 2-local observable.

Global observable

An observable O is said to be global if O contains the term that non-trivially operates on all
qubits. For instance
O0=0,00,® - @0, (6.13)

is the global observable.

The cost function landscape dramatically changes depending on whether the observable is
local or global. Suppose that the distribution of the unitary operator corresponding to each
block is unitary 2-design when randomly choosing the parameters. In [54] it is proved that if an
observable O is m-local and we use the alternating layered ansatz with locality equals to m, then

aC aC ac\’ ac\* 1
— )= [d0— =0 — =[do|—) >0 — 6.14
<59j> / 06; <(39j> > / <69j> N <2mL> 619
where C' = Tr(pUy1:(8)TOU,11(8)) with U,y (0) as the unitary operator corresponding to the
alternating layered ansatz. As long as mL = O(logn) the gradient decreases only polynomially
with the value of n.

To the contrary if an observable O is global, even if we use the alternating layered ansatz
with locality equals to m, the gradient of the cost is suppressed as

(5) g0 ()= [o(&) <o().  om

The proof is in [54].
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Figure 6.4: Overview of the tensor product ansatz.

6.1.4 Comparison of the three methods

We discussed three different methods to avoid the barren plateau issue. The first one and the
second one are the methods to change the initialization strategy from the random initialization.
The third one is the method to change the cost function landscape by using the alternating
layered ansatz.

The flaw of the discussion in both the first and the second methods is that they do not give
a good theoretical evidence. In particular, it is not assured whether or not the gradient is large
after some iterations even if we start the optimization from the points where the gradient is large.

To the contrary for the third method using the alternating layered ansatz, it is theoretically
shown that the barren plateau issue is avoided as long as the observable is local. Since there are a
lot of problems that the observable can be local, e.g. VQE with the Bravyi-Kitaev transformation
in the quantum chemistry or the quantum machine learning, the method using the alternating
layered ansatz may solve the barren plateau issue in wide range of problems in VQA.

However, we can not immediately conclude that the third method is applicable to wide range
of problems in VQA because the alternating layered ansatz may not have enough capability
to express variety of unitary operations. We call the capability as expressibility, which we will
formally define in the next chapter. The expressibility is especially important in case that there
is lack of prior knowledge about the problem solution. For instance in VQE, where the goal is to
find a quantum state that minimizes the Hamiltonian, it is required that the ansatz has enough
capability to generate an arbitrary state as long as we do not have prior knowledge about the
target state.

It is not clear whether or not the alternating layered ansatz has rich expressibility since the
entangling operations are limited. As an extreme example let us consider the case where there are
no entangling operations between the blocks, namely the case where the corresponding unitary
operation Uy, can be written as

Uten(0) = U(61) @U(62) - - U(0r/m), (6.16)

where U () is the unitary operation for m-qubits. We call the ansatz tensor product ansatz. The
structure of the tensor product ansatz is shown in Fig. 6.4. Also suppose that the cost function
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is given by C(0) = Tr(pUsen(0)TOUyer, (0)). Then under the condition that the distribution of
U(0,) when 0, is randomly chosen is unitary 2-design, it can be proven that

oC(0) oC(6) oC(0)\> / oC(0)\? 1
= [ d@ =0 = [ do ~0|— 6.17
< 89] > / 89] ’ 89] 89j om )’ ( )
with O as m-local. However it is obvious Uy, (6) can not express an arbitrary unitary operator
and also can only generate product states, which are expressed as

) = [¥1) ® |th2) @ -+ @ [Yn/m), (6.18)

where |1);) is an m-qubit quantum state. From this example we see that removing the entangling
operations may do harm to the ansatz’s expressibility; in the alternating layered ansatz, where
some of the entangling operations is removed from the hardware efficient ansatz, may lose the
expressibility.

Therefore we emphasize that studying the expressibility of the alternating layered ansatz is
important for assessing the applicability of the third method, which is the most appealing solution
for the barren plateau problem. The rest of the paper is devoted to study the expressibility of
ansatzes.

6.2 Expressibility of alternating layered ansatz

In this section, we discuss the expressibility of the ansatzes for the variational quantum algorithm.
Particularly, by checking the expressibility of the alternating layered ansatz (ALT), which is
introduced for avoiding the barren plateau phenomenon, we see if the scalability issue of the
VQA is solvable by using ALT. As a theoretical tool for analyzing the expressibility, we use the
expressibility measure proposed in Ref. [56].

The structure of this chapter is as follows. In Section 6.2.1, we review the expressibility
measures introduced in Ref. [56]. Next, we show the ansatzes we examine in this thesis. In
Section 6.2.3, we describe the expressibility of ansatzes. Finally, we check the validity of the
results with the expressibility analysis by the numerical experiment using the variational quantum
eigensolver.

6.2.1 Expressibility measure

As in Ref. [56], we define the expressive power of a given ansatz by the randomness of the state
generated from the ansatz. For the measure of the randomness, we discuss the frame potential
and the Kullback-Leibler (KL) divergence.

Frame Potential

To define the expressive power of a given ansatz C, we consider the deviation of the state
distribution generated by C' from the Haar distribution. Suppose that |1)y) is the state generated
by the ansatz C characterized by the parameters 6 € O, e.g., |¢9) = Uc(0)|0), 6 € O, with Ux ()
as the unitary operator corresponding to C' and |0) as an initial state. Then the deviation can
be defined by

DO(C) = ‘

| tepwnan- [ ('”MG')WHHS’

where [}, is the integration over the state [¢) that is distributed according to the Haar measure,
| - |l zs is the Hilbert Schmidt norm. Then we call that the ansatz C' with smaller D)(C) has a
higher expressibility. The reason why the definition of expressibility is reasonable is as follows.
The state |1)) generated from the Haar distribution can in principle represent an arbitrary state.
Thus, the condition D™ (C) ~ 0 means that the ansatz C' generate almost all states, including
the optimal solution (e.g., the ground state in VQE); also, in this case, the states generated from
C are almost equally distributed, which is favorable when we do not have prior knowledge of the
problem.
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For the computation of D®(C), we can use the following defined t-th generalized frame
potential [121] of C:

FOC) = / /@ [ (Wol) 2 s, (6.19)

where both © and ¢ represent the same set of parameters. In this thesis, we simply call it the
t-th frame potential. In particular, we can compute the ¢-th frame potential of N-dimensional
states distributed according to the Haar measure as Fggar(N ) = Sitanr Siiaar [(010) [P dipdy)’. The
t-th frame potential links to the value of D®)(C) in the following manner; that is, for an arbitrary
positive integer ¢, it holds

}—(t) (C) i ]_-(t)

Haar

(N) =DD(C) > 0. (6.20)

The equality in the last inequality holds if and only if the ensemble of |1)y) is a state ¢-design
[122-124]. Therefore, the ansatz C with smaller ) (C) has a higher expressibility. Additionally,

since F®)(C) is lower bounded by ]-'I({tiar(N ), we can use the ¢-th frame potential as an indicator
for the non-uniformity in the state distribution. In Sec. 6.2.3, we compute F)(C) and F?)(O)

for several ansatz C.

KL-Divergence

We define another measure of expressibility by using the fidelity distribution. The fidelity distri-
bution is the distribution of the quantity F' = |(1g]1)4)|?, when the circuit parameters § € © and
¢ € ® are randomly sampled. Given the probability distribution as P(C, F’), the t-th frame po-
tential is the ¢-th moment of P(C, F'). Thus, P(C, F), contains more information for quantifying
the randomness of C' than F (f‘)(C). Thus, as another indicator, we use the following measure to
quantify the expressibility of C":

P(C, F)

dF, 6.21
PHaar(F) ( )

1
£(C) = Dy, (P(C, )| Prtans (F)) = / P(C. F)log

where Dk (q|lp) is the KL divergence between the probability distributions ¢ and p. Also
Piaar(F) is the probability distribution of the fidelity F = [(¢|¢)|?, where |¢) and [¢)) are
sampled from the Haar distribution. In Ref. [125], the equality Pgaa(F) = (N —1)(1 — F)N—2
is derived, where N is the dimension of Hilbert space. In general, Dk (¢|lp) = 0 if and only if
q = p, and small Dk, (¢||p) means that the distributions ¢ and p are close with each other. Thus,
the smaller value of £(C) means that the ansatz C has a higher expressibility. Hence, we use
E(C) as an indicator for quantifying the expressibility of an ansatz.

Finally, we emphasize that the ¢-th moment of P(C,F) and Paa(F) are F®(C) and

(N), respectively. Thus, if the values of F®)(C) is close to 7 (N), the value of £(C) is

Haar

FO

Haar
also close to zero.

6.2.2 Ansatzes

In this thesis, we will investigate the three types of ansatzes introduced in the previous sections:
the hardware efficient ansatz (HEA), the alternating layered ansatz (ALT), and the tensor product
ansatz (TEN). Let us summarize the three ansatzes in the following.

Hardware Efficient Ansatz

The HEA circuit consists of multiple layers of parametrized single qubit gates and entanglers
which entangle all qubits. In the following, let Cfl’g A be the class of HEA with ¢ layers where
each layer contains n-qubits.
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Figure 6.5: Examples of TEN, ALT, and HEA. The upper figures: overall structures of the ansatzes in
the case n = 8 and ¢ = 3 (and m = 4 for TEN and ALT). The lower figure: circuits inside the blocks,
where o4, (a; € {z,y,2}) is the Pauli matrix and 6; € [0, 27] is a parameter. Reprinted figure from [DOI:
10.22331/Q-2021-04-19-434]. Creative Commons Attribution 4.0 International license. Copyright 2021 by
the Kouhei Nakaji and Naoki Yamamoto.

Alternating Layered Ansatz

The ALT is composed of ¢ layers as in HEA. Each layer has separated blocks, where each block
has parametrized single-qubit rotational gates and entanglers that entangle all qubits inside the
block. In the odd-number-labeled layers, each block contains m qubits, so that m is an even
number and n/m is an integer. Conversely, the odd-number-labeled layers contain n/m blocks
which operate on {1,...,m}, {m+1...,2m}, ..., and {n—m+1,...,n} qubits. The even-number-
labeled layers contain n/m + 1 blocks which operate on {1,...,m/2}, {m/2+1,...,3m/2}, ...,
and {n —m/2 + 1,...,n} qubits; namely, the first and the last block operate on m/2 qubits,
while the others operate on m qubits. In the following, let us use Cﬁ’f}’" for denoting the class
of ALT with the above-defined indices.

Tensor Product Ansatz

TEN also consists of ¢ layers, where each layer contains n/m blocks (we assume n/m is an integer),
which contain repetitions of single-qubit rotation gates and entanglers combining all qubits in
the block. Throughout all the layers, the blocks operate on {1,...,m}, {m + 1...,2m}, ...,
and {n —m +1,...,n} qubits. Therefore, TEN always generates a product state of the form
[1) ® - -+ ® [, /m) Where each |¢;) is composed of m qubits. Let C’%gﬁn be the class of TEN
described above. In Fig. 6.5, the summary of the structures of these ansatzes is shown.

6.2.3 Expressibility of the ansatzes

In this section, we analyze the expressibility of the three ansatzes introduced in Section 6.2.2.
Firstly, we analytically compute the first and the second frame potentials of those ansatzes and
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show that shallow ALT can have almost the same expressibility as that of HEA with suitable
choice of ¢ and m. Next, we further confirm the result by a numerical simulation in terms of the
KL-divergence.

Analytical expressions of the frame potential

First of all, we assume that the ensemble of the unitary matrices corresponding to C’f{’g A 18 2-
design. Similarly, we assume that the ensemble of the unitary matrices corresponding to each
block of C4%™ and CHPL™ are 2-design. Literatures [102] and [126] also adopt these assump-
tions. Note that such ensemble of unitary matrices can be generated by randomly choosing the
parameters of the circuit having a specific structure.
Under the assumption, the following integration formulae hold. First, if the ensemble of n xn
unitary matrices {U} is 1-design, it holds:
/ AUV Uy, = 2mosk, (6.22)
ldesign n

where fl design dU is the integral over the 1-design ensemble of the unitary matrices. Note that
if an ensemble of the unitary matrices is 2-design, the ensemble is also 1-design. Second, if the
ensemble of n x n unitary matrices {U} is 2-design, the following formula holds:

4
AN i o (n) Ak
/ - dUU;, Ui Uy U g = N AL G isait i (6.23)
2design k=1
where
NN O N SN (O BN (O B
! 2 17 78 4 (220 —1)2n’
i1j1i2g2i] 1 ihis T Oivit 0511 Oinif 0oy
2 [N SR ST S
Ailjlimiaa‘iigg‘é = 04,1405 53 Oini Ojajit»
A ivingait yings = Oiriy 051y Oiniy 0ot »
4 _
Ai1j1i2j2i'1jii'2jé - 5ili§§j1jiaizi’1 5j2j§7 (6.24)

and f2 design dU is the integral over the 2-design ensemble of the unitary matrices. We use these
formulae to derive the theorems shown below.

The First Frame Potential

For the first frame potentials, the following theorem holds.

Theorem 2. If the ensemble of the unitary matrices corresponding to C’ﬁgA and the ensemble
of the unitary matrices corresponding to each block of C’i’i’r}’” and C%gl\}" are 2-design, then the
following equalities hold:

FO(Chpy) = FO(CER™) = FO(Chm) = Fina (2. (6.25)

We can readily prove he equality, F (1)(C’f{’g a) = ]-"P(Ila)ar@"), from the assumption of the
theorem, since if the ensemble of the unitary matrices corresponding to the circuit is 2-design,
the ensemble of the states generated by the circuit is a state 2-design (and therefore a state
1-design). For the other equalities, the proof is given in Appendix B.1. It should be noted that,

accordingly, the ensembles of the states generated by Chr,, CY™", and Cork™ are all 1-design.

The Second Frame Potential

The second frame potential of the Haar random circuits, F; (2) (2™), can be computed as

Haar

F@

Haar

n ! 2/an 2™ -2 1
(2 ):/0 dFF2(2" —1)(1 - F)?" 2 = COEmyrT=s (6.26)

Then, for Cﬁ’g A and C’é’g\}", the following theorem holds.
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Theorem 3. If the ensemble of the unitary matrices corresponding to C’ﬁgA and the ensemble
of the unitary matrices corresponding to each block of C’%’gb}n are 2-design, then the following
equalities hold:

FO(Clia) = Fiiu (2", (6.27)
. 2 4+ 1
FO@CLmry —gn-t. 2t 7@ (gn) (6.28)

(2m+1)7; Haar

We can readily prove the equality (6.27) from the assumption of the theorem, because, as
we mentioned above, if the ensemble of the unitary matrices corresponding to the circuit is 2-
design, the ensemble of the states generated by the circuit is a state 2-design. For Eq.(6.28), we
give the proof in Appendix B.2. From this theorem we find that F 2)(C'FZFEII\I") is always larger
than .Fl(faar( 2™); in particular, F®)(CLI") ~ 2m/m= 1.7:Haar(2”) for large m, meaning that the
expressibility of TEN is much smaller than that of HEA in the sense of the frame potential.

For ALT, it is complicated to obtain an explicit formula. Hence in Theorem 4 below, let
us provide a formula for computing the values of F)(C3/%™) and F®(C3:™); we left the
computation methods for the other £s are for future work. As a preparation for stating a theorem,
below we define a 16-dimensional vector a(2,m), a 16 x 16 matrix B(2,m), a 64-dimensional vector
a(3,m), and a 64 x 64 matrix B(3,m). Given integers ko, ky € {1,2, 3,4}, the (4(k, — 1) + kp)-th
component of the vector a(2,m) is defined as

a(2,m) 4k, 1) 48y = / dPAQ\/ XA Alkaske) (P ), (6.29)

2design

where Aka:k0)(P/ Q) is the function of m/2 x m/2 unitary matrices P and Q:

ka,k * Pk x ok
A( b)(P Q E : E : AuOu’OzOz’O pOp’Oqu’OPjU‘Pj/U"Plif)l/i/QlPQl’P/ qu i'q’" (630)
uu,lllt, pp’ad

Next, given integers kg, ks, k. € {1,2, 3,4}, the (16(k, — 1) +4(ky — 1) + k. )-th component of the
vector a(3,m) is defined as

Aotk = [ APAQYATNDAIARRI(RQ) (63)

2design

where AFa-koke) (P Q) is a function of m/2 x m/2 unitary matrices P and Q:

(ka kb, ke k * D* * *
A AuOu’OzOz’O ]l]’l’trt/ ’Ap(c)p/Oqu/OPtupt'U'Pjipj/i/QlPQl’p'quQr’q/'
uu'ii’ rr'tt’
33" pp'aq’
(6.32)

Also, given integers kg, ko, ke, ka € {1,2,3,4}, the (4(ky — 1) + 4kp, 4(k. — 1) + kq)-th component
of the matrix B(m,2) is defined as

B(2,M)a(ky 1) 4y (ke 1) +hg = /2 " deQ\/)\,(:))\g:)\/Aé’f))\g)A(k“’kb’kc”“d)(P,Q), (6.33)
esign

where Aka-kvkeka)(P Q) is a function of m x m matrices P and Q:

(ka kb ke ka) § E E E ke ka
A P Q Auz()u 70ig 0120Ap2 0p40q2 OqQOAug 0ué0i30ié0A])3 0p%04q30g50

u2u21212 pzpzqzqz U3u37,313 pSPgQSQg

J2d5lalh Gajhlall
Jj3us 33"3 laiz p*lais Alsps ~laPs N*i3qs *33‘13
szuz P ]Dlgzg ]Dl’ 5 Ql2p2Q12p2Q12q2 Q (634)

For the matrix component Mi"f, the upper indices correspond to the first m/2 qubits and the
lower indices correspond to the last m/2. Given integers kg, ky, ke, ka, ke, ky € {1,2,3,4}, the
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Figure 6.6: The values of F?)(C)/F F (2™) for ALT and TEN. The left and right figures show the case

Haar
¢ =2 and ¢ = 3, respectively. The vertical axes are in the logarithmic scale. If F(3)(C )/]—'(2 (2") is close
to 1, this means that the expressibility of the ansatz C' is relatively high. Reprinted ﬁgure from [DOI:
10.22331/Q-2021-04-19-434]. Creative Commons Attribution 4.0 International license. Copyright 2021 by
the Kouhei Nakaji and Naoki Yamamoto.

(16(kq — 1) +4(ky — 1) + k¢, 16(kq — 1) + 4(ke — 1) + k#)-th component of the matrix B(m,3) is
defined as

B(3,M)16(ky—1)+4(ky— 1)+ ke, 16(ka—1)+4(ke—1)+k 5
- / deQ\//\,(CT)A,(C’:)A,(CT)\/A,(;”)A,&T)A,ET)A(’““”“””“C”“d’kﬁ”“f)(P,Q), (6.35)
2design

where AFa-kokekakeks)(P Q) is a function of m x m matrices P and Q:

b
(ka7kb7kcykd7keak7f) kll kgl kll
A P Q : : z : z : : : Au20u2012012 Ajzlzjélétg’l‘ztéTé Angp’quOqéO

uguzzgzz r2r2t2t2 u3u31313 r3r3t3t3
G235laly P2pha2qs Jadslaly paphasds

% Akn K3y Aklf2 Ptsusp 3“3P*J313 P*]s 5
uz0uf0i30150 " j3lzjslhtaratyry — p30p5q30qs0~ tauz = thul, = jaiz Jhi
Isps l3P5 H*r3qs H*T505
leszl Qrzqz rhal (636)

Now we can give the theorem as follows (the proof is given in Appendix B.3).

Theorem 4. If the ensemble of the unitary matrices corresponding to each block of i;}}n and

C’i{}}n are 2-design, then we have
a(2,m)"B(2,m)= 1a(2,m), (6.37)

a(3,m)TB(3,m)= ta(3,m). (6.38)

FOCRE")
FECHE™

The vectors a(¢,m) and the matrices B(¢, m) for ¢ = 2,3 are obtained by directly computing
Egs. (6.29), (6.31), (6.33), and (6.35), which then lead to ]-'(2)(02 7™y and FO(CH™). Now

our interest is in the gap of these quantities from fg;ar( 2™), to see the expressibility of ALT.
For this purpose, in Fig. 6.6 we show F®)(Ca/m™)/F, }(I?ar(Q”) and F®) (O3 ) F, I({i)ar(Q”) as
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a function of n/m, for several values of (m,n). For comparison, F®) (CHo:") /]—"I({?ar(Q”) and
F (2)(0%:%”1\}”) /F}(Ii)ar(Z") are shown in the figure. Recall that, if this measure takes a smaller

value, this means that the corresponding ansatz has a higher expressibility. Here is the list of
notable points:

e For any pair of (n,m), it is clear that F®(C{%") is much smaller than F@) (C5I™") for
both £ = 2,3 meaning that, as expected, ALT has a much higher expressibility than TEN.

e For any pair of (n,m), F@(C/m™) > FO(C3%™) holds, i.e., as £ increases, the express-
ibility increases.

e For any fixed n/m, the ALT with bigger m always has a higher expressibility. For example,
the ALT with (n,m) = (50, 10) has a higher expressibility than the ALT with (n,m) =
(20,4). This is because, if the structure of the circuit (the number of division in each layer
for making the block) is the same, then an ALT with bigger block components has a higher
expressibility.

e For a fixed n, we have ALT with the smaller second order frame potential by taking m
bigger. For instance n = 100, we have F®(C321%) > FA(CHHY) > FR (O30,
That is, for a limited number of available qubits, the ALT with less blocks has a higher
expressibility.

° ]:(2)(05\’["‘%") ~ fl({?ar(Z”) when m = 10 for all n/m within the figure and for both ¢ = 2, 3.
Hence the ALT composed from the blocks with m = 10 qubits in each layer has almost the
same expressibility as the HEA without respect to the total qubits number, n. In other
words, for a given HEA with fixed n, we can divide each layer into separated 10-qubits
blocks to make an ALT, without decreasing the expressibility.

The last point is of particular important in our scenario. That is, we are concerned with the
condition on the number m such that F (2)(C§%n) ~ 7 (2™) holds. The following Theorem 4

Haar
and the subsequent Corollary 1, which can be readily derived from the theorem, provide a means
for evaluating such m.

Theorem 5. If the ensemble of the unitary matrices corresponding to each block of Ci’ﬁ'f}’" and

Cif%’" are 2-design, then the following inequalities hold:

1 1.2\? 208\ "'
FO(CH™ < (1 - 2n> <1 + zm) (1 +8 ((1 + 22/82) - 1)) Fo.@m),  (6.39)

1 1.2\ 2\m!
FOCIR™ < (1 + 2) (1 + 277) (1 +32 ((1 + ;i/2> - 1>) FiP (2", (6.40)

Corollary 1. If m = 2alogyn and 143/(an® " !logyn) < 1,

2

FE(CHE™ < (1 + ;) (1 + ;f) (1 + Cma_lf‘igw) Fo@m). (6.41)
If m = 2alogy n and 2288/(an®"tlog,n) < 1,

2
FA(C3mmy < (1 + 21n> (1 + 712%1) (1 + Fﬁfﬁgz n) F (@2m). (6.42)
The proof is in Appendix B.4 and Appendix B.5. Recall from Eq. (6.20) that F®(C) >
f}(ltziar(N ) holds for any ansatz C. Therefore, if m > 4logn and n is enough large, Corollary 1
implies that F@(C2mm) ~ F2 (27) and FO(C3m") ~ FZ (2"). This means that the

ensembles of the states generated by Cxiw" and Carm™ are almost 2-design. Hence in this case,

from Theorem 2, the expressibility of ALT is as high as that of HAE. It is worth mentioning that,
when m = O(logyn), the vanishing gradient problem does not happen in ALT as long as the
cost function is local and ¢ is small [126]. More precisely, it was shown there that the variance of
the gradient of such a cost function is larger than the value proportional to O(1/ 2“”); thus, by
taking m = O(log, n), the variance decreases with only O(1/poly(n)) as a function of n, whereas
in the HEA case the same variance decreases exponentially fast as n becomes large. Therefore,
the expressibility and the trainability coexists in the shallow ALT with m = O(log, n).
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Expressibility measured by KL divergence

Depth of # of gate Example of
" Ansatz | [ m each block parameters the circuit
2 2 2 16 -
TEN 3 2 2 24 Fig. 6.7a
2 2 2 16 -
4 ALT 3 2 2 24 Fig. 6.7b
HEA 4 - - 16 Fig. 6.7c
2 2 2 24 -
TEN 3 2 2 36 -
6 2 2 2 24 -
ALT 3 2 2 36 -
HEA 6 - - 36 -
9 2 2 32 -
4 4 64 -
TEN 3 2 2 48 -
4 4 96 -
2 2 32 -
8 2
4 4 64 -
ALT 3 2 2 48 -
4 4 96 -
HEA 8 - - 64 -

Table 6.1: Parameters chosen for computing the KL-divergence. The number of gate parameters are com-
puted by n x £ x (Depth of each block) for TEN and ALT, and n x ¢ for HEA.

In Subsection 6.2.3, we showed that the first two moments of P(C4/%"™, F) and P(Chp ., F)
are close to those of Puaar(F) as long as we choose m = O(logyn), and the unitary cor-
responding to the block is sufficiently random. The result implies that both the distribu-
tions P(CYM", F) and P(CGR,, F) themselves are close to Paar(F); namely P(CLT", F) ~
P(C’II{I’TE1 > F) = Paar(F'). In this subsection, we compare the distributions and support the con-
jecture. In this subsection, to support the conjecture, we evaluate the values of KL-divergence
E(C) = Dxr (P(C, F)||Paar(F)) for the case C = CL/M" and C = CfP,, in addition to
C = Cfiiénl\}" for comparison with various sets of (¢,m,n). In particular, we focus on the re-
lationship between the values of F(*)(C) and £(C), and check if F*)(C) ~ F*(C") would lead
to £(C) = £(C") for a fixed n.

We summarize the parameters chosen for calculating the KL-divergence in Table 6.1. The
structure of the circuits are chosen to be similar to those used in Section 6.2.3; namely, for TEN
and ALT, we set the depth of the circuits inside each block is to m so that the ensemble of the
unitary matrices corresponding to each block becomes close to 2-design [127, 128]; for HEA, / is
set to n so that the ensemble of the unitary matrices corresponding to the whole circuits becomes
close to 2-design. We expect that F(CYAY) ~ FO(Chay) and FO (O ~ FO(CES ),
because, in Fig 6.6, we see that F)(C3rp) and FP(C3LY) are almost equals to the Haar
counterparts when the ensembles of unitary matrices corresponding to each block are 2-design.
Thus, we here check if F*)(C) ~ F®)(C’) would mean £(C) ~ £(C’) in these parameter sets.
As an example of the circuit, the whole structure of C’%’éﬁ , Ci’ﬁif , and Cﬁ’é A in our settings
are shown in Figs. 6.7a, 6.7b, and 6.7c, respectively. As illustrated in the figures, each layer is
composed of parametrized single qubit gates and fixed 2-qubit CNOT gates.

In each trial, we generate 200 states. When generating a state in each trial, we randomly
choose the parameters and the type fo single-qubit gate of the circuit. That is, for the i-th single
qubit gate R;(6;) = exp(04,0;) with a; = {z,y, 2} and 0; € [0,27], in each trial all a; and 6; are
randomly chosen. Then 200 fidelity values are computed, which are then used to construct the
histogram with 1000 bins to approximate the probability distribution P(C,F). Increasing the
number of generated states and the number of bins do not affect the following conclusions.
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Figure 6.7: The structures of ansatzes in our setting. Reprinted figure from [DOI: 10.22331/Q-2021-04-19-
434]. Creative Commons Attribution 4.0 International license. Copyright 2021 by the Kouhei Nakaji and
Naoki Yamamoto.

In this setting, we show the KL divergences £(CYTR"), £(CHR), and E(CLIL™) in Fig. 6.8.

As a reference, we also show the values of F()(C)/ fH?ar(Z") computed from the second moment

of the fidelity distributions. Each data point and associated error bar is the average and the
standard deviation of 10 trials of computation, respectively. Here is the list of points:

e For a fixed n, £(CLIN") is always bigger than £(CYTR") and E(Chpy)-

e As the number of layers increases, the KL-divergence decreases for fixed (m,n).

e For a fixed n, the tendency of the values of F(2)(C) /fl(é)ar@") is strongly correlated with
that of KL-divergence.

o As expected, F®)(C3m™) = F)(City ) is realized when (m,n) = (2,4) and (4, 8).

o E(CIM™) is as small as E(Cfir, ) in the parameter sets where F()(C3/m™) ~ FO)(Clly )
is realized, i.e., (m,n) = (2,4) and (4, 8). This result implies that the state distribution in
ALT is also close to that in HEA, in the setting where the second frame potential is close

to ‘FHaar(2 )

From some of the above observations, we find the strong correlation between F ) (C)/ fl({?ar(Q”)
and £(C); that is, as F)(C) becomes close to 1, then £(C) becomes close to 0. Thus, combin-
ing the result obtained in Section 6.2.3, we get a clear evidence that, as far as m = O(log, n),
E(CH™M™) ~ 0 and E(C3%™) ~ 0 hold. That is, the high expressibility and trainability in ALT
proven in Section 6.2.3 are assured also in terms of KL-divergence.
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Figure 6.8: F3)(C)/F, 1({2;331«( ) (top) and KL-divergence (bottom) for each ansatz. The sets of points with
which F®(CHH") ~ F@(CE2,) hold are enclosed by the red rectangles. Reprinted figure from [DOT:
10.22331/Q-2021-04-19-434]. Creative Commons Attribution 4.0 International license. Copyright 2021 by

the Kouhei Nakaji and Naoki Yamamoto.

6.2.4 Numerical Experiment

Recall that ALT was originally introduced with the motivation to resolve the vanishing gradient
problem in VQE, which has been often observed when using HEA; then we were concerned with
the expressibility of ALT in VQE, meaning that ALT would not offer a chance to reach the optimal
solution due to the possible loss of expressibility. But we now know that this concern has been
resolved under some conditions, as concluded in the previous section; that is, the expressibility
and the trainability coexists in the shallow ALT with m = O(log, n). This section provides a
case study of VQE that implies this desirable fact.

We choose the Hamiltonian of 4-qubits Heisenberg model on a 1-dimensional lattice with
periodic boundary conditions:

4
H= Z(O’; oy oy, 0’2+1 +olotth, (6.43)
i=1
where 0! (a € {x,y,z}) is the Pauli matrix that operates on the i-th qubit and ¢ = ol.

The goal of VQE problem is to find the minimum eigenvalue of H, by calculating the mean
energy (H) = (Yg|H|g) = (0|Uc(0)HU-(0)|0) via a quantum computer and then updating
the parameter § € O to decrease (H) via a classical computer, in each iteration. As ansatzes,
C%’éﬁ , Ci’ﬁifl , and C’I‘_ll’é A are chosen. As indicated in Fig. 6.8, the values of KL divergence
corresponding to these ansatzes show that E(C%élé) > 5(CI‘§ET4) E(CHEA) That is, this ALT
has the expressibility as high as that of HEA, and further, it is expected to enjoy the trainability
unlike the HEA.

The simulation results are shown in Fig. 6.9. In the top three subfigures of Fig. 6.9, the
blue lines and the associated error bars represent the average and the standard deviation of ()
in total 100 trials, respectively. In each trial, the initial parameters of the ansatz are randomly
chosen, and the optimization to decrease () in each iteration is performed by using the Adam
Optimizer with learning rate 0.001 [76]. The green line shows the theoretical minimum energy
(i.e., the ground energy) of H. Also the bottom subfigures of Fig. 6.9 show three trajectories of
(H) (red lines) whose energies at the final iteration step are the smallest three.

The ansatz CTEN, which has the least expressibility in the sense of frame potentials and the
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KL divergence analysis, clearly gives the worst result; its least mean-energy is far above from the
ground energy. This is simply because the state generated via C:}’éﬁ cannot represent the ground
state for any parameter choice. The result on C’ﬁ’é A is the second worst, which also does not
reach the ground energy as in the case of TEN. Note that increasing the number of parameters
does not change this result; that is, we also executed the simulation with Cﬁ’g A that has the
same number of parameters as Cififl but did not find a better result than that of Cf_ll’é A+ On the
other hand, Cifﬁfl succeeds in finding the ground state; in fact, 5 of the total 100 trajectories
generated via this ALT reach the ground energy. Hence this result implies that, in this example,
the expressibility and the trainability coexist in ALT, while the latter is lacking in HEA.

This better trainability of ALT than that of HEA could be explained in terms of the “mag-
nitude” of the gradient vector Vo(H) = [0(H)/001,...,0(H)/00p], where P is the number of
parameters. Now care should be taken to define an appropriate magnitude, because the focused
ansatzes have different number of parameters. In this work, we regard 0(H)/90,, (p =1,...,P)
as random variables and, based on this view, define the magnitude of Vy(#) as the mean of the
absolute value of those random variables:

P

lo@l = 5>

p=1

O(H)
00,

. (6.44)

We evaluate the average of the magnitude (6.44) over sample trajectories, at several values

of energy reached through the update of . For this purpose, let Gg) (t) denote the vector of
parameters of a given ansatz C at the ¢-th step (number of iteration) of the i-th trajectory, and

Eg)(t) = <O|Uc(9(cf) (t))THUC(H(Cf) (t))|0) be the energy at Gg) (t). Next, to define the average of
llg(6c)|| over the sample trajectories at the given energy value E, let t(bf) be the smallest integer

such that the energy of the i-th trajectory satisfies Eg) (t%)) < FE; in other words, t%) represents
the number of iteration such that the i-th trajectory first reaches the value E. Note that some
trajectories may not reach a given value E for all the repetition of . (For example, as seen

above, all trajectories of TEN never reached the value E = —7.) Hence, let Zp be the set of

)

index ¢ such that the i-th trajectory reaches the value E at some point of t(bf . We can now define

the average of ||g(6¢)|| as

(a0 = 7 3 o020 (6.45)

i€Tp

where |Zg| denotes the size of Zg. Fig. 6.10 shows Eq. (6.45) for the specific values of E (integers
from —7 to 0) for the three ansatzes C’%’éﬁ , C’i’ff , and C’ﬁ’é - The standard deviation of the
average is indicated by the error bar. For instance, {(||g(0¢)||) g == 5.6 for the case of orange point
(i.e., the case of ALT) at F = —1 was calculated with |Zg| = 100; actually, all 100 trajectories
become lower than F = —1. The figure shows that (||g(6¢)||) g in ALT is always larger than that
in HEA for all F, and this result is consistent to the theorems given in [126]. Such a larger gradient
vector might enable ALT to circumvent possible flat energy landscapes and eventually realize the
better trainability than HEA, but further studies are necessary to confirm this observation. Note
that TEN has the largest values of (||g(6¢)||)r when E > —5, which yet do not lead to the
convergence to the global minimum due to the lack of expressibility.
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Figure 6.9: Top: Energy versus the iteration step in the VQE problem for the Hamiltonian (6.43), with the
ansatz TEN (left), ALT (center), and HEA (right). The blue lines and the associated error bars represent
the average and the standard deviation of the mean energies in total 100 trials, respectively; in each trial,
the initial parameters of the ansatz are randomly chosen. Optimization to decrease (H) in each iteration
is performed by using Adam Optimizer with learning rate 0.001. Bottom: Three of 100 trajectories for
each ansatz TEN (left), ALT (center), and HEA (right), indicated by red lines. The trajectories are chosen
such that the energies at the final iteration step are the three smallest values. Reprinted figure from [DOI:
10.22331/Q-2021-04-19-434]. Creative Commons Attribution 4.0 International license. Copyright 2021 by

the Kouhei Nakaji and Naoki Yamamoto.
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Chapter 7

Conclusion and outlook

7.1 Conclusion

The quantum computer is expected to have many real-world applications, but the capability of
the quantum devices developed in the next few decades is limited; a small number of available
qubits and much noise are especially severe. In this thesis, we proposed algorithms maximizing
the functionality of NISQ and assessed their feasibility. Chapter 2 and Chapter 3 were devoted
to the basics of the quantum computation and NISQ. In Chapter 4 and later, we proposed and
assessed the algorithms tailored for NISQ. Let us summarize the content of each chapter in the
following.

In Chapter 2, we discussed the basics of quantum computation. After introducing the building
blocks of the quantum computation, we demonstrated the power of the quantum computation
by the phase estimation algorithm.

In Chapter 3, we discussed the noisy intermediate quantum device (NISQ). In the chapter,
we first reviewed the characteristics of NISQ. Particularly, we discussed how the noise affects the
computation results in NISQ. Next, we checked some methods to mitigate the error by the error
mitigation technique. The main content of this section was the introduction of the variational
quantum algorithm (VQA), which effectively utilizes NISQ to solve real-world problems. Finally,
we discussed critical issues in VQA. We showed that the barren plateau issue, where the gradient
of the cost function becomes exponentially small when the number of qubits increases, is especially
severe.

In Chapter 4, we proposed the faster amplitude estimation (FAE), which is the method for
efficiently extracting the computational results from the amplitude of the quantum state. We
showed that the proposed algorithm without using the phase estimation algorithm successfully
reduces the number of gates, and the computational complexity is as small as the phase estimation
algorithm.

In Chapter 5, we proposed the quantum semi-supervised generative adversarial network (qS-
GAN), which provides a method to utilize NISQ as an adversary for training a classifier. We
demonstrated that the high expressibility of the quantum circuit contributes to the classifier’s
performance. Also, even with small noise, the classification performance did not worsen; it implies
that qSGAN is suitable for the execution in NISQ.

Chapter 6 was devoted to the solution for the barren plateau issue of VQA reviewed in
Chapter 3. In the former part of the chapter, we discussed the methods to avoid the barren
plateau issue. Three methods were introduced there: the method devising the initializing strat-
egy, the method using the layer-wise learning, and the method using the alternating layered
ansatz (ALT). Additionally, we discussed that only the method utilizing ALT is theoretically
guaranteed. However, we also showed that the applicability of ALT is unclear since ALT may
not have enough expressibility to generate the solution of VQA. Based on the above discussion,
in the latter part of Chapter 6, we examined the expressibility of ALT. Our conclusion of the
analysis was in addition to that the shallow ALT can solve the barren plateau issue, the ALT
has enough expressibility. Namely, in the expressibility measure of the frame potential and the
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KL-divergence, those shallow ALTs had almost the same expressibility as HEAs, which are often
used in hybrid algorithms but suffer from the barren plateau issue. In particular, we proved
that such expressibility holds if the number of entangled qubits in each block are of the order of
the logarithm of the number of all resource qubits, which is consistent with the previous result
discussing the trainability of ALT. We also provided a case study of the VQE problem, implying
that the ALT enjoys both the expressibility and trainability.

7.2 Outlook

There are open problems regarding the contents we discussed in Chapter 4, Chapter 5, and
Chapter 6. Let us show the problems in the following.

As for FAE, the main issue is how to reduce the effect of noise for realizing practical appli-
cations in the current device. We list the open problems as follows:

e Are there any methods to reduce the number of two-qubit gates in the amplitude ampli-
fication operator? As we see in Fig. 4.1, the amplitude amplification operator includes a
multi-controlled operation, which still requires a lot of two-qubit gates. Since we repeatedly
use the operator, the impact of reducing the two-qubit gate from the operator is enormous.

e How does the qubit connectivity affect the algorithm? Can we build the ‘hardware efficient’
amplitude amplification operator free from the limitation of the qubit connectivity?

e Can we utilize the error mitigation technique for FAE? Some of the subsequent works [129—
132] discuss the QAE algorithm in the presence of noise, but they consider a limited class
of the noise models. By utilizing the error mitigation, we may build the noise model-
independent QAE methods in the presence of unknown noise.

e What are the device requirements for achieving the quantum advantage with FAE in prac-
tical problems?

Regarding qSGAN, applying QGAN to SSL problems is new and immature. Therefore, there is
still large room for improvement. The open problems of gSGAN are as follows:

e How does the algorithm changes if we use the other SGAN architecture such as the one
proposed in [45]7

e Can we apply qSGAN for the case where the dataset is given by the quantum states? Note
that some of the QGAN algorithms, such as [27] propose algorithms in the case of using the
quantum dataset.

e Can we use the quantum-classical hybrid generator instead of the quantum generator? The
quantum-classical hybrid generator is the generator that the outputs of the quantum circuit
are loaded into the classical neural network, and the outputs of the neural network become
the fake samples.

Finally, VQA as a whole has its issues to be solved. Let us summarize those open problems as
follows:

e Can we give the theoretical guarantee in the convergence performance of VQA? In classical
deep neural networks, the convergence property is theoretically proven at a certain limit
[133]. Can we show a similar theorem in VQA? Note that the author of this thesis has
been working on this topic and proved the convergence property in the case of the hybrid
quantum-classical neural network [134]. The subsequent work [135] also tackles the problem
in the case of the quantum neural network, but there is still room for improvement.

e Are there any methods that avoid the barren plateau issue, and the ansatz has enough
expressibility even when the cost function is global?

e If we measure the expressibility of the ansatz by the capability of expressing arbitrary
function rather than that of generating arbitrary quantum states, how does the result of
Chapter 6 change? We used the expressibility measure for measuring the capability of
generating an arbitrary quantum state. The definition is reasonable as long as the problem
we solve is finding the optimal quantum state. However, in some problems, such as quantum
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machine learning, we need to create a quantum circuit that approximates the target function;
in this case, the above definition of expressibility may be unsatisfactory. Thus, it is a good
direction to define an expressibility measure to capture the capability of approximating the
target function and analyze the expressibility of ALT by using the measure. The literature
[136-138] examines the capability of approximating the function, but the useful measure
has not been proposed yet.

The practical use of quantum computers still requires significant progress. However, solving
the open problems mentioned above will surely bring us closer to the realization. I hope that
this thesis will contribute to the solution of these problems.

82



Bibliography

[1]

2]

[10]

[11]

[12]

[13]

[14]

R. P. Feynman. Simulating physics with computers. International Journal of Theoretical
Physics, 21:467-488, 1982.

P. Shor. Algorithms for quantum computation: discrete logarithms and factoring. Pro-
ceedings 35th Annual Symposium on Foundations of Computer Science, pages 124-134,
1994.

J. R. McClean, R. Babbush, P. J. Love, and A. Aspuru-Guzik. Exploiting locality in
quantum computation for quantum chemistry. The Journal of Physical Chemistry Letters,
5(24):4368-4380, 2014.

D. Wecker, B. Bauer, B. K. Clark, M. B. Hastings, and M. Troyer. Gate-count esti-
mates for performing quantum chemistry on small quantum computers. Physical Review
A, 90(2):022305, 2014.

R. Babbush, D. W. Berry, 1. D. Kivlichan, A. Y. Wei, P. J. Love, and A. Aspuru-Guzik.
Exponentially more precise quantum simulation of fermions in second quantization. New

Journal of Physics, 18(3):033032, 2016.

R. Babbush, D. W. Berry, J. R. McClean, and H. Neven. Quantum simulation of chemistry
with sublinear scaling in basis size. npj Quantum Information, 5(1):1-7, 2019.

P. Rebentrost, B. Gupt, and T. R. Bromley. Quantum computational finance: Monte carlo
pricing of financial derivatives. Physical Review A, 98(2):022321, 2018.

D. J. Egger, R. G. Gutiérrez, J. C. Mestre, and S. Woerner. Credit risk analysis using
quantum computers. IEEFE Transactions on Computers, 2020.

N. Stamatopoulos, D. J. Egger, Y. Sun, C. Zoufal, R. Iten, N. Shen, and S. Woerner.
Option pricing using quantum computers. Quantum, 4:291, 2020.

J. Biamonte, P. Wittek, N. Pancotti, P. Rebentrost, N. Wiebe, and S. Lloyd. Quantum
machine learning. Nature, 549(7671):195-202, 2017.

S. Srinivasan, C. Downey, and B. Boots. Learning and inference in hilbert space with
quantum graphical models. In Advances in Neural Information Processing Systems, pages

10338-10347, 2018.

M. Schuld, I. Sinayskiy, and F. Petruccione. Prediction by linear regression on a quantum
computer. Physical Review A, 94(2):022342, 2016.

V. Havlicek, A. D. Cércoles, K. Temme, A. W. Harrow, A. Kandala, J. M. Chow, and
J. M. Gambetta. Supervised learning with quantum-enhanced feature spaces. Nature,
567(7747):209-212, 2019.

C. Ciliberto, M. Herbster, A. D. lalongo, M. Pontil, A. Rocchetto, S. Severini, and L. Woss-
nig. Quantum machine learning: a classical perspective. Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sciences, 474(2209):20170551, 2018.

83



[15]

[19]

[20]

[21]

[22]
[23]

[29]

[30]

[31]

M. Schuld, A. Bocharov, K. M. Svore, and N. Wiebe. Circuit-centric quantum classifiers.
Physical Review A, 101(3):032308, 2020.

J. Preskill. Quantum computing in the nisq era and beyond. Quantum, 2:79, 2018.

A. Montanaro. Quantum speedup of monte carlo methods. Proceedings. Mathematical,
Physical, and Engineering Sciences / The Royal Society, 471, 2015.

A. Y. Kitaev. Quantum measurements and the abelian stabilizer problem. arXiv preprint
arXiv:quant-ph/9511026, 1995.

M. A. Nielsen and I. L. Chuang. Quantum computation and quantum information (10th
anniversary edition). 2010.

Y. Suzuki, S. Uno, R. Raymond, T. Tanaka, T. Onodera, and N. Yamamoto. Amplitude
estimation without phase estimation. Quantum Information Processing, 19(2):1-17, 2020.

D. Grinko, J. Gacon, C. Zoufal, and S. Woerner. Iterative quantum amplitude estimation.
npj Quantum Information, 7:1-6, 2019.

K. Nakaji. Faster amplitude estimation. Quantum Inf. Comput., 20:1109-1122, 2020.

M. Cerezo, A. Arrasmith, R. Babbush, S. C. Benjamin, S. Endo, K. Fujii, J. R. McClean,
K. Mitarai, X. Yuan, L. Cincio, et al. Variational quantum algorithms. Nature Reviews
Physics, pages 1-20, 2021.

A. Peruzzo, J. McClean, P. Shadbolt, M.-H. Yung, X.-Q. Zhou, P. J. Love, A. Aspuru-
Guzik, and J. L. O’brien. A variational eigenvalue solver on a photonic quantum processor.
Nature Communications, 5(1):1-7, 2014.

A. Kandala, A. Mezzacapo, K. Temme, M. Takita, M. Brink, J. M. Chow, and J. M.
Gambetta. Hardware-efficient variational quantum eigensolver for small molecules and
quantum magnets. Nature, 549(7671):242-246, 2017.

P.-L. Dallaire-Demers and N. Killoran. Quantum generative adversarial networks. Physical
Review A, 98(1):012324, 2018.

S. Lloyd and C. Weedbrook. Quantum generative adversarial learning. Physical Review
Letters, 121(4):040502, 2018.

H. Situ, Z. He, Y. Wang, L. Li, and S. Zheng. Quantum generative adversarial network for
generating discrete distribution. Information Sciences, 538:193-208, 2020.

C. Zoufal, A. Lucchi, and S. Woerner. Quantum generative adversarial networks for learning
and loading random distributions. npj Quantum Information, 5(1):1-9, 2019.

M. Benedetti, E. Grant, L. Wossnig, and S. Severini. Adversarial quantum circuit learning
for pure state approximation. New Journal of Physics, 21(4):043023, 2019.

L. Hu, S--H. Wu, W. Cai, Y. Ma, X. Mu, Y. Xu, H. Wang, Y. Song, D.-L.. Deng, C.-L.
Zou, and L. Sun. Quantum generative adversarial learning in a superconducting quantum
circuit. Science advances, 5(1):eaav2761, 2019.

J. Zeng, Y. Wu, J.-G. Liu, L. Wang, and J. Hu. Learning and inference on generative
adversarial quantum circuits. Physical Review A, 99(5):052306, 2019.

J. Romero and A. Aspuru-Guzik. Variational quantum generators: Generative adversarial
quantum machine learning for continuous distributions. arXiv preprint arXiv:1901.00848,
2019.

S. Chakrabarti, T. Yiming, Huang an d Li, S. Feizi, and X. Wu. Quantum wasserstein
generative adversarial networks. In Advances in Neural Information Processing Systems,

pages 6781-6792, 2019.

84



[35]

[42]

[43]

[44]

[45]

(48]

[49]

[50]

K. Huang, Z.-A. Wang, C. Song, K. Xu, H. Li, Z. Wang, Q. Guo, Z. Song, Z.-B. Liu,
D. Zheng, et al. Realizing a quantum generative adversarial network using a programmable
superconducting processor. arXiv preprint arXiv:2009.12827, 2020.

H.-L. Huang, Y. Du, M. Gong, Y. Zhao, Y. Wu, C. Wang, S. Li, F. Liang, J. Lin, Y. Xu,
et al. Experimental quantum generative adversarial networks for image generation. arXiv
preprint arXiv:2010.06201, 2020.

A. Anand, J. Romero, M. Degroote, and A. Aspuru-Guzik. Experimental demonstration
of a quantum generative adversarial network for continuous distributions. arXiv preprint
arXiv:2006.01976, 2020.

S. Ahmed, C. S. Mufioz, F. Nori, and A. F. Kockum. Quantum state tomography with
conditional generative adversarial networks. arXiv preprint arXiv:2008.03240, 2020.

S. A. Stein, B. Baheri, R. M. Tischio, Y. Mao, Q. Guan, A. Li, B. Fang, and S. Xu.
Qugan: A generative adversarial network through quantum states. arXiv preprint
arXiw:2010.09036, 2020.

D. Herr, B. Obert, and M. Rosenkranz. Anomaly detection with variational quantum
generative adversarial networks. arXiv preprint arXiv:2010.10492, 2020.

I. Goodfellow, J. Pouget-Abadie, M. Mirza, B. Xu, D. Warde-Farley, S. Ozair, A. Courville,
and Y. Bengio. Generative adversarial nets. In Z. Ghahramani, M. Welling, C. Cortes,
N. D. Lawrence, and K. Q. Weinberger, editors, Advances in Neural Information Processing
Systems 27, pages 2672-2680. Curran Associates, Inc., 2014.

J. Gui, Z. Sun, Y. Wen, D. Tao, and J. Ye. A review on generative adversarial networks:
Algorithms, theory, and applications. arXiv preprint arXiv:2001.06937, 2020.

P. Shamsolmoali, M. Zareapoor, E. Granger, H. Zhou, R. Wang, M. E. Celebi, and J. Yang.
Image synthesis with adversarial networks: A comprehensive survey and case studies. In-
formation Fusion, 2021.

Z. Liu, J. Wang, and Z. Liang. Catgan: Category-aware generative adversarial networks
with hierarchical evolutionary learning for category text generation. In AAAI pages 8425—
8432, 2020.

T. Salimans, I. Goodfellow, W. Zaremba, V. Cheung, A. Radford, and X. Chen. Improved
techniques for training gans. In Advances in neural information processing systems, pages

2234-2242, 2016.

A. Odena. Semi-supervised learning with generative adversarial networks. arXiv preprint
arXiw:1606.01583, 2016.

A. Madani, M. Moradi, A. Karargyris, and T. Syeda-Mahmood. Semi-supervised learn-
ing with generative adversarial networks for chest x-ray classification with ability of data
domain adaptation. In 2018 IEEE 15th International symposium on biomedical imaging
(ISBI 2018), pages 1038-1042. IEEE, 2018.

C. Li, K. Xu, J. Zhu, and B. Zhang. Triple generative adversarial nets. arXiv preprint
arXiw:1703.02291, 2017.

Z. Gan, L. Chen, W. Wang, Y. Pu, Y. Zhang, H. Liu, C. Li, and L. Carin. Triangle
generative adversarial networks. arXiv preprint arXiv:1709.06548, 2017.

Z. Dai, Z. Yang, F. Yang, W. W. Cohen, and R. Salakhutdinov. Good semi-supervised
learning that requires a bad gan. arXiv preprint arXiv:1705.09783, 2017.

T. Miyato, S.-i. Maeda, M. Koyama, and S. Ishii. Virtual adversarial training: a regular-
ization method for supervised and semi-supervised learning. IEEF transactions on pattern
analysis and machine intelligence, 41(8):1979-1993, 2018.

85



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

[66]

[67]

[68]

K. Nakaji and N. Yamamoto. Quantum semi-supervised generative adversarial network for
enhanced data classification. Scientific Reports, 11, 2021.

J. R. McClean, S. Boixo, V. N. Smelyanskiy, R. Babbush, and H. Neven. Barren plateaus
in quantum neural network training landscapes. Nature Communications, 9(1):1-6, 2018.

M. Cerezo, A. Sone, T. Volkoff, L. Cincio, and P. J. Coles. Cost function dependent barren
plateaus in shallow parametrized quantum circuits. Nature Communications, 12(1):1-12,
2021.

K. Nakaji and N. Yamamoto. Expressibility of the alternating layered ansatz for quantum
computation. Quantum, 5:434, 2021.

S. Sim, P. D. Johnson, and A. Aspuru-Guzik. Expressibility and entangling capability of pa-
rameterized quantum circuits for hybrid quantum-classical algorithms. Advanced Quantum
Technologies, 2(12):1900070, 2019.

H. Héffner, C. F. Roos, and R. Blatt. Quantum computing with trapped ions. Physics
reports, 469(4):155-203, 2008.

P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S. Gustavsson, and W. D. Oliver. A
quantum engineer’s guide to superconducting qubits. Applied Physics Reviews, 6(2):021318,
2019.

S. J. Devitt, W. J. Munro, and K. Nemoto. Quantum error correction for beginners. Reports
on Progress in Physics, 76(7):076001, 2013.

A. Aspuru-Guzik, A. D. Dutoi, P. J. Love, and M. Head-Gordon. Simulated quantum
computation of molecular energies. Science, 309:1704 — 1707, 2005.

H. F. Trotter. On the product of semi-groups of operators. 1959.

S. McArdle, S. Endo, A. Aspuru-Guzik, S. C. Benjamin, and X. Yuan. Quantum compu-
tational chemistry. Reviews of Modern Physics, 92:015003, 2020.

A. W. Harrow, A. Hassidim, and S. Lloyd. Quantum algorithm for linear systems of
equations. Physical Review Letters, 103(15):150502, 2009.

J. M. Gambetta, J. M. Chow, and M. Steffen. Building logical qubits in a superconducting
quantum computing system. npj Quantum Information, 3(1):1-7, 2017.

Y. Xu, J. Chu, J. Yuan, J. Qiu, Y. Zhou, L. Zhang, X. Tan, Y. Yu, S. Liu, J. Li, et al.
High-fidelity, high-scalability two-qubit gate scheme for superconducting qubits. Physical
Review Letters, 125(24):240503, 2020.

B. Foxen, C. Neill, A. Dunsworth, P. Roushan, B. Chiaro, A. Megrant, J. Kelly, Z. Chen,
K. Satzinger, R. Barends, et al. Demonstrating a continuous set of two-qubit gates for
near-term quantum algorithms. Physical Review Letters, 125(12):120504, 2020.

D. C. McKay, C. J. Wood, S. Sheldon, J. M. Chow, and J. M. Gambetta. Efficient z gates
for quantum computing. Physical Review A, 96(2):022330, 2017.

F. B. Maciejewski, Z. Zimboras, and M. Oszmaniec. Mitigation of readout noise in near-
term quantum devices by classical post-processing based on detector tomography. Quantum,
4:257, April 2020.

Y. Li and S. C. Benjamin. Efficient variational quantum simulator incorporating active
error minimization. Physical Review X, 7:021050, 2017.

K. Temme, S. Bravyi, and J. M. Gambetta. Error mitigation for short-depth quantum
circuits. Physical Review Letters, 119 18:180509, 2017.

86



[71]

[72]

[73]

[83]

[84]

S. Endo, S. C. Benjamin, and Y. Li. Practical quantum error mitigation for near-future
applications. Physical Review X, 8(3):031027, 2018.

T. Giurgica-Tiron, Y. Hindy, R. LaRose, A. Mari, and W. J. Zeng. Digital zero noise
extrapolation for quantum error mitigation. In 2020 IEEFE International Conference on
Quantum Computing and Engineering (QCE), pages 306-316. IEEE, 2020.

A. G. Taube and R. J. Bartlett. New perspectives on unitary coupled-cluster theory.
International Journal of Quantum Chemistry, 106:3393-3401, 2006.

H. Abraham, AduOffei, R. Agarwal, I. Y. Akhalwaya, G. Aleksandrowicz, T. Alexander,
et al. Qiskit: An open-source framework for quantum computing, 2019.

G. E. Crooks. Gradients of parameterized quantum gates using the parameter-shift rule
and gate decomposition. arXiv preprint arXiv:1905.13311, 2019.

D. P. Kingma and J. Ba. Adam: A method for stochastic optimization. arXiv preprint
arXiw:1412.6980, 2014.

K. Mitarai, M. Negoro, M. Kitagawa, and K. Fujii. Quantum circuit learning. Physical
Review A, 98(3):032309, 2018.

H.-Y. Huang, M. Broughton, M. Mohseni, R. Babbush, S. Boixo, H. Neven, and J. R.
McClean. Power of data in quantum machine learning. Nature Communications, 12, 2021.

L. Tran, X. Yin, and X. Liu. Representation learning by rotating your faces. IEEE trans-
actions on pattern analysis and machine intelligence, 41(12):3007-3021, 2018.

R. Huang, S. Zhang, T. Li, and R. He. Beyond face rotation: Global and local perception
gan for photorealistic and identity preserving frontal view synthesis. In Proceedings of the
IEEE international conference on computer vision, pages 2439-2448, 2017.

L. Ma, X. Jia, Q. Sun, B. Schiele, T. Tuytelaars, and L. Van Gool. Pose guided person
image generation. arXiv preprint arXiv:1705.09368, 2017.

W. Jiang, S. Liu, C. Gao, J. Cao, R. He, J. Feng, and S. Yan. Psgan: Pose and ex-
pression robust spatial-aware gan for customizable makeup transfer. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, pages 5194-5202,
2020.

R. Yi, Y.-J. Liu, Y.-K. Lai, and P. L. Rosin. Apdrawinggan: Generating artistic por-
trait drawings from face photos with hierarchical gans. In Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition, pages 10743-10752, 2019.

J-Y. Zhu, P. Kr’ahenb’uhl, E. Shechtman, and A. A. Efros. Generative visual manipu-
lation on the natural image manifold. In European conference on computer vision, pages
597-613. Springer, 2016.

A. Brock, T. Lim, J. M. Ritchie, and N. Weston. Neural photo editing with introspective
adversarial networks. arXiv preprint arXiv:1609.07093, 2016.

T. Park, M.-Y. Liu, T.-C. Wang, and J.-Y. Zhu. Semantic image synthesis with spatially-
adaptive normalization. In Proceedings of the IEEE/CVE Conference on Computer Vision
and Pattern Recognition, pages 2337-2346, 2019.

K. Lin, D. Li, X. He, Z. Zhang, and M.-T. Sun. Adversarial ranking for language generation.
arXww preprint arXiw:1705.11001, 2017.

J. Wang, L. Yu, W. Zhang, Y. Gong, Y. Xu, B. Wang, P. Zhang, and D. Zhang. Irgan: A
minimax game for unifying generative and discriminative information retrieval models. In
Proceedings of the 40th International ACM SIGIR conference on Research and Development
in Information Retrieval, pages 515-524, 2017.

87



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[100]

[101]

[102]

[103]

[104]

[105]

S. Lu, Z. Dou, X. Jun, J.-Y. Nie, and J.-R. Wen. Psgan: A minimax game for personalized
search with limited and noisy click data. In Proceedings of the 42nd International ACM
SIGIR Conference on Research and Development in Information Retrieval, pages 555564,
2019.

T. Qiao, J. Zhang, D. Xu, and D. Tao. Mirrorgan: Learning text-to-image generation
by redescription. In Proceedings of the IEEE/CVF Conference on Computer Vision and
Pattern Recognition, pages 1505-1514, 2019.

K. Ehsani, R. Mottaghi, and A. Farhadi. Segan: Segmenting and generating the invisible.
In Proceedings of the IEEE conference on computer vision and pattern recognition, pages

6144-6153, 2018.

J. Li, X. Liang, Y. Wei, T. Xu, J. Feng, and S. Yan. Perceptual generative adversarial
networks for small object detection. In Proceedings of the IEEE conference on computer
vision and pattern recognition, pages 1222-1230, 2017.

Y. Bai, Y. Zhang, M. Ding, and B. Ghanem. Sod-mtgan: Small object detection via
multi-task generative adversarial network. In Proceedings of the European Conference on
Computer Vision (ECCYV), pages 206-221, 2018.

L. K. Grover. Synthesis of quantum superpositions by quantum computation. Physical
Review Letters, 85(6):1334, 2000.

Y. R. Sanders, G. H. Low, A. Scherer, and D. W. Berry. Black-box quantum state prepa-
ration without arithmetic. Physical Review Letters, 122(2):020502, 2019.

M. Plesch and C. Brukner. Quantum-state preparation with universal gate decompositions.
Physical Review A, 83(3):032302, 2011.

V. V. Shende, S. S. Bullock, and I. L. Markov. Synthesis of quantum-logic circuits. IEEE
Transactions on Computer-Aided Design of Integrated Circuits and Systems, 25(6):1000—
1010, 2006.

L. Grover and T. Rudolph. Creating superpositions that correspond to efficiently integrable
probability distributions. arXiv preprint arXiv:quant-ph/0208112, 2002.

M. Mottonen, J. Vartiainen, V. Bergholm, and M. Salomaa. Transformation of quan-
tum states using uniformly controlled rotations. Quantum Information and Computation.,

9:467-473, 2005.

V. Shende and I. Markov. Quantum circuits for incompletely specified two-qubit operators.
Quantum Information and Computation., 5:49-57, 2005.

K. Nakaji, S. Uno, Y. Suzuki, R. Raymond, T. Onodera, T. Tanaka, H. Tezuka, N. Mitsuda,
and N. Yamamoto. Approximate amplitude encoding in shallow parameterized quantum
circuits and its application to financial market indicator. 2021.

J. R. McClean, S. Boixo, V. N. Smelyanskiy, R. Babbush, and H. Neven. Barren plateaus
in quantum neural network training landscapes. Nature Communications, 9(1):1-6, 2018.

S. Wang, E. Fontana, M. Cerezo, K. Sharma, A. Sone, L. Cincio, and P. J. Coles. Noise-
induced barren plateaus in variational quantum algorithms. Nature Communications,

12(1):1-11, 2021.

A. Arrasmith, M. Cerezo, P. Czarnik, L. Cincio, and P. J. Coles. Effect of barren plateaus
on gradient-free optimization. Quantum, 5:558, 2021.

C. Dankert, R. Cleve, J. Emerson, and E. R. Livine. Exact and approximate unitary
2-designs and their application to fidelity estimation. Physical Review A, 80:012304, 2009.

88



[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

D. Wierichs, C. Gogolin, and M. Kastoryano. Avoiding local minima in variational quantum
eigensolvers with the natural gradient optimizer. Physical Review Research, 2(4):043246,
2020.

J. Stokes, J. A. Izaac, N. Killoran, and G. Carleo. Quantum natural gradient. Quantum,
4:269, 2020.

M. Cerezo, A. Arrasmith, R. Babbush, S. C. Benjamin, S. Endo, K. Fujii, J. R. McClean,
K. Mitarai, X. Yuan, L. Cincio, et al. Variational quantum algorithms. arXiv preprint
arXiw:2012.09265, 2020.

H. R. Grimsley, S. E. Economou, E. Barnes, and N. J. Mayhall. An adaptive variational al-
gorithm for exact molecular simulations on a quantum computer. Nature Communications,
10(1):1-9, 2019.

H. L. Tang, V. Shkolnikov, G. S. Barron, H. R. Grimsley, N. J. Mayhall, E. Barnes, and S. E.
Economou. qubit-adapt-vqe: An adaptive algorithm for constructing hardware-efficient
ansétze on a quantum processor. PRX Quantum, 2(2):020310, 2021.

I. G. Ryabinkin, T.-C. Yen, S. N. Genin, and A. F. Izmaylov. Qubit coupled cluster method:
a systematic approach to quantum chemistry on a quantum computer. Journal of chemical
theory and computation, 14(12):6317-6326, 2018.

N. V. Tkachenko, J. Sud, Y. Zhang, S. Tretiak, P. M. Anisimov, A. T. Arrasmith, P. J.
Coles, L. Cincio, and P. A. Dub. Correlation-informed permutation of qubits for reducing
ansatz depth in the variational quantum eigensolver. PRX Quantum, 2(2):020337, 2021.

W. Tang, T. Tomesh, M. Suchara, J. Larson, and M. Martonosi. Cutqc: using small quan-
tum computers for large quantum circuit evaluations. In Proceedings of the 26th ACM
International Conference on Architectural Support for Programming Languages and Oper-
ating Systems, pages 473-486, 2021.

T. Peng, A. W. Harrow, M. Ozols, and X. Wu. Simulating large quantum circuits on a
small quantum computer. Physical Review Letters, 125(15):150504, 2020.

F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R. Barends, et al. Quantum
supremacy using a programmable superconducting processor. Nature, 574:505-510, 2019.

A. Paszke, S. Gross, F. Massa, A. Lerer, J. Bradbury, G. Chanan, T. Killeen, Z. Lin,
N. Gimelshein, L. Antiga, A. Desmaison, A. Kopf, E. Yang, Z. DeVito, M. Raison, A. Te-
jani, S. Chilamkurthy, B. Steiner, L. Fang, J. Bai, and S. Chintala. Pytorch: An imperative
style, high-performance deep learning library. pages 8024-8035, 2019.

E. Grant, L. Wossnig, M. Ostaszewski, and M. Benedetti. An initialization strategy for
addressing barren plateaus in parametrized quantum circuits. Quantum, 3:214, 2019.

T. Volkoff and P. J. Coles. Large gradients via correlation in random parameterized quan-
tum circuits. Quantum Science and Technology, 6(2):025008, 2021.

E. Grant, L. Wossnig, M. Ostaszewski, and M. Benedetti. An initialization strategy for
addressing barren plateaus in parametrized quantum circuits. Quantum, 3:214, 2019.

A. Skolik, J. R. McClean, M. Mohseni, P. van der Smagt, and M. Leib. Layerwise learning
for quantum neural networks. Quantum Machine Intelligence, 3:1-11, 2021.

T. Ali, A. Bhattacharyya, S. S. Haque, E. H. Kim, N. Moynihan, and J. Murugan. Chaos
and complexity in quantum mechanics. Physical Review D, 101(2):026021, 2020.

J. M. Renes, R. Blume-Kohout, A. J. Scott, and C. M. Caves. Symmetric informationally
complete quantum measurements. Journal of Mathematical Physics, 45(6):2171-2180, 2004.

89



[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

A. Klappenecker and M. Rotteler. Mutually unbiased bases are complex projective 2-
designs. In Proceedings. International Symposium on Information Theory, 2005. ISIT
2005., pages 1740-1744. TEEE, 2005.

I. Bengtsson and K. Zyczkowski. Geometry of quantum states: an introduction to quantum
entanglement. Cambridge university press, 2017.

K. Zyczkowski and H.-J. Sommers. Average fidelity between random quantum states.
Physical Review A, 71(3):032313, 2005.

M. Cerezo, A. Sone, T. Volkoff, L. Cincio, and P. J. Coles. Cost function dependent barren
plateaus in shallow parametrized quantum circuits. Nature Communications, 12 1:1791,
2021.

F. G. Brandao, A. W. Harrow, and M. Horodecki. Local random quantum circuits are
approximate polynomial-designs. Communications in Mathematical Physics, 346(2):397—
434, 2016.

A. Harrow and S. Mehraban. Approximate unitary t-designs by short random quantum
circuits using nearest-neighbor and long-range gates. arXiv preprint arXiv:1809.06957,
2018.

E. G. Brown, O. Goktas, and W. Tham. Quantum amplitude estimation in the presence
of noise. arXiv preprint arXiv:2006.14145, 2020.

S. Uno, Y. Suzuki, K. Hisanaga, R. Raymond, T. Tanaka, T. Onodera, and N. Yamamoto.
Modified grover operator for quantum amplitude estimation. New Journal of Physics,
23(8):083031, 2021.

T. Tanaka, Y. Suzuki, S. Uno, R. H. Putra, T. Onodera, and N. Yamamoto. Amplitude
estimation via maximum likelihood on noisy quantum computer. Quantum Information
Processing, 20:293, 2021.

S. Herbert, R. Guichard, and D. Ng. Noise-aware quantum amplitude estimation. arXiv
preprint arXiw:2109.04840, 2021.

A. Jacot, F. Gabriel, and C. Hongler. Neural tangent kernel: Convergence and generaliza-
tion in neural networks. arXiv preprint arXiv:1806.07572, 2018.

K. Nakaji, H. Tezuka, and N. Yamamoto. Quantum-enhanced neural networks in the neural
tangent kernel framework. arXiv preprint arXiv:2109.03786, 2021.

J. Liu, F. Tacchino, J. R. Glick, L. Jiang, and A. Mezzacapo. Representation learning via
quantum neural tangent kernels. arXiv preprint arXiv:2111.04225, 2021.

F. J. Gil Vidal and D. O. Theis. Input redundancy for parameterized quantum circuits.
Frontiers in Physics, 8:297, 2020.

A. Pérez-Salinas, A. Cervera-Lierta, E. Gil-Fuster, and J. I. Latorre. Data re-uploading for
a universal quantum classifier. Quantum, 4:226, 2020.

M. Schuld, R. Sweke, and J. J. Meyer. Effect of data encoding on the expressive power of
variational quantum-machine-learning models. Physical Review A, 103(3):032430, 2021.

90



Appendix A

Theorems for Faster amplitude
estimation

A.1 Proof of Complexity Upper Bound

In this appendix, we provide proof of the complexity upper bound.
Theorem The following upper bound holds for Nopac:

103
N o A0 <4log2(527r/3e)> . (A1)
€

Proof. Our strategy to obtain the upper bound is calculating the required number of Nslfét and

N2 for the algorithm to work correctly with the probability 1 —d. Both upper bounds of N1t
and N2 can be derived from the condition that our algorithm works correctly in the second
stage because even though the condition from the first stage also bounds N1, loosely, the most
strict upper bound of N}, can be gotten from the condition that the estimation error of v is
small enough. Thus, we only discuss the condition from the second stage in the following.

In the second stage, as we mention in Section 4.3, the algorithm works correctly as long
as Ap; < m/3. Even though the conditions for atan (sm,l,cy,l) derived from Ap; < 7/3 are
different depending on whether the confidence interval of p; is the connected confidence interval
or the disconnected confidence interval, the required precisions for s,;_, and c,;_, do not change
depending on the interval type. Therefore, in the following, we discuss only the case of the
connected confidence interval. Then, the condition Ap; < /3 can be converted to

(A.2)

|atan (sg;-1, Cg;—1) — atan (sy;—1, cy-1)| <

wl

where s3;_,,c3;_, are the true values of s,,_, and c,;_, respectively. Given Ac,;_, = |c2j,1 —
Chi-1|s Ay, = |8y, — 85,1, by using the result (A.18), which we show in Appendix A.2, the
following inequality holds for the left hand side of (A.2):

latan (sq;-1,Cqi—1) — atan (s5;—1, ca—1)| < max(2Acy;—1 + 2A8,5;-1,3Acy;-1) (A.3)

as long as Ac,;_, < 1/4 and As,;_, < 1/3. On the other hand, from (4.20), it holds that

ASQj_l
=831 (sinv —sin(v — Av)) + ¢5; -1 (cosv — cos(v — Av)) + Acy; - cosv + Acy; 1501
N sin v
(A1)
- V2 —2cos(Av) +[Acy; s cosv| +[Acy; 1 g1 ’ (A5)

sinv
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where Av = v — 27010 and 37/8 — |Av| < v < 37/4 — |Av|. Thus, if at least the estimation
errors are bounded as

1
A02j71 S 5, (A6)
1
Acyi1 i1 < 9’ (A7)
s
Av| < —, A8
A< (A8)
then it holds
T 1 3 s 1
Asy; 1 < 2- QCOS(@.) t,?' Coi(T “s)l o < 1 (A.9)
SIH(T — @) 3
As a result,
. . 1 1 1 s
|atan (82j71702j71) — atan (S2j71702j71)| < max(2 . § + 2. g,g . 5) < g (AlO)
is satisfied. By using (4.12), the direct calculation shows that if we choose
" 2
N2nd — 9721n (5> , (A.11)

then both the conditions (A.6) and (A.7) are satisfied with the probability 1 — 2§.. On the other

hand, (A.8) is achieved if at least
1
Acyj—1 < —= A12
) 1 9\/§ ( )

holds in the first stage because

min

Ay = % (arccos (021071) — arccos (Cgﬁx_l))

< 1 (arccos <cos (37T)> — arccos (cos <37r> + 1))
2 4 4 92
T
< @.
Thus, by using (4.12) again, we can leadily show that by setting

2
st =19441n <5> , (A.14)

C

(A.13)

then (A.12) and hence (A.8) is satisfied with the probability 1 — d.. In summary, as far as
(A.11) and (A.14) are satisfied, for all j(> jo), Ap; < m/3 holds and (4.23) is satisfied under
the assumption that all the estimates of cosines are inside the confidence interval. Note that the
probability that all the estimates are inside the interverl is (1 — §.)70+2(¢=90) > 1 — (20 — jy)d.

Finally, we evaluate the query complexity in the worst case. The worst case is that the
algorithm moves to the second stage at the first iteration(j = 1). In this case, the number of
oracle call is

4
. 2 2
Norac < Ngiby + ) _(2N3ut x 2771) = 19441n <5> +1944(2° — 2)In <5> , (A.15)
j72 (& (&

and the success probability of the algorithm is 1 —(2¢—1)d.. Thus, if we demand that the success
probability is more than 1 — ¢ then 6. < §/2¢ and

Norae < 1944 - 2%1n (%f) : (A.16)
By combining with (4.31)
103
N < 4.1-10 In <4log2(27r/36)> ’ (A7)
€ o
O

92



A.2 Theorem for atan function

Theorem When ¢,c*,s € [—1,1], s* takes one of the value of +v1— c¢*2, Ac = |c — ¢*| and
As = |s — s*|, the following inequality holds:

|atan(s, ¢) — atan(s™, ¢*)| < max(2Ac + 2As,3Ac) (A.18)

if As < 1/2 and Ac < 1/4 and if there is no discontinuity of atan(s, ¢) in the intervals: s* —As <
s<s*+Asandc* —Ac<c<c*+ Ac.

Proof. Tt is suffice to prove in following three cases: (i) cc* > 0 (ii) cc* < 0 and (iii) cc* = 0. In
case (i) ec* > 0, using trigonometric addition formulas for arctan, it holds that

latan(s, ¢) — atan(s™, ¢*)| = |arctan(s, ¢) — arctan(s*, ¢*)|

s*Ac — c*As )

1+ c*Ac+ s*As
< ‘ [s*|Ac + |c*|As

T |1 —|c*|Ac— |s*|As
< 2Ac+ 2As. (A.19)

arctan (

To show the last inequality, we use 1 — |¢*|Ac — |s*|As > 1 — /(1/3)2 + (1/4)? > 1/2 .
In case (ii) cc* < 0,

|atan(s, ¢) — atan(s*, c*)| = lir% (larctan(s, ¢) — arctan(s,n)|
n—

+ |arctan(s,n) — arctan(s*, —n)|)
+ |arctan(s*, —n) — arctan(s*, ¢*)|), (A.20)

where the sign of 7 is same as that of ¢. The first term in (A.20) can be bounded as

13}
lir% larctan(s, ¢) — arctan(s,n)| = lim ‘8 arctan (§> le=co (¢ — 77)‘
c c

n— n—0
—lim|—" (c—
nlir%) 0(2)+52 (C 77)‘
< s
-
T+ s?
< 1
c
=l — (e )2 + (5 — (5r —9)?
< 1
c
— (3 __1\2 4 1)\2
(E-2)+(E-3)
< 3|cl, (A.21)

where ¢ take the value between 1 and ¢, and we use the mean value theorem for showing the
first equality. Similary,

lir% larctan(s., —n) — arctan(s., c.)| < 3lcs]. (A.22)
n—

By substituting (A.21), (A.22) and lim,_, |arctan(s,n) — arctan(s*, —n)| = 0 (that follows from
no-discontinuity condition) to the right-hand side of (A.20), it follows

|atan(s, ¢) — atan(s*, c*)| < 3(|¢| + |es]) = 3Ac. (A.23)

The last equality holds because the signs of ¢ and ¢, are different.
In case (iii) cc, = 0, when ¢, =0,

latan(s, ¢) — atan(s*, ¢*)| = lin}J (‘:I:g — arctan(s,,n)| + |arctan(s,.,n) — arctan(s, n)|
n—

+ |arctan(s,n) — arctan(s, c)|), (A.24)
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where the sign + is the same as the sign of s and the sign of 7 is same as that of ¢. The values
of the first line go to 0 and the value of the second line can be evaluated by the same arguments
as (A.21). Thus, it follows

latan(s, ¢) — atan(s*, ¢*)| < 3(|¢|) = 3Ac. (A.25)
By the same discussion, when ¢ =0
latan(s, ¢) — atan(s*, c*)| < 3(|es|) = 3Ac. (A.26)

In all of the three cases, (A.18) is proved.
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Appendix B

Theorem for the expressibility
computation

Here we prove several theorems introduced in Section 6.2. In the following, for the unitary matrix
U, corresponding to the entire circuit, we denote the unitary matrix corresponding to the i-th
layer of the circuit to be U, (i) and the unitary matrix corresponding to the j-th block in the i-th
layer as U,(i, 7).

B.1 Proof of Theorem 2

First, because the probability distribution of F' = [{3[1)')|? with n-qubits states |1)) and |¢')

taken from the Haar measure is given by Pyaar (F) = (2" —1)(1 — F)?" 2, the value of ]-"I({a)ar( 2m)
is straightforwardly computed as

1
(1) ny _ N2 r_ n _ _ 2" -2 i
Fhaar(2") = /H /HWIWWI dypdy —/0 dFF(2" = 1)(1 = F)*' 7% = . (B.1)

Next, we provide the proof of F1(CLM") = f}(IQaT(Z"). Given two final states |¢) = U,|0) and
[1)) = Up|0) generated by CALT”, we have

FOCE") = [ v oluiuio ovjUao
esign

o (T ([0

X (0[U(1) Ua(2)" - Ua(0) Us(8) - - - U (2) U (1)[0)
(1)

< (0[U,(1)'0L(2) - Up(0)TUL(0) - Ua(2) UL (1)]0)
0 k(i) k(i)
:/1d (H (HdUa ) I1 (H dU, (i, §')
X (0|U (1)UL 2)" - Ua(0) U (0) - - Uy (2) U (1) 0)
X (0[U(1)TT(2)" - Uy (O)TUa(0) - - Ua(2)Ua(1)]0), (B.2)

where k() is the number of blocks in the i-th layer, and each [dU is the average over the
ensemble of the unitary matrix U. Because the distribution of each U, (i, ) is 2-design (and is
therefore 1-design), we can apply the formula (6.22) to the integrals with respect to U,(i, 7).
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Actually, by integrating H Z) dU, (¢, ) for all a in the last line of (B.2), we have

L (k@) 1 k(i
FOChin = [ (H (HdUw)) (H (H A0 1) ))
ldesign \ ;1 j=1 =1 _

DU UL (0= 1)U, (¢ - Ua(
x (0|U(1)'Us(2)" - - Uy ()T U, () - Ub(2> ()\0>
L

() o (1 (L)) (11 (1))

= o = Frtan(2"). (B.3)

The other equality in Eq. (6.25) can be proved in the same manner.

B.2 Proof of Theorem 3

Similar to the first frame potential, the value of Flgla)ar@") is straightforwardly computed as

1
n 1
F2 (2m) :/ dFF?(2" —1)(1 — F)*" 2

= —. B4
Haar 0 277471(2” + 1) ( )

Next, we compute F2)(CLT™). Given two final states |¢) = U,|0) and [) = U, 0), it is
computed as

14

FOChR = [ (H
esign

=1

dUa(z‘,l)dUb@,l)) 0|0 (1, 1)UL (2, 1)1 - UL (6, 1)U, (6,1) - - Uy (2, 1) Up (1, 1) |0) |

14

x / (H dUa@,z)dUb(z',z)) (0T (1,2) Va(2,2) - Ua(£,2) T (6,2) -+ U (2,2)T(1,2) 0)]*
design \ ;1
S /2design (1:[

o 2. )
X [(0]U (€, 1) Ua(€,2)" -+ Ua (6, 01T (¢, 0) - Uy (£,2)Us (¢, 1) 0)|*

! a4l oy o
:((2m+1)2ml> =2 'mﬂmar(? )- (B.5)

J4

B.3 Proof of Theorem 4

Here we only show the computation of F()(C3/%™). The computation of F)(C3/%") can be

done similarly. The second frame potential can be expressed as follows:

FOC3 ™) = /dU (1)dU, (2)dU, (3)dUy(1)dUy (2)dUs(3) [(0|Uq (1) U4 (2) UL (3)TU4(3) U (2) Uy (1)|0)|*
3 k(i k()
[ (HHdU ) (1 H o)
2design |\ 4 1j5=1 i'=1j'=1
x [(0|U, (1, 1) Ua(1,n/m) U, (2,1)1U,(2,2)" - Ua(2,n/m + 1)1

x Ua(3,1) Ua(372>*~~ Ua(3,n/m) Uy (3,n/m) - - Up(3,2)Us(3, 1)
X Ub(2,n/m + 1) cee Ub(Q,Q)Ub(Z, l)Ub(l,n/m) s Ub(l,Q)Ub(l, 1)|0>|4

Recall that k(i) denotes the number of blocks in i-th layer; k(i) = n/m for i = 1,3 and k(i) =
n/m+ 1 for i = 2. We can get the final formula in the theorem by integrating only the unitary
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matrices in the first layer and the third layer. Executing integrals f2 design H;‘i T dU, (¢, 5) and
f2design Hn/m dUb(£7j/) for ¢ = 1, 3, we have

J'=1

I
=
U
=

n/m+1 n/m+1
2,j H dUy(2,5")

(m) y (m) (m) (m) y(m) (m) (m) (m) y(m)y(m) (m) (m)
)\kfl )\kﬁ o )\ktll% lAka v )\ka >\ )\ 3 = 1>\ g% )\k}fl )\k}f o )\k}fifl)\k}f n

2
X A(k'(flvkgvkﬁ) (Ua(2’ 1)7 Ub(Q’ 1)) X A( 11»7“9;1:’“11717’“?271“%27’“1172)(Ua(27 2)7 Ub(2, 2))
s A2k ko ks ks kYs) (17 (2,3), Ub(2 3)) x -

o 2) (e )
w Al Ki kia) (Ua(2 - +1),0b (2, + 1))

30350520 DI IP TP

kS kb lkalklkl

n n n
% A( 12—l i _g,F .,

ke =1 ko= ko =1k =1 kg,= kg n =1kl =1k,=1 k%{ﬁzl
/2 Ny dU,(2,1)dU,(2, 1), /A,g?l)xgg?A;@A“i‘vk?vk?l) (Ua(2,1), Up(2,1))
esign
x dU,(2,2)dU, (2, b)\/)\( A(m)/\(m)\/A,(CZ)/\&))\](C’?’;)A(%”%vknvk?avkélzvki’a)(Ua(2,2),Ub(2,2))
2design

X / dUa(27 3)dUb(27 3) \/)\k” A](;:‘ A m \/AI(CT) )\k:T))\k-b ( 12’kg27kll)27k(1137k§37kl1)3) (Ua(27 3)’ Ub(2; 3))
2design 13
X ooee X / du, (2, ﬁ)dUb (27 ﬁ) \/)\](CT) /\](QT) /\(m) \/)\ m) /\(m /\kT)
2design m m 1—1 31 1%71 sn kin
x A(’“?#v’“g n g kin gk ”fé‘,::gkl{:;)(Ua (2, 3)7Ub (2, £>)
m m

x / dU, (2, A 1)dUb(2,ﬁ +1) A A ALY
2design m m 3 1

1L
m

=a(3,m)TB(3,m)= ta(3,m), (B.6)

where we use definitions: (6.31), (6.32), (6.35), and (6.36). For the purpose of exemplifying
the computation in the first equality of (B.6), we show the computation when n/m = 2 in the
following. When n/m = 2, the second frame potential can be computed as follows:

3,n,m
FOCRHE™)
- / AU, (1,1)dU, (1, 2)dU, (2, 1)dU, (2, 2)dU, (2, 3)dU,(3,1)dU, (3, 2)
2design

AU (1,1)dU(1, 2)dUy (2, 1)dUy (2, 2)dUy (2, 3)dUs(3, 1)dTy (3, 2)
(01U} (L, 1)U (1,2)U1 (2, 1)UL (2,2)U](2,3)U1(3,1)U[ (3,2)
Up(3,1)Us(3,2)Ub(2, 1)Us(2,2)Us (2, 3)Us (1, 1)Us(1, 2)|0)[*
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= / AU, (1,1)dU, (1,2)dU, (2, 1)dUa(2, 2)dUq (2, 3)dU4(3,1)dU, (3, 2)
2design

dU(1,1)dU, (1, 2)dUs (2, 1)dU,(2, 2)dUy (2, 3)dUy (3, 1)dUs(3, 2)
S (a0 U (1, 20007 (2, 15,0, Ui (2, 20150 (2,8)1,0,Us (3, D2 (3, 2) 208

J2t2 k1j1 k3js
i,jk,l,p
l 0 0
Us(3, )12 Up(3, 20341 Un(2, 1)1y, Un(2, 2222 U (2, 3)1,, Us (1, 1)§foUb(1v2)§§0) X
O7rx Oyrx * T * * Sar * 84T
Z (Ub 1 1 g?oUb (17 2)3:0Ub (2a 1)7’1¢I1 Ub (27 2)7"232[]17 (27 3)T4q4 Ub (37 1)5?7”be (37 2)s§r§
q,r,s,t,u
Ua(3, 1)3202Ua(3,2) 3512 Ua(2, D)y, Ua (2, 2)1203Ua (2, 3) s Ua (1, 1) 3200 (1, 2)3130) X

Z (U*(l 1)12 Ux(1, 2)14 Uz (2,1) 14 Us (2, 2)J%Z%U*(2 3)51i,Ux (3, l)k%]?U*(S 2)4t Kadi
i/’j/7k/71/1p/
Un(3, 1) Un(3, 201 Un (2 Dty Un(2, 2022300 (2, 3)1p, Un(1, 120U (1,2)240 )

> (UL DB (L 2) B0 (2, D) Ui (2,255 05 (2,80, U (3. )10 (3,2) 31
q’,r’,s’ t/ ul
Ua(3,1)375 Ua(3,2) 4 Ua (2, D)y Ua (2,200 Ua (2, 3)0, Ua (1, 1) 20U (1,2) 10
(B.7)

where the bold symbols in the bottom the summation denote the multiple indices, e.g., i =
i1,12,13,14. For the integrals U,(1,1),Uy(1,1),Uqa(1,2),Up(1, 2),

u20 us * 1207 7% k$
/dcsigndUa(l’l)U (1 1)uf0U (1 1) 20 U (1 1)1iOU 1 1 kazzl )\k?l u10u 04107 OAuil()MQOiQOiQO’
1=
(B.8)
kb
/2d ) dUb(lv1)Ub(1al)gi8Ub(lal) Ub (1 1)q10Ub 1 1 Z A(m)A R)pIOququAp;%)péOqQO,zéo7
esign Kb, =1
(B.9)
u. 71— i * 40 k kY
[ dva2va, 2802 0 ) .20 S A A e
design ke,=1
(B.10)

0 P07 1« 0 (m) kY
/Zd dU(1,2)Us (1, 2)52005 (1, 2)0 2005 (1, 2) 1005 (1,2) 22 ) = Z A A ;gpgoqg%oAp;gpgoqwqio
esign —1
12

(B.11)
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hold. For the integrals Uy (3,1), Up(3,1), Ua(3,2), Up(3,2),
| dvas navie,
design

SN UGB DEEUE, DERUG (3,122 0k(3, 1) 22U (3, 1)5 7 Un (3, )7 Uy (3,1) 272 Ua(3, 1)1
k1,ka ki kb
51,82 3117812

E : (m) A kg,
- Akgl 1l1j1l’1t1r1t'lr’1Aj2l2jél/2t2rgt/2ré (Blz)
kg, =1

/ AU (3,2)dUy(3,2)
design

S Y UL 2R U3, 2105 (3, 13 Ua (3, 20348 U5 (3, 205 Un (3, 2) 121Uy (3,2)372 U (3,2) 24
k3,ka kj k)
53,54 s g

3174

4

_ (m) k3s

- Z >\ ks J3l3j313t$7’3t/TgAj4l4j:1lit4r4tiT:1 (B.13)
k%, =1
51

hold. Substituting (B.8), (B.9), (B.10), (B.11), (B.12), and (B.13) to (B.7), we get
]_‘(2)(03,71,177,)
4 4 4 4 4

(m) (m) y (m) y (m) y (m)
S S S S Db DI SRV SRR
k§ =1kg =1 kb =1k{y=1k§,=1kb,=1

kS Kb
/2(1 . dUa(Q’ 1)dUb(27 1) Z Z ulou 07102} OAjlslllj{llltlrltllT{ Api%]p’IOquq’IO (B14)
esign

ululzlzl rlrltltl
s ! ’ / ’
| 7171y pipiaiay

Ua(2,1)t30,Ua(2, D) rar Uz (2, 1) 5,4, Uy (2, 1) 51 Un (2, 1)1, Up (2, 1)1 pr Uy (2, 1)1, Uy (2, 1)%(]/1] X

kP
/2d . dUa(272)dUb(272) 2 : § : z : z : Au20u2022012 A 23l12j2l/2t27’2t/TQAP;%)[)&QQOqéO
esign

UQUZ’LQ’LZ r2r2t2t2 u3u31313 r3r3t3t3
Y ’ ’ ’ . e ’ ’ ’
| j2dal2ly p2poq2ds Jjsislals psp3qsqs

ks k3, klfz taus thus Jaizpr 3y
Au30u30i30i’OAj3l3jgl’t3r3t’réA ! ! U (2 2)t2u2U (2 2)t/ /U (2 2) U (2 2) éé

P30p3930q30 Jata i
Uy (2, 2)R70,(2,2) 5 Uy (2, 2) 728 U5 (2,2)10% ]
k. 34
/Qdesign dUa(27 3)dUb(27 3) Z Z Auﬁ)u401,40140A]jl24j4llt4r4t' rh Api%pQOqALOqQO (B15)

u4u41414 r4r4t4t4
Jajylally papiqad)

U, (2, 3)t4u4U (273)t’ /U*(Q 3)j4i4U*(2 3)jiiiUb(273)l4p4Ub(2’S)ZQPQU;(Z3)7"4‘14U;(273)7'Q‘Z§1]
4 4 4

(m) y (m) 3 (m) y (m) y (m) y (m)
=2 > Z > Z Z TP YYD YOV
k‘lllflkglflkn_lk1271k3271k12_1
/ dU, (2, 1)dUy (2, AT A (1,(2,1), Uy(2,1) x
2design
/ AU, (2, 2)dUy (2, 2) A KRSk kS k) (17, (2, 2), U (2, 2)) x
2design

/ AU, (2, 3)dUy (2, 3) A2 k52 k0) (U, (2, 3), U, (2, 3)) (B.16)
design
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which is the right hand side of the first equality in (B.6) when n/m = 2.

B.4 Proof of Theorem 5

3.m,n

Similar to Theorem 4, we only show the inequality for F (2)(0 ip ) here. The inequality for
F (Cif}") can be shown in the same manner. In the process of showing the final inequality of
the theorem, we expand a(3,m) and B(3,m) as the sum of a vector/matrix whose components
are O(1) and a vector/matrix whose components are O(1/2™/?).

To evaluate Eq. (6.31)%, we can expand a(3,m) as

a(3,m) = — <v0 + mvl) , (B.A7)

where

1 =1 (kekp ke =1),
Vo =< 1 =22 (k‘a,k‘b,kc = 2), ‘Vlil < 1. (Blg)

0 otherwise,

Also, evaluating Eq. (6.35), we can expand B(3,m) as

1 1.3
where
1 ’L:]-m]:l (ka7kbuk67kd7k67kf:1)a 1
Dy=41  i=22,7=22 (ka ko, ke ka, kes by = 2), Xyl <o (B20)
0 otherwise,

With o = n/m, let g%(X, D) be as the set of matrices expressed by [[;_, R; where R; = D or X
and the number of Xs in {R;} is k. For example, XDXX € g3(X, D) and XDDD € g} (X, D).
Then, F®) (C37"™) is expanded as

1 1.2 1 1.3 ot 1.2
2 3,m,ny\ __ T T
)(CALT ) T 92m <V0 + 2m/2 ) 22n—2m (D + om/2—6 X) <VO + 2m/2 )
1 o 2.4 o 1.22 o
520 < I'D 1VQ + <2m/2> D 1v + ( om )VfD 1V1)

a—1 ka—1Ck 2
1 1.3 2.4 1.2
+ 220 Z (2"’/26) Z (Vggiivo + (2’”/2) V1T9§iV0 + (27n> VngloiiVI) )
k=1

=1
(B.21)

where g%, (i = 1,2...,Cy) is an element of g¥ (X, D). For an arbitrary g € ¢%(X, D) with k > 1,

a—k k

1 0. 0 Lo kg
0O 1--- 0 é é... 6L4 1
vigve < (1,11 | ... S | =64 (B.22)
: : : S : :
holds. For D and vq, vy
VDT v <> (1 (i + Gi2) - 1) = 2 (B.23)
viDw vy =2 (B.24)

IThe evaluation procedure is straightforward, but a lot of computation is required. Thus, instead of performing a hand-
calculation, we built an algorithm to evaluate (6.31) for arbitrary m and derived the expansion formula by computational
calculation. We also built an algorithm for evaluating (6.35) and derived the expansion formula by computational calculation.
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holds where r,s = 0,1. By using the inequalities (B.22), (B.23), and (B.24), the upper bound
for FG(Cm™) is derived as follows:

1 2.4 1.22 s 1.3 \* 1.2 \2
(2) 3,m,n - I _ k
FECHE") < 5 <2+2(2m/2> +2 ( o ) +64];aflck (Qm/“,) 1 (1+ Qm/2>
1 1.2\? 1.3 \*!
= S <1 + 277) <1 +32 ((1 + Qm/H) - 1))
1 1.2)° 83.2\*"! @) on
Lt o ) (14 5 1+32 | (14 5.7 —1) | 722", (B.25)

B.5 Proof of Corollary 1

As in the above theorems, we only show the inequality for F(2) (Ciﬁ'%”) here. When m = 2alog, n,

3.2n

83.2\ ! 832\ %7 | s
<1 + 2m/2> < (1 + 2m/2) < eFfim = et e, (B.26)
If 41.6/(an® tlogyn) < 1,
41.6 416

an®—1logy n 1 — 1 _— B.27
€ 2n <1+ (e )ana—l logs 1 ( )

Substituting Eqgs. (B.26), (B.27), and m = 2alog, n into (B.25), we get

2
— 1 1.2 2288 2 on

‘F(Q)(CALT ) < (1 + 27 1 + ﬁ 1 + m fl({agar(Q ) (B28)
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