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Preface

In 2019, IBM’s quantum computers own to 53 quantum bits. Intel’s quantum
computers have 49 quantum bits. Google’s quantum computers own to 53 quantum
bits. This is to say that quantum computers are no longer theoretical devices. To
traditional digital computers, it will be true for that quantum supremacy is the
watershed moment where a quantum computer completes one computation that
would be intractable on a classical supercomputer and is imminent. The authors of
this book ensure that the best use for quantum computers is to that experts of each
domain use them to complete their experimental works. With that in mind, this
book actually is a hands-on programmer’s guide to who are interested in writing
quantum programs in quantum computers with open quantum assemble language.
The purpose of the book is to teach a reader to how to write his quantum programs
to complete his works on quantum computers. Here is an outline of the chapters:

Chapter 1 explains quantum bits, superposition, entanglement, the Hilbert space,
the composer and open quantum assemble language. It is shown that the NOT gate,
the Hadamard gate, the Z gate, the Y gate, the S gate, the S* gate, the T gate, the
T* gate, the identity gate, the Controlled-NOT gate, the U1(/) gate, the U2(¢, 1)
gate, the U3(0, ¢, 1) gate are all unitary operators (unitary matrices). Examples to
each quantum gate are provided, which can be easily run in the backend simulator
or ibmgx4 in IBM’s quantum computers.

Chapter 2 shows that the Toffoli gate (the CCNOT gate) of three quantum bits is
a unitary operator (a unitary matrix). Examples for using NOT gates, CNOT gates
and CCNOT gates to implement logic operations including NOT, OR, AND,
NOR, NAND, Exclusive-OR (XOR) and Exclusive-NOR (XNOR) are provided,
which can be easily run in the backend simulator or ibmgx4 in IBM’s quantum
computers.

Chapter 3 introduces definition of the search problem, the satisfiability problem
in n Boolean variables and m clauses and the clique problem in a graph with
n vertices and 60 edges. It explains how to complete data dependence analysis for the
two famous NP-complete problems and shows core concepts of quantum search
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algorithm. Two examples that solve an instance of the two famous NP-complete
problems are provided, which can be easily run in the backend simulator or ibmgx4
in IBM’s quantum computers.

Chapter 4 illustrates core concepts of quantum Fourier transform and inverse
quantum Fourier transform. It gives the reason of why quantum Fourier transform
and inverse quantum Fourier transform are able to give exponential speed-up for
fast Fourier transform. Two examples that compute the period and the frequency of
two given oracular functions are provided, which can be easily run in the backend
simulator or ibmgx4 in IBM’s quantum computers.

Chapter 5 describes core concepts of Shor’s order-finding algorithm. One
example that completes the prime factorization to 15 is provided, which can be
easily run in the backend simulator or ibmgx4 in IBM’s quantum computers.

Chapter 6 explains core concepts of phase estimation and quantum counting. One
example that computes eigenvalue of a (2% x 2%) unitary matrix U with a (2% x 1)
eigenvector |u> is provided. Another example that computes the number of solution
(s) in the independent-set problem in a graph with two vertices and one edge is also
provided. The two examples can be easily run in the backend simulator or ibmgx4 in
IBM’s quantum computers.

This book contains extensive exercises at the end of each chapter. Solutions of
exercises from Chaps. 1 through 6 can easily be completed by readers if they fully
understand the contents of each chapter. Each reader can obtain solutions of all
exercises when he (she) buys this book because the publisher copies answers of
each exercise to a CD.

Power Point presentations have been developed for this book as an invaluable
tool for learning. Each reader can obtain Power Point presentations because the
publisher copies Power Point presentations to the same CD.

Finally, the authors would like to thank Renata who help us to do solution of
exercise and to make Power Point presentations. Although the authors are
responsible for all errors and omissions, this book benefited immensely from the
invaluable feedback of a number of technical reviewers, consisting of Ju-Chin
Chen, Kawuu Wei-Ching Li, Chih-Chiang Wang, Wen-Yu Chung, Chun-Yuan
Hsiao, Mang Feng and Renata Wong.

Kaohsiung, Taiwan, Republic of China Weng-Long Chang
Sydney, Australia Athanasios V. Vasilakos
April 2020
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Chapter 1 )
Introduction to Quantum Bits Gouck ko
and Quantum Gates on IBM’s Quantum
Computer

Today from the viewpoint of computing characteristic, “Computer Science” in fact
consists of traditional digital computers (Turing 1937; von Neumann 1956), bio-
molecular computers (Adleman 1994) and quantum computers (Deutsch 1985).
Today we can build traditional digital computers from integrated circuits that include
thousands of millions of individual transistors. We call all of these traditional digital
computers as classical. To traditional digital computers, quantum supremacy is the
watershed moment where a quantum computer completes one computation that
would be intractable on a classical supercomputer and is imminent (Aaronson and
Chen 2017; Coles et al. 2018).

Because IBM’s quantum computers have become available as a cloud service
to the public, the need of training a cohort of quantum programmers who have
been developing classic computer programs for most of their career has arisen. With
quantum assembly language on IBM’s quantum computers (Cross et al 2017; IBM
Q 2016), we plan to study quantum algorithms that consists of some beautiful ideas
that everyone interested in computation should know. Our goal is to explain quantum
algorithms with vectors and matrices in linear algebra that is accessible to almost
everyone. In this introductory chapter, we describe quantum bits and quantum gates
operating quantum bits, and we explain how to use quantum assembly language on
IBM'’s quantum computers to implement them to solve any given a problem.

1.1 Quantum Bits

A classical bit has a state that is either zero (0) or one (1). A quantum bit (or a
qubit for short) also has a state. Two possible states for a quantum bit are the states
|0) and |1). Notation like ‘| )’ is called the Dirac notation. The states |0) and |1)

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 1
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2 1 Introduction to Quantum Bits and Quantum Gates on IBM’s ...

for a quantum bit correspond to the states 0 and 1 for a classical bit and are known
as ‘computational basis state vectors’ of thetwo-dimensional Hilbert space. The
computational basis state vector to the state |0) of a quantum bit is represented as a

1 . .
(2 x 1) column vector <0> and the computational basis state vector to the state |1)

of a quantum bit is also represented as a (2 x 1) column vector (‘1)) They form an

orthonormal basis for the two-dimensional Hilbert space.

The main difference between bits and quantum bits is that a quantum bit can be
in a state other than |0) or |1). A quantum bit has two ‘computational basis state
vectors’ |0) and |1)of the two-dimensional Hilbert space. Its arbitrary state |®) is
nothing else than a linearly weighted combination of the following computational
basis state vectors, often called superposition:

|® > =1|0 > +4|1 > =lo(é)+ll<?>=<50>. (1.1)
1

The weighted factors [y and /; that are complex numbers are the so-called prob-
ability amplitudes. Thus they must satisfy | [y I> 4 1 [; > = 1. Put another way, the
state of a quantum bit is a unit vector in the two-dimensional Hilbert space.

All the time, classical computers do examination of a bit to decide whether it is
in the state O or 1 when they retrieve the content of the memory. However, quantum
computers cannot check a quantum bit to decide its quantum state, that is, the values
of [y and /;. Instead, when after measuring a quantum bit from quantum computers,
we obtain the result 0 with the probability 1/y|> or the result 1 with the probability
1,12, This is to say that reading quantum bits is to measure, and the readout is in
classical bits.

1.1.1 Multiple Quantum Bits

In a system of two classical bit, there are four possible states 00, 01, 10, and 11. Simi-

larly, a system of two quantum bits has four states |00), |01), |10) and |11) that corre-

spond to the classical four states 00, 01, 10, and 11 and are known as “computational

basis state vectors” of the four-dimensional Hilbert space. The computational basis

state vector to the state |00) of two quantum bits is represented as a (4 x 1) column
1

0 . .
vector ol The computational basis state vector to the state |01) of two quantum

0
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S = O

bits is represented as a (4 x 1) column vector . The computational basis state

0
vector to the state |10) of two quantum bits is represented as a (4 x 1) column vector
0

(1) and the computational basis state vector to the state |11) of two quantum bits
0
0
is represented as a (4 x 1) column vector 8 . They form an orthonormal basis
1

for the four-dimensional Hilbert space. The arbitrary state of two quantum bits is
nothing else than a linearly weighted combination of the following computational
basis state vectors, often called superposition:

1
0
|® > =1p|00 > +/[{|01 > +1,]10 > +3|11 > = 0
0
0 0 0 ly
1 0 0 [
[ I I = . 1.2
+1 0 +1 1 +14 0 I, (1.2)
0 0 1 15

The weighted factors [y, 1, [, and /3 that are complex numbers are the so-called
probability amplitudes. Therefore they must satisfy|lo|* + |I,|> + |l> + ;31> =
> €10, 1}2|l¢|> = 1, where the notation “{0, 1}2” means “the set of strings of
length two with each letter being either zero or one”. Put another way, the state of
two quantum bits is a unit vector in the four-dimensional Hilbert space.

Similarly, all the time, classical computers do examination of two bits to judge
whether it is in the state 00, 01, 10 or 11 when they retrieve the content of the memory.
However, quantum computers cannot do examination of two quantum bits to judge its
quantum state, that is, the values of /o, /1, [ and /5. Instead, when after measuring two
quantum bits from quantum computers, we obtain the result 00 with the probability
I1y|?, the result 01 with the probability I,1%, the result 10 with the probability I/,I* or
the result 11 with the probability I/31>. This is to say that reading quantum bits is to
measure, and the readout is in classical bits.

More generally, in a system of n classical bit, there are 2" possible states 0, 1,
2, ... and (2" — 1) that are the decimal representation of n classical bits. Similarly,
a system of n quantum bits has 2" states |0), [1), |2), ... and |2" — 1) that are the
decimal representation of n quantum bits and correspond to the classical 2" states 0,
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1,2, ... and (2" — 1). The 2" states are to ‘computational basis state vectors’ of the
2"-dimensional Hilbert space. The first computational basis state vector to the state
1

|0) of n quantum bits is represented as a (2" x 1) column vector | . |.The second
0
computational basis state vector to the state |1) of n quantum bits is represented as a

0

1
(2" x 1) column vector | . | and so on with that the last computational basis state

0
vector to the state 12" — 1) of n quantum bits is represented as a (2" x 1) column vector
0

. They form an orthonormal basis for the 2"-dimensional Hilbert space. The
0

1
arbitrary state of n quantum bits is nothing else than a linearly weighted combination
of the following computational basis state vectors, often called superposition:

2"—1

& > = Zlk|k) (1.3)
k=0
Each weighted factor [, for 0 < k < (2" — 1) that is a complex number

is the so-called probability amplitudes. Hence they must satisfy Zi;ol k> =
D ke 0.1y |Ix|* = 1, where the notation “{0, 1}"” means “the set of strings of length
n with each letter being either zero or one”. Put another way, the state of n quantum
bit is a unit vector in the 2" -dimensional Hilbert space.

Similarly, all the time, classical computers do examination of n bits to determine
whether it is in the state 0, 1, 2, ... and (2" — 1) when they retrieve the content of the
memory. However, quantum computers cannot do examination of n quantum bits to
determine its quantum state, that is, the value of each /; for 0 < k < (2" — 1). Instead,
when after measuring n quantum bits from quantum computers, we obtain the result
0 with the probability I/yl?, the result 1 with the probability I/,1?, the result 2 with the
probability 1,1? or the last result (2" — 1) with the probability |l,._;|*. This is to say
that reading n quantum bits is to measure, and the readout is in classical bits.
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1.1.2 Declaration and Measurement of Multiple Quantum
Bits

QASM is the abbreviation of quantum assembly language. Open QASM is a simple
text language that illustrates generic quantum circuits. In Open QASM, the syntax of
the human-readable form has elements of C and assembly languages. For an Open
QASM program, the first (non-comment) line must be “OPENQASM M.m;” that
indicates a major version M and minor version m. Because in the cloud on IBM’s
quantum computers it supports version 2.0, we describe version 2.0 and use version
2.0 to write a quantum program. The version keyword cannot occur multiple times
in a file. Using semicolons separates statements and ignore whitespace. Comments
begin with a pair of forward slashes and end with a new line. The statement “include
“filename”;” continues parsing filename as if the contents of the file were pasted at
the location of the include statement. Specifying the path is relative to the current
working directory.

In Open QASM (version 2.0) the only storage types are classical and quantum
registers that are, respectively, one-dimensional arrays of bits and quantum bits. The
statement “qreg name[size];” declares an array of quantum bits (quantum register)
with the given name and size that is the number of quantum bits to this quantum
register. Identifiers, such as name, must start with a lowercase letter and can contain
alphanumeric characters and underscores. The label (variable) name[k] refers to the
kth quantum bit of this register for 0 < k < (size—1). The initial state of each quantum
bit of this register is set to |0). Similarly, the statement “creg name[size];” declares
an array of bits (classical register) with the given name and size that is the number
of bits to this classical register. The label (variable) name[k] refers to the kth bit of
this register for 0 < k < (size—1). Each bit of this classical register is initialized to
0. The statement “measure qubitlqreg — bitlcreg;” measures the quantum bit(s)
and records the measurement outcome(s) by overwriting the classical bit(s). Both
arguments must be register-type, or both must be bit-type. If both arguments are
register-type and have the same size, the statement “measure a — b;” means use
measure a[k] — b[k]; for each index k of registers a and b.

For IBM Q Experience, the graphical representation of the measurement gate
appears in Fig. 1.1.

It takes a quantum bit in a superposition of states as input and spits either a 1 or
0. Moreover, the output is not random. There is a probability of a 1 or 0 as output
which depends on the original state of the quantum bit. It records the measurement
outcome(s) by overwriting the classical bit(s).

Fig. 1.1 The graphical
representation of the
measurement gate



6 1 Introduction to Quantum Bits and Quantum Gates on IBM’s ...
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Fig. 1.2 The quantum circuit of declaring and measuring five quantum bits

In Listing 1.1, the program in the backend ibmgx4 with five quantum bits in
IBM’s.

Listing. 1.1 The program of declared and measured statements of five quantum bits.

OPENQASM 2.0;
include “gelibl.inc”;
qreg q[51;

creg c[5];

measure q[0] — c[0];
measure q[1] — c[1];
measure q[2] — c[2];
measure q[3] — c[3];
measure q[4] — c[4];

PR O S

Quantum computer is the first example in which we describe how to declare
quantum bits and to measure quantum bits. Figure 1.2 is the corresponding quantum
circuit of the program in Listing 1.1. The statement “OPENQASM 2.0;” on line one
of Listing 1.1 is to indicate that the program is written with version 2.0 of Open
QASM. Next, the statement “include “gelibl.inc”;” on line two of Listing 1.1 is
to continue parsing the file “qelibl.inc” as if the contents of the file were pasted
at the location of the include statement, where the file “qelibl.inc” is Quantum
Experience (QE) Standard Header and the path is specified relative to the current
working directory. The statement “qreg q[5];” on line three of Listing 1.1 is to declare
that in the program there are five quantum bits. In the left top of Fig. 1.2, five quantum
bits are subsequently q[0], q[ 1], q[2], q[3] and gq[4]. The initial value of each quantum
bitis setto |0). Next, the statement “creg c[5];” on line four of Listing 1.1 is to declare
that in the program there are five classical bits. In the left bottom of Fig. 1.2, five
classical bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each
classical bit is set to 0. Classical bit c[4] is the most significant bit and classical bit
c[0] is the least significant bit. The statement “measure q[0] — c[0];” on line five of
Listing 1.1 is to measure the first quantum bit q[0] and to record the measurement
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Fig. 1.3 After the measurement to the program in Listing 1.1 is completed, we obtain the answer
00000 with the probability 1.000

outcome by overwriting the first classical bit c[0]. Next, the statement “measure q[1]
— ¢[1];” on line six of Listing 1.1 is to measure the second quantum bit q[1] and to
record the measurement outcome by overwriting the second classical bit c[1]. The
statement “measure q[2] — c[2];” on line seven of Listing 1.1 is to measure the
third quantum bit q[2] and to record the measurement outcome by overwriting the
third classical bit c[2]. Next, the statement “measure q[3] — c[3];” on line eight of
Listing 1.1 is to measure the fourth quantum b-it q[3] and to record the measurement
outcome by overwriting the fourth classical bit c[3]. The statement “measure q[4]
— c[4];” on line nine of Listing 1.1 is to measure the fifth quantum bit q[4] and to
record the measurement outcome by overwriting the fifth classical bit c[4]. In the
backend ibmgx4 with five quantum bits in IBM’s quantum computers, we use the
command “simulate” to execute the program in Listing 1.1. The result appears in
Fig. 1.3. From Fig. 1.3, we obtain the answer 00000 (c[4] =0 =q[4] = |0), c[3] =
0=q[3] = 10), c[2] =0 =q[2] = |0), c[1] =0 =q[1] = |0)and c[0] = 0 = q[0]
= |0)) with the probability one.

1.2 NOT Gate of Single Quantum Bit

Using an electrical circuit that includes wires and logic gates builds a classical
computer. Similarly, using a quantum circuit that consists of wires and elemen-
tary quantum gates to complete and manipulate the quantum information builds a
quantum computer. Using the language of classical computation can illustrate occur-
ring of changing a classical state to another classical state. Analogous to the way,
using the language of quantum computation can introduce occurring of changing a
quantum state to another quantum state. In this section and in the later sections, we
introduce quantum gates on IBM’s quantum computers, propose quantum circuits
of many examples describing their application and describe how to use Open QASM
to write programs for implementing those examples.

For a classical computer, its circuits contain wires and logic gates. We use the
wires to carry information around the circuit and use the logic gates to complete
manipulation of information that is to convert it from one state to another state. For
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example, we consider that one logic gate of classical single bit, NOT gate, whose
operation is to convert the state O to another state 1 and the state 1 to another state 0.
This is to say that the classical states O and 1 are interchanged.

Similarly, the quantum NOT gate takes the state [y |0) 4+ /; [1) to the corre-
sponding state [y |1) 4 [; |0), where the role of |0) and |1) have been interchanged.
We assume that we denote a matrix X to represent the quantum NOT gate as follows:

01
X=(10>' (1.4)

It is also assumed that X is the conjugate-transpose matrix of X and is equal

to (X*)' = <0 !

10 ) , where the * indicates complex conjugation and the ¢ points out

the transpose operation. Because X x (X*)" = (? :)) X (? (1)> =X xX=

01 X 01y _ (10 X is a unitary matrix or a unitary operator. If the
10 10) = \o1) Y 1y operator.

quantum state [y |0) + /; |1) is written in a vector notation as

lo
5

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the quantum NOT gate is

01 b _ () _
(10)x(11>_(10>_11 10 > +o| 1). (1.6)

Notice that the action of the quantum NOT gate is to that the state |0) is replaced
by the state corresponding to the first column of the matrix X and the state |1) is also
replaced by the state corresponding to the second column of the matrix X. Because

5 (01 01y (10 . .
X =XxX= (1 O) X (1 0) = (O 1), applying X twice to a state does
nothing to it. For IBM Q Experience, the graphical representation of the quantum
NOT gate appears in Fig. 1.4.

Fig. 1.4 The graphical
representation of the
quantum NOT gate
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1.2.1 Programming with NOT Gate of Single Quantum Bit

In Listing 1.2, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the second example in which we introduce how to program
with NOT gate operating one quantum bit. Figure 1.5 is the corresponding quantum
circuit of the program in Listing 1.2. The statement “OPENQASM 2.0;” on line one
of Listing 1.2 is to indicate that the program is written with version 2.0 of Open
QASM. Then, the statement “include “qelibl.inc”;” on line two of Listing 1.2 is
to continue parsing the file “qgelibl.inc” as if the contents of the file were pasted
at the location of the include statement, where the file “qelibl.inc” is Quantum
Experience (QE) Standard Header and the path is specified relative to the current
working directory. The statement “qreg q[5];” on line three of Listing 1.2 is to declare
that in the program there are five quantum bits. In the left top of Fig. 1.5, five quantum
bits are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial state of each quantum
bit is set to |0). Next, the statement “creg c[5];” on line four of Listing 1.2 is to
declare that there are five classical bits in the program. In the left bottom of Fig. 1.5,
five classical bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of
each classical bit is set to 0. Classical bit c[4] is the most significant bit and classical
bit c[0] is the least significant bit.

Listing. 1.2 The program to the use of five NOT gates operating five quantum bits.

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qregq[5];
4. cregcl[5];
5. xq[0];
6. xq[l];
7. xql2];
8. xq[3];
9. xql[4];
qlo] o) — L — =
ql1] jo)—
ql2] [0} =
ql3] o) =
ql4] o) —
£ 0 1 2 3 4

Fig. 1.5 The quantum circuit to five NOT gates operating five quantum bits
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10. measure q[0] — c[0];
11. measure q[1] — c[1];
12. measure q[2] — c[2];
13. measure q[3] — c[3];
14. measure q[4] — c[4];

The statement “x q[0];” on line five of Listing 1.2 actually implements <(1) (1)> X

(é) = <(1)) This indicates that the statement “x q[0];” on line five of Listing 1.2

is to use NOT gate to convert q[0] from one state |0) to another state |1), where
“x” is to represent NOT gate. Next, the statement “x q[1];” on line six of Listing
1.2 actually completes <(1) é) X <(1)) = <(1)) This is to say that the statement “x
q[1];” on line six of Listing 1.2 is to make use of NOT gate to convert q[1] from one
state |0) to another state |1). Next, the statement “x q[2];” on line seven of Listing
01 1

1.2 actually impl ts
actually implements (1 O) X (0
q[2];” on line seven of Listing 1.2 is to apply NOT gate to convert q[2] from one
state |0) to another state |1). Next, the statement “x q[3];” on line eight of Listing

1.2 actually completes <(1) (1)) X (é) = <(1)> This indicates that the statement

) = (?) This implies that the statement “x

“x q[3];” on line eight of Listing 1.2 is to use NOT gate to convert q[3] from one
state |0) to another state |1). Next, the statement “x q[4];” on line nine of Listing

1.2 actually performs <(1) (1)> X ((1)) = (?) This is to say that the statement “x

q[4];” on line nine of Listing 1.2 is to make use of NOT gate to convert q[4] from
one state |0) to another state |1). After the five statements above are completed, the
state |0) of each quantum bit is converted as the state |1).

Next, the statement “measure q[0] — c[0];” on line ten of Listing 1.2 is to
measure the first quantum bit q[0] and to record the measurement outcome by
overwriting the first classical bit c[0]. The statement “measure q[1] — c[1];”
on line eleven of Listing 1.2 is to measure the second quantum bit q[1] and to
record the measurement outcome by overwriting the second classical bit c[1].
Next, the statement “measure q[2] — c[2];” on line 12 of Listing 1.2 is to
measure the third quantum bit q[2] and to record the measurement outcome by
overwriting the third classical bit c[2]. The statement “measure q[3] — c[3];”
on line 13 of Listing 1.2 is to measure the fourth quantum bit q[3] and to record
the measurement outcome by overwriting the fourth classical bit c[3]. Next, the
statement “measure q[4] — c[4];” on line 14 of Listing 1.2 is to measure the
fifth quantum bit q[4] and to record the measurement outcome by overwriting the
fifth classical bit c[4]. In the backend ibmgx4 with five quantum bits in IBM’s
quantum computers, we use the command “simulate” to execute the program in
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Fig. 1.6 After the measurement to the program in Listing 1.2 is completed, we obtain the answer
11111 with the probability 1.000

Listing 1.2. The result appears in Fig. 1.6. From Fig. 1.6, we obtain the answer
11111 (c[4l=1=q[4]1=1),c[38]1=1=q3]=1),c[2] = 1 = q[2] = [1),
c[1]=1= q[1]=]1), and c[0] = 1 = q[0] = |1)) with the probability one.

1.3 The Hadamard Gate of Single Quantum Bit
The Hadamard gate of single quantum bit is
1 (1 1 ) (% >
H=— =7 V2 ) (1.7)
YPA N
It is supposed that H* is the conjugate-transpose matrix of H and is equal to

V22
41 L L L
the transpose operation. Since H x (H*)" = ( V2 Ji) X ( vz V2 ) = (H")' x

I
(H*)' = ( \{5 ﬁl ) , where the * indicates complex conjugation and the 7 indicates

NG NI,

L L
H = ( ﬁl > X ({ ) = <(1)0>,Hisaunitary matrix or a unitary
N TV !

operator. This is to say that the Hadamard gate H is one of quantum gates with single
quantum bit. If the quantum state [y |0) + /; |1) is written in a vector notation as

lo
(ll ) (1.8)

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the Hadamard gate H is

1 11 zo) e o+ 1 ‘ I — 1, ‘
— X X = V- =— [0)4+ —— |1). 1.9
V2 (1—1> (h (’f’ﬁ" VR R R

L
S
[}%)
S
— D
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Fig. 1.7 The graphical
representation of the
Hadamard gate H

If in (1.8) the value of [ is equal to one and the value of /; is equal to zero, then
the Hadamard gate H turns a |0) into T( |0) 4+ |1)) (the first column of H), which
is ‘halfway’ between |0) and |1). Similarly, if in (1.8) the value of [, is equal to
zero and the value of /; is equal to one, then the Hadamard gate H turns a |1) into
%( |0) — |1)) (the second column of H), which also is ‘halfway’ between |0) and

4L

|1).BecauseH2:HxH:<‘lﬁ le ) ([ f ) ((])?),usingHtwice
22 NG f

to a state does nothing to it. For IBM Q Experience, the graphical representation of

the Hadamard gate H appears in Fig. 1.7.

1.3.1 Programmings with the Hadamard Gate of Single
Quantum Bit

In Listing 1.3, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the third example in which we describe how to program with the
Hadamard gate operating one quantum bit. Figure 1.8 is the corresponding quantum
circuit of the program in Listing 1.3. The statement “OPENQASM 2.0;” on line one
of Listing 1.3 is to point out that the program is written with version 2.0 of Open
QASM.

Listing. 1.3 The program to the use of the Hadamard gate operating a quantum bit.

1. OPENQASM 2.0;

2. include “gelibl.inc”;
3. qreg q[5];

4. creg c[5S];

5. hq[0];

6. measure q[0] — c[0];

99,99

Then, the statement “include “qgelib1.inc”;” on line two of Listing 1.3 is to continue
parsing the file “qelibl.inc” as if the contents of the file were pasted at the location
of the include statement, where the file “qelibl.inc” is Quantum Experience (QE)
Standard Header and the path is specified relative to the current working directory.
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Fig. 1.8 The quantum circuit to the Hadamard gate operating a quantum bit

The statement “qreg q[5];” on line three of Listing 1.3 is to declare that in the
program there are five quantum bits. In the left top of Fig. 1.8, five quantum bits are
subsequently q[0], q[1], q[2], q[3] and q[4]. The initial state of each quantum bit is
set to |0).

Next, the statement “creg c[5];” on line four of Listing 1.3 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 1.8, five classical bits
are subsequently c[0], c[1], c[2], c¢[3] and c[4]. The initial value of each classical
bit is set to 0. Classical bit c[4] is the most significant bit and classical bit c[0] is
the least significant bit. The statement “h q[0];” on line five of Listing 1.3 actually

S 1 L 1 1 0
completes(‘? f%)x( >=<~F)=L< ):L(( >+( )):
7))\ 7/ A\ 2o/

%( |0) 4+ |1)). This is to say that the statement “h q[0];” on line five of Listing
1.3 is to use the Hadamard gate to convert q[0] from one state |0) to another state
%( |0) + |1)) (its superposition), where “h” is to represent the Hadamard gate.

Next, the statement “measure q[0] — c[0];” on line six of Listing 1.3 is to
measure the first quantum bit q[0] and to record the measurement outcome by over-
writing the first classical bit c[0]. In the backend ibmgx4 with five quantum bits
in IBM’s quantum computers, we apply the command “simulate” to execute the
program in Listing 1.3. The result appears in Fig. 1.9. From Fig. 1.9, we obtain the
answer 00001 (c[4] =0,c[3] =0,c[2] =0,c[l] =0and c[0] =1 =q[0] = [1))
with the probability 0.520. Or we obtain the answer 00000 with the probability
0.480 (c[4] = 0,c[3] =0, c[2] =0, c[1] = 0 and c[0] = 0 = q[0] = |0)).

0.520 0.480

Fig. 1.9 After the measurement to the program in Listing 1.3 is completed, we obtain the answer
00001 with the probability 0.520 or the answer 00000 with the probability 0.480
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1.4 The Z Gate of Single Quantum Bit

The Z gate of single quantum bit is

10 1 0
Z:<0—1):<oeﬁ”>’ (1.10)

where ¥V~ is equal to cos(r) + +/—1 x sin(r) = —1. It is assumed that Z*

10
0 _1>, where

the * indicates complex conjugation and the ¢ is the transpose operation. Because

Zx(Z*)' = ((1)_01)x<(1)_01>=(Z*)’><Z=<(1)_01>X<(1)_01):<(1)(1)>’

Z is a unitary matrix or a unitary operator. This implies that the Z gate is one of
quantum gates with single quantum bit. If the quantum state [y |0) + [; |1) is written

in a vector notation as
lo
, 1.11
(ll) (111

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the Z gate is

10 b (o N_, (1., (0)_ B
(0—1)X<11>_<—11)_l°<0>+( ll)<1>—lo|0)+( . (1.12)

This indicates that the Z gate leaves |0) unchanged, and flips the sign of |1) to
give —|1).Since Z> =Z x Z = (1 0 ) X (1 0 ) = ((1) ?),applyinthwice

is the conjugate-transpose matrix of Z and is equal to (Z*)" = (

0-1 0-1
to a state does nothing to it. For IBM Q Experience, the graphical representation of
the Z gate appears in Fig. 1.10.

Fig. 1.10 The graphical
representation of the Z gate
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1.4.1 Programming with the Z Gate of Single Quantum Bit

In Listing 1.4, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the fourth example in which we illustrate how to program with
the Z gate thatleaves |0) unchanged and flips the sign of |1) to give —|1). Figure 1.11
is the corresponding quantum circuit of the program in Listing 1.4. The statement
“OPENQASM 2.0;” on line one of Listing 1.4 is to indicate that the program is written
with version 2.0 of Open QASM. Next, the statement “include “qelibl.inc”;” on line
two of Listing 1.4 is to continue parsing the file “qgelibl.inc” as if the contents of the
file were pasted at the location of the include statement, where the file “qgelibl.inc”
is Quantum Experience (QE) Standard Header and the path is specified relative
to the current working directory. The statement “qreg q[5];” on line three of Listing
1.4 is to declare that in the program there are five quantum bits. In the left top of
Fig. 1.11, five quantum bits are subsequently q[0], q[1], q[2], q[3] and q[4]. The
initial state of each quantum bit is set to |0). Next, the statement “creg c[5];” on line
four of Listing 1.4 is to declare that there are five classical bits in the program. In the
left bottom of Fig. 1.11, five classical bits are subsequently c[0], c[1], ¢[2], c[3] and
c[4]. The initial value of each classical bit is set to 0. Classical bit c[4] is the most
significant bit and classical bit c[0] is the least significant bit.

Listing. 1.4 The program to the use of the Z gate.

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qregq[5];
4. creg c[5];
5. hq[0];
6. zq[0];
7. measure q[0] — c[0];
q[O] [0) =R e}
qll]
al2] lo)
ql3] o
ql4] o

co’
0 |:]

Fig. 1.11 The corresponding quantum circuit of the program in Listing 1.4
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0510

0.4%0 I

Fig. 1.12 After the measurement to the program in Listing 1.4 is completed, we obtain the answer
00001 with the probability 0.490 or the answer 00000 with the probability 0.510

The statement “h q[0];” on line five of Listing 1.4 actually implements

2 - (2) = 4l0) - 4((0)-(0) -

T ) + |1)). This indicates that the statement “h q[0];” on line five of Listing
1.4 is to use the Hadamard gate to convert q[0] from one state |0) to another
state —(|O) + |1)) (its superposition), where “h” is to represent the Hadamard
gate. Next the statement “z q[0];” on line six of Listing 1.4 actually completes

00 (1) - (1) - 0 - (04 -

(45100) + (=25) (1) = 2510} = |1)). This is to say that the statement 7
q[0];” on line six of Listing 1.4 is to apply the Z gate to convert q[0] from one
state \%(IO} + |1)) to another state %( [0) — |1)).

Next, the statement “measure q[0] — c[0];” on line seven of Listing 1.4 is to
measure the first quantum bit q[0] and to record the measurement outcome by
overwriting the first classical bit c[0]. In the backend ibmgx4 with five quantum
bits in IBM’s quantum computers, we use the command “simulate” to execute the
program in Listing 1.4. The result appears in Fig. 1.12. From Fig. 1.12, we obtain the
answer 00001 (c[4] =0,c[3] =0,c[2] =0,c[1] =0and c[0] =1 =q[0] = |1))
with the probability 0.490. Or we obtain the answer 00000 with the probability
0.510 (c[4] = 0,¢[3] =0, ¢c[2] =0, c[1] = 0 and c[0] = 0 = q[0] = |0)).

1.5 The Y Gate of Single Quantum Bit

The Y gate of single quantum bit is

0 —/—1 0 —i 0 eV I3
Yz(J—_l 0 )=<i0)=<eﬁx 0 ) (13

where i = +/—1 is known as the imaginary unit and e VIx5 = COS(%) +
V-1 xsin(%) = +/—1I and eVIxE = cos(—%) + /=1 xsin(-%) = —J—1.

It is supposed that Y* is the conjugate-transpose matrix of Y and is equal to

wlx
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Fig. 1.13 The graphical
representation of the ¥ gate

Y = ( \/(i_l - ‘0_1) = < (z) _Ol ), where the * indicates complex conjuga-
0 —«/—1) y

tion and the ¢ is the transpose operation. Since ¥ x (Y*) =
pose op (") ( S0

() =omer=( ) ()=

Y is a unitary matrix or a unitary operator. This is to say that the Y gate is one of
quantum gates with single quantum bit. If the quantum state [y |0) + /1 |1) is written

in a vector notation as
(lo ) , (1.14)
[y

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the Y gate is

(& 0) 0= (=) =)o)+ (=) (f)
_ (_J__111)|0>+ (J—_110)|1>. (1.15)

This indicates that the Y gate converts single quantum bit from one state /,
|0) + ; 1) to another state (—v/=11;) [0) + (v/=11p)[1). Since Y* =Y x Y
= (\/(1_1 B '0_1> X <\/O__1 B ‘0_1) = <(1) (1)>, using Y twice to a state does
nothing to it. For IBM Q Experience, the graphical representation of the Y gate
appears in Fig. 1.13.

1.5.1 Programming with the Y Gate of Single Quantum Bit

In Listing 1.5, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the fifth example in which we introduce how to program with
the Y gate that converts single quantum bit from one state \/% |0) + \/% [1) to another

state (—\/—1%) |0) + («/—l%ﬁ) |1). Figure 1.14 is the corresponding quantum
circuit of the program in Listing 1.5. The statement “OPENQASM 2.0;” on line one
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ql0] Ju)— —_ —_

qll] l

gl2] |o

ql3] [0

ql4] |o

<y’
0

Fig. 1.14 The corresponding quantum circuit of the program in Listing 1.5

of Listing 1.5 is to point out that the program is written with version 2.0 of Open
QASM. Next, the statement “include “qelibl.inc”;” on line two of Listing 1.5 is
to continue parsing the file “qelibl.inc” as if the contents of the file were pasted
at the location of the include statement, where the file “qelibl.inc” is Quantum
Experience (QE) Standard Header and the path is specified relative to the current
working directory. The statement “qreg q[5];” on line three of Listing 1.5 is to
declare that in the program there are five quantum bits. In the left top of Fig. 1.14,
five quantum bits are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial state
of each quantum bit is set to |0). Next, the statement “creg c[5];” on line four of
Listing 1.5 is to declare that there are five classical bits in the program. In the left
bottom of Fig. 1.14, five classical bits are subsequently c[0], c[1], c[2], c[3] and c[4].
The initial value of each classical bit is set to zero (0). Classical bit c[4] is the most
significant bit and classical bit c[0] is the least significant bit.

Listing. 1.5 The program to the use of the Y gate.

OPENQASM 2.0;
include “qelibl.inc”;
qreg q[S];

creg c[5];

h q[0];

y q[0];

measure q[0] — c[0];

S o

The statement “h q[0];” on line five of Listing 1.5 actually completes

(Z4) () = (7) - +() = w(()+() -

1
%( |0) 4+ |1)). This is to say that the statement “h q[0];” on line five of Listing
1.5 is to apply the Hadamard gate to convert q[0] from one state |0) to another
state \%UO) + |1)) (its superposition), where “h” is to represent the Hadamard

S}



1.5 The Y Gate of Single Quantum Bit 19

0480

Fig. 1.15 After the measurement to the program in Listing 1.5 is completed, we obtain the answer
00001 with the probability 0.520 or the answer 00000 with the probability 0.480

gate. Next, the statement “y q[0];” on line six of Listing 1.5 actually imple-

T TR
L((“ﬁ)*(ﬁ

2

_ 1 1 1 0y _ 1 1

- () (3) < (F)(0) - (v (v

= \%(—«/—1 |0) 4+ +/—11)). This indicates that the statement “y q[0];” on line
six of Listing 1.5 is to apply the Y gate to convert q[0] from one state %( [0) + 1))
to another state —= ( V=110) + V/=111)).

Next, the statement ‘measure q[0] — c[0];” on line seven of Listing 1.5 is to
measure the first quantum bit q[0] and to record the measurement outcome by over-
writing the first classical bit c[0]. In the backend ibmgx4 with five quantum bits
in IBM’s quantum computers, we apply the command “simulate” to execute the
program in Listing 1.5. The result appears in Fig. 1.15. From Fig. 1.15, we obtain the
answer 00001 (c[4] =0,c[3] =0,c[2] =0,c[1] =0and c[0] =1 =q[0] = |1))
with the probability 0.520. Or we obtain the answer 00000 with the probability
0.480 (c[4] = 0,¢c[3] =0,¢c[2] =0, c[1] = 0 and c[0] = 0 = q[0] = |0)).

§|~§|

1.6 The S Gate of Single Quantum Bit

The S gate of single quantum bit that is the square root of the Z gate is

1 0 10 1 0
5=(ov21) = (07) = (6ot (-1

where i = «/ 1 is known as the imaginary unit and eV IxE = cos( ) +4/—1x
sin(%) = 4/—1. It is assumed that S* is the conjugate-transpose matrix of S and is
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Fig. 1.16 The graphical
representation of the S gate

equal to (S*)' = ((1) \9_1> = (é O, ), where the * points out complex conjuga-
—/ = —i

. - . # 1 0
tion and the 7 indicates the transpose operation. Because S x ()" = ( ) X

0+-1
1 0 . 1 0 1 0 10 . .
<O_ﬂ>=(5)’x5=<0_ﬁ)x(0ﬂ>=<01>,S1saunltary

matrix or a unitary operator. This implies that the S gate is one of quantum gates with
single quantum bit. If the quantum state [ |0) + /; 1) is written in a vector notation

as
lo
(11>’ (1.17)

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the S gate is

(020)* () = (A ) = o) + (m)(5)

- (10)‘0 > +(¢—_111)‘1 > = (lo)'O > +(eﬁx% x 11)‘ . (1.18)

This indicates that the S gate converts single quantum bit from one state [, |0) +
[1]1) to another state (Ip) |0) + (\/—_lll) 1) = (lp) |0) + (e‘mx% X ll> [1). This is
also to say that the S gate leaves |0) unchanged and modifies the phase of |1) to give
(v/-1) |1)=<eﬁx% |1)). The probability of measuring a |0) or|1) is unchanged
after applying the S gate, however it modifies the phase of the quantum state. Because

S2=S><S:<(1) \/0—_1) X ((1)\/(1_1>=<(1) _01),applyingStwicetoastateis

equivalent to do the Z gate to it. For IBM Q Experience, the graphical representation
of the S gate appears in Fig. 1.16.

1.6.1 Programming with the S Gate of Single Quantum Bit

In Listing 1.6, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the sixth example in which we describe how to program with
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Fig. 1.17 The corresponding quantum circuit of the program in Listing 1.6

the S gate that converts single quantum bit from one state %2( |0) + [1)) to another

state (\/%) (10) 4+ (v/=T1)[1)). Figure 1.17 is the corresponding quantum circuit of

the program in Listing 1.6. The statement “OPENQASM 2.0;” on line one of Listing
1.6 is to indicate that the program is written with version 2.0 of Open QASM.
Next, the statement “include “qgelibl.inc”;” on line two of Listing 1.6 is to continue
parsing the file “qgelibl.inc” as if the contents of the file were pasted at the location
of the include statement, where the file “qelibl.inc” is Quantum Experience (QE)
Standard Header and the path is specified relative to the current working directory.
The statement “qreg q[5];” on line three of Listing 1.6 is to declare that in the
program there are five quantum bits. In the left top of Fig. 1.17, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial state of each quantum bit
is set to |0). Next, the statement “creg c[5];” on line four of Listing 1.6 is to declare
that there are five classical bits in the program. In the left bottom of Fig. 1.17, five
classical bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each
classical bit is set to 0. Classical bit c[4] is the most significant bit and classical bit

c[0] is the least significant bit.

Listing. 1.6 The program to the use of the S gate.

OPENQASM 2.0;
include “gelib1.inc”;
qreg q[5];

creg c[5];

h q[0];

s q[0];

measure q[0] — c[0];

S o

The statement “h q[0];” on line five of Listing 1.6 actually implements

EAE) () - (3) - w0 - w(0G)+ () -

%(|0) + |1)). This indicates that the statement “h q[0];” on line five of
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0.550
0.450

Fig. 1.18 After the measurement to the program in Listing 1.6 is completed, we obtain the answer
00001 with the probability 0.550 or the answer 00000 with the probability 0.450

Listing 1.6 is to use the Hadamard gate to convert q[0] from one state|0)to
another state %(|0) + |1)) (its superposition), where “h” is to represent the

1l

Hadamard gate. Next, the statement “s q[0];” on line six of Listing 1.6 actu-
1 1
1 0 7 . 7 o 1
ally completes <0\/__1) X (%> = (\/—_lx % = 5\

(0 (L) G w0 (t) - oo

This is to say that the statement ““s q[0];” on line six of Listing 1.6 is to use the S gate
to convert q[0] from one state \/% (]0) + |1)) to another state \/%( 10) + /=1 [1)).

Next, the statement “measure q[0] — c[0];” on line seven of Listing 1.6 is to
measure the first quantum bit q[0] and to record the measurement outcome by
overwriting the first classical bit c[0]. In the backend ibmgx4 with five quantum
bits in IBM’s quantum computers, we use the command “simulate” to execute the
program in Listing 1.6. The result appears in Fig. 1.18. From Fig. 1.18, we obtain the
answer 00001 (c[4] = 0,¢c[3] =0,c[2] =0,c[1] =0 and c[0] =1 =q[0] = |1))
with the probability 0.550. Or we obtain the answer 00000 with the probability 0.450
(c[4] =0,c[3] =0,c[2] =0,c[1] =0 and c[0] = 0 = g[0] = |0)).

1.7 The S* Gate of Single Quantum Bit

The S* gate of single quantum bit that is the conjugate-transpose matrix of the S gate
is

L (1 0 Y_(10Y\_ (1 o0 (1 0
> _(0—J—_1>_<0—i)_<0_eﬁxﬁ)_(0eﬁ%)’ (1.19)

where i = +/—1 is known as the imaginary unit and e VTIxXE = cos(—%) +

=1 x sin(—%) = —4/—1. It is supposed that (S*)* is the conjugate-transpose

matrix of S* and is equal to ((S*)") = <(1) J()—_1> = <(1)(z)> = ((lje«ﬁ()lX’z’)

where the * indicates complex conjugation and the ¢ is the transpose operation.
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Fig. 1.19 The graphical
representation of the S* gate

# 1 0 1 0 * 1 0
S' S+ S+ t — — S+ t S+ —
mce X(( )) <0 —«/—_1) X (0 \/_—1> (( )) X (O \/_—1)
X 0 (L0 S* is a unitary matrix or a unitary operator. This is to
O _ /__1 - O 1 9 y y p M

say that the S* gate is one of quantum gates with single quantum bit. If the quantum
state [y |0) + [, |1) is written in a vector notation as

(lo), (1.20)
[

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the S* gate is

(6-v=) ()= (L) = () + v ()

= W) 1)+ (=V=T0) 1) = G 1D + (T xn) . a2

This implies that the S* gate converts single quantum bit from one state [y [0) 4+, |1)
to another state (/) |0) + ( =11 ) 1) = (lp) |0) + ( —V=Ixg ll) |1). This also
indicates that the S* gate leaves |0) unchanged and modifies the phase of |1) to give
(—\/—_1) [1)= (e"ﬂX T 1)) . The probability of measuring a |0) or|1) isunchanged

after applying the S* gate, however it modifies the phase of the quantum state. Because

(S =S5 x §* = ((1) _3:) x ((1) _%) - ((1) _01), applying §* twice

to a state is equivalent to do the Z gate to it. For IBM Q Experience, the graphical
representation of the S* gate appears in Fig. 1.19.

1.7.1 Programming with the S* Gate of Single Quantum Bit

In Listing 1.7, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the seventh example in which we illustrate how to program with
the S* gate that converts single quantum bit from one state \/Lz( |0) 4+ |1)) to another

state ( )( ( ~—1)11) ) Figure 1.20 is the corresponding quantum circuit of



24 1 Introduction to Quantum Bits and Quantum Gates on IBM’s ...
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Fig. 1.20 The corresponding quantum circuit of the program in Listing 1.7

the program in Listing 1.7. The statement “OPENQASM 2.0;” on line one of Listing
1.7 is to point out that the program is written with version 2.0 of Open QASM.
Next, the statement “include “gelibl.inc”;” on line two of Listing 1.7 is to continue
parsing the file “qelibl.inc” as if the contents of the file were pasted at the location
of the include statement, where the file “qelibl.inc” is Quantum Experience (QE)
Standard Header and the path is specified relative to the current working directory.
The statement “qreg q[5];” on line three of Listing 1.7 is to declare that in the
program there are five quantum bits. In the left top of Fig. 1.20, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial state of each quantum bit
is set to |0). Next, the statement “creg c[5];” on line four of Listing 1.7 is to declare
that there are five classical bits in the program. In the left bottom of Fig. 1.20, five
classical bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each
classical bit is set to 0. Classical bit c[4] is the most significant bit and classical bit
c[0] is the least significant bit.

Listing. 1.7 The program to the use of the S* gate.

OPENQASM 2.0;
include “gelibl.inc”;
qreg q[5];

creg c[5];

h q[0];

sdg q[0];

measure q[0] — c[0];

N e P =

The statement “h q[0];” on line five of Listing 1.7 actually completes

EA) () - () - s () - () () -

%( |0) + |1)). This is to say that the statement “h q[0];” on line five of Listing
1.7 is to apply the Hadamard gate to convert q[0] from one state |0) to another state
%( |0) + |1)) (its superposition), where “h” is to represent the Hadamard gate. Next,
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0.500 0.500

Fig. 1.21 After the measurement to the program in Listing 1.7 is completed, we obtain the answer
00001 with the probability 0.500 or the answer 00000 with the probability 0.500

L - 1 0
the stat t “sdg q[0];” on1 f Listing 1.7 actuall fi
e statement “sdg q[0];” on line six of Listing 1.7 actually performs (0 —«/—_1> X

() = () = (=) = () (L) -
- —VTx _v=) = 2o _J=
(\/%) ((é) + (—=v/=1) (?)): (\%) (10) + (—+/=T1)1)). This indicates that
the statement “sdg q[0];” on line six of Listing 1.7 is to apply the S* gate to convert
q[0] from one state \/Li( |0) 4+ |1)) to another state %( |0) + (—«/—_1) |1)).

Next, the statement “measure q[0] — c[0];” on line seven of Listing 1.7 is to
measure the first quantum bit q[0] and to record the measurement outcome by over-
writing the first classical bit c[0]. In the backend ibmgx4 with five quantum bits
in IBM’s quantum computers, we apply the command “simulate” to execute the
program in Listing 1.7. The result appears in Fig. 1.21. From Fig. 1.21, we obtain the
answer 00001 (c[4] =0,c[3]=0,c[2] =0,c[l]=0andc[0] =1=q[0] = 1))
with the probability 0.500. Or we obtain the answer 00000 with the probability
0.500 (c[4] = 0,¢[3] =0,¢c[2] =0, c[1] = 0 and c[0] = 0 = q[0] = 0)).

-

1.8 The T Gate of Single Quantum Bit

The T gate of single quantum bit that is the square root of the S gate is

T (1 0 ) (1 0 ) (1 0 ) (1.22)
- VIxr ) T g T ) T g L ) -
0 v 0= 07

where i = +/—1 is known as the imaginary unit and eV IxE = cos(%) +4/—1x

sin(%) = HT -1 — 1—42" It is assumed that 7™ is the conjugate-transpose matrix of
T and i Ito (T ") (1 2 > (1 y ) (1 0) here the *
and is equal to = ik | = -1 | = 1-i |, where the
Oe X% 0 5 0 7

indicates complex conjugation and the ¢ is the transpose operation. Since 7' x (")
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Fig. 1.22 The graphical
representation of the 7' gate

T

(1 0 10 \_ww o (1 0 10
_<Oeﬁxf> x (Oe‘ﬁXJzI)_(T) XT_<Oe“mXZ) x <Oeﬁxi)

= ((1) ?), T is a unitary matrix or a unitary operator. This indicates that the 7' gate

is one of quantum gates with single quantum bit. If the quantum state  [0) + /1 |1)is
written in a vector notation as
(l‘) ) : (1.23)
I

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the T gate is

1 0 y Io) Iy
0 eV—1x% L) eV 1x% x [q

= (h)(é) + (e¥d xll)<?> = 0100+ (¢™™F <)1), (1.24)

This is to say that the T gate converts single quantum bit from one state [y |0) +
[ |1) to another state (Ip)|0) + (eﬁx% X ll> |1). This also is to say that the T

gate leaves |0) unchanged and modifies the phase of |1) to give (eﬁ x %) [1). The
probability of measuring a |0) or|1) is unchanged after using the 7" gate, however it

modifies the phase of the quantum state. Because (T)> =T x T = ( ! J?()1 x ) X
0ev™—x%

( o ) = ( o (L0 using T twice to a state is equivalent
0125 ) \oeV 3 ) T \0o/=1)

to do the S gate to it. For IBM Q Experience, the graphical representation of the T
gate appears in Fig. 1.22.

1.8.1 Programming with the T Gate of Single Quantum Bit

In Listing 1.8, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the eighth example in which we describe how to program with
the T gate that converts single quantum bit from one state «/LE( |0) 4+ |1)) to another
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Fig. 1.23 The corresponding quantum circuit of the program in Listing 1.8

state (%) ( |0) + (e*mx %) |1))). Figure 1.23 is the corresponding quantum circuit
of the program in Listing 1.8. The statement “OPENQASM 2.0;” on line one of
Listing 1.8 is to indicate that the program is written with version 2.0 of Open QASM.
Next, the statement “include “qgelibl.inc”;” on line two of Listing 1.8 is to continue
parsing the file “qelibl.inc” as if the contents of the file were pasted at the location
of the include statement, where the file “gelibl.inc” is Quantum Experience (QE)
Standard Header and the path is specified relative to the current working directory.
The statement “qreg q[5];” on line three of Listing 1.8 is to declare that in the
program there are five quantum bits. In the left top of Fig. 1.23, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial state of each quantum bit
is set to |0) . Next, the statement “creg c[5];” on line four of Listing 1.8 is to declare
that there are five classical bits in the program. In the left bottom of Fig. 1.23, five
classical bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each
classical bit is set to 0. Classical bit c[4] is the most significant bit and classical bit

c[0] is the least significant bit.

Listing. 1.8 The program to the use of the T gate.

OPENQASM 2.0;
include “gelibl.inc”;
qreg q[51];

creg c[5];

h q[0];

tq[O];

measure q[0] — c[0];

SO -

The statement “h q[0];” on line five of Listing 1.8 actually implements

7 s X(l)z 7 =L<1)=L((1)+<0>>=L<|0>+|1>>
. 0 &) 2] v2\\o 1 2 '

This implies that the statement “h q[0];” on line five of Listing 1.8 is to use the
Hadamard gate to convert q[0] from one state |0) to another state \/Li( [0) + |1)) (its
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0.480 0.520

Fig. 1.24 After the measurement to the program in Listing 1.8 is completed, we obtain the answer
00001 with the probability 0.480 or the answer 00000 with the probability 0.520

superposition), where “h” is to represent the Hadamard gate. Next, the statement

1
. - 1 -
“t q[0];” on line six of Listing 1.8 actually completes (O e\ﬁolxz> X (\{7) =

V2

7 I I 0
(FX{XTE)Z\/LE(e«/TIXZ>=\/L§((O>+< Z>)_(I)(< )

(eﬁx%) (?)) = % (]0) + ( V=Ixg ) [1)). This is to say that the statement “t
q[0];” on line six of Listing 1.8 is to use the T gate to convert q[0] from one state %

2
(]10) + |1)) to another state —= (lO) ( ﬁx%)ﬂ)).

Next, the statement ° measure q[0] — c[0];” on line seven of Listing 1.8 is to
measure the first quantum bit q[0] and to record the measurement outcome by over-
writing the first classical bit c[0]. In the backend ibmgx4 with five quantum bits in
IBM'’s quantum computers, we use the command “simulate” to execute the program
in Listing 1.8. The result appears in Fig. 1.24. From Fig. 1.24, we obtain the answer
00001 (c[4] =0,c[3] =0,c[2] =0,c[1] =0 and c[0] =1 = q[0] = 1)) with the
probability 0.480. Or we obtain the answer 00000 with the probability 0.520
(c[4] =0,¢[3] =0,c[2] =0, c[1] = 0 and c[0] = 0 = q[0] = 0)).

1.9 The T* Gate of Single Quantum Bit

The T* gate of single quantum bit that is the conjugate-transpose matrix of the T

gate is
1 0 1 0 10
P )-(i)- () o
0 e V=1x3 0 =5 0
where i =+/—11s known as the imaginary unit and eV TIxE = cos(— 5) + /=
— 1=/=T

X sin(—%) = =7 [ It is supposed that (7*)* is the conjugate-transpose
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V2 V2
where the * is the complex conjugation and the ¢ is the transpose operation. Since

# 1 0 1 0 * 1 0
T x((T*)) = <Oeﬁx’j) x (0 eﬁxj) =((T") ) xT*= (O eﬂxﬁ)

1 0 10\ ... . . . .
X (0 JREVAS S+ ) = (0 1 >, T is a unitary matrix or a unitary operator. This is to

say that the 7" gate is one of quantum gates with single quantum bit. If the quantum
state [ |0) + [; |1) is written in a vector notation as

lo
(11 ), (1.26)

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the 7+ gate is

1 0 % l() _ lO
0 e V-Ix% L) e~VIx% x 1

= (l@(é) + (e T x zl)<?) = ()10} + (¢ F x 1) 1D (1.27)

matrix of 7+ and is equal to ((T*)")' = b0 (' _(ro
“—\o e\/?lx% ~\o I+/-1 | = 0 )

This indicates that the 7™ gate converts single quantum bit from one state [y |0) +
[1 |1) to another state (Iy) |0) + (e*ﬁx% X ll) [1). This also is to say that the 7™

gate leaves |0) unchanged and modifies the phase of |1) to give (e’ ’1X%) [1).

The probability of measuring a |0) or|1) is unchanged after applying the T+ gate,
however it modifies the phase of the quantum state. Because (T*)*> = T+ x T* =

1 0 1 0 (1 0 (1 0 lvine T+
0135 ) “\oev"x3 ) T\ gev1x3 ) = 0 —+/—1 » APPIYINg

twice to a state is equivalent to do the S* gate to it. For IBM Q Experience, the
graphical representation of the 7* gate appears in Fig. 1.25.

Fig. 1.25 The graphical
representation of the T gate

il
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1.9.1 Programming with the T* Gate of Single Quantum Bit

In Listing 1.9, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the ninth example in which we introduce how to program with
the T* gate that converts single quantum bit from one state % (10) 4 |1)) to another

state (%) ( |0) + (e*ﬁ x %) | 1)) .Figure 1.26is the corresponding quantum circuit
of the program in Listing 1.9. The statement “OPENQASM 2.0;” on line one of
Listing 1.9 is to point out that the program is written with version 2.0 of Open QASM.
Next, the statement “include “gelibl.inc”;” on line two of Listing 1.9 is to continue
parsing the file “qelibl.inc” as if the contents of the file were pasted at the location
of the include statement, where the file “qelibl.inc” is Quantum Experience (QE)
Standard Header and the path is specified relative to the current working directory.
The statement “qreg q[5];” on line three of Listing 1.9 is to declare that in the
program thereare five quantum bits. In the left top of Fig. 1.26, five quantum bits are
subsequently q[0], q[1], q[2], q[3] and q[4]. The initial state of each quantum bit is
set to |0). Next, the statement “creg c[5];” on line four of Listing 1.9 is to declare
that there are five classical bits in the program. In the left bottom of Fig. 1.26, five
classical bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each
classical bit is set to 0. Classical bit c[4] is the most significant bit and classical bit
c[0] is the least significant bit.

Listing. 1.9 The program to the use of the T* gate.

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qregq[5];
4. creg c[5];
5. hq[0];
6. tdgq[O0];
7. measure q[0] — c[0];
q[0] ) — —_— M-
qll] Wi
ql2] W
ql31 4
qld] Wi

€
0

Fig. 1.26 The corresponding quantum circuit of the program in Listing 1.9
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Fig. 1.27 After the measurement to the program in Listing 1.9 is completed, we obtain the answer
00001 with the probability 0.550 or the answer 00000 with the probability 0.450

|- S=

1
The statement “h q[0];” on line five of Listing 1.9 actually completes ( *{i i )
V22

2
1 4 1 1 0 .
x (0): (%) =¢% <1> :JLE((O)JF <1>)=%(|0>+ 1)). This is to

say that the statement “h q[0];” on line five of Listing 1.9 is to use the Hadamard

gate to convert q[0] from one state |0) to another state \% (10) 4+ |1)) (its super-

position), where “h” is to represent the Hadamard gate. Next, the statement “tdg
1

- . . .. . 1 0 =

q[0];” on line six of Listing 1.9 actually implements <0 e—ﬁxﬁ> X ( f > =

(ot )= () =5 ((0) () -3
((é) + (e_ﬁ”)(?» =5 (|0> ( —V=Ixg )|1>). This indicates that the

statement “tdg q[O]"’ on line six of Listing 1.9 is to use the T+ gate to convert q[0]
from one state —= f (10) 4+ |1)) to another state —= <|0) + (e V=Ixg ) [1)).

Next, the statement “measure q[0] — c[O] on line seven of Listing 1.9 is to
measure the first quantum bit q[0] and to record the measurement outcome by over-
writing the first classical bit c[0]. In the backend ibmgx4 with five quantum bits
in IBM’s quantum computers, we apply the command “simulate” to execute the
program in Listing 1.9. The result appears in Fig. 1.27. From Fig. 1.27, we obtain the
answer 00001 (c[4] =0,c[3] =0,c[2] =0,c[l] =0and c[0] =1 =q[0] = |1))
with the probability 0.550. Or we obtain the answer 00000 with the probability
0.450 (c[4] = 0,c[3] =0, c[2] =0, c[1] = 0 and c[0] = 0 = q[0] = |0)).

ESERS)

1.10 The Identity Gate of Single Quantum Bit

The identity gate id of single quantum bit is
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(10
id = (01>. (1.28)

It is assumed that id* is the conjugate-transpose matrix of id and is equal to

ey (10
((ld))—<01

operation. Because id x ((id)")' = <(1) (1)> x <(1) (1)) = ((d)")' x id = ((1) (1)) x

), where the * is the complex conjugation and the ¢ is the transpose

((1) (1)> = ((1) ?), id is a unitary matrix or a unitary operator. This indicates that

the identity gate id is one of quantum gates with single quantum bit. If the quantum
state [ |0) + [; |1) is written in a vector notation as

lo
(4). 1

with the top entry is the amplitude for |0) and the bottom entry is the amplitude
for |1), then the corresponding output from the identity gate id is

10 b _ () _ 1 0\
<01>><(ll)—(Zl>—(lo)<0>+(ll)(1)—(lo)|0>+(ll)|1>. (1.30)

This is to say that the identity gate id converts single quantum bit from one state
lp|0)+1; |1) to another state (lp) |0)+(Z;) |1). This alsois to say that the identity gate id
does not change |0) and |1) and only performs an idle operation on single quantum
bit for a time equal to one unit of time. The probability of measuring a |0) or|1)

is unchanged after using the identity gate id. Since (id)> = id x id = <é (1)> X

10 10 . . . . . . .
o1)=\o1) applying the identity gate id twice to a state is equivalent to do

nothing to it. For IBM Q Experience, the graphical representation of the identity
gate id appears in Fig. 1.28.

Fig. 1.28 The graphical
representation of the identity
gate id
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al0] [o —El— | —

qll] ju

ql2] [d

ql3] o

ql4] o

[
] 0

Fig. 1.29 The corresponding quantum circuit of the program in Listing 1.10

1.10.1 Programming with the Identity Gate of Single
Quantum Bit

In Listing 1.10, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the tenth example in which we introduce how to program with
the identity gate id that converts single quantum bit q[0] from one state %( [0) 4+ |1))

to another state \/Li( |0) + |1)). Actually, the identity gate id only completes an idle
operation on q[0] for a time equal to one unit of time. Figure 1.29 is the corresponding
quantum circuit of the program in Listing 1.10. The statement “OPENQASM 2.0;”
on line one of Listing 1.10 is to indicate that the program is written with version 2.0 of
Open QASM. Next, the statement “include “gelib1.inc”;” on line two of Listing 1.10
is to continue parsing the file “qelibl.inc” as if the contents of the file were pasted
at the location of the include statement, where the file “qgelibl.inc” is Quantum
Experience (QE) Standard Header and the path is specified relative to the current
working directory. The statement “qreg q[5];” on line three of Listing 1.10 is to
declare that in the program there are five quantum bits. In the left top of Fig. 1.29,
five quantum bits

Listing. 1.10 The program to the use of the identity gate.

OPENQASM 2.0;
include “gelibl.inc”;
qreg q[51];

creg c[5];

h q[0];

id q[0];

measure q[0] — c[0];

NP =

are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial state of each quantum
bit is set to |0). Next, the statement “creg c[5];” on line four of Listing 1.10 is to
declare that there are five classical bits in the program. In the left bottom of Fig. 1.29,
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0.54

0440 I

Fig. 1.30 After the measurement to the program in Listing 1.10 is completed, we obtain the answer
00001 with the probability 0.460 or the answer 00000 with the probability 0.540

five classical bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of
each classical bit is set to 0. Classical bit c[4] is the most significant bit and classical
bit c[0] is the least significant bit.

f f

1 - 1 1 0 L
X(O):(g>=%<l)=% ((0)4—(1)):%@“0)4— |1)). This implies

that the statement “h q[0];” on line five of Listing 1.10 is to apply the Hadamard gate
to convert q[0] from one state |0) to another state % (]0) + 1)) (its superposition),
where “h” is to represent the Hadamard gate. Next, the statement “id q[0];” on line

1 i
10 Wi Wi 1
six of Listing 1.10actually completes < ) X ( *{5) = ( ‘/1§> =1 < ) =1L
01 2 V2 21 V2

((é) + <(l))) = \/Li (10) + |1)). This is to say that the statement “id q[0];” on line

six of Listing 1.10 is to use the identity gate id to convert q[0] from one state \/Li

(10) 4 |1)) to another state «/LE (10) + |1)). This also is to say that the identity gate
id only completes an idle operation on q[0] for a time equal to one unit of time.

Next, the statement “measure q[0] — c[0];” on line seven of Listing 1.10 is
to measure the first quantum bit q[0] and to record the measurement outcome by
overwriting the first classical bit c[0]. In the backend ibmgx4 with five quantum
bits in IBM’s quantum computers, we apply the command “simulate” to execute the
program in Listing 1.10. The result appears in Fig. 1.30. From Fig. 1.30, we obtain the
answer 00001 (c[4] =0,c[3] =0,c[2] =0,c[1] =0andc[0] =1 =q[0] = |1))
with the probability 0.460. Or we obtain the answer 00000 with the probability
0.540 (c[4] = 0,¢[3] =0, ¢[2] =0, c[1] = 0 and c[0] = 0 = q[0] = |0)).

The statement “h q[0];” on line five of Listing 1.10 actually performs ( V2 f )

1.11 The Controlled-NOT Gate of Two Quantum Bits

The controlled-NOT or CNOT gate of two quantum bits is
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1000

0100
= . 1.31
Ucn 0001 (L.31)

0010

It is supposed that Ucy™* is the conjugate-transpose matrix of Ucy and is equal

1000
g 0100 . . . .
to (Uen) ) = 00 01 , where the * is the complex conjugation and the ¢ is
0010
1000 1000
. 0100 0100
the t tion. Since U U = =
e transpose operation. Since Uey X (Ucy) ) 00 01 X 00 01
0010 0010
1000 1000 1000
« 0100 0100 0100 . .
t — = t
((Ueny) ) x Uy 00 01 X 00 01 00 10 , Ucy is aunitary
0010 0010 0001

matrix or a unitary operator. This is to say that the controlled-NOT or CNOT gate
Uy is one of quantum gates with two quantum bits. If the quantum state /, |00) +
[y 101) 4+ I |10) + I3 |11) is written in a vector notation as

: (1.32)

with the first entry [ is the amplitude for |00), the second entry /; is the amplitude
for |01), the third entry [, is the amplitude for |10) and the fourth entry /5 is the
amplitude for |11), then the corresponding output from the CNOT gate Uy is

1000 Io lo 1 0 0 0
0100 I, I, 0 1 0 0
_ — I I I
0001 | | 1 Iy Aol o531 ]2 o
00 10 Is I 0 0 0 1
= 16100 > +1;]01 > +15]10 > 41|11 > . (133)

This indicates that the CNOT gate U ¢y converts two quantum bits from one state [y
|00) 41 |01) + 5 |10) + I3 |11)to another state [y [00) +; |01) + 15 [10) 4+ 1, |11).
This is to say that in the CNOT gate U ¢y if the control quantum bit (the first quantum
bit) is set to 0, then the target quantum bit (the second quantum bit) is left alone. If
the control quantum bit (the first quantum bit) is set to 1, then the target quantum
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Fig. 1.31 The graphical el —
representation of the CNOT
gate Ucy

bit (the second quantum bit) is flipped. The probability of measuring a |00) or |01)
is unchanged, the probability of measuring a |10) is I/3I* and the probability of
measuring a |11) is I1,1* after applying the CNOT gate U cy. Because (Ucy)* = Ucy

1000 1000 1000
0100 0100 0100 .

U — _ _applying the CNOT gat

*Yav=lo001 | o001 00 10 | @PPymethe gate
0010 0010 0001

Uy twice to a state is equivalent to do nothing to it. For IBM Q Experience, the
graphical representation of the CNOT gate U ¢y appears in Fig. 1.31.

In the graphical representation of the CNOT gate U ¢y, the top wire carries the
controlled quantum bit and the bottom wire carries the target quantum bit.

1.11.1 Connectivity of the Controlled-NOT Gate in IBMQX4

Those authors that wrote textbooks write quantum algorithms with a fully connected
hardware in which one can apply a quantum gate of two quantum bits to any pair of
two quantum bits. In practice, ibmgx4 that is a real quantum computer may not have
full connectivity. In the ibmgx4 with five quantum bits, there are six connections. Six
connections of a CNOT gate appears in Fig. 1.32.The first CNOT gate in Fig. 1.32 has
the controlled quantum bit q[ 1] and the target quantum bit q[0] and the corresponding
instruction in version 2.0 of Open QASM is “cx q[1],q[0];”, where cx is to represent
the CNOT gate. The second CNOT gate in Fig. 1.32 has the controlled.

qlo] o —ES—

ql1] o —

aR) o —————EP—

ql3] 1

ql4] o —_—
c ss"

Fig. 1.32 A CNOT gate has six connections in ibmgx4 on IBM quantum computers
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quantum bit q[2] and the target quantum bit q[0] and the corresponding instruction
in version 2.0 of Open QASM is “cx q[2],q[0];”, where cx is to represent the CNOT
gate.

The third CNOT gate in Fig. 1.32 has the controlled quantum bit q[2] and the target
quantum bit q[1] and the corresponding instruction in version 2.0 of Open QASM is
“cx q[2],q[1];”, where cx is to represent the CNOT gate. The fourth CNOT gate in
Fig. 1.32 has the controlled quantum bit q[3] and the target quantum bit q[2] and the
corresponding instruction in version 2.0 of Open QASM is “cx q[3].q[2];”, where cx
is to represent the CNOT gate. The fifth CNOT gate in Fig. 1.32 has the controlled
quantum bit q[4] and the target quantum bit q[2] and the corresponding instruction
in version 2.0 of Open QASM is “cx q[4],q[2];”, where cx is to represent the CNOT
gate. The sixth CNOT gate in Fig. 1.32 has the controlled quantum bit q[3] and the
target quantum bit q[4] and the corresponding instruction in version 2.0 of Open
QASM is “cx q[3],q[4];”, where cx is to represent the CNOT gate.

In contrast, a fully connected hardware with five quantum bits would allow a
CNOT gate to apply to twenty different pairs of any two-quantum bits. This indicates
that there are fourteen “missing connections”. Fortunately, there are different ways
to yield connections by means of using clever gate sequences. For example, a CNOT
gate that has the controlled quantum bit q[j] and the target quantum bit q[k] for 0 <
and k < 4 can be reversed by means of applying Hadamard gates on each quantum bit
both before and after the CNOT gate. This is to say that the new instruction (the new
connection) “cx q[k], q[j]” is implemented by means of applying the five instructions
that are subsequently “h q[jl;”, “h q[k]”, “cx q[j], q[k]”, “h q[j]” and “h q[k]” for O
<jand k < 4. Similarly, there exists a gate sequence to make a CNOT gate with the
controlled bit q[j] and the target bit q[/] if one has connections between the controlled
bit q[j] and the target bit q[k], and the controlled bit q[k] and the target bit q[/] for O
<J,kand [ < 4. This indicates that the new instruction (the new connection) “cx q[jl,
q[1]” is implemented by means of applying the four instructions that are subsequently
“cx qlkl, q1]”, “cx qljl, q[k]”, “cx q[k], q[1]” and “cx q[j], q[k]” for 0 <j, kand [ <
4.

1.11.2 Implementing a Copy Machine of One Bit
with the CNOT Gate

Offered its data input is initialized permanently with |0). Then, the CNOT gate emits
a copy of the controlled input on each output. Therefore, the CNOT gate actually is
a copy machine of one bit. In Listing 1.11, the program in the backend ibmgx4 with
five quantum bits in IBM’s quantum computer is the eleventh example in which we
describe how to program with the CNOT gate that converts the controlled bit q[3]

and the target bit q[4] from one state (JLE( |0) + |1))> (10)= (\%UOO) + |10)))
to another state (\%)( |00) + |11)). Actually, the CNOT gate emits a copy of the
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Fig. 1.33 The corresponding quantum circuit of the program in Listing 1.11

controlled input on each output. Figure 1.33 is the corresponding quantum circuit
of the program in Listing 1.11. The statement “OPENQASM 2.0;” on line one of
Listing 1.11 is to point out that the program is written with version 2.0 of Open
QASM. Then, the statement “include “gelibl.inc”;” on line two of Listing 1.11 is
to continue parsing the file “qelibl.inc” as if the contents of the file were pasted
at the location of the include statement, where the file “qelibl.inc” is Quantum
Experience (QE) Standard Header and the path is specified relative to the current
working directory.

The statement “qreg q[5];” on line three of Listing 1.11 is to declare that in the
program there are five quantum bits. In the left top of Fig. 1.33, five quantum bits are
subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum bit is
set to |0). Next, the statement “creg c[5];” on line four of Listing 1.11 is to declare
that there are five classical bits in the program. In the left bottom of Fig. 1.33, five
classical bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each
classical bit is set to 0. Classical bit c[4] is the most significant bit and classical bit
c[0] is the least significant bit.

Listing. 1.11 Implementing a copy machine of one bit with the CNOT gate.

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qregq[5];

4. creg c[5];

5. hq[3];

6. cxq[3],q[4];

7. measure q[3] — c[3];
8. measure q[4] — c[4];

The statement “h q[3];” on line five of Listing 1.11 actually completes

1 1 1
20 =) =5 ()=o) (D)=
(25 )<(0)=(%) = ()= ()= emn

This is to say that the statement “h q[3];” on line five of Listing 1.11 is to use the
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Hadamard gate to convert q[3] from one state |0) to another state % 10y 4+ |1)) (its
superposition), where “h” is to represent the Hadamard gate. Next, the statement “cx
1000

1
7
q[3],q[4];” on line six of Listing 1.11 actually completes 0100 (1) =
0001 5
0010 0
i 1 1 0
Ol 10 _ . 0 0 o C
o |=51o0 =5 0 + 0 =7 (]00) + |11)). This indicates
1
> 1 0 1

that the statement “cx q[3],q[4];” on line six of Listing 1.11 is to apply the CNOT
gate to emit a copy of the controlled input q[3] on each output.

Next, the statement “measure q[3] — c[3];” on line seven of Listing 1.11 is to
measure the fourth quantum bit q[3] and to record the measurement outcome by
overwriting the fourth classical bit c[3]. The statement “measure q[4] — c[4];” on
line eight of Listing 1.11 is to measure the fifth quantum bit q[4] and to record
the measurement outcome by overwriting the fifth classical bit c[4].In the backend
ibmgx4 with five quantum bits in IBM’s quantum computers, we use the command
“simulate” to execute the program in Listing 1.11. The result appears in Fig. 1.34.
From Fig. 1.34,

we obtain the answer 00000 (c[4] = 0 = q[4] = |0), c[3] =0 = q[3] = |0), c[2]
=0, c[1] = 0 and c[0] = 0) with the probability 0.540. Or we obtain the answer
11000 with the probability 0.460 (c[4] = 1 =q[4] = |1),c[3]=1=q[3] = 1), c[2]
=0, c[1] = 0 and c[0] = 0). If the answer is 00000, then this imply that the CNOT
gate copy the value 0 of the controlled input q[3] to the target bit q[4]. If the answer
is 11000, then this indicates that the CNOT gate copy the value 1 of the controlled
input q[3] to the target bit q[4].

0.540
0.460

Fig.1.34 After the measurement to the program in Listing 1.11 is completed, we obtain the answer
00000 with the probability 0.540 or the answer 11000 with the probability 0.460
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1.12 The U1(\) Gate of Single Quantum Bit with One
Parameter

The UI(\) gate that is the first physical gate of the Quantum Experience and is a
phase gate of single quantum bit of one parameter with zero duration is

U1l()) = Ul(lambda) = ((1) g“), (1.34)
e

where A (lambda) is a real value. It is assumed that (UI(A))* (Ul(lambda))* is
the conjugate-transpose matrix of U/(A) (UI(lambda)) and is equal to (((U! DN

1 . . . .
= (O eﬂ%xx ), where the * is the complex conjugation and the 7 is the transpose
. - 1 0
operation. Because UI(A) x (UI(A\)* = Ul(L) x ((UI(V))) = (0 eﬁ“> X

1 ¥ 1
(0 e%m) = (UI)" x Ul = ((UIM)) x Ul = (o e%xx)

01
operator. This implies that the phase gate UI(A) (Ul(lambda)) is one of quantum
gates that is a phase gate of single quantum bit of one parameter with zero duration.
If the quantum state [y |0) 4 [; |1)is written in a vector notation as

lo
(4). 15

with the first entry [/ is the amplitude for |0) and the second entry /; is the ampli-
tude for |1), then the corresponding output from the phase gate UI1(A) (Ul(lambda))

1S
1 0 Io\ _ Iy . 1 V=T 0
<0eﬁ“>X(ll)_(eﬁX*m)_lO(o)Jr(e Xl‘) 1

=10|0>+(eﬁ“ ><11>|1 > (1.36)

X ((1) e\%M) = (1 0), UI(}) (Ul(lambda)) is a unitary matrix or a unitary

This is to say that the phase gate UI(}) (Ul(lambda)) converts one quantum bit
from one state [y |0) + /1 |1)to another state [y |0) + (e‘mXA X ll> [1). This
indicates that the phase gate UI()) (Ul (lambda)) leaves |0) unchanged and modifies
the phase of |1)to give (eﬁ“) [1). The probability of measuring a |0) or |1) is
unchanged after using the phase gate UI(A) (Ul(lambda)), however it modifies the

phase of the quantum state. Because (UIQ)? = UI) x UI(L) = <(1) \gx)\> X
e
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Fig. 1.35 The graphical
representation of the phase
gate UI(A) (Ul(lambda)).

((1) Axx) = <(1) F?xzxk ), using the phase gate UI(A) (Ul(lambda)) twice to
e e

a state is equivalent to do that leaves |0) unchanged and modifies the phase of |1)to
give (e~ Tx2xhy [1)to it. For IBM Q Experience, the graphical representation of the
phase gate UI(A) (Ul(lambda)) appears in Fig. 1.35.

1.12.1 Programming with the Ul ()\) Gate with One
Parameter

In Listing 1.12, in the backend ibmgx4 with five quantum bits in IBM’s quantum
computer, the program is the twelfth example in which we introduce how to program
with the phase gate UI(2 * pi) that converts single quantum bit q[0] from one state
(\/%) (10) 4+ |1)) to another state (%) (10) + |1)). Because the input value of the
first parameter lambda for the phase gate Ul(lambda) is (2 * pi) and U1(2 * pi) is
equal to ((1) . \ﬁf)xzxn ) = ((1) ?), the phase gate UI(2 * pi) actually implements
one identity gate. Figure 1.36 is the corresponding quantum circuit of the program
in Listing 1.12.

The statement “OPENQASM 2.0;” on line one of Listing 1.12 is to indicate that
the program is written with version 2.0 of Open QASM. Next, the statement “include
“gelibl.inc”;” on line two of Listing 1.12 is to continue parsing the file “qelib1.inc”
as if the contents of the file were pasted at the location of the include statement,
where the file “gelibl.inc” is Quantum Experience (QE) Standard Header and
the path is specified relative to the current working directory. The statement “qreg
q[5];” on line three of Listing 1.12 is to declare that in the program there are five

ql0] o) — — —

qll] o

ql2] o

al3]

ql4]

€y’
0

Fig. 1.36 The corresponding quantum circuit of the program in Listing 1.12
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quantum bits. In the left top of Fig. 1.36, five quantum bits are subsequently q[0],
q[1], q[2], q[3] and q[4]. The initial value of each quantum bit is set to |0). Then,
the statement “creg c[5];” on line four of Listing 1.12 is to declare that there are five
classical bits in the program. In the left bottom of Fig. 1.36, five classical bits are
subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit is
set to 0. Classical bit c[4] is the most significant bit and classical bit c[0] is the least
significant bit.

Listing. 1.12 Program of using the phase gate UI(2 * pi) with one parameter.

OPENQASM 2.0;
include “qelibl.inc”;
qreg q[S];

creg c[5];

h q[0];

ul(2 * pi) g[0];
measure q[0] — c[0];

SN P =

The statement “h q[0];” on line five of Listing 1.12 actually implements

2 ) (o) = (%) =5 (1) =5 (o) = (D)=
N 0 < 2\ 1 V2 '\ 0 1 V2

|1)). This is to say that the statement “h q[0];” on line five of Listing 1.12 is to apply
the Hadamard gate to convert q[0] from one state |0) to another state % (10) + 1))
(its superposition), where “h” is to represent the Hadamard gate. Next, the statement

“ul(2 * pi) q[0];” on line six of Listing 1.12 actually completes ((1) erl()x2xn> X

2| _ 2| _ 2 | — L —
(ﬁ) - <01> ) (ﬁ) - (ﬁ) - ﬁ((()) " <1>)_ vz (O 1y

This is to say that the statement “ul(2 * pi) q[0];” on line six of Listing 1.12 is to
implement one identity gate to q[0].

Next, the statement “measure q[0] — c[0];” on line seven of Listing 1.12 is
to measure the first quantum bit q[0] and to record the measurement outcome by
overwriting the first classical bit c[0]. In the backend ibmgx4 with five quantum bits
in IBM’s quantum computers, we apply the command “simulate” to execute the
program in Listing 1.12. The result appears in Fig. 1.37. From Fig. 1.37, we obtain the
answer 00000 (c[4] =0, c[3] =0,c[2] =0, c[1] =0 and c[0] = 0 = q[0] = |0))
with the probability 0.530. Or we obtain the answer 00001
(c[4]=0,¢c[3] =0,c[2] =0,c[l1]=0and c[0] =1 =q[0] = 1)) with the
probability 0.470.
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0.530 2
0.470

Fig.1.37 After the measurement to the program in Listing 1.12 is completed, we obtain the answer
00000 with the probability 0.530 or the answer 00001 with the probability 0.470

1.13 The U2(¢, \) Gate of Single Quantum Bit with Two
Parameters

The phase gate U2(¢, ) (U2(phi, lambda)) that is the second physical gate of the
Quantum Experience and is a phase gate of single quantum bit of two parameters
with duration one unit of gate time is

L e«/jle
U2(¢, &) = U2(phi, lambda) = < By A ) (1.37)
NI

where ¢ and A (phi and lambda) are both real numbers. It is assumed that (U2(¢,
A)* ((U2(phi, lambda))*) is the conjugate-transpose matrix of U2(¢p, 1) (U2(phi,

1 e=V=Tx¢
lambda)) and is equal to (U2(¢, 1)) = ( P A ) where the * is the
A

complex conjugation and the ¢ is the transpose operation. Because U2(¢, A) x (U2(¢,

1 _e«/jlxk L e—«/jlxd)
M= U2, 1) x (U2(e, 1)) = (ﬁ rﬁ) x (_*f} rﬁ)
A

NN I

—e~

V2 V2

1 eV Ix¢
= (U2, )" x U2($, ) = (U2, 1)) x U2($, 2) = ( s #%)

L _e«/jlx)\
x ( By A ) = (1 0), U2(¢, ») (U2(phi, lambda)) is a unitary matrix or

01
V2 V2
a unitary operator. This implies that the phase gate U2(¢, 1) (U2(phi, lambda)) is

one of quantum gates that is a phase gate of single quantum bit of two parameters
with duration one unit of time. If the quantum state /y |0) + |1)nis written in a vector

notation as
(ZO ) (1.38)
I
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Fig. 1.38 The graphical
representation of the phase
gate U2(¢, 1)

with the first entry [y is the amplitude for |0)nand the second entry /; is the ampli-
tude for |1), then the corresponding output from the phase gate U2(¢, A) (U2(phi,
lambda)) is

1 eV ; lp—e¥ D0,
2 2 () = Vo
eV Ix0 oV IxGA9) I eVTIXO [y eV TX 0+ i )

NN I V2
lo — eV 1% x| VIO s [y VIO
_h L T 0 L. (1.39)
V2 V2

This is to say that the phase gate U2(¢, A) (U2(phi, lambda))
converts single quantum bit from one state [y|0) 4+ [;|1) to another

state @ 0) + eﬁwxz(l"'j,;ﬂx‘“")xh ). Since (U2(¢, )L))z _
1 _e\/jlx/ 1 _eﬂxx
U2p. 1) x U2p, 1) = (/? rﬁ> x ( ey rﬁ> =
V2 V2 V2 V2
| T _eﬁxzx(l_‘_eﬁxmw)

2 2 i
eﬁx¢x(1+eﬁx(x+¢)) (176‘/Tlx(z+¢))X(ieﬁxuw)) , using the phase gate U2(¢,

2 2

A) (U2(phi, lambda)) twice to a state is equivalent to modify the amplitude to it.
For IBM Q Experience, the graphical representation of the phase gate U2(¢, A)
(U2(phi, lambda)) appears in Fig. 1.38.

1.13.1 Programming with the U2(¢, A) Gate with Two
Parameters

For the phase gate U2(phi, lambda) the input values of the first parameter phi and the
second parameter lambda are respectively (0 * pi) and (1 * pi), so U2(0*pi, 1#pi) is

1 =Y~ IxIxx L1

equal to ( eFﬁx" eﬁxﬁmm ) = < *{5 \/51 ).Therefore,the phase gate U2(0%*pi,
72 N VioV2

1#pi) actually implements one Hadamard gate. In Listing 1.13, in the backend ibmgx4

with five quantum bits in IBM’s quantum computer, the program is the thirteenth

example in which we illustrate how to program with the phase gate U2(0*pi, 1*pi)

that converts single quantum bit q[0] from one state (\%) (10) 4+ |1)) to another state
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Fig. 1.39 The corresponding quantum circuit of the program in Listing 1.13

(10)). Figure 1.39 is the corresponding quantum circuit of the program in Listing
1.13.

The statement “OPENQASM 2.0;” on line one of Listing 1.13 is to point out that
the program is written with version 2.0 of Open QASM. Then, the statement “include
“gelibl.inc”;” on line two of Listing 1.13 is to continue parsing the file “qelib1.inc”
as if the contents of the file were pasted at the location of the include statement,
where the file “gelibl.inc” is Quantum Experience (QE) Standard Header and
the path is specified relative to the current working directory. The statement “qreg
q[5];” on line three of Listing 1.13 is to declare that in the program there are five
quantum bits. In the left top of Fig. 1.39, five quantum bits are subsequently q[0],
q[1], q[2], q[3] and q[4]. The initial value of each quantum bit is set to |0). Next,
the statement “creg c[5];” on line four of Listing 1.13 is to declare that there are five
classical bits in the program. In the left bottom of Fig. 1.39, five classical bits are
subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit is
set to 0. Classical bit c[4] is the most significant bit and classical bit c[0] is the least
significant bit.

Listing. 1.13 nProgram of using the phase gate U2(0*pi, 1*pi) with two parameters.

OPENQASM 2.0;
include “gelibl.inc”;
qreg q[5];

creg c[5];

h g[0];

u2(0*pi,1*pi) q[0];
measure q[0] — c[0];

SINCIRUESS B

The statement “h q[0];” on line five of Listing 1.13 actually completes

)+ ()-(2) -5 ()= (0)+ () -somem
N 0 &) 2] v2\\o 1 2 '

This is to say that the statement “h q[0];” on line five of Listing 1.13 is to
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1.000

Fig. 1.40 After the measurement to the program in Listing 1.13 is completed, we obtain the answer
00000 with the probability 1.000

use the Hadamard gate to convert q[0] from one state |0) to another state —-
(10) + |1)) (its superposition), where “h” is to represent the Hadamard gate. Next,
the statement “u2(0*pi,1*pi) q[0];” on line six of Listing 1.13 actually implements

al —eV"xbxr 1 11 1 |
<rf% rﬁm)X<f)=<? f) (f)=<0>=|o>.This
2 72 V2 22 N

indicates that the statement “u2(0*pi,1*pi) q[0];” on line six of Listing 1.13 is to
complete one Hadamard gate to q[0]. Therefore, applying the Hadamard gate twice
from line five and line six of Listing 1.13 to q[0] does nothing to it.

Next, the statement “measure q[0] — c[0];” on line seven of Listing 1.13 is
to measure the first quantum bit q[0] and to record the measurement outcome by
overwriting the first classical bit c[0]. In the backend ibmgx4 with five quantum
bits in IBM’s quantum computers, we use the command “simulate” to execute the
program in Listing 1.13. The result appears in Fig. 1.40. From Fig. 1.40, we obtain
the answer 00000 (c[4] =0, c[3] =0, c[2] =0, c[1] =0and c[0] =0 =q[0] = |0))
with the probability 1.000.

1.14 The U3(0, ¢, \) Gate of Single Quantum Bit of Three
Parameters

The phase gate U3(6, ¢, 1) (U3(theta, phi, lambda)) that is the third physical gate of
the Quantum Experience and is a phase gate of single quantum bit of three parameters
with duration two units of gate time is

cos(%) —eVTIxh sin

9
U3, ¢, A) = 2
®.¢.4) (eﬁw x sin(§) e V=Tx04) o cos(

D~

)> (1.40)

where 0, ¢ and A (theta, phi and lambda) are all real numbers. It is
supposed that (U3(0, ¢, A))* ((U3(theta, phi, lambda))*) is the conjugate-
transpose matrix of U3(6, ¢, X) (U3(theta, phi, lambda)) and is equal to
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s, ¢ Y = (_ fiisk(%x)sin(g) eerﬁij;:igf()%)), where the
% is the complex conjugation and the 7 is the transpose operation. Because
U3©, ¢, 1) x (U3, ¢, 1)) = (e ﬁigsigs)m(g) e;gij:;)aigi%%))
x ( _ercflsx(%x)sm(g) frﬁfﬁfﬁfé)) = W36, ¢ W)Y
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cos(4) —e¥V= xsin(8) \ (10
eVTx0  sin(2) eV Tx0H) x cos(2) | T (o 1 ) U3®, @, 3) (U3(theta,
phi, lambda)) is a unitary matrix or a unitary operator. This implies that the phase
gate U3(0, ¢, 1) (U3(theta, phi, lambda)) is one of quantum gates that is a phase
gate of single quantum bit of three parameters with duration two units of gate time.
If the quantum state /o |0) 4 /; |1) is written in a vector notation as

lo
(ll)’ (1.41)

with the first entry /[y is the amplitude for |0) and the second entry [, is the
amplitude for |1), then the corresponding output from the phase gate U3(0, ¢, A)
(U3(theta, phi, lambda)) is

COS(%) —eV=Dh sin(%) o (lo)
eV % sin(%) eV=Tx0F0) o cos(4) L

Iy x cos(§) — Iy x V=% sin ?)

) (lo e sin(8) 41y x VT cos<%>>

% %
= <lo X COS(E> — 1 x eV i sin(z)) |0)

9 9
T (lo x eV 1x0 sin(§> 11 x eV IX0F0) o cos<§>> 1. (1.42)

—~
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This indicates that the phase gate U3(0, ¢, A) (U3(theta, phi, lambda))
converts single quantum bit from one state [y|0) + I;|1) to another

state (lo x cos(§) — 1) x eV sin(%)) 0) + (o x e/ ¢ x

sin(§) + I x eVIx0te) o cos(%)) [1). Because (U3, ¢, 1)? =
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Fig. 1.41 The graphical
representation of the phase
gate U3(0, ¢, A)
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, applying the

sin®

2
phase gate U3(8, ¢, 1) (U3(theta, phi, lambda)) twice to a state is equivalent to

modify the amplitude to it. For IBM Q Experience, the graphical representation of
the phase gate U3(0, ¢, A) (U3(theta, phi, lambda)) appears in Fig. 1.41.

1.14.1 Programming with the U3(0, ¢, A) Gate with Three
Parameters

For the phase gate U3(theta, phi, lambda), the input value of the first parameter theta
is (0.5 * pi), the input value of the second parameter phi is (0 * pi) and the input
value of the third parameter lambda is (1 * pi), so U3(0.5%pi, 0*pi, 1*pi) is equal

V—1x1xmT
V=1Ix1xm (T 1 —e
cos(l) —e X sm(—) > 5
to —1x0x7m 4 . T 71><(1><7T+0><7'[) 4 T = E./—\I/:Oxn e«/—lx(xl/x:rJrOxn) =
eV X sm(z) eV X cos(z) - 7

L
( @ ﬁl ) Hence, the phase gate U3(0.5%pi, 0*pi, 1*pi) actually completes one
Hagmaﬁ gate. In Listing 1.14, in the backend ibmgx4 with five quantum bits
in IBM’s quantum computer, the program is the fourteenth example in which we
describe how to program with the phase gate U3(0.5%pi, 0*pi, 1*pi) that converts
single quantum bit q[0] from one state (\%) (10) + |1)) to another state (|0)).
Figure 1.42 is the corresponding quantum circuit of the program in Listing 1.14.
The statement “OPENQASM 2.0;” on line one of Listing 1.14 is to indicate that
the program is written with version 2.0 of Open QASM. Next, the statement “include
“gelibl.inc”;” on line two of Listing 1.14 is to continue parsing the file “qgelibl.inc”
as if the contents of the file were pasted at the location of the include statement,
where the file “gelibl.inc” is Quantum Experience (QE) Standard Header and
the path is specified relative to the current working directory. The statement “qreg
q[5];” on line three of Listing 1.14 is to declare that in the program there are five
quantum bits. In the left top of Fig. 1.42, five quantum bits are subsequently q[0],
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Fig. 1.42 The corresponding quantum circuit of the program in Listing 1.14

q[1], q[2], q[3] and q[4]. The initial value of each quantum bit is set to |0). Next,
the statement “creg c[5];” on line four of Listing 1.14 is to declare that there are five
classical bits in the program. In the left bottom of Fig. 1.42, five classical bits are
subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit is
set to zero (0). Classical bit c[4] is the most significant bit and classical bit c[0] is
the least significant bit.

Listing. 1.14 nProgram of using the phase gate U3(0.5%pi, 0*pi, 1*pi) of three
parameters.

OPENQASM 2.0;
include “gelibl.inc”;

qreg q[5];

creg c[5];

h q[0];
u3(0.5%pi,0%pi, 1 *pi) q[0];
measure q[0] — c[0];

SN e P =
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The statement “h q[0];” on line five of Listing 1.14 actually performs ( *{5 */il )
V22
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indicates that the statement “h q[0];” on line five of Listing 1.14 is to apply the
Hadamard gate to convert q[0] from one state |0)to another state % (10) 4+ |1)) (its
superposition), where “h” is to represent the Hadamard gate. Next, the statement
“u3(0.5%pi,0%pi,1*pi) q[0];”

on line Six of Listing 1.14 actually completes

cos(5) e T () 5\
e\/jlexn % sm(%) eﬁx(lanrOxn) % COS(%) x 1 -
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1.000

Fig. 1.43 After the measurement to the program in Listing 1.14 is completed, we obtain the answer
00000 with the probability 1.000

1 el L L L 1
(fﬁ rﬁ) X (f) = (_ _ﬁ) x (f) = (0) = 10).
V2 V2 V2 vV2ooV2 V2
This is to say that the statement “u3(0.5*pi,0%pi,1*pi) q[0];” on line six of Listing
1.14 is to complete one Hadamard gate to q[0]. Hence, using the Hadamard gate
twice from line five and line six of Listing 1.14 to q[0] does nothing to it.

Next, the statement “measure q[0] — c[0];” on line seven of Listing 1.14 is
to measure the first quantum bit q[0] and to record the measurement outcome by
overwriting the first classical bit c[0]. In the backend ibmgx4 with five quantum
bits in IBM’s quantum computers, we use the command “simulate” to execute the
program in Listing 1.14. The result appears in Fig. 1.43. From Fig. 1.43, we obtain
the answer 00000 (c[4] =0, c[3] =0, c[2] =0, c[1] =0 and c[0] =0 =q[0] = |0))
with the probability 1.000.

_ﬁl_

1.1S Summary

In this chapter, we introduced single quantum bit, multiple quantum bits and their
superposition. We also described two statements of declaration and measurement
for quantum bits and classical bits in Open QASM (version 2.0) in the backend
ibmgx4 with five quantum bits in IBM’s quantum computers. We illustrated all
of the quantum gates with single quantum bit and the controlled-NOT or CNOT
gate of two quantum bits in the backend ibmgx4 with five quantum bits in IBM’s
quantum computers. Simultaneously, we also in detail introduced connectivity of
the controlled-NOT gate in the backend ibmgx4 with five quantum bits in IBM’s
quantum computers. We introduced how to program with each quantum gate of single
quantum bit completing each different kind of application and how to execute each
quantum program in the backend ibmgx4 with five quantum bits in IBM’s quantum
computers. We also described how to program with the controlled-NOT gate to
implement a copy machine of one bit.
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1.16 Bibliographical Notes

A famous article that gives a detailed technical definition for quantum supremacy is
(Aaronson and Chen 2017). Popular textbooks (Nielsen and Chuang 2000; Imre and
Balazs 2007; Lipton and Regan 2014) give an excellent introduction for quantum
bits and quantum gates. A popular textbook (Silva 2018), a famous project (IBM
Q 2016) and two famous articles (Cross et al 2017; Coles et al 2018) give many
excellent examples to write quantum programs with quantum assembly language in
Open QASM (version 2.0) in the backend ibmgx4 with five quantum bits in IBM’s
quantum computers.

1.17 Exercises

1.1 Please compute the values of three parameters 0, ¢, and A in the U3(6, ¢, A)
gate so that the U3(6, ¢, 1) gate with three parameters is equivalent to the NOT
gate.

1.2 Please calculate the values of three parameters 6, ¢, and A in the U3(6, ¢, A)
gate such that the U3(0, ¢, 1) gate with three parameters is equivalent to the
Hadamard gate.

1.3 Please figure out the values of three parameters 6, ¢, and A in the U3(6, ¢, 1)
gate so that the U3(6, ¢, 1) gate with three parameters is equivalent to the Z
gate.

1.4 Please determine the values of three parameters 6, ¢, and A in the U3(6, ¢, A)
gate such that the U3(0, ¢, 1) gate with three parameters is equivalent to the
Y gate.

1.5 Please compute the values of three parameters 6, ¢, and A in the U3(6, ¢, 1)
gate so that the U3(0, ¢, A) gate with three parameters is equivalent to the S
gate.

1.6 Please calculate the values of three parameters 6, ¢, and A in the U3(6, ¢, A)
gate such that the U3(0, ¢, 1) gate with three parameters is equivalent to the
S* gate.

1.7 Please figure out the values of three parameters 6, ¢, and X in the U3(6, ¢, 1)
gate so that the U3(6, ¢, 1) gate with three parameters is equivalent to the T
gate.

1.8 Please determine the values of three parameters 6, ¢, and A in the U3(6, ¢, A)
gate such that the U3(6, ¢, A) gate with three parameters is equivalent to the
T* gate.

1.9 Please compute the values of three parameters 0, ¢, and X in the U3(6, ¢, 1)
gate so that the U3(0, ¢, 1) gate with three parameters is equivalent to the
identity gate.
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1.10 Please calculate the values of three parameters 6, ¢, and A in the U3(6, ¢, A)
gate such that the U3(6, ¢, A) gate with three parameters is equivalent to the
Ul(A) gate with one parameter.

1.11 Please figure out the values of three parameters 6, ¢, and A in the U3(6, ¢,
M) gate so that the U3(6, ¢, A) gate with three parameters is equivalent to the
U2(¢,A) gate with two parameters.
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Chapter 2 ®
Boolean Algebra and Its Applications oo

Using a field of mathematics called modern algebra designs and maintains classical
computers. Over a hundred years, algebraists have studied for mathematical systems
and they call them as Boolean algebras. The name Boolean algebra honors a fasci-
nating English mathematician, George Boole because in 1854 he published a classic
book, An Investigation of the Laws of Thought, on which Are Founded Mathematical
Theories of Logic and Probabilities. Boole that has stated objective (intention) was to
complete a mathematical analysis of logic. Boole’s investigation has enlightened the
calculus of propositions and algebra of sets. In this book, we designate the algebra
now used in the design and maintenance of quantum logical circuitry as Boolean
algebra.

There are several advantages in having a mathematical technique for the illus-
tration of the internal workings of a quantum algorithm (circuit) for solving each
different kind of applications in IBM’s quantum computers. The first advantage is
to that it is often far more convenient to calculate with algebraic expressions used
to describe the internal workings of a quantum algorithm (circuit) than it is to apply
schematic or even logical diagrams. The second advantage is to that an ordinary
algebraic expression that describes the internal workings of a quantum algorithm
(circuit) may be reduced or simplified. This enables that the designer of quantum
algorithms (circuits) achieves economy of construction and reliability of quantum
operation. Boolean algebra also provides an economical and straightforward way of
designing quantum algorithms (circuits) for solving each different kind of applica-
tions. In all, a knowledge of Boolean algebra is indispensable in the computing field.
In this chapter, we describe how to complete logic operations that appear in Fig. 2.1
and include NOT, AND, NAND, OR, NOR, Exclusive-OR (XOR) and Exclusive-
NOR (XNOR) with quantum logic gates in the backend ibmgx4 or a simulator in
IBM’s quantum computers. We also illustrate how to complete several applications
from Boolean algebra.
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Logic Operations on Bits

|

NOT AND NAND OR NOR XOR XNOR

Fig. 2.1 Logic operations on bits

2.1 Illustration to NOT Operation

The NOT operation acquires a single input and yields one single output. It inverts
the value of a bit into the one’s complement of the bit. This is to say that the NOT
operation for a bit provides the following result:

NOT 1 =0
NOTO = 1 2.1)

The value of a Boolean variable (a bit) is only zero (0) or one (1). Therefore, NOT
of a Boolean variable (a bit) q[0], written as ¢[0] is equal to one (1) if and only if
q[0] is equal to zero (0). Similarly, ¢[0] is equal to zero (0) if and only if q[0] is equal
to one (1). The rules in (2.1) for the NOT operation may also be expressed in the
form of a truth table that appears in Table 2.1.

From (2.1) and Table 2.1, the NOT operation of a bit is to invert the value of
the bit into its one’s complement. The NOT operation of » bits is to provide the
corresponding one’s complement for each input in z inputs by means of implementing
the NOT operation of a bit of n times. The following subsections will be used to
illustrate how to design the quantum programs to complete the NOT operation of a
bit and the NOT operation of two bits.

Table 2.1 The truth table for the NOT operation

Input Output
q[0] q10]

0 1

1 0
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2.1.1 Quantum Program to the One’s Complement of a Bit

Consider that two values for unsigned integer of one bit are, respectively, 0(0;¢)
and 1(1,p), where 0j¢ is the decimal representation of zero and 1;¢ is the decimal
representation of one. We want to implement simultaneously the one’s complement
of those two values.

In Listing 2.1, the program in the backend ibmgx4 with five quantum bits in
IBM'’s quantum computer is the first example of the second chapter in which we
illustrate how to write a quantum program to invert 0(0;9) and 1(1;¢) into their
one’s complement. Figure 2.2 is the corresponding quantum circuit of the program
in Listing 2.1. The statement “OPENQASM 2.0;” on line one of Listing 2.1 is to
indicate that the program is written with version 2.0 of Open QASM. Then, the
statement “include “qelibl.inc”;” on line two of Listing 2.1 is to continue parsing
the file “gelibl.inc” as if the contents of the file were pasted at the location of
the include statement, where the file “gelibl.inc” is Quantum Experience (QE)
Standard Header and the path is specified relative to the current working directory.

Listing 2.1 The program of taking the one’s complement to the input of a bit.

OPENQASM 2.0;
include “gelib1.inc”;
qreg q[S];

creg c[5];

h q[0];

x q[0];

measure q[0] — c[0];

S

Next, the statement “qreg q[5];” on line three of Listing 2.1 is to declare that in
the program there are five quantum bits. In the left top of Fig. 2.2, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum bit
is set to 10). We use a quantum bit q[0] to encode the input of a bit that is unsigned

qlo] o —f h— - —

ql1] o

ql2] o

ql3] o

ql4]

<y’
0

Fig. 2.2 The corresponding quantum circuit of the program in Listing 2.1
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integer of a bit. Next, the statement “creg c[5];” on line four of Listing 2.1 is to
declare that there are five classical bits in the program. In the left bottom of Fig. 2.2,
five classical bits are respectively c[0], c[1], c[2], c[3] and c[4]. The initial value of
each classical bit is set to zero (0). Classical bit c[4] is the most significant bit and
classical bit c[0] is the least significant bit.

Next, the statement “h q[0];” on line five of Listing 2.1 actually completes

(ﬁ fj%) : ((1)> = (é) = %@(1) = %((é) +<?)) = L(0) +

[1)). This is to say that the statement “h q[0];” on line five of Listing 2.1 is to apply
the Hadamard gate to convert q[0] from one state 10) to another state %(IO) + I1))

(its superposition). In its superposition, 10) with the amplitude \/LE encodes the value

zero (0) to the input of a bit and |1) with the amplitude Lz encodes the value 1 (one)
to the input of a bit. Next, the statement “x q[0];” on line six of Listing 2.1 actually

01 = = 1 0 1
completes(l()) X (%) =<£>=\+§(1>=\+§<<1> + <O>>=L2(|1)

+ 10)). This indicates that the statement “x q[0];” on line six of Listing 2.1 inverts
10y with the amplitude %5 (the input zero of a bit) into 1) with the amplitude % (its

corresponding one’s complement) and inverts |1) with the amplitude \/LE (the input

one of a bit) into 10) with the amplitude \/LE (its corresponding one’s complement).
This also implies that two instructions (two NOT operations) of taking one’s comple-
ment to the input of a bit are completed by means of using one quantum instruction
“x q[0];”.

Next, the statement “measure q[0] — c[0];” on line seven of Listing 2.1 is to
measure the first quantum bit q[0] and to record the measurement outcome by over-
writing the first classical bit c[0]. In the backend ibmgx4 with five quantum bits in
IBM'’s quantum computers, we use the command “simulate” to execute the program
in Listing 2.1. The measured result appears in Fig. 2.3. From Fig. 2.3, we obtain the
answer 00001 (c[4] =0, c[3] =0,c[2] =0, c[1] =0 and c[0] = 1 = q[0] = 1)) with
the probability 0.530. This is to say that we obtain the one’s complement (q[0] =
[1)) with the probability 0.530 to the input zero (0) of a bit. Or we obtain the answer
00000 with the probability 0.470 (c[4] =0, ¢[3] =0, c[2] =0, c[1] = 0 and c[0] =

Fig. 2.3 After the measurement to the program in Listing 2.1 is completed, we obtain the answer
00001 with the probability 0.530 or the answer 00000 with the probability 0.470
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0 = q[0] =10)). This is also to say that we obtain the one’s complement (q[0] = 10))
with the probability 0.470 to the input one (1) of a bit.

2.1.2 Quantum Program to the One’s Complement of Two
Bits

Consider that four values to unsigned integer of two bits are subsequently 00(0,¢),
01(110), 10 (249) and 11(39), where 0y is the decimal representation of zero, 1 is
the decimal representation of one, 2 is the decimal representation of two and 3 is
the decimal representation of three. We want to implementsimultaneously the one’s
complement of those four values.

In Listing 2.2, the program in the backend ibmgx4 with five quantum bits in
IBM'’s quantum computer is the second example of the second chapter in which we
describe how to write a quantum program to take the one’s complement of 00(0,¢),
01(110), 10 (210) and 11 (39). Figure 2.4 is the corresponding quantum circuit of the
program in Listing 2.2. The statement “OPENQASM 2.0;” on line one of Listing
2.2 is to point to that the program is written with version 2.0 of Open QASM.
Next, the statement “include “gelibl.inc”;” on line two of Listing 2.2 is to continue
parsing the file “qelibl.inc” as if the contents of the file were pasted at the location
of the include statement, where the file “qelibl.inc” is Quantum Experience (QE)
Standard Header and the path is specified relative to the current working directory.

Listing 2.2 The program of taking the one’s complement to the input of two bits.

1. OPENQASM 2.0;

2. include “gelibl.inc”;
3. qregq[S];

4. cregc[5];

5. hq[0};

6. hq[ll;

q[0] o) =— —_— —_—

qll] o) =— —

ql2]

ql31

ql41 1

<yl
0 1

Fig. 2.4 The corresponding quantum circuit of the program in Listing 2.2
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7. xq[0];
8. xq[l];
9. measure q[0] — c[0];
10. measure q[1] — c[1];

Then, the statement “qreg q[5];” on line three of Listing 2.2 is to declare that in
the program there are five quantum bits. In the left top of Fig. 2.4, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum bit
is set to 10). We use two quantum bits q[0] and g[1] to encode the input of two bits
that are unsigned integer of two bits. Next, the statement “creg c[5];” on line four of
Listing 2.2 is to declare that there are five classical bits in the program. In the left
bottom of Fig. 2.4, five classical bits are respectively c[0], c[1], c[2], c[3] and c[4].
The initial value of each classical bit is set to zero (0). Classical bit c[4] is the most
significant bit and classical bit c[0] is the least significant bit.

Then, the statement “h q[0];” on line five of Listing 2.2 actually completes

R 1 L 1 1 0
V2 V2 X<>_<ﬁ>_L(>_L<<)+(>>_L(|0)+
1 1 il B = =
( 757 ) 0 Wi V2\ 1 v2\\ 0 1 V2
[1)). This indicates that the statement “h q[0];” on line five of Listing 2.2 is to apply

the Hadamard gate to convert q[0] from one state |0) to another state %(IO) + 11))
(its superposition). Next, the statement “h q[1];” on line six of Listing 2.2 actually

4L 1 4 1 1 0
completes(‘? ‘[21>><< )=<@>=L< ):L(( )+< )):
77 o/ \xm/) ¥\t) ¥\o !

%(IO) + I1)). This implies that the statement “h q[1];” on line six of Listing 2.2 is

to use the Hadamard gate to convert q[1] from one state 0) to another state \/LE(IO)
+ 1)) (its superposition). Hence, the superposition of the two quantum bits q[0] and
q[1] is (%(IO) + 11))) (\/LE(IO) + 11))) = %(IO) 0) 4+ 10) I11) 4+ 11) 10) 4 I1) 11)) =
1(100) + 101) + 110) + 111)). In the superposition, state 100) with the amplitude 1

encodes the value 00 (zero) to the input of two bits. State [01) with the amplitude
% encodes the value 1 (one) to the input of two bits. State 110) with the amplitude
% encodes the value 2 (two) to the input of two bits and |11) with the amplitude %
encodes the value 3 (three) to the input of two bits.

Next, the statement “x q[0];” on line seven of Listing 2.2 actually completes

(0 ] ) < i ) ( 7 ) | O 1
V2 I (v =1 =
()= (7 __()__<<>+<))_—(|1>+|0>)
10 i L) =) e\ 0 V2
and the statement “x q[1];” on line eight of Listing 2.2 actually completes (? (l)>

1 1
« \/_E)=<72>:L<1>=L<<0>_|_<1>>=L(|1)+IO)).Thisisto
(J% % 2\ 1 v2\\1 0 V2

say that the two statements “x q[0];” and “x q[1];” on line seven and line eight of
Listing 2.2 inverts |00) with the amplitude % (the input zero of two bits) into 111) with
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the amplitude % (its one’s complement). They inverts 101) with the amplitude % (the
input one of two bits) into [10) with the amplitude % (its one’s complement), inverts
[10) with the amplitude % (the input two of two bits) into I01) with the amplitude %
(its one’s complement) and inverts 111) with the amplitude % (the input three of two
bits) into 100) with the amplitude % (its one’s complement). This indicates that eight
instructions (eight NOT operations) of taking one’s complement to the input of two
bits are completed by means of applying two quantum operations “x q[0];” and “x
qlll;”.

Next, the statement “measure q[0] — c[0];” on line nine of Listing 2.2 is to
measure the first quantum bit q[0] and to record the measurement outcome by over-
writing the first classical bit c[0]. The statement “measure q[1] — c[1];”on line ten of
Listing 2.2 is to measure the second quantum bit q[1] and to record the measurement
outcome by overwriting the second classical bit c[1]. In the backend ibmgx4 with
five quantum bits in IBM’s quantum computers, we apply the command “simulate”
to execute the program in Listing 2.2. The measured result appears in Fig. 2.5. From
Fig. 2.5, we obtain the answer 00001 (c[4] =0, c[3] =0, ¢c[2] =0, c[1] =0=q[1]
=10) and c[0] = 1 = q[0] = 1)) with the probability 0.330. This is to say that we
obtain the one’s complement (q[1] = 10) and q[0] = I1)) with the probability 0.330
to the input two (10) of two bits. Or we obtain the answer 00010 (c[4] = 0, c[3] =
0,c[2] =0, c[1] =1 =q[l] =I1) and c[0] = 0 = q[0] = 10)) with the probability
0.260. This indicates that we obtain the one’s complement (q[1] = I1) and q[0] =10))
with the probability 0.260 to the input one (01) of two bits. Or we obtain the answer
00011 (c[4] =0,¢c[3]=0,c[2] =0, c[l] =1 =q[1] =11) and c[0] =1 = q[0] =
[1)) with the probability 0.210. This implies that we obtain the one’s complement
(q[1] = I1) and q[0] = I1)) with the probability 0.210 to the input zero (00) of two
bits. Or we obtain the answer 00000 (c[4] = 0, c[3] =0, ¢[2] =0, c[1] =0 =q[1]
= 10) and c[0] = 0 = q[0] = 10)) with the probability 0.200. This is to say that we
obtain the one’s complement (q[1] = 10) and q[0] = 10)) with the probability 0.200
to the input three (11) of two bits.

Fig. 2.5 After the measurement to the program in Listing 2.2 is completed, we obtain the answer
00001 with the probability 0.330 or the answer 00010 with the probability 0.260 or the answer
00011 with the probability 0.210 or the answer 00000 with the probability 0.200
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2.2 The Toffoli Gate of Three Quantum Bits

The Toffoli gate that is also known as the controlled-controlled-NOT or CCNOT
gate of three quantum bits is

10000000
01000000
00100000
00010000
Yeen =1 00001000 | 2.2)
00000100
00000001

00000010

Itis assumed that U ccy™ is the conjugate-transpose matrix of U ccy and is equal to

10000000
01000000
00100000
((Ueen)®)' = 8 8 8 (1) (1) 8 8 8 , where the * is the complex conjugation and the
00000100
00000001
00000010
10000000
01000000
00100000
t is the transpose operation. Because Uccy X (Ucen)*) = 8 8 g (1) (1) 8 8 8
00000100
00000001
00000010
10000000 10000000
01000000 01000000
00100000 00100000
00010000 00010000
00001000 | = Wea™ > Ueax = f55001000] *
00000100 00000100
00000001 00000001
00000010 00000010
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10000000
01000000
00100000
00010000
00001000
00000100
00000010
00000001

61

, Uccn 1s a unitary matrix or a unitary

operator. This indicates that the controlled-controlled-NOT or CCNOT gate (the
Toffoli gate) Uccy is one of quantum gates with three quantum bits. The quantum
state /ol000) + /,1001) + [51010) + 31011) + 141100) + I51101) + l41110) + I71111)
is written in a vector notation as

lo
Iy
I
L
Iy
s
ls
I

(2.3)

The first entry [ is the amplitude for |000). The second entry /; is the amplitude
for 1001). The third entry I, is the amplitude for 1010). The fourth entry /5 is the
amplitude for [011). The fifth entry I is the amplitude for [100). The sixth entry /s is
the amplitude for [101). The seventh entry /¢ is the amplitude for I110) and the eighth
entry /7 is the amplitude for I111). The CCNOT gate U ¢y takes it as its input state
vector and generates the output to be

10000000 lo o 1
01000000 I I 0
00100000 L L 0
00010000 || _|h|_, [0
00001000 s Iy 0
00000100 I Is 0
00000001 ls I 0
00000010 l; s 0
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0 0 0 0
1 0 0 0
0 1 0 0
+ 8 + 1 8 + 13 (l) + U (l)
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0
0 0 0
0 0 0
+ s 8 + 17 8 + s 8
1 0 0
0 1 0
0 0 1

= 15|000) + 1,]001) + 1,010) + £5]011)
+ 141100) + I5]101) + I5]110) + Ig|111).  (2.4)

This is to say that the CCNOT gate U ccy converts three quantum bits from one
state [pl000) 4 1;1001) + [51010) 4 131011) + 141100) 4 IsI1101) 4 [s1110) + 151111} to
another state /ol000) + /;1001) + [51010) 4+ /31011) + 141100) + I51101) + I71110) +
l6I111). This implies that in the CCNOT gate U ccy if the two control quantum bits
(the first quantum bit and the second quantum bit) is set to 0, then the target quantum
bit (the third quantum bit) is left alone. If the two control quantum bits (the first
quantum bit and the second quantum bit) is both set to 1, then the CCNOT gate U ccn
flips the target quantum bit (the third quantum bit). The probability of measuring a |0)
1000y}, 1) 1001),1010),1011),1100) or 1101} is unchanged, the probability of measuring
a10) 1110) is II71? and the probability of measuring a |0) [111) is ll¢|> after using the
10000000
01000000
00100000
. > 100010000
CCNOT gate UCCN~ Since (UCCN) = UCCN X UCCN = 00001000 X
00000100
00000001

00000010
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C1 Cl
C3 C2
T —&———— T&C 1C3

Fig. 2.6 The circuit representation of the CCNOT gate

10000000 10000000
01000000 01000000
00100000 00100000
883(1)?888 888(1)(1)888 , using the CCNOT gate U ccy twice to
00000100 00000100
00000001 00000010
00000010 00000001

a state is equivalent to do nothing to it. The graphical representation of the CCNOT
gate Uccy appears in Fig. 2.6. In Fig. 2.6, the left top two wires are control bits that
are unchanged by the action of the CCNOT gate. The bottom wire is a target bit
that the action of the CCNOT gate flips it if both control bits are set to one (1), and
otherwise is left alone, where @ is addition modulo two.

2.2.1 Implementing the Toffoli Gate of Three Quantum Bits

The Toffoli gate has three input bits and three output bits. Its truth table appears
in Table 2.2. In IBM Q Experience, in the backend simulator, it now provides
one quantum instruction (operation) of implementing the CCNOT gate (the Toffoli
gate) with three quantum bits. But in the backend ibmgx4, it does not support the
Toffoli gate. We decompose CCNOT gate into six CNOT gates and nine gates of
one quantum bit that appear in Fig. 2.7. In Fig. 2.7, H is the Hadamard gate, T =

1 0 1 0 . .
|:O N TxE i| and T+ = [0 I i| In IBM Q Experience, the available gates

are that CNOT is the only gate with two quantum bits and the other gates act on
single quantum bit and they are introduced in the previous chapter. In the backend
ibmgx4 with five quantum bits, there are only six pairs of CNOT gates. Connectivity
of the CNOT gate in the backend ibmgx4 with five quantum bits appears in Fig. 1.32
in Sect. 1.11.1.
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Table 2.2 The truth table for the Toffoli gate with three input bits and three output bits

Input Output
C Cs T C Cy T
0 0 0 0 0 0
0 1 0 0 1 0
1 0 0 1 0 0
1 1 0 1 1 1
0 0 1 0 0 1
0 1 1 0 1 1
1 0 1 1 0 1
1 1 1 1 1 0
@
——  A{Ee{rfte{re{re{THE——

Fig. 2.7 Decomposing CCNOT gate into six CNOT gates and nine gates of one bit

In Listing 2.3, the program in the backend ibmgx4 with five quantum bits in
IBM'’s quantum computer is the third example of the second chapter in which we
illustrate how to write a quantum program to implement a Toffoli gate (a CCNOT
gate) of three quantum bits. Figure 2.8 is the corresponding quantum circuit of the
program in Listing 2.3. The statement “OPENQASM 2.0;” on line one of Listing
2.3 is to indicate that the program is written with version 2.0 of Open QASM.
Next, the statement “include “gelibl.inc”;” on line two of Listing 2.3 is to continue
parsing the file “qelibl.inc” as if the contents of the file were pasted at the location
of the include statement, where the file “qelibl.inc” is Quantum Experience (QE)

Standard Header and the path is specified relative to the current working directory.

a1 o —JER ' & n_?_n_?__ﬂ_
at21 o | . A

ql3] o

ql4] o

cof

Fig. 2.8 The corresponding quantum circuit of the program in Listing 2.3
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Listing 2.3 The program of implementing a CCNOT gate of three quantum bits.

OPENQASM 2.0;
include “qelib1.inc”;
qreg q[51;

creg c[5];

hq[l];

hq[2];

h q[0];

cx q[1], q[0];

tdg q[0];

10. cx q[2], q[0];

11. tq[O0];

12. cxq[1], q[O];

13. tdg q[0];

14. cxq[2], q[0];

15. tq[O0];

16. tq[l];

17. hq[O];

18. cxq[2], q[1];

19. tdgq[l];

20. tq[2];

21. cxq[2], q[1];

22. measure q[0] — c[0];
23. measure q[1] — c[1];
24. measure q[2] — c[2];

2 g on s D=

Next, the statement “qreg q[5];” on line three of Listing 2.3 is to declare that in
the program there are five quantum bits. In the left top of Fig. 2.8, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum bit
is set to 10). We apply three quantum bits q[2], gq[1] and q[0] to encode subsequently
the first control bit, the second control bit and the target bit. For the convenience of
our explanation, q[k]0 for 0 < k < 4 is to represent the value 0 of q[k] and g[k]' for
0 < k < 4 is to represent the value 1 of q[k]. Similarly, for the convenience of our
explanation, an initial state vector of implementing a Toffoli gate is as follows:

|®o) = |q[21%)|ql11°)|q[01°) = 10)]0)|0) = [000).

Then, the statement “creg c[5];” on line four of Listing 2.3 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 2.8, five classical bits
are respectively c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit
is set to zero (0). Classical bit c[4] is the most significant bit and classical bit c[0] is
the least significant bit.
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Next, the two statements “h q[1];” and “h q[2];”on line five and line six of Listing
2.3 implement two Hadamard gates of the first time slot of the quantum circuit in

1L L
Fig. 2.8 and both actually complete (‘/li ‘/El ) X <(1)) = (@) = %(i) =
22 V2

1 1 0 _ 1 .. .
W <<0 + | = 7§(|O) + I1)). This is to say that converting q[1] from one

state 10) to another state %(IO} + 1)) (its superposition) and converting q[2] from
one state |0) to another state \/Li (10) + I1)) (its superposition) are completed. Thus,
the superposition of the two quantum bits q[2] and q[1] is (\/%(IO) + 11))) (%(IO) +
1)) = %(IO) [0) +10) 11) 4 11) 10) +11) I1)) = %(IOO) +101) 4 110) + 111)). Because
in the first time slot of the quantum circuit in Fig. 2.8 there is no quantum gate to act
on the quantum bit g[0], its state 10) is not changed. Therefore, after using the two
statements “h q[1];” and “h q[2];”on line five and line six of Listing 2.3 implement
two Hadamard gates in the first time slot of the quantum circuit in Fig. 2.8, the
following new state vector is

1
[©1) = 5(10)10)10) +0)1)]0) + [1)[0)[0) + [1)]1)10))

1
= §(|000) 4+ 1010) 4 [100) + [110)).

The next 12 time slots in the quantum circuit of Fig. 2.8 implement a Toffoli gate.
Next, the statement “h q[0];” on line seven of Listing 2.3 takes the new state vector
D) = %(IOOO) 4+ 1010) + 1100) 4 1110)) as its input and completes one Hadamard
gate for q[0] in the second time slot. This is to say that the statement “h q[0];”
converts q[0] from one state 10) to another state \%(IO) + I1)) (its superposition).
Because there is no other quantum gate in the second time slot to act on quantum
bits q[2] and q[1], their states are not changed. Therefore, after using the statement
“h q[0];” on line seven of Listing 2.3 completes one Hadamard gate for q[0] in the
second time slot, the following new state vector is

B R
V2 V2

1 1
1)]0) — (|0 1 H1)—(0 1
+I1)| )ﬂ(| )+ 11) +11)] >ﬁ(| )+ | ))>

1
= ——=(]000) + |001) + 010} + 011
Zﬁ(l ) +1001) 4 [010) + |011)

+1100) + [101) 4 |110) + [111)).

1
|d>2>=§(|0)|0> (10) 4 1)) 4 10)[1) —=(10) + [1))

Next, the statement “cx q[1], q[0];” on line eight of Listing 2.3 takes the new state
vector |®y) = ﬁ(IOOO) +1001) 4+ 1010) +1011) +1100) + 1101) 4+ 1110) + 1111))
as its input and completes one CNOT gate for q[1] and q[0] in the third time slot. If
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the value of the control bit q[1] is equal to one, then the statement “cx q[1], q[0];”
flips the value of the target bit q[0]. Otherwise, it is not changed. Because there is no
other quantum gate in the third time slot to act on quantum bit q[2], its state is not
changed. Hence, after using the statement “cx q[1], q[0];” on line eight of Listing
2.3 implements one CNOT gate for q[1] and q[0] in the third time slot, the following
new state vector is

! (1000) + 1001) + |011) + |010)
2V2
+[100) + [101) + [111) + |110)).

|®3) =

Next, the statement “tdg q[0];” on line nine of Listing 2.3 takes the new state
vector |P3) = ﬁi (1000) +1001) +1011) + 1010) + 1100) + 1101) + 1111) + 1110))
as its input and completes one 7™ gate for q[0] in the fourth time slot. If the value of
q[0] is equal to one, then the statement “tdg q[0];” changes its phase as (e~ ¥V=Ixg),
Otherwise, its phase is not changed. There is no other quantum gate in the fourth
time slot to act on quantum bits q[2] and q[1], so their states are not changed. Thus,
after using the statement “tdg q[0];” on line nine of Listing 2.3 completes one 7*
gate for q[0] in the fourth time slot, the following new state vector is

1
23/2
H1100) + e~ VTXE101) 4 e~ VIXE 111 4 |110>).

|by) = (|ooo> + e VT 1001) + e YT |011) + 010)

Next, the statement “cx q[2], q[0];” on line ten of Listing 2.3 takes the new state
vector |P,) = %ﬁaoom + e DYEIXE001) + e~ V=IXT1011) + 1010) + 1100) +
e DYIIXE101) + e’lxﬁx%llll) + 1110}) as its input and completes one CNOT
gate for q[2] and q[0] in the fifth time slot. If the value of the control bit q[2] is
equal to one, then the statement “cx q[2], q[0];” flips the value of the target bit g[0].
Otherwise, it is not changed. Because there is no other quantum gate in the fifth time
slot to act on quantum bit q[ 1], its state is not changed. Thus, after using the statement
“cx q[2], q[0];” on line ten of Listing 2.3 completes one CNOT gate for q[2] and
q[0] in the fifth time slot, the following new state vector is

1
23/2
4 e YT 100) 4 e YN |110) 4 |111)).

|bs) = (|ooo> + e VT 001 + e YTIXT011) 4 010) + [101)

Next, the statement “t q[0];” on line eleven of Listing 2.3 takes the new state
vector |Ps) = %ﬁaoom + e DYEIXE001) + e~ V=IXT1011) 4+ 1010) + 1101) +

e~ V=IXE1100) + e Y=T*T1110) + 1111)) as its input and completes one T gate
for q[0] in the sixth time slot. If the value of q[0] is equal to one, then the statement
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“t q[0];” changes its phase as (elx*m *%). Otherwise, its phase is not changed. Since
there is no other quantum gate in the sixth time slot to act on quantum bits q[2] and
q[1], their states are not changed. Hence, after using the statement “t q[0];” completes
one T gate for q[0] in the sixth time slot on line eleven of Listing 2.3, the following
new state vector is

1
2V2
(1T s VERE N 011) + [010) + €V [101)

| D) = (|000> + (elxﬁx% x e*“ﬁx%)won

+ e VIR 100) + e YIIXE110) 4 XV 111)

1 .
— —(1000) + [001) 4+ [011) + [010) + V=% |101)
2ﬁ<

e PVIXE100) + YT [110) + YT 1) ).

Next, the statement “cx q[1], q[0];” on line twelve of Listing 2.3 takes the
new state vector |®g) = 2—%0000) +1001) 4 1011) + 1010) + e *vV=1x%1101) +

e DVYIIXE100) + e PVIIXEI110) + e *VYTT*T1111)) as its input and performs
one CNOT gate for q[1] and q[0] in the seventh time slot. If the value of the control
bit q[1] is equal to one, then the statement “cx q[1], q[0];” flips the value of the target
bit q[0]. Otherwise, it is not changed. There is no other quantum gate in the seventh
time slot to act on quantum bit q[2], so its state is not changed. Therefore, after using
the statement “cx q[1], q[0];” on line twelve of Listing 2.3 implements one CNOT
gate for q[1] and q[0] in the seventh time slot, the following new state vector is

1 .
|®;) = —<|000) +1001) + [010) + [011) + " *¥=1x%101)
LW

e VI [100) + YT 11T) 4 VT 10) ).

Next, the statement “tdg q[0];” on line thirteen of Listing 2.3 takes the new state
vector |®7) = ﬁ(IOOO) +1001) + 1010) + 1011) + " *V=1x51101) 4 e~ DV=1x%

1100) 4+ e~ P>Y=IXT111) 4 ¢'*¥V=T*%1110)) as its input and finish one T+ gate for
q[0] in the eighth time slot. If the value of q[0] is equal to one, then the statement
“tdg q[0];” changes its phase as (e Y=1xT) Otherwise, its phase is not changed.
Because there is no other quantum gate in the eighth time slot to act on quantum
bits q[2] and q[1], their states are not changed. Hence, after using the statement “tdg
q[0];” on line thirteen of Listing 2.3 completes one T+ gate for q[0] in the eighth
time slot, the following new state vector is

] . .
|Dg) = ﬁ(wom + e VITEI001) + [010) 4+ eV TXE [011)
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(VT s P 101) 4 VT 100)

+(e*1xﬁx% X e*lxﬁx%)un) + elxﬂx%um)).

R

Next, the statement “cx q[2], q[0];” on line fourteen of Listing 2.3
takes the new state vector |dg) = ﬁi(IOOO) + e PY=IXE1001) + 1010)
+ e XVIIEIOLL) 4 (e VEIXE x oVEIXII0L) + e XVEIXE100) +
(e’lx‘mx% X e’lxﬁx%)lllm + elXHX%IIIO)) as its input and completes one
CNOT gate for q[2] and q[0] in the ninth time slot. If the value of the control bit q[2]
is equal to one, then the statement “cx q[2], q[0];” flips the value of the target bit
q[0]. Otherwise, it is not changed. Since there is no other quantum gate in the ninth
time slot to act on quantum bit q[1], its state is not changed. Thus, after using the
statement “cx q[2], q[0];” on line fourteen of Listing 2.3 completes one CNOT gate
for q[2] and q[0] in the ninth time slot, we obtain the following new state vector

1
272
+1100) + e~ *V=T%5101) + (e—'xﬁx% x e—'xﬁx%)ulo)

+e1xﬁx%|111>).

|Dg) = (|ooo> + e VT 1001) + 1010) 4+ e~ XVIXE|011)

Next, the statement “t q[0];” on line fifteen of Listing 2.3 takes the new state
vector |®g) = ﬁiuoom + e PVEIXE001) 4 1010) + e~ *V=IXE011) 4 1100) +
e DVIIXE101) + (e PVTIXE x e PYEIXE)110) + e *VTTXT1111)) as its input
and performs one T gate for q[0] in the fenth time slot. If the value of q[0] is equal
to one, then the statement “t q[0];” changes its phase as (e' xv/=Ixg ). Otherwise, its
phase is not changed. There is no other quantum gate in the tenth time slot to act
on quantum bit [2], so its state is not changed. Hence, after using the statement “t
q[0];” on line fifteen of Listing 2.3 completes one T gate for q[0] in the fenth time
slot, the following new state vector is

1
272
+ (elxﬂx% x e—lxﬁx%)mm +1100)

+ (elxdjlx% % e—lxﬁx%)|101>

+<efl><\/jl><% % e*lX«/le%>|110) + (elxﬁx% Xelx\/jlx%)llll)>

|®yo) = (|000> + (e“ﬁx% x e*lxﬁx%)mm) +1010)

1
= ——=(|000) + |001) 4 |010) 4 |011) + [100) + |101
2ﬁ(| ) +1001) +1010) + [011) 4 [100) + [101)

_'_(eflx\/jlx% x e*lX\/?lX%)|110) + (elx\/jlx% Xelx\/?lx%>|111)>.
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Next, the statement “t q[1];” on line sixteen of Listing 2.3 takes the new state
vector Do) = Z—k(IOOO) 4+ 1001) + 1010) + 1011) + 1100) + 1101) + (e~ v/ =1x%

x e PYVEI)110) + (eVTI*E x e *VTIX)I111)) as its input and completes
one T gate for q[1] in the fenth time slot. If the value of q[1] is equal to one, then
the statement “t q[1];” changes its phase as (ePY=1x%). Otherwise, its phase is not
changed. Because there is no other quantum gate in the fenth time slot to act on
quantum bit q[2], so its state is not changed. Therefore, after using the statement “t
q[1];” on line sixteen of Listing 2.3 completes one T" gate for q[1] in the fenth time
slot, the following new state vector is

] .
@) = ﬁOOOO) +1001) + *¥=Tx5010)

T+ VEIXE011) 4 [100) + |101)
+ (elxﬁx% Xe—lxﬁx% x e—lxﬁx%>|110)

Next, the statement “h q[0];” on line seventeen of Listing 2.3 takes the new
state vector |®y;) = 2—%0000) +1001) + e"*V=1xX51010) + " V=1x51011) +

[100) + 1101) + (e"*V=1xF x o= 1xV=IxE y o=DV=Ixgy110) 4 (e!*V=TxF x
eV TIXT oIV EIxg )I111)) as its input and completes one Hadamard gate for q[0]
in the eleventh time slot. If the value of q[0] is equal to one, then its state is changed
as \/LE(IO) — I1)). Otherwise, its state is changed as %(IO) + I1)). Hence, after using
the statement “h q[0];” on line seventeen of Listing 2.3 completes one Hadamard
gate for q[0] in the eleventh time slot, the following new state vector is

1 /2 2
®,) = —— [ —=]000 = ‘Xﬁxi> 010
[P12) 2«/§<«/§| )+(ﬁxe |010)

2 .2
+21100) 4 (e VIxE x—> 111)
ﬁ' ) ( ﬁ' )

1 . .
= §(|000> + VETXE1010) + [100) + e’lxﬁxﬂlll)).

Next, the statement “cx q[2], q[1];” on line eighteen of Listing 2.3 takes the new
state vector [®15) = 1(1000) + e *¥=1*51010) + 1100) + e~ "*V=T*F111)) as its
input and performs one CNOT gate for q[2] and q[1] in the eleventh time slot. If the
value of the control bit q[2] is equal to one, then the statement “cx q[2], q[1];” flips
the value of the target bit q[ 1]. Otherwise, its value is not changed. Hence, after using
the statement “cx q[2], q[1];” on line eighteen of Listing 2.3 completes one CNOT
gate for q[2] and q[1] in the eleventh time slot, the following new state vector is
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|®y3) = E(|000> +VTTXE1010) + [110) + e—‘xﬁxmon).

Next, the statement “tdg q[1];” on line nineteen of Listing 2.3 takes the new state
vector [®3) = 1(1000) + e *V=TX%1010) + 1110) + e~'*¥=1%%1101)) as its input
and completes one T+ gate for q[ 1] in the twelfth time slot. If the value of [ 1] is equal
to one, then the statement “tdg q[1];” changes its phase as (¢~ xV=Ixg ). Otherwise,
its phase is not changed. There is no other quantum gate in the rwelfth time slot to act
on quantum bit q[0], so its state is not changed. Hence, after using the statement “tdg
q[1];” on line nineteen of Listing 2.3 completes one T+ gate for q[1] in the twelfth
time slot, the following new state vector is

1 . .
|Byg) = 5(|000> + (e*”ﬁﬁ X elxﬁXz)|010)
e VT 110) 4 o7V 101)).

Next, the statement “t q[2];” on line twenty of Listing 2.3 takes the new state
vector [®14) = 1(1000) + (e*V=TxTF x V=IX9)010) + = *V=1x51110) +
e~ xV=1 X%1101)) as its input and completes one T gate for q[2] in the rwelfth time
slot. If the value of q[2] is equal to one, then the statement “t [2];” changes its phase
as (elxﬁ X%). Otherwise, its phase is not changed. There is no other quantum gate
in the rwelfth time slot to act on quantum bit q[0], so its state is not changed. Hence,
after using the statement “t q[2];” on line twenty of Listing 2.3 completes one 7 gate
for q[2] in the twelfth time slot, the following new state vector is

1 x x
1Dys) = 5(|000> +1010) + (elxﬁﬁ X e*“ﬁﬁ)mo)
_{_(elx\/jlx% > eflxﬂx%>|101>>

= %(IOOO) +1010) + [110) + [101)).

Next, the statement “cx q[2], q[1];” on line twenty-one of Listing 2.3 takes the
new state vector |®5) = %(IOOO) +1010) + [110) + 1101)) as its input and performs
one CNOT gate for q[2] and q[1] in the thirteenth time slot. If the value of the control
bit q[2] is equal to one, then the statement “cx q[2], q[1];” flips the value of the target
bit g[1]. Otherwise, its value is not changed. Because there is no other quantum gate
in the thirteenth time slot to act on quantum bit q[0], its state is not changed. Thus,
after one CNOT gate for q[2] and q[1] in the thirteenth time slot is completed by the
statement “cx q[2], q[1];” on line twenty-one of Listing 2.3, the following new state
vector is obtained:

|D16) = %(|000> +010) + |100) + |111)).
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Fig. 2.9 After the measurement to the program in Listing 2.3 is completed, we obtain the answer
00100 with the probability 0.260 or the answer 00010 with the probability 0.250 or the answer
00111 with the probability 0.250 or the answer 00000 with the probability 0.240

Next, the statement “measure q[0] — c[0];” on line twenty-two of Listing 2.3
is to measure the first quantum bit q[0] and to record the measurement outcome by
overwriting the first classical bit c[0]. The statement “measure q[1] — ¢[1];” on line
twenty-three of Listing 2.3 is to measure the second quantum bit q[1] and to record
the measurement outcome by overwriting the second classical bit c[1]. Next, the
statement “measure q[2] — c[2];” on line twenty-four of Listing 2.3 is to measure
the third quantum bit q[2] and to record the measurement outcome by overwriting
the third classical bit c[2]. In the backend ibmgx4 with five quantum bits in IBM’s
quantum computers, we use the command “simulate” to execute the program in
Listing 2.3. The measured result appears in Fig. 2.9.

From Fig. 2.9, we obtain the answer 00100 (c[4] = 0, c[3] =0, c[2] = 1 = q[2]
=11), c[1] = 0 =q[1] = 10) and c[0] = 0 = q[0] = 10)) with the probability 0.260.
Because the value of the first control bit q[2] is equal to one and the value of the
second control bit g[1] is equal to zero, the value of the target bit q[0] is not changed
and is equal to zero with the probability 0.260. Or we obtain the answer 00010 (c[4]
=0,c[3]=0,c[2]=0=q[2] =10),c[1] =1 =q[1] =11) and c[0] = 0 = q[0] =
[0)) with the probability 0.250. The value of the first control bit q[2] is equal to zero
and the value of the second control bit q[1] is equal to one, so the value of the target
bit q[0] is not changed and is equal to zero with the probability 0.250.

Or we obtain the answer 00111 (c[4] =0, c[3] =0, c[2] =1 =q[2] =I1),c[1] =
1 =q[1] =11) and c[0] = 1 = q[0] = I1)) with the probability 0.250. The value of
the first control bit q[2] is equal to one and the value of the second control bit q[1] is
also equal to one. Therefore, the CCNOT gate that implements one AND operation
flips the value of the target bit q[0] and the value of the target bit q[0] is equal to
one with the probability 0.250. Or we obtain the answer 00000 (c[4] = 0, c[3] =0,
c[2] =0 =q[2] =10), c[1] = 0 = q[1] = 10) and c[0] = 0 = q[0] = I0)) with the
probability 0.240. Because the value of the first control bit q[2] is equal to zero and
the value of the second control bit q[1] is equal to zero, the value of the target bit
q[0] is not changed and is equal to zero with the probability 0.240.
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2.3 Introduction to AND Operation

The AND operation of a bit obtains two inputs of a bit and produces one single
output of a bit. If the value of the first input is one (1) and the value of the second
input is one (1), then it generates a result (output) of one (1). Otherwise, the result
is zero (0). A symbol “A” is used to represent the AND operation. Therefore, the
AND operation of a bit that has two inputs of a bit is the following four possible
combinational results:

0A0=0
oAnl=0
IA0=0
IAl=1 (2.5)

The value of a Boolean variable (a bit) is only zero (0) or one (1). Thus, AND of
two Boolean variables (two inputs of a bit) q[2] and q[1], written as q[2] A q[1] is
equal to one (1) if and only if q[2] and q[1] are both one (1). Similarly, q[2] A q[1]
is equal to zero (0) if and only if either q[2] or q[1], or both, are zero (0). We use a
truth table with logic operation to represent all possible combinations of inputs and
the corresponding outputs. Hence, the rules in (2.5) for the AND operation of a bit
that has two inputs of a bit and generates one output of a bit may be expressed in the
form of a truth table that appears in Table 2.3.

2.3.1 Quantum Program of Implementing AND Operation

We use one CCNOT gate that has three quantum input bits and three quantum output
bits to implement AND operation of a classical bit that has two inputs of a classical
bit and generates one output of a classical bit. We use the two control bits C; and
C, of the CCNOT gate to encode two inputs q[2] and q[1] of a classical bit in AND
operation of a classical bit. We apply the target bit T' of the CCNOT gate to store one
output q[2] A g[1] of a classical bit in AND operation of a classical bit. Using the

Table 2.3 The truth table for the AND operation of a bit that has two inputs of a bit and generates
one output of a bit

Input Output
ql2] ql1] q[2] A q[1]
0 0 0

0 1 0

1 0 0

1 1 1
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form of a truth table that appears in Table 2.4 expresses the rule of using one CCNOT
gate to implement AND operation. Its graph representation appears in Fig. 2.10. The
initial state of the target bit in the CCNOT gate in Fig. 2.10 is set to 10).

In Listing 2.4, the program in the backend ibmgx4 with five quantum bits in
IBM'’s quantum computer is the fourth example of the second chapter in which we
describe how to write a quantum program to implement AND operation of a classical
bit by means of using one CCNOT gate of three quantum bits. Figure 2.11 is the
corresponding quantum circuit of the program in Listing 2.4. The statement “OPEN-
QASM 2.0;” on line one of Listing 2.4 is to point out that the program is written with
version 2.0 of Open QASM. Next, the statement “include “qelibl.inc”;” on line two
of Listing 2.4 is to continue parsing the file “qelibl.inc” as if the contents of the file
were pasted at the location of the include statement, where the file “qelibl.inc” is
Quantum Experience (QE) Standard Header and the path is specified relative to
the current working directory.

Table 2.4 The truth table of using one CCNOT gate to implement AND operation

Input Output
Cy Cy T Ci (&) T =q[2] A q[1]
0 0 0 0 0 0
0 1 0 0 1 0
1 0 0 1 0 0
1 1 0 1 1 1

A

-
N [ |
0> D 0>

Fig. 2.10 The quantum circuit of implementing AND operation of a classical bit

Fig. 2.11 The corresponding quantum circuit of the program in Listing 2.4
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Listing 2.4 The program of using one CCNOT gate to implement AND operation.

OPENQASM 2.0;
include “qelib1.inc”;
qreg q[51;

creg c[5];

hq[l];

hq[2];

h q[0];

cx q[1], q[0];

tdg q[0];

10. cx q[2], q[0];

11. tq[O0];

12. cxq[1], q[O];

13. tdg q[0];

14. cxq[2], q[0];

15. tq[O0];

16. tq[l];

17. hq[O];

18. cxq[2], q[1];

19. tdgq[l];

20. tq[2];

21. cxq[2], q[1];

22. measure q[0] — c[0];
23. measure q[1] — c[1];
24. measure q[2] — c[2];

2 g on s D=

Then, the statement “qreg q[5];” on line three of Listing 2.4 is to declare that in
the program there are five quantum bits. In the left top of Fig. 2.11, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum bit
is set to 10). We use three quantum bits q[2], q[1] and q[0] to encode respectively the
first control bit, the second control bit and the target bit. This is to say that we apply
quantum bits q[2] and q[1] to encode two inputs of a classical bit in AND operation
of a classical bit and use quantum bit q[0] to store the result of AND operation of
a classical bit. For the convenience of our explanation, q[k]O forO0 <k <4isto
represent the value of q[k] to be zero (0) and q[k]' for 0 < k < 4 is to represent
the value of q[k] to be one (1). Similarly, for the convenience of our explanation, an
initial state vector of implementing AND operation of a classical bit is as follows:

|A0) = |ql21°)|al11°)|q[0]°) = 10)[0)[0) = 1000).

Next, the statement “creg c[5];” on line four of Listing 2.4 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 2.11, five classical bits
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are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit
is set to zero (0). Classical bit c[4] is the most significant bit and classical bit c[0] is
the least significant bit.

Next, the two statements “h q[1];” and “h q[2];”on line five and line six of Listing
2.4 implement two Hadamard gates of the first time slot of the quantum circuit in
Fig. 2.11. This implies that the statement “h q[1];” converts q[1] from one state 10)
to another state JLE(IO) + I1)) (its superposition) and the statement “h q[2];” converts

q[2] from one state |0) to another state J%(IO) =+ I1)) (its superposition). In the first
time slot of the quantum circuit in Fig. 2.11 there is no quantum gate to act on the
quantum bit q[0], so its state |0) is not changed. Thus, after using the two statements “h
q[1];” and “h q[2];”on line five and line six of Listing 2.4 implement two Hadamard
gates in the first time slot of the quantum circuit in Fig. 2.11, the following new state
vector is

1
[41) = 5(10)0)]0) + 10} 1)]0) + [1)]0)]0) + [1)[1)10))
= %(IOOO) 4+ 1010) + [100) + [110)).

In the new state vector |A;), four combinational states of quantum bits q[2] and
q[1] with that the amplitude of each combinational state is % encode all of the possible
inputs for AND operation of a classical bit. The initial state of quantum bit q[0] in
four combinational states of quantum bits q[2] and q[1] is |0) and it stores the result
for AND operation of a classical bit.

The next 12 time slots in the quantum circuit of Fig. 2.11 implement AND opera-
tion of a classical bit by means of implementing one CCNOT gate. There are fifteen
statements from line seven through line twenty-one in Listing 2.4. The front eight
statements are “h q[0];”, “cx q[1], q[0];”, “tdg q[0];”, “cx q[2], q[0];”, “t q[0];”, “cx
q[1], q[0];”, “tdg q[0];” and “cx q[2], q[0];”. The last seven statements are “t q[0];”,
“tq[1]:", “h q[0]:", “cx q[2]. q11:", “tdg q[11:", “t q[2];” and “cx q[2], q[1];". They
implement each quantum gate from the second time slot through the thirteenth time
slot in Fig. 2.11. They take the new state vector |A;) = %(IOOO) + 1010) + 1100) +
[110)) as the input in the second time slot and complete AND operation of a classical
bit. This gives that the following new state vector is

1
|A16) = 5(1000) +1010) + [100) + [111)).

Next, three measurements from the fourteenth time slot through the sixteenth time
slot in Fig. 2.11 were implemented by the three statements “measure q[0] — c[0];”,
“measure q[1] — c[1];” and “measure q[2] — c[2];” on line twenty-two through line
twenty-four of Listing 2.4. They are to measure the first quantum bit q[0], the second
quantum bit q[1] and the third quantum bit q[2]. They are to record the measurement
outcome by overwriting the first classical bit c[0], the second classical bit c[1] and
the third classical bit c[2]. In the backend ibmgx4 with five quantum bits in IBM’s
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Fig. 2.12 After the measurement to the program in Listing 2.4 is completed, we obtain the answer
00010 with the probability 0.290 or the answer 00111 with the probability 0.280 or the answer
00100 with the probability 0.240 or the answer 00000 with the probability 0.190

quantum computers, we use the command “simulate” to execute the program in
Listing 2.4. The measured result appears in Fig. 2.12.

From Fig. 2.12, we obtain the answer 00010 (c[4] =0, c[3] =0, c[2] =0 = q[2]
=10), c[1] = 1 =q[1] = I1) and c[0] = 0 = q[0] = 10)) with the probability 0.290.
Since the value of the first control bit q[2] is equal to zero and the value of the second
control bit q[1] is equal to one, the value of the target bit q[0] is not changed and
is equal to zero with the probability 0.290. Or we obtain the answer 00111 (c[4] =
0,c[3]=0,c[2] =1=q[2] =11),c[l] =1 =q[l] =11) and c[0] = 1 = q[0] =
[1)) with the probability 0.280. The value of the first control bit q[2] is equal to one
and the value of the second control bit q[1] is equal to one, so the CCNOT gate that
implements one AND operation flips the value of the target bit q[0] so that the value
is equal to one with the probability 0.280.

Or we obtain the answer 00100 (c[4] =0, c[3] =0, c[2] = 1 =q[2] =11}, c[1]
=0 =q[1] =10) and c[0] = 0 = q[0] = 10)) with the probability 0.240. Because the
value of the first control bit q[2] is equal to one and the value of the second control
bit q[1] is equal to zero, the value of the target bit q[0] is not changed and is equal
to zero with the probability 0.240. Or we obtain the answer 00000 (c[4] =0, c[3] =
0,c[2] =0=q[2] =10), c[1] =0 = q[1] = 10) and c[0] = 0 = q[0] = 10)) with the
probability 0.190. The value of the first control bit q[2] is equal to zero and the value
of the second control bit q[1] is equal to zero, so the value of the target bit q[0] is not
changed and is equal to zero with the probability 0.190.

2.4 Introduction to NAND Operation

The NAND operation of a bit takes two inputs of a bit and generates one single output
of a bit. If the value of the first input is one (1) and the value of the second input
is one (1), then it yields a result (output) of zero (0). Otherwise, the result (output)
is one (1). A symbol “A” is applied to represent the NAND operation. Hence, the
NAND operation of a bit that has two inputs of a bit is the following four possible
combinational results:

(==l ]
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1AO

1Al

1
0 (2.6)

The value of a Boolean variable (a bit) is only one (1) or zero (0). Hence, NAND
of two Boolean variables (two inputs of a bit) q[2] and q[1], written as g[2] A g[1] is
equal to zero (0) if and only if q[2] and g[1] are both one (1). Similarly, g[2] A g[1]
is equal to one (1) if and only if either q[2] or q[1], or both, are zero (0). Usually
using a truth table with logic operation is to represent all possible combinations of
inputs and the corresponding outputs. Therefore, using the form of a truth table that
appears in Table 2.5 may express the rules in (2.6) for the NAND operation of a bit
that has two inputs of a bit and produces one single output of a bit.

2.4.1 Quantum Program of Implementing NAND Operation

We apply one CCNOT gate that has three quantum input bits and three quantum
output bits to implement NAND operation of a classical bit that has two inputs of
a classical bit and produces one output of a classical bit. We make use of the two
control bits C| and C, of the CCNOT gate to encode two inputs q[2] and q[1] of
a classical bit in NAND operation of a classical bit and use the target bit T of the
CCNOT gate to store one output ¢[2] A g[1] of a classical bit in NAND operation of
a classical bit. Using the form of a truth table that appears in Table 2.6 may express
the rule of applying one CCNOT gate to implement NAND operation. Its graph

Table 2.5 The truth table for the NAND operation of a bit that has two inputs of a bit and produces
one output of a bit

Input Output
q(2] q(1] q[2] A ql1]
0 0

— o=
ol=|—|=

0
1
1

Table 2.6 The truth table of applying one CCNOT gate to implement NAND operation

Input Output

Cy C, T Cy C T =q2] Aqll]
0 0 1 0 0 1

0 1 1 0 1 1

1 0 1 1 0 1

1 1 1 1 1 0
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Fig. 2.13 The quantum circuit of implementing NAND operation of a classical bit
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Fig. 2.14 The corresponding quantum circuit of the program in Listing 2.5

representation appears in Fig. 2.13. The initial state of the target bit in the CCNOT
gate in Fig. 2.13 is set to [1).

In Listing 2.5, the program in the backend ibmgx4 with five quantum bits in
IBM’s quantum computer is the fifth example of the second chapter in which we
illustrate how to write a quantum program to implement NAND operation of a
classical bitby means of applying one CCNOT gate of three quantum bits. Figure 2.14
is the corresponding quantum circuit of the program in Listing 2.5. The statement
“OPENQASM 2.0;” on line one of Listing 2.5 is to indicate that the program is written
with version 2.0 of Open QASM. Then, the statement “include “qelibl.inc”’;” on line
two of Listing 2.5 is to continue parsing the file “gelibl.inc” as if the contents of the
file were pasted at the location of the include statement, where the file “qgelibl.inc”
is Quantum Experience (QE) Standard Header and the path is specified relative
to the current working directory.

Listing 2.5 The program of applying one CCNOT gate to implement NAND
operation.

1. OPENQASM 2.0;

2. include “gelibl.inc”;
3. qregq[5];

4. cregcl[S];

5. xq[0]

6. hqll];
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7. hql2];

8. hq[0];

9. cxq[l], q[0];
10. tdg q[0];

11. cx qg[2], q[O];
12. tq[O0];

13. ex q[11, q[O];
14. tdg q[0];

15. cx 2], q[0];
16. tq[0];

17. tq[l];

18. hq[O];

19. cx g2, q[1];
20. tdgq[l];

21. tq2];

22. exq[2], q[l];
23. measure q[0] — c[0];
24. measure q[1] — c[1];
25. measure q[2] — c[2];

Next, the statement “qreg q[5];” on line three of Listing 2.5 is to declare that in
the program there are five quantum bits. In the left top of Fig. 2.14, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum
bit is set to 10). We make use of three quantum bits q[2], q[1] and q[0] to encode
respectively the first control bit, the second control bit and the target bit. This is to
say that we use quantum bits q[2] and q[1] to encode two inputs of a classical bit
in NAND operation of a classical bit and apply quantum bit q[0] to store the result
of NAND operation of a classical bit. For the convenience of our explanation, q[k]°
for 0 < k < 4 is to represent the value of q[k] to be zero (0) and q[k]1 forO<k<4
is to represent the value of q[k] to be one (1). Similarly, for the convenience of our
explanation, an initial state vector of implementing NAND operation of a classical
bit is as follows:

|Bo) = |q[21°)|q[11°)|¢[01°) = 10)|0)|0) = |000).

Next, the statement “creg c[5];” on line four of Listing 2.5 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 2.14, five classical bits
are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit
is set to zero (0). Classical bit c[4] is the most significant bit and classical bit c[0] is
the least significant bit.

Next, the three statements “x q[0];”, “h q[1];” and “h q[2];”on line five through
line seven of Listing 2.5 implement one NOT gate and two Hadamard gates of the
first time slot of the quantum circuit in Fig. 2.14. This is to say that the statement
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“x q[0];” converts q[0] from one state |0) to another state 1) (its negation). The
statement “h q[1];” converts q[1] from one state |0) to another state \/LE(IO) + 11))
(its superposition) and the statement “h q[2];” converts q[2] from one state 0) to
another state \/%(IO) + I1)) (its superposition). Therefore, after one NOT gate and
two Hadamard gates in the first time slot of the quantum circuit in Fig. 2.14 are
implemented by means of applying the three statements “x q[0];”, “h q[1];” and “h
q[2];”on line five through line seven of Listing 2.5, the following new state vector is
obtained:

1
1B1) = Z(10)I0)[1) + 10} IDID) + IDIO)}1) + [DIDIL))

%(|001> +[011) + [101) + [111)).

In the new state vector |B), four combinational states of quantum bits q[2] and
q[1] with that the amplitude of each combinational state is % encode all of the possible
inputs for NAND operation of a classical bit. The initial state of quantum bit q[0] in
four combinational states of quantum bits q[2] and q[1] is 1) and it stores the result
for NAND operation of a classical bit.

The next 12 time slots in the quantum circuit of Fig. 2.14 implement NAND
operation of a classical bit by means of implementing one CCNOT gate. There
are fifteen statements from line eight through line twenty-two in Listing 2.5. The
front eight statements are “h q[0];”, “cx q[1], q[0];”, “tdg q[0];”, “cx q[2], q[0];”, “t

q[0];”, “cx q[1], q[0];”, “tdg q[0];” and “cx q[2], q[0];”. The rear seven statements
are “tq[01", “tq[11:", “h q01;", “ex q[2], q[11;", “tdg g[1];", “t q[2];" and “cx q[2],

q[1];”. They 1mplemented each quantum gate from the second time slot through the
thirteenth time slot in Fig. 2.14. They take the new state vector |1B;) = %(IOOl) +
[011) + [101) + I111)) as the input in the second time slot and complete NAND
operation of a classical bit. This gives that the following new state vector is

|Bis) = %(|001> + [011) + [101) + [110)).

Then, three measurements from the fourteenth time slot through the sixteenth time
slot in Fig. 2.14 were implemented by the three statements “measure q[0] — c[0];”,
“measure q[1] — c[1];” and “measure q[2] — c[2];” on line twenty-three through
line twenty-five of Listing 2.5. They are to measure the first quantum bit q[0], the
second quantum bit q[ 1] and the third quantum bit q[2]. They record the measurement
outcome by overwriting the first classical bit c[0], the second classical bit c[1] and
the third classical bit c[2]. In the backend ibmgx4 with five quantum bits in IBM’s
quantum computers, we make use of the command “simulate” to execute the program
in Listing 2.5. The measured result appears in Fig. 2.15. From Fig. 2.15, we obtain
the answer 00011 (c[4] =0, c[3] =0, c[2] =0 =q[2] =10), c[1] =1 =(q[1] =
[1) and c[0] = 1 = q[0] = I1)) with the probability 0.340. Because the value of the
first control bit q[2] is equal to zero (0) and the value of the second control bit q[1]
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Fig. 2.15 After the measurement to the program in Listing 2.5 is completed, we obtain the answer
00011 with the probability 0.340 or the answer 00001 with the probability 0.300 or the answer
00101 with the probability 0.200 or the answer 00110 with the probability 0.160

is equal to one (1), the value of the target bit q[0] is not changed and is equal to one
(1) with the probability 0.340.

Or we obtain the answer 00001 (c[4] =0, c[3] =0, c[2] =0 =q[2] = 10), c[1] =
0 =q[1] =10) and c[0] = 1 = q[0] = I1)) with the probability 0.300. Since the value
of the first control bit q[2] is equal to zero (0) and the value of the second control bit
q[1] is equal to zero (0), the value of the target bit q[0] is not changed and is equal to
one (1) with the probability 0.300. Or we obtain the answer 00101 (c[4] =0, c[3] =
0,c[2]=1=q[2] =I1),c[1] =0 =q[1] =10) and c[0] = 1 = q[0] = I1)) with the
probability 0.200. The value of the first control bit q[2] is equal to one (1) and the
value of the second control bit q[1] is equal to zero (0), so the value of the target bit
q[0] is not changed and is equal to one (1) with the probability 0.200. Or we obtain
the answer 00110 (c[4] =0,¢c[3] =0,c[2] =1=q[2] =I1),c[l] =1 =q[1] =11)
and c[0] = 0 = q[0] = 10)) with the probability 0.160. The value of the first control
bit q[2] is equal to one (1) and the value of the second control bit q[1] is also equal to
one (1). Therefore, the CCNOT gate that implements one NAND operation flips the
value of the target bit q[0] so that the value is equal to zero (0) with the probability
0.160.

2.5 Introduction to OR Operation

The OR operation of a bit acquires two inputs of a bit and yields one single output
of a bit. If the value of the first input is one (1) or the value of the second input is
also one (1) or their values are both one (1), then it produces a result (output) of 1
(one). Otherwise, the result (output) is zero (0). A symbol “Vv” is used to represent
the OR operation. Thus, the OR operation of a bit that takes two inputs of a bit is
the following four possible combinational results:

ovo=0
ovli=l1
1vo=1

Ivi=1 2.7)
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Table 2.7 The truth table for the OR operation of a bit that takes two inputs of a bit and generates
one single output of a bit

Input Output
ql2] ql1] ql2] v q[1]
0 0 0

0 1 1

1 0 1

1 1 1

The value of a Boolean variable (a bit) is only one (1) or zero (0). Therefore, OR
of two Boolean variables (two inputs of a bit) q[2] and q[1], written as q[2] V q[1]
is equal to one (1) if and only if the value of q[2] is one (1) or the value of q[1] is
one (1) or their values are both one (1). Similarly, q[2] V q[1] is equal to zero (0)
if and only if the value of q[2] and the value of q[1] are both zero (0). Often using
a truth table with logic operation is to represent all possible combinations of inputs
and the corresponding outputs. Hence, the rules in (2.7) for the OR operation of a
bit that obtains two inputs of a bit and generates one single output of a bit may also
be expressed in the form of a truth table that appears in Table 2.7.

2.5.1 Quantum Program of Implementing OR Operation

We make use of one CCNOT gate that has three quantum input bits and three quantum
output bits to implement OR operation of a classical bit that obtains two inputs of
a classical bit and yields one output of a classical bit. We use the two control bits
C) and C; of the CCNOT gate to encode two inputs q[2] and g[1] of a classical bit
in OR operation of a classical bit. We apply the target bit T of the CCNOT gate to
store one output q[2] V q[1] = ¢q[2] v ¢q[1] = m A m of a classical bit in OR
operation of a classical bit.

Using the form of a truth table that appears in Table 2.8 may express the rule of
using one CCNOT gate to implement OR operation. Its graph representation appears
in Fig. 2.16. In Fig. 2.16, the first control bit (the top first wire) C; and the second

Table 2.8 The truth table of applying one CCNOT gate to implement OR operation

Input Output

C C> T Cy Cy T =q[2] v q[1]=q[2] A g[1]
0 0 1 0 0 0

0 1 1 0 1 1

1 0 1 1 0 1

1 1 1 1 1 1
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Fig. 2.16 The quantum circuit of implementing OR operation of a classical bit

control bit (the second wire) C, of the CCNOT gate respectively encode the first
input q[2] and the second input q[1] of a classical bit in OR operation of a classical
bit. In Fig. 2.16, the target bit (the bottom wire) T of the CCNOT gate is to store one
output q[2] v q[1] = ¢[2] A ¢[1] in OR operation of a classical bit.

The initial state of the target bit T in the CCNOT gate in Fig. 2.16 is set to |1).
Implementing OR operation of a classical bit takes two inputs q[2] and q[1] of a

classical bit and produces one output g[2] A g[1] of a classical bit. It is equivalent

to implement NAND operation of a classical bit that takes two inputs ¢[2] and ¢g[1]

of a classical bit and yields one output (¢[2] A ¢[1]). Therefore, in Fig. 2.16, we use
two NOT gates to operate the two control bits C; and C, of the CCNOT gate that
encode two inputs q[2] and q[1] of a classical bit and to generate their negations ¢[2]
and g[1]. Next, in Fig. 2.16, we apply one CCNOT gate to take their negations ¢[2]
and ¢[1] as the input and to complete NAND operation of a classical bit. From Table
2.8, two inputs q[2] and q[1] of a classical bit in OR operation of a classical bit that
is encoded by the two control bits C; and C, of the CCNOT gate in Fig. 2.16 are not
changed. Next, we again make use of two NOT gates to operate the two control bits

C) and C; of the CCNOT gate in Fig. 2.16 and to generate the result g[2] = q[2]

and g[1] = q[1]. This is to say that using NOT gate twice to the first control bit C|
and the second control bit C, of the CCNOT gate in Fig. 2.16 does nothing to them.

In Listing 2.6, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the sixth example of the second chapter. We introduce how to
write a quantum program to implement OR operation of a classical bit by means of
using one CCNOT gate of three quantum bits and four NOT gates of one quantum
bit. Figure 2.17 is the corresponding quantum circuit of the program in Listing 2.6.
The statement “OPENQASM 2.0;” on line one of Listing 2.6 is to point out that the
program is written with version 2.0 of Open QASM. Next, the statement “include
“gelibl.inc”;” on line two of Listing 2.6 is to continue parsing the file “qelibl.inc” as
if the contents of the file were pasted at the location of the include statement, where
the file “qelibl.inc” is Quantum Experience (QE) Standard Header and the path
is specified relative to the current working directory.

Listing 2.6 The program of using one CCNOT gate and four NOT gates to
implement OR operation.
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Then, the statement “qreg q[5];” on line three of Listing 2.6 is to declare that in
the program there are five quantum bits. In the left top of Fig. 2.17, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum
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Fig. 2.17 The corresponding quantum circuit of the program in Listing 2.6
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bit is set to 10). We use three quantum bits q[2], q[1] and q[0] to encode respectively
the first control bit, the second control bit and the target bit. This indicates that we
make use of quantum bits q[2] and q[1] to encode two inputs of a classical bit in
OR operation of a classical bit and apply quantum bit q[0] to store the result of
OR operation of a classical bit. For the convenience of our explanation, q[k]° for
0 < k < 4 is to represent the value of g[k] to be zero (0) and q[k]' for 0 < k < 4
is to represent the value of q[k] to be one (1). Similarly, for the convenience of our
explanation, an initial state vector of implementing OR operation of a classical bit
is as follows:

1Co) = [q[21°)|q[11°)|q[01°) = 10}|0)|0) = |000).

Next, the statement “creg c[5];” on line four of Listing 2.6 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 2.17, five classical bits
are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit
is set to zero (0). Classical bit c[4] is the most significant bit and classical bit c[0] is
the least significant bit.

Next, the three statements “x q[0];”, “h q[1];” and “h q[2];”on line five through
line seven of Listing 2.6 implement one NOT gate and two Hadamard gates of the
first time slot of the quantum circuit in Fig. 2.17. This implies that the statement
“x q[0];” converts q[0] from one state |0) to another state I1) (its negation), the
statement “h q[1];” converts q[ 1] from one state |0) to another state \/%(IO) + I1)) (its
superposition) and the statement “h q[2];” converts q[2] from one state 10) to another
state %(IO) + 1)) (its superposition). Hence, after one NOT gate and two Hadamard
gates in the first time slot of the quantum circuit in Fig. 2.17 are implemented by
means of using the three statements “x q[0];”, “h q[1];” and “h q[2];”on line five
through line seven of Listing 2.6, the following new state vector is obtained:

|Cy)

1
5 (10)10)1) + [0} 1)I1) + [DIOYT) + [DIT)I1)

1
§(|001) +1011) + [101) 4 |111)).

In the new state vector |C), four combinational states of quantum bits q[2] and
q[1] with that the amplitude of each combinational state is % encode all of the possible
inputs for OR operation of a classical bit. The initial state of quantum bit q[0] in
four combinational states of quantum bits q[2] and q[1] is I1) and it stores the result
for OR operation of a classical bit.

Then, the two statements “x q[1];” and “x q[2];” on line eight through line nine of
Listing 2.6 implement two NOT gates of the second time slot of the quantum circuit
in Fig. 2.17. They take the new state vector IC) = %(IOO]) +1011) + 1101) +1111))
as the input in the second time slot of Fig. 2.17. This is to say that in the new state
vector |C) the state (10) + I1)) of q[2] is converted into the state (I11) 4 10)) and the
state (I0) + 11)) of q[ 1] is converted into the state (I11) + 10)). Because there is no gate
to act on q[0], its state is not changed. Therefore, after two NOT gates in the second
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time slot of the quantum circuit in Fig. 2.17 are implemented by means of applying
the two statements “x q[1];” and “x q[2];” on line eight through line nine of Listing
2.6, the following new state vector is obtained:

1
C2) = S (DI + [DIO)L) +10)IDIT) +10)[0)]1))

1
§(|111) + [101) + |011) 4 |001)).

The next 12 time slots in the quantum circuit of Fig. 2.17 implement OR operation

ql2] v q[l] = q[2] A q[l]) of a classical bit that is equlvalent to implement NAND
operation of a classical bit with two inputs ¢[2] and ¢[1] by means of implementing
one CCNOT gate. There are fifteen statements from line ten through line twenty-
four in Listing 2.6. The front eight statements are “h q[0];”, “cx q[1], q[0];”, “tdg

ql01;”, “cx q[21, q[O1;”, “t q[0];", “cx q[11, q[0];", “tdg q[0];” and “cx q[2], q[0];".
The rear seven statements are “t q[0];”, “t q[1];”, “h q[0];”, “cx q[2], q[1];”, “tdg

q[1];”, “tq[2];” and “cx q[2], q[1];” They 1mplemented each quantum gate from the
third time slot through the fourteenth time slot in Fig. 2.17. They take the new state
vector I1C;) = %(Illl) + 1101) + 1011) + 1001)) as the input in the third time slot

and complete OR operation (q[2] Vv q[1] = g[2] A g[1]) of a classical bit. This gives
that the following new state vector is

1
|Ci7) = §(|110) + [101) + |011) + |001)).

Next, the two statements “x q[1];” and “x q[2];” on line twenty-five through line
twenty-six of Listing 2.6 implement two NOT gates of the fifteenth time slot of the
quantum circuit in Fig. 2.17. They take the new state vector IC7) = %(Il 10) +1101)
+1011) 4+ 1001)) as the input in the fifteenth time slot of Fig. 2.17. This is to say that
in the new state vector IC7) the state (I1110)) is converted into the state (1000)), the
state (1101)) is converted into the state (I011)), the state (I011)) is converted into the
state (1101)) and the state (1001)) is converted into the state (I111)). Because there
is no gate to act on q[0], its state is not changed. Thus, after two NOT gates in the
fifteenth time slot of the quantum circuit in Fig. 2.17 were implemented by means of
applying the two statements “x q[1];” and “x q[2];” on line twenty-five through line
twenty-six of Listing 2.6, the following new state vector is obtained:

|Cis) = %(|000> +(011) + [101) + [111)).

Next, three measurements from the sixteenth time slot through the eighteenth time
slot in Fig. 2.17 were implemented by the three statements “measure q[0] — c[0];”,
“measure q[1] — c[1];” and “measure q[2] — c¢[2];” on line twenty-seven through
line twenty-nine of Listing 2.6. They are to measure the first quantum bit q[0], the
second quantum bit q[ 1] and the third quantum bit q[2]. They record the measurement
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Fig. 2.18 After the measurement to the program in Listing 2.6 is completed, we obtain the answer
00101 with the probability 0.290 or the answer 00011 with the probability 0.270 or the answer
00000 with the probability 0.250 or the answer 00111 with the probability 0.190

outcome by overwriting the first classical bit c[0], the second classical bit c[1] and
the third classical bit c[2]. In the backend ibmgx4 with five quantum bits in IBM’s
quantum computers, we use the command “simulate” to execute the program in
Listing 2.6. The measured result appears in Fig. 2.18. From Fig. 2.18, we obtain the
answer 00101 (c[4] =0, c[3] =0, c[2] =1 =q[2] = 1), c[1] =0 =q[1] = 10) and
c[0] = 1 = q[0] = I1)) with the probability 0.290. In OR operation of a classical bit,
the value of the first input (the first control bit) q[2] is equal to one (1) and the value
of the second input (the second control bit) q[1] is equal to zero (0). Therefore, the
value of the output (the target bit) q[0] is equal to one (1) with the probability 0.290.

Or we obtain the answer 00011 (c[4] =0, ¢[3] =0, c[2] =0 =q[2] =10), c[1] =
1=q[1] =1) and c[0] = 1 = q[0] = I1)) with the probability 0.270. In OR operation
of a classical bit, the value of the first input (the first control bit) q[2] is equal to zero
(0) and the value of the second input (the second control bit) q[1] is equal to one
(1). Hence, the value of the output (the target bit) q[0] is equal to one (1) with the
probability 0.270. Or we obtain the answer 00000 (c[4] = 0, c[3] =0, c[2] =0 =
q[2] = 10), c[1] = 0 = q[1] = 10) and c[0] = 0 = q[0] = 10)) with the probability
0.250. In OR operation of a classical bit, the value of the first input (the first control
bit) q[2] is equal to zero (0) and the value of the second input (the second control
bit) q[1] is also equal to zero (0). Thus, the value of the output (the target bit) q[0]
is equal to zero (0) with the probability 0.250. Or we obtain the answer 00111 (c[4]
=0,c[3]=0,c[2]=1=q[2] =11),c[l]=1=q[l] =11) and c[0] = 1 =q[0] =
[1)) with the probability 0.190. In OR operation of a classical bit, the value of the
first input (the first control bit) q[2] is equal to one (1) and the value of the second
input (the second control bit) q[1] is also equal to one (1). Therefore, the value of
the output (the target bit) is equal to one (1) with the probability 0.190.

2.6 Introduction of NOR Operation

The NOR operation of a bit obtains two inputs of a bit and produces one single
output of a bit. If the value of the first input is zero (0) and the value of the second
input is zero (0), then it produces a result (output) of one (1). However, if either the
value of the first input or the value of the second input, or both of them, are one (1),
then it yields a result (output) of zero (0). A symbol “V” is applied to represent the
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Table 2.9 The truth table for the NOR operation of a bit that takes two inputs of a bit and generates
one single output of a bit

Input Output
q[2] q[1] q(2] v q[1]
0 0 1

0 1 0

1 0 0

1 1 0

NOR operation. Therefore, the NOR operation of a bit that acquires two inputs of a
bit is the following four possible combinational results:

ovo=1
0vi=0
1v0o=0
Ivi=0 (2.8)

The value of a Boolean variable (a bit) is only zero (0) or one (1). Hence, NOR
operation of two Boolean variables (two inputs of a bit) q[2] and q[1], written as
q[2] Vv q[1] is equal to one (1) if and only if the value of q[2] is zero (0) and the
value of q[1] is zero (0). Similarly, g[2] Vv g[1] is equal to zero (0) if and only if
either the value of q[2] is one (1) or the value of g[1] is one (1) or both of them are
one (1). Usually using a truth table with logic operation is to represent all possible
combinations of inputs and the corresponding outputs. Thus, the rules in (2.8) for the
NOR operation of a bit that takes two inputs of a bit and generates one single output
of a bit may also be expressed in the form of a truth table that appears in Table 2.9.

2.6.1 Quantum Program of Implementing NOR Operation

We use one CCNOT gate that has three quantum input bits and three quantum output
bits to implement NOR operation of a classical bit that acquires two inputs of a
classical bit and generates one output of a classical bit. We apply the two control
bits C and C; of the CCNOT gate to encode two inputs q[2] and q[1] of a classical
bit in NOR operation of a classical bit and make use of the target bit T’ of the
CCNOT gate to store one output ¢[2] V ¢[1] = g[2] A ¢[1] of a classical bit in NOR
operation of a classical bit. Using the form of a truth table that appears in Table 2.10
may express the rule of applying one CCNOT gate to complete NOR operation. Its
graph representation appears in Fig. 2.19. In Fig. 2.19, the first control bit (the top
first wire) C; and the second control bit (the second wire) C, of the CCNOT gate
respectively encode the first input q[2] and the second input q[1] of a classical bit in
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Table 2.10 The truth table of using one CCNOT gate to implement NOR operation

Input Output

Ci C2 T Ci C, T =q[2] v q[1] = q[2] A q[1]
0 0 0 0 0 1

0 1 0 0 1 0

1 0 0 1 0 0

1 1 0 1 1 0

— 1 N
— 1 0 —
o>—— R 0>

Fig. 2.19 The quantum circuit of implementing NOR operation of a classical bit

NOR operation of a classical bit. In Fig. 2.19, the target bit (the bottom wire) T of
the CCNOT gate is to store one output ¢[2] V g[1] = ¢[2] A ¢[1] in NOR operation
of a classical bit.

The initial state of the target bit T in the CCNOT gate in Fig. 2.19 is set to |0).
Implementing NOR operation of a classical bit takes two inputs q[2] and g[1] of a
classical bit and generates one output ¢[2] V g[1] = g[2] A ¢[1] of a classical bit. It
is equivalent to complete AND operation of a classical bit that acquires two inputs
¢[2] and ¢[1] of a classical bit and produces one output (g[2] A ¢[1]). Hence, in
Fig. 2.19, we apply two NOT gates to operate the two control bits C; and C, of the
CCNOT gate that encode two inputs q[2] and g[1] of a classical bit and to yield their
negations ¢[2] and ¢[1]. Next, in Fig. 2.19, we make use of one CCNOT gate to
obtain their negations ¢[2] and ¢[1] as the input and to implement AND operation
of a classical bit. From Table 2.10, two inputs q[2] and q[1] of a classical bit in NOR
operation of a classical bit that is encoded by the two control bits C and C, of the
CCNOT gate in Fig. 2.19 are not changed. Therefore, we again use two NOT gates
to operate the two control bits C; and C, of the CCNOT gate in Fig. 2.19 and to
produce the result ¢[2] = q[2] and ¢[1] = q[1]. This implies that using NOT gate
twice to the first control bit C; and the second control bit C; of the CCNOT gate in
Fig. 2.19 does nothing to them.

In Listing 2.7, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the seventh example of the second chapter. We describe how to
write a quantum program to implement one NOR operation with one CCNOT gate
and four NOT gates.
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Fig. 2.20 The corresponding quantum circuit of the program in Listing 2.7

Figure 2.20 is the corresponding quantum circuit of the program in Listing 2.7.
The statement “OPENQASM 2.0;” on line one of Listing 2.7 is to indicate that the
program is written with version 2.0 of Open QASM. Next, the statement “include
“gelibl.inc”;” on line two of Listing 2.7 is to continue parsing the file “qelibl.inc” as
if the contents of the file were pasted at the location of the include statement, where
the file “qelibl.inc” is Quantum Experience (QE) Standard Header and the path
is specified relative to the current workingdirectory.

Listing 2.7 The program of applying one CCNOT gate and four NOT gates to
implement NOR operation.

OPENQASM 2.0;
include “qelib1.inc”;
qreg q[5];
creg c[5];
hq[1];

h q[2];

x q[1];

x q[2];

h q[0];

10. cxq[1], g[0];
11. tdg q[O];

12. exq[2], q[0];
13. tq[O0];

14. cx q[1], q[0];
15. tdg q[0];

16. cx q[2], q[0];
17. tq[O];

18. tq[l];

19. hq[0];

20. cx q[2]. q[1];
21. tdgq[l];

22. tq[2];

PN =
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23. cx q[21, q[1];
24. xq[1];
25. xq[2];
26. measure q[0] — c[0];
27. measure q[1] — c[1];
28. measure q[2] — c[2];

Next, the statement “qreg q[5];” on line three of Listing 2.7 is to declare that in
the program there are five quantum bits. In the left top of Fig. 2.20, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum
bit is set to 10). We use three quantum bits q[2], q[1] and q[0] to encode respectively
the first control bit, the second control bit and the target bit. This is to say that we use
quantum bits q[2] and q[ 1] to encode two inputs of a classical bit in NOR operation of
a classical bit and make use of quantum bit q[0] to store the result of NOR operation
of a classical bit. For the convenience of our explanation, q[k]° for 0 < k < 4 is
to represent the value of q[k] to be zero (0) and q[k]' for 0 < k < 4 is to represent
the value of q[k] to be one (1). Similarly, for the convenience of our explanation, an
initial state vector of implementing NOR operation of a classical bit is as follows:

|Do) = |q[21°)[q[11°)|q[01°) = 10)|0)|0) = |000).

Next, the statement “creg c[5];” on line four of Listing 2.7 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 2.20, five classical bits
are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit
is set to zero (0). Classical bit c[4] is the most significant bit and classical bit c[0] is
the least significant bit.

Next, the two statements “h g[1];” and “h g[2];”on line five through line six of
Listing 2.7 implement two Hadamard gates of the first time slot of the quantum circuit
in Fig. 2.20. This is to say that the statement “h q[1];” converts q[ 1] from one state 10)
to another state %(IO) + 11)) (its superposition) and the statement “h q[2];” converts
q[2] from one state l0) to another state %(IO) + I1)) (its superposition). Because
there is no gate to act on quantum bit q[0], its state is not changed. Therefore, after
applying the two statements “h q[1];” and “h q[2];”on line five through line six of
Listing 2.7 implements two Hadamard gates in the first time slot of the quantum
circuit in Fig. 2.20, the following new state vector is

1
1D1) = =(10)10}10) + [0)[1)]0) + [1)10)]0) + [1)]1)10))

= %(|000) + |010) + |100) + [110)).

In the new state vector |1D,), four combinational states of quantum bits q[2] and
q[1] with that the amplitude of each combinational state is % encode all of the possible
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inputs for NOR operation of a classical bit. The initial state of quantum bit q[0] in
four combinational states of quantum bits q[2] and q[1] is I0) and it stores the result
for NOR operation of a classical bit.

Next, the two statements “x q[1];” and “x q[2];” on line seven through line eight
of Listing 2.7 complete two NOT gates of the second time slot of the quantum circuit
in Fig. 2.20. They take the new state vector |D) = %(IOOO) +1010) 4+ 1100) + 1110))
as the input in the second time slot of Fig. 2.20. This indicates that in the new state
vector |D;) the state (I0) + [1)) of q[2] is converted into the state (I1) 4 10)) and the
state (10) + I1)) of q[1] is converted into the state (I1) + 10)). There is no gate to act
on quantum bit q[0], so its state is not changed. Thus, after two NOT gates in the
second time slot of the quantum circuit in Fig. 2.20 are implemented by means of
using the two statements “x q[1];” and “x q[2];” on line seven through line eight of
Listing 2.7, the following new state vector is obtained:

1
1D2) = S (ININ10) + [1)]0)]0) + [0)[1)]0) +10)]0)10)
= %(|110) + [100) + |010) + |000}).

The next 12 time slots in the quantum circuit of Fig. 2.20 implement NOR opera-
tion (g[2] v ¢q[1] = q[2] Aq ¢[1]) of a classical bit that is equlvalent to complete AND
operation of a classical bit with two inputs ¢[2] and ¢[1] by means of implementing
one CCNOT gate. From line nine through line twenty-three in Listing 2.7, there are
fifteen statements. The front eight statements are “h q[0];”, “cx q[1], q[0];”, “tdg

ql0;”, “cx q[2], q[0:”, “t q01:", “cx q[1], q[0:", “tdg q[0J:" and “cx q[2], q[0;".
The rear seven statements are “t q[0];”, “t q[1];”, “h q[0];”, “cx q[2], q[1];”, “tdg

q[1];”, “t q[2];” and “cx q[2], q[1];”. They implement each quantum gate from the
third time slot through the fourteenth time slot in Fig. 2.20. They take the new state
vector ID,) = 2(IllO) 4+ 1100) 4+ 1010) + 1000)) as the input in the third time slot and
complete NOR operation (¢[2] V ¢[1] = q[ 1A q[l]) of a classical bit. This gives
that the following new state vector is

1
D17} = 5 (I111) +[100) +1010) + |000)).

Next, the two statements “x q[1];” and “x q[2];” on line twenty-four through line
twenty-five of Listing 2.7 implement two NOT gates of the fifteenth time slot of the
quantum circuit in Fig. 2.20. They take the new state vector ID7) = %(Il 11) 4 1100)
+1010) 4 1000)) as the input in the fifteenth time slot of Fig. 2.20. This indicates that
in the new state vector |D7) the state (I1111)) is converted into the state (I001)), the
state (1100)) is converted into the state (I010)), the state (I010)) is converted into the
state (1100)) and the state (I000)) is converted into the state (1110)). Because there is
no gate to act on quantum bit q[0], its state is not changed. Therefore, after two NOT
gates in the fifteenth time slot of the quantum circuit in Fig. 2.20 were implemented
by means of using the two statements “x q[1];” and *“x q[2];” on line twenty-four
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through line twenty-five of Listing 2.7, the following new state vector is obtained:
1
|Dg) = §(|001) =+ 1010) + [100) + |110)).

Next, three measurements from the sixteenth time slot through the eighteenth time
slot in Fig. 2.20 were implemented by the three statements “measure q[0] — c[0];”,
“measure q[1] — c[1];” and “measure q[2] — c[2];” on line twenty-six through
line twenty-eight of Listing 2.7. They are to measure the first quantum bit q[0], the
second quantum bit q[ 1] and the third quantum bit q[2]. They record the measurement
outcome by overwriting the first classical bit c[0], the second classical bit c[1] and
the third classical bit c[2]. In the backend ibmgx4 with five quantum bits in IBM’s
quantum computers, we apply the command “simulate” to execute the program in
Listing 2.7. The measured result appears in Fig. 2.21. From Fig. 2.21, we obtain the
answer 00001 (c[4] =0, c[3] =0, c[2] =0=q[2] =10), c[1] =0 =q[1] =10) and
c[0] = 1 = q[0] = I1)) with the probability 0.270. In NOR operation of a classical
bit the value of the first input (the first control bit) q[2] is equal to zero (0) and the
value of the second input (the second control bit) q[1] is equal to zero (0). Therefore,
the value of the output (the target bit) q[0] is equal to one (1) with the probability
0.270.

Or we obtain the answer 00010 (c[4] = 0, c¢[3] = 0, c[2] = 0 = q[2] = 10), c[1]
=1 =q[l] = I1) and c[0] = 0 = q[0] = 10)) with the probability 0.270. In NOR
operation of a classical bit the value of the first input (the first control bit) q[2] is
equal to zero (0) and the value of the second input (the second control bit) q[1] is
equal to one (1). Hence, the value of the output (the target bit) q[0] is equal to zero
(0) with the probability 0.270. Or we obtain the answer 00100 (c[4] = 0, c[3] = 0,
c[2] =1 =q[2] =11), c[1] = 0 = q[1] = 10) and c[0] = 0 = q[0] = 10)) with the
probability 0.260. In NOR operation of a classical bit, the value of the first input (the
first control bit) q[2] is equal to one (1) and the value of the second input (the second
control bit) q[ 1] is equal to zero (0). Thus, the value of the output (the target bit) q[0]
is equal to zero (0) with the probability 0.260. Or we obtain the answer 00110 (c[4]
=0,c[3]=0,c[2]=1=q[2] =11),c[l]=1=q[1l] =11) and c[0] = 0 = q[0] =
10)) with the probability 0.200. In NOR operation of a classical bit the value of the
first input (the first control bit) q[2] is equal to one (1) and the value of the second
input (the second control bit) q[1] is also equal to one (1). Therefore, the value of
the output (the target bit) q[0] is equal to zero (0) with the probability 0.200.

Fig. 2.21 After the measurement to the program in Listing 2.7 is completed, we obtain the answer
00001 with the probability 0.270 or the answer 00010 with the probability 0.270 or the answer
00100 with the probability 0.260 or the answer 00110 with the probability 0.200



2.7 Introduction for Exclusive-OR Operation 95

2.7 Introduction for Exclusive-OR Operation

The Exclusive-OR (XOR) operation of a bit takes two inputs of a bit and generates
single output of a bit. If the value of the first input is the same as that of the second
input, then it produces a result (output) of zero (0). However, if the value of the
first input and the value of the second input are both different, then it generates an
output of one (1). A symbol “@” is used to represent the XOR operation. Hence, the
XOR operation of a bit that gets two inputs of a bit is the following four possible
combinational results:

060=0
0dl=1
190=1
1e1=0 (2.9)

The value of a Boolean variable (a bit) is only one (1) or zero (0). Therefore,
XOR operation of two Boolean variables (two inputs of a bit) q[2] and q[1], written
as q[2] & q[1] is equal to one (1) if and only if the value of q[2] and the value of q[1]
are different. Similarly, q[2] & q[1] is equal to zero (0) if and only if the value of
q[2] and the value of q[1] are the same. Often using a truth table with logic operation
is to represent all possible combinations of inputs and the corresponding outputs.
Therefore, using the form of a truth table that appears in Table 2.11 may express
the rules in (2.9) for the XOR operation of a bit that obtains two inputs of a bit and
yields one single output of a bit.

2.7.1 Quantum Program of Implementing XOR Operation

We apply one CNOT gate that has two quantum input bits and two quantum output
bits to implement XOR operation of a classical bit that takes two inputs of a classical
bit and produces one output of a classical bit. We make use of the control bit C; and
the target bit T of the CNOT gate to encode two inputs q[2] and q[1] of a classical bit

Table 2.11 The truth table for the XOR operation of a bit that acquires two inputs of a bit and
produces one single output of a bit

Input Output
ql2] q(1] ql2] @ q[1]
0 0

0 1
1 1
1 0
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in XOR operation of a classical bit. We use the target bit T of the CNOT gate to store
one output q[2] @ q[1] of a classical bit in XOR operation of a classical bit. Using
the form of a truth table that appears in Table 2.12 may express the rule of using
one CNOT gate to implement XOR operation. Its graph representation appears in
Fig. 2.22.

In Fig. 2.22, the first control bit (the top wire) C; and the target bit (the bottom
wire) T of the CNOT gate respectively encode the first input q[2] and the second
input q[1]of a classical bit in XOR operation of a classical bit in Table 2.11. In
Fig. 2.22, the target bit (the bottom wire) T of the CNOT gate also stores one output
q[2] @ q[1] of a classical bit in XOR operation of a classical bit in Table 2.11.

Implementing XOR operation of a classical bit acquires two inputs q[2] and q[1]
of a classical bit and yields one output q[2] @ q[1] of a classical bit. It is equivalent to
implement one CNOT gate that its control bit and its target bit encode two inputs q[2]
and q[1] of a classical bit and its target bit stores one output q[2] é q[1]. Therefore,
in Fig. 2.22, we use one CNOT gate to implement XOR operation of a classical bit.

In Listing 2.8, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is the eighth example of the second chapter in which we illustrate
how to write a quantum program to complete XOR operation of a classical bit by
means of using one CNOT gate of two quantum bits. Figure 2.23 is the corresponding
quantum circuit of the program in Listing 2.8. The statement “OPENQASM 2.0;” on
line one of Listing 2.8 is to point out that the program is written with version 2.0 of
Open QASM. Then, the statement “include “qgelibl.inc”’;” on line two of Listing 2.8
is to continue parsing the file “qelibl.inc” as if the contents of the file were pasted
at the location of the include statement, where the file “qelibl.inc” is Quantum

Table 2.12 The truth table of using one CNOT gate to implement XOR operation

Input Output

Ci T Cy T =q[2] ® q[1]
0 0 0 0

0 1 0 1

1 0 1 1

1 1 1 0

X
@)
R

Fig. 2.22 The quantum circuit of implementing XOR operation of a classical bit
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a[0) fi

q[1] o} — — L —

2} o) —J—

q[3] o

q41 o

Co-

Fig. 2.23 The corresponding quantum circuit of the program in Listing 2.8

Experience (QE) Standard Header and the path is specified relative to the current
working directory.

Listing 2.8 The program of using one CNOT gate to implement XOR operation.

OPENQASM 2.0;
include “gelibl.inc”;
qreg q[S;

creg c[5];

hq[1];

hq[2];

ex q[2], q[1];
measure q[1] — c[1];
measure q[2] — c[2];

PER O S

Next, the statement “qreg q[5];” on line three of Listing 2.8 is to declare that in
the program there are five quantum bits. In the left top of Fig. 2.23, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum bit
is set to 10). We make use of two quantum bits q[2] and q[1] to encode respectively
the control bit and the target bit of one CNOT gate. This implies that we apply
quantum bits q[2] and q[1] to encode two inputs of a classical bit in XOR operation
of a classical bit and use quantum bit q[1] to store the result of XOR operation of
a classical bit. For the convenience of our explanation, q[k]O forO0 <k <4isto
represent the value of q[k] to be zero (0) and q[k]' for 0 < k < 4 is to represent
the value of q[k] to be one (1). Similarly, for the convenience of our explanation, an
initial state vector of implementing XOR operation of a classical bit is as follows:

|Eo) = |ql21°)|q[11°) = |0)]0) = |00).

Next, the statement “creg c[5];” on line four of Listing 2.8 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 2.23, five classical
bits are respectively c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical
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bit is set to zero (0). Classical bit c[4] is the most significant bit and classical bit c[0]
is the least significant bit.

Then, the two statements “h q[1];” and “h q[2];”on line five through line six of
Listing 2.8 implement two Hadamard gates of the first time slot of the quantum
circuitin Fig. 2.23. This indicates that the statement “h q[1];” converts q[1] from one
state 10) to another state \/LE(IO) 4+ I1)) (its superposition) and the statement “h q[2];”

converts q[2] from one state 10) to another state %(IO) + I1)) (its superposition).
Hence, after the two statements “h q[1];” and “h q[2];” on line five through line six
of Listing 2.8 implement two Hadamard gates in the first time slot of the quantum
circuit in Fig. 2.23 are implemented, the following new state vector is

1
|Ey) = E(IO)IO) +10)[1) + [1)[0) + [1)[1))
= %(|00) +101) + [10) 4 |11)).

In the new state vector |E ), four combinational states of quantum bits q[2] and
q[1] with that the amplitude of each combinational state is % encode all of the possible
inputs in XOR operation of a classical bit in Table 2.11. Quantum bit q[1] stores the
result for XOR operation of a classical bit in Table 2.11.

Next, the statement “cx q[2], q[1];” on line seven of Listing 2.8 complete one
CNOT gates of the second time slot of the quantum circuit in Fig. 2.23. They take
the new state vector |E;) = %(IOO) +101) + 110) + I111)) as the input in the second
time slot of Fig. 2.23. This is to say that in the new state vector |E) the state (I00)) of
quantum bits q[2] and q[1] is not changed and the state (I01)) of quantum bits q[2]
and q[1] is also not changed because the value of the control bit q[2] is equal to zero
(0). However, the value of the control bit q[2] is equal to one (1) and the statement
“cx q[2], q[1];” flips the target bit q[1]. Therefore, the state (I110)) of quantum bits
q[2] and q[1] is converted into the state (I111)) and the state (I11)) of quantum bits
q[2] and q[1] is converted into the state (110)). Therefore, after one CNOT gate in
the second time slot of the quantum circuit in Fig. 2.23 is implemented by means
of applying the statement “cx q[2], q[1];” on line seven of Listing 2.8, the following
new state vector is obtained:

1
|E2) = 5(10)10) +0)[1) + [1)I1) + 11)]0))
= %(IOO) +101) +[11) +[10)).

Next, two measurements from the third time slot through the fourth time slot
in Fig. 2.23 were implemented by the two statements “measure q[1] — c[1];” and
“measure q[2] — c[2];” on line eight through line nine of Listing 2.8. They are to
measure the second quantum bit q[1] and the third quantum bit q[2]. They record
the measurement outcome by overwriting the second classical bit c[1] and the third
classical bit c[2]. In the backend ibmgx4 with five quantum bits in IBM’s quantum
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Fig. 2.24 After the measurement to the program in Listing 2.8 is completed, we obtain the answer
00010 with the probability 0.260 or the answer 00110 with the probability 0.260 or the answer
00100 with the probability 0.250 or the answer 00000 with the probability 0.230

computers, we use the command “simulate” to run the program in Listing 2.8. The
measured result appears in Fig. 2.24. From Fig. 2.24, we get the answer 00010 (c[4]
=0, c[3] =0, c[2] =0=q[2] =10}, c[1] =1 =q[1] = I1) and c[0] = 0) with the
probability 0.260. Because in XOR operation of a classical bit the value of the first
input (the control bit) q[2] is equal to zero (0) and the value of the second input (the
target bit) q[1] is equal to one (1), the value of the output (the target bit) q[1] is equal
to one (1) with the probability 0.260.

Or we obtain the answer 00110 (c[4] =0, c[3] =0, c[2] = | =q[2] =11}, c[1]
= 1=q[1] = I1) and c[0] = 0) with the probability 0.260. Since in XOR operation
of a classical bit the value of the first input (the control bit) q[2] is equal to one (1)
and the value of the second input (the target bit) q[1] is equal to zero (0), the value
of the output (the target bit) q[1] is equal to one (1) with the probability 0.260. Or
we acquire the answer 00100 (c[4] = 0,c[3] =0,c[2] =1 =q[2] =I1),c[1] =0
= q[1] =10) and c[0] = 0) with the probability 0.250. Since in XOR operation of a
classical bit the value of the first input (the control bit) q[2] is equal to one (1) and
the value of the second input (the target bit) q[1] is equal to one (1), the value of the
output (the target bit) q[1] is equal to zero (0) with the probability 0.250. Or we get
the answer 00000 (c[4] = 0, c[3] =0, c[2] =0 =q[2] = 10), c[1] =0 =(q[1] =
10) and c[0] = 0) with the probability 0.230. In XOR operation of a classical bit the
value of the first input (the control bit) q[2] is equal to zero (0) and the value of the
second input (the target bit) q[1] is also equal to zero (0). Therefore, the value of the
output (the target bit) q[1] is equal to zero (0) with the probability 0.230.

2.8 Introduction of Exclusive-NOR Operation

The one’s complement of the Exclusive-OR (XOR) operation of a bit that acquires
two inputs of a bit and yields one single output of a bit is known as the Exclusive-
NOR (XNOR) operation of a bit. The Exclusive-NOR (XNOR) operation of a bit
obtains two inputs of a bit and produces one single output of a bit. If the value of the
first input is the same as that of the second input, then it generates a result (output)
of one (1). However, if the value of the first input and the value of the second input
are both different, then it produces an output of zero (0). A symbol “@” is applied
to represent the XNOR operation of a bit. Therefore, the XNOR operation of a bit
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Table 2.13 The truth table for the XNOR operation of a bit that acquires two inputs of a bit and
generates one single output of a bit

Input Output
ql2] ql1] ql21 6 q[1]
0 0 1

0 1 0

1 0 0

1 1 1

that takes two inputs of a bit is the following four possible combinational results:

060=1
081=0
160=0
Tel= (2.10)

The value of a Boolean variable (a bit) is just zero (0) or one (1). Hence, XNOR
operation of two Boolean variables (two inputs of a bit) q[2] and q[1], written as
q[2] @ q[1] is equal to one (1) if and only if the value of q[2] and the value of q[1]
are the same. Similarly, q[2] @ q[1] is equal to zero (0) if and only if the value of q[2]
and the value of q[1] are different. Usually applied a truth table with logic operation
is to represent all possible combinations of inputs and the corresponding outputs.
Hence, the rules in (2.10) for the XNOR operation of a bit that gets two inputs of a
bit and produces one single output of a bit may also be expressed in the form of a
truth table that appears in Table 2.13.

2.8.1 Quantum Program of Implementing XNOR Operation

We make use of one CNOT gate and one NOT gate to implement XNOR operation
of a classical bit that acquires two inputs of a classical bit and generates one output
of a classical bit. We use the control bit C; and the target bit T of the CNOT gate to
encode two inputs q[2] and q[1] of a classical bit in XNOR operation of a classical
bit. We also use the target bit T of the CNOT gate to store one output q[2] & q[1]
of a classical bit in XNOR operation of a classical bit. Using the form of a truth
table that appears in Table 2.14 may express the rule of applying one CNOT gate
and one NOT gate to complete XNOR operation. Its graph representation appears
in Fig. 2.25.

In Fig. 2.25, the first control bit (the top wire) C; and the target bit (the bottom
wire) T of the CNOT gate respectively encode the first input q[2] and the second
input q[1]of a classical bit in XNOR operation of a classical bit in Table 2.13. In
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Table 2.14 The truth table of using one CNOT gate and one NOT gate to implement XNOR
operation

Input Output

Ci T Ci T =ql21@qlll
0 0 0 1

0 1 0 0

1 0 1 0

1 1 1 1

0O ZX

Fig. 2.25 The quantum circuit of implementing XNOR operation of a classical bit

Fig. 2.25, the target bit (the bottom wire) T of the CNOT gate also stores one output
q[2] @ q[1] of a classical bit in XNOR operation of a classical bit in Table 2.13.

Implementing XNOR operation of a classical bit takes two inputs q[2] and q[ 1] of
a classical bit and produces one output q[2] @ q[1] of a classical bit. It is equivalent
to implement one CNOT gate and one NOT gate in which the control bit and the
target bit encode two inputs q[2] and q[1] of a classical bit and its target bit also
stores one output q[2] & q[1]. Hence, in Fig. 2.25, we first apply one CNOT gate
to generate an output q[2] @ q[1] of XOR operation that is stored in the target bit
(the bottom wire) T. Next, we use one NOT gate to produce the negation of XOR
operation (q[2] @ q[1]) that is to complete XNOR operation q[2] & q[1] that is stored
in the target bit 7.

In Listing 2.9, the program in the backend ibmgx4 with five quantum bits in
IBM'’s quantum computer is the ninth example of the second chapter in which we
describe how to write a quantum program to complete XNOR operation of a clas-
sical bit by means of applying one CNOT gate and one NOT gate. Figure 2.26 is the
corresponding quantum circuit of the program in Listing 2.9. The statement “OPEN-
QASM 2.0;” on line one of Listing 2.9 is to indicate that the program is written with
version 2.0 of Open QASM. Next, the statement “include “qelibl.inc”;” on line two
of Listing 2.9 is to continue parsing the file “qelibl.inc” as if the contents of the file
were pasted at the location of the include statement, where the file “gelibl.inc” is
Quantum Experience (QE) Standard Header and the path is specified relative to
the current working directory.



102 2 Boolean Algebra and Its Applications

a[0) fi

anl o — G

2} o) —J—

q[3] o

q41 o
co’
Fig. 2.26 The corresponding quantum circuit of the program in Listing 2.9

Listing 2.9 The program of using one CNOT gate and one NOT gate to implement
XNOR operation.

1. OPENQASM 2.0;

2. include “gelibl.inc”;
3. qregq[5];

4. cregcl[5];

5. hq[l];

6. hq2];

7. exql2], qll];

8. xq[ll;

9. measure q[1] — c[1];
10. measure q[2] — c[2];

Next, the statement “qreg q[5];” on line three of Listing 2.9 is to declare that in the
program there are five quantum bits. In the left top of Fig. 2.26, five quantum bits are
subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum bit is
set to 10). We use two quantum bits q[2] and g[1] to encode respectively the control
bit and the target bit of one CNOT gate. This implies that we apply quantum bits q[2]
and q[1] to encode two inputs of a classical bit in XNOR operation of a classical bit
and use quantum bit q[1] to store the result of XNOR operation of a classical bit.
For the convenience of our explanation, q[k]O for 0 < k < 4 is to represent the value
of q[k] to be zero (0) and q[k]' for 0 < k < 4 is to represent the value of q[k] to be
one (1). Similarly, for the convenience of our explanation, an initial state vector of
implementing XNOR operation of a classical bit is as follows:

|Fo) = |q[21°)[q[11°) = 10)|0) = |00).
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Then, the statement “creg c[5];” on line four of Listing 2.9 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 2.26, five classical
bits are respectively c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical
bit is set to zero (0). Classical bit c[4] is the most significant bit and classical bit c[0]
is the least significant bit.

Next, the two statements “h g[1];” and “h g[2];”on line five through line six of
Listing 2.9 implement two Hadamard gates of the first time slot of the quantum
circuit in Fig. 2.26. This is to say that the statement “h q[1];” converts q[1] from one
state 10) to another state \%(IO) + I1)) (its superposition) and the statement “h q[2];”

converts q[2] from one state 10) to another state %(IO) + I1)) (its superposition).
Hence, after the two statements “h q[1];” and “h g[2];”on line five through line six
of Listing 2.9 implement two Hadamard gates in the first time slot of the quantum
circuit in Fig. 2.26, the following new state vector is

1
[F1) = 2(10)10) +0)[1) + [1)]0) + [1)[1))
= %(IOO) + [01) 4 [10) 4 [11)).

In the new state vector |F'), four combinational states of quantum bits q[2] and
q[1] with that the amplitude of each combinational state is % encode all of the possible
inputs in XNOR operation of a classical bit in Table 2.13. Quantum bit q[1] stores
the result for XNOR operation of a classical bit in Table 2.13.

Next, the statement “cx q[2], q[1];” on line seven of Listing 2.9 implements one
CNOT gates of the second time slot of the quantum circuit in Fig. 2.26. They take
the new state vector |F}) = %(IOO) + 101) + [10) + [11)) as the input in the second
time slot of Fig. 2.26. Inthe input state vector |F';), because the value of the control
bit q[2] is equal to zero (0), the value of the target bit q[1] is not changed. Hence,
the state (I00)) of quantum bits q[2] and q[1] is not changed and the state (I01)) of
quantum bits q[2] and q[1] is also not changed. Because the value of the control bit
q[2] is equal to one (1), the statement “cx q[2], q[1];” flips the value of the target
bit q[1]. Therefore, the state (110)) of quantum bits q[2] and q[1] is converted into
the state (I11)) and the state (I11)) of quantum bits q[2] and q[1] is converted into
the state (110)). Hence, after one CNOT gate in the second time slot of the quantum
circuit in Fig. 2.26 is implemented by means of using the statement “cx q[2], q[1];”
on line seven of Listing 2.9, we obtain the following new state vector

1
[F2) = 7(10)10) + 102 1) + [1)]1) + [1)]0))
1
= §(|OO) +|01) + [11) + [10)).
Next, the statement “x q[1];” on line eight of Listing 2.9 implements one NOT

gate in the third time slot of the quantum circuit in Fig. 2.26. It takes the new state
vector |F;) = %(IOO) 4 101) 4 I111) 4 110)) as the input in the third time slot of the
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quantum circuit in Fig. 2.26. This is to say that there is no quantum gate to act on
quantum bit q[2] in the input state vector |F,) and the value of quantum bit q[2] is
not changed. Because the statement “x q[1];” flips the value of quantum bit q[1] in
the input state vector |F;), the states (100)), (101)), (111)) and (I110)) of quantum bits
q[2] and q[1] are subsequently converted into the new states (I01)), (100)), (110)) and
(I11)). Therefore, after one NOT gate in the third time slot of the quantum circuit in
Fig. 2.26 is implemented by means of applying the statement “x q[1];” on line eight
of Listing 2.9, the following new state vector is obtained:

1
[F3) = 50)11) +[0)[0) +1)10) + [1}1)
= %(|01) +100) + [10) 4 |11)).

Next, two measurements from the fourth time slot through the fifth time slot of
the quantum circuit in Fig. 2.26 were implemented by the two statements “measure
q[1] — c[1];” and “measure q[2] — c[2];” on line nine through line ten of Listing
2.9. They are to measure the second quantum bit q[1] and the third quantum bit
q[2]. They record the measurement outcome by overwriting the second classical bit
c[1] and the third classical bit c[2]. In the backend ibmgx4 with five quantum bits in
IBM'’s quantum computers, we make use of the command “simulate” to execute the
program in Listing 2.9. The measured result appears in Fig. 2.27. From Fig. 2.27,
we obtain the answer 00000 (c[4] =0, c[3] =0, c[2] =0=q[2] =10), c[1] =0 =
q[1] = 10) and c[0] = 0) with the probability 0.370. Since in XNOR operation of a
classical bit the value of the first input (the control bit) q[2] is equal to zero (0) and
the value of the second input (the target bit) q[1] is equal to one (1), the value of the
output (the target bit) q[1] is equal to zero (0) with the probability 0.370. Or we get
the answer 00100 (c[4] =0, c[3] =0, c[2] =1 =q[2] = I1), c[1] =0 =q[1] = 10)
and c[0] = 0) with the probability 0.260. Because in XNOR operation of a classical
bit the value of the first input (the control bit) q[2] is equal to one (1) and the value
of the second input (the target bit) q[1] is equal to zero (0), the value of the output
(the target bit) q[1] is equal to zero (0) with the probability 0.260.

Or we acquire the answer 00010 (c[4] =0, c[3] =0, c[2] =0=q[2] =10),c[1] =
1 =q[1] =I1) and c[0] = 0) with the probability 0.230. Because in XNOR operation
of a classical bit the value of the first input (the control bit) q[2] is equal to zero (0)
and the value of the second input (the target bit) q[1] is equal to zero (0), the value of

Fig. 2.27 After the measurement to the program in Listing 2.9 is completed, we obtain the answer
00000 with the probability 0.370 or the answer 00100 with the probability 0.260 or the answer
00010 with the probability 0.230 or the answer 00110 with the probability 0.140
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the output (the target bit) q[1] is equal to one (1) with the probability 0.230. Or we
obtain the answer 00110 (c[4] =0,c[3] =0,c[2]=1=q[2] =11),c[1] =1 =(q[1]
= I1) and ¢[0] = 0) with the probability 0.140. In XNOR operation of a classical
bit, the value of the first input (the control bit) q[2] is equal to one (1) and the value
of the second input (the target bit) q[1] is also equal to one (1). Therefore, the value
of the output (the target bit) q[1] is equal to one (1) with the probability 0.140.

2.9 Summary

In this chapter we offered an illustration to how logic operations consisting of NOT,
AND, NAND, OR, NOR, Exclusive-OR (XOR) and Exclusive-NOR (XNOR)
on bits were implemented by means of using quantum bits and quantum gates in
IBM’s quantum computers. We introduced the first program in Listing 2.1 and the
second program in Listing 2.2 to explain how the one’s complement (the NOT
operation) of a bit and the one’s complement (the NOT operation) of two bits were
implemented by means of using quantum bits and the X gates (the NOT gates) in
IBM’s quantum computers. Next, we described the third program in Listing 2.3 to
show how decomposing CCNOT gate into six CNOT gates and nine gates of one
bit in IBM’s quantum computers implemented one CCNOT gate.

Then, we introduced the fourth program in Listing 2.4 to reveal how the AND
operation of a bit was implemented by means of using one CCNOT gate and three
quantum bits in IBM’s quantum computers. We also illustrated the fifth program
in Listing 2.5 to explain how applying one CCNOT gate and three quantum bits
in IBM’s quantum computers implemented the NAND operation of a bit. Next, we
described the sixth program in Listing 2.6 to show how using one CCNOT gate,
four NOT gates (four X gates) and three quantum bits in IBM’s quantum computers
implemented the OR operation of a bit.

We then illustrated the seventh program in Listing 2.7 to reveal how the NOR
operation of a bit was implemented by means of applying one CCNOT gate, four
NOT gates (four X gates) and three quantum bits in IBM’s quantum computers. We
also introduced the eighth program in Listing 2.8 to explain how using one CNOT
gate and two quantum bits in IBM’s quantum computers implemented the XOR
operation of a bit. Next, we described the ninth program in Listing 2.9 to show how
the XNOR operation of a bit was implemented by means of applying one CNOT
gate, one NOT gate (one X gate) and two quantum bits in IBM’s quantum computers.



106 2 Boolean Algebra and Its Applications

2.10 Bibliographical Notes

The textbooks written by these authors in Mano (1979, 1993), Chang and Vasilakos
(2014) is a good illustration to logic operations including NOT, AND, NAND, OR,
NOR, Exclusive-OR (XOR) and Exclusive-NOR (XNOR) on bits. A good intro-
duction of decomposing CCNOT gate into six CNOT gates and nine gates of one bit
can be found in the textbook (Nielsen and Chuang 2000) and in the famous article
(Shende and Markov 2009). The famous menu in IBM Q (2016) is a good guide of
writing nine quantum programs from Listing 2.1 to Listing 2.9. A good illustration
to Boolean’s functions discussed in exercises in Sect. 2.11 is Mano (1979, 1993),
Brown and Vranesic (2007), Chang and Vasilakos (2014).

2.11 Exercises

_»

2.1 The unary operator denotes logical operation NOT and the binary operator
“v” denotes logical operation OR. For a logical operation, X V y, x and y are
Boolean variables that are subsequently the first input and the second input. Its
truth table appears in Table 2.15. Please write a quantum program to implement
the function of the logical operation, X V y.

2.2 The unary operator “~” denotes logical operation NOT and the binary operator
“Vv” denotes logical operation OR. For a logical operation, x V y, x and y are
Boolean variables that are respectively its first input and its second input. Its
truth table appears in Table 2.16. Please write a quantum program to implement
the function of the logical operation, x Vv y.

Table 2.15 The truth table to a logical operation x V y

The first input (x) The second input (y) XVy
0 0 1
0 1 1
1 0 0
1 1 1

Table 2.16 The truth table to a logical operation x vV y

The first input (x) The second input (y) xXVy
0 0 1
0 1 0
1 0 1
1 1 1




2.11

23

24

25

2.6

Exercises 107
The unary operator “~” denotes logical operation NOT and the binary operator
“A” denotes logical operation AND. For a logical operation, y A (x VX) =7y
A 1 =7, xand y are Boolean variables that are subsequently the first input and
the second input. Its truth table appears in Table 2.17. Please write a quantum
program to implement the function of the logical operation, y A (x VX) =75y
Al=7.

The unary operator denotes logical operation NOT and the binary operator
“A” denotes logical operation AND. For a logical operation, x A (y VYy) =X
A 1 =X, x and y are Boolean variables that are respectively the first input and
the second input. Its truth table appears in Table 2.18. Please write a quantum
program to implement the function of the logical operation, x A (y Vy) =X
ANl=Xx.

The unary operator denotes logical operation NOT and the binary operator
“A” denotes logical operation AND. For a logical operation, X A y, x and y are
Boolean variables that are subsequently the first input and the second input. Its
truth table appears in Table 2.19. Please write a quantum program to implement
the function of the logical operation, X A y.

The unary operator “~"" denotes logical operation NOT and the binary operator
“A” denotes logical operation AND. For a logical operation, x A y, x and y are

w_

w_

Table 2.17 The truth table to a logical operation y A(x VX)) =y Al =Yy

The first input (x) The second input (y) YARVIY)=yAl=Yy
0 0 1
0 1 0
1 0 1
1 1 0

Table 2.18 The truth table to a logical operation X A(y V) =X A l=X

The first input (x) The second input (y) INGVY)=XA1=X
0 0 1
0 1 1
1 0 0
1 1 0

Table 2.19 The truth table to a logical operation x A y

The first input (x) The second input (y) XAy
0 0 0
0 1 1
1 0 0
1 1 0
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Table 2.20 The truth table to a logical operation x Ay

The first input (x) The second input (y) X Ay
0 0 0
0 1 0
1 0 1
1 1 0

Boolean variables that are respectively its first input and its second input. Its
truth table appears in Table 2.20. Please write a quantum program to implement
the function of the logical operation, x A y.
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Chapter 3 ®)
Quantum Search Algorithm and Its oo
Applications

Because in IBM’s quantum computers, they only provide quantum gates of single
quantum bit and two quantum bits, quantum gates of three quantum bits and many
quantum bits must manually be decomposed into quantum gates of single quantum bit
and two quantum bits. A good quantum algorithm of solving any given problem with
the size of the input of # bits must have a constant successful probability of measuring
its answer(s) that is close to one as soon as possible. In this chapter, we first illustrate
how to decompose quantum gates of three quantum bits and many quantum bits
into quantum gates of single quantum bit and two quantum bits. Next, we introduce
how to write quantum programs with version 2.0 of Open QASM to implement
decomposition among various kinds of quantum gates. A quantum search algorithm
that is sometimes known as Grover’s algorithm to find an item in unsorted databases
with 2" items that satisfies any given condition can give a quadratic speed-up and is
the best one known. Hence, we then describe how to write quantum programs with
version 2.0 of Open QASM to implement the quantum search algorithm in order to
solve various applications.

3.1 Introduction to the Search Problem

It is assumed that a set X is equal to {x;x; ... x,|Vx; € {0, 1} for 1 <d <n}. From
the set X the minimum element is x{xY...x?_ x? with n bits and the maximum
element is x llle .. xi_lxj with z bits. For convenience of presentation, in the set X
the decimal value of the minimum element with » bits is O and the decimal value
of the maximum element with » bits is 2" — 1. We regard the set X as an unsorted
database containing 2" items (elements) with each item has » bits.

A search problem is to that from the set X thatis {x;x,...x, — 1x,|Vx; € {0, 1}
for 1 < d < n} and is also an unsorted database with 2" items (elements) M items
(elements) satisfy any given condition and we would like to find one of M solutions,
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where 1 < M < 2". A common formulation of the search problem is as follows. For
any given oracular function Oy {x1x2...x,-1X,|¥x4 € {0,1} for 1 < d < n} —
{0, 1}, there are M inputs of n bits from its domain, say Ay, that satisfies the condition
Oy (Ay) = 1, whereas for all other inputs of # bits from the same domain, w, for
0<w=<2"-1land w # Ay, Oy (w) = 0. The search problem is to find one of M
solutions.

The most efficient classical algorithm for the search problem is to check whether
the items (elements) in the domain one by one satisfy O (1)) = 1 or not. If an item
(element) satisfies the required condition thatis O (Ay) = 1, then the most efficient
classical algorithm is terminated. Otherwise, it continues to examine whether next
item (element) satisfies O¢(Ay) = 1 or not until the answer is found. The number
of solutions that is one is the worst case in the search problem. For the worst case in
the search problem, the best time complexity of finding the desired answer (item) is
O(1), the average time complexity of finding the desired answer (item) is O(TTH)
and the worst time complexity of finding the desired answer (item) is O(2").

3.2 Introduction to the Satisfiability Problem

Let us consider an example F(xj,x3) = (x2 Vx1) A (%2 VX1) A (x1). The two
variables x, and x; are two Boolean variables and their values could be 0 or 1. We
suppose that 0 is “false” and 1 is “true”. A symbol “V” is the “logical or” operation
and a symbol “A” is the “logical and” operation. Therefore, a Boolean formula x; Vv
x1 is O only if both x, and x; are 0; a Boolean formula x, A x; is 1 only if both x;
and x; are 1. We regard the Boolean formula x, V x; as one clause and we regard
the Boolean formula x, A x; as another clause.

We give X7 to represent the “negation” of x; and we give X, to represent the
“negation” of x,. A Boolean formula Xy is 1 if x; is 0 and X7 is 0 if x; is 1. A Boolean
formula x; is 1 if x, is 0 and X is 0 if x, is 1. Of course, we also regard the Boolean
formula X and the Boolean formula X, as two different clauses. The satisfiability
problem that is a NP-complete problem is to find Boolean values of x, and x; to
make the formula F(x;, x») to be true that is equal to 1.

In this example, the answeris x, =0 and x; = 1. In the formula F'(x, x,), it actually
includes three clauses: the first clause is “(x» V x1)”, the second clause is “(x5 V x7)”
and the third clause is “(x1)”. A clause is a formula of the form x; Vx, V... x,_1 Vx,,
where each variable x; for 1 <k < nis a Boolean variable or its negation. Because the
quantum program of implementing this example uses more quantum bits that exceed
five quantum bits in the backend ibmgx4 with five quantum bits in IBM’s quantum
computers, we just use this example to explain what the satisfiability problem is.
Next, we give Definition 3.1 to introduce the satisfiability problem.

Definition 3.1 In general, a satisfiability problem contains a Boolean formula of the
form C; A Cy -+ A Cpy, where each clause C; for 1 < j < mis a formula of the
form x; vV x2 V...x,_1 V x, for each Boolean variable x; to 1 < k < n. Next, the
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question is to find values of each Boolean variable so that the whole formula has the
value 1. This is the same as finding values of each Boolean variable that make each
clause have the value 1.

From Definition 3.1, for a satisfiability problem with n Boolean vari-
ables and m clauses, we regard m clauses as any given oracular function Of
(x1, X2, ... ,Xy—1, X,) and regard 2" inputs of n Boolean variables as its domain
{x1x2 ... xp—1x, Vxg € {0, 1} for 1 < d < n}. The satisfiability problem with n
Boolean variables and m clauses is to find inputs of n bits (n Boolean variables)
from its domain so that the whole formula Oy (x1, x2, ... , X,_1, Xx,,) has the value 1.
This is to say that a satisfiability problem with n Boolean variables and m clauses is
actually a kind of search problems.

3.2.1 Flowchart of Solving the Satisfiability Problem

From Definition 3.1, a satisfiability problem contains a Boolean formula of the form
Ci A Cy... A Cy, where each clause C; for 1 <j < m is a formula of the form
X1 VX3V ...x,—1 V x, for each Boolean variable x; to 1 < k < n. For solving the
satisfiability problem with n Boolean variables and m clause, we need to use auxiliary
Boolean variables r;  for 1 <j <mand 0 < k < n and auxiliary Boolean variables
sj for 0 < j < m. Because we use auxiliary Boolean variables r; o for 1 <j < m as
the first operand of the first logical or operation (‘") in each clause, the initial value
of each auxiliary Boolean variable r; o for 1 < j < m is set to zero (0). This is to
say that this setting does not change the correct result of the first logical or operation
in each clause. We use CCNOT gates and NOT gates to implement the logical or
operations in each clause and we apply auxiliary Boolean variables r; x for 1 < j
<mand 1 < k < n to store the result of implementing the logical or operations in
each clause. This indicates that each auxiliary Boolean variable r; ; for 1 <j <m
and 1 < k < n is actually the target bit of a CCNOT gate of implementing a logical
or operation. Therefore, the initial value of each auxiliary Boolean variable r; ; for
l1<j<mand1 <k <nissettoone (1).

We use an auxiliary Boolean variable s as the first operand of the first logical and
operation (“A”) in a Boolean formula of the form C; A C; ... A Cy,. The initial value
of the auxiliary Boolean variable s is set to one (1). This implies that this setting does
not change the correct result of the first logical and operation in C; A Cy ... A Cp,.
We use CCNOT gates to implement the logical and operations in C; A Cy ... A Cp,
and we apply auxiliary Boolean variables s; for 1 < j < m to store the result of
implementing the logical and operations in C; A C; ... A Cy,. This is to say that each
auxiliary Boolean variable s; for 1 <j < m is actually the target bit of a CCNOT gate
of implementing a logical and operation. Thus, the initial value of each auxiliary
Boolean variable s; for 1 < j < m is set to zero (0). For the convenience of our
presentation, we assume that |C;l is the number of Boolean variable in the jth clause
C;.
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Figure 3.1 is to flowchart of solving the satisfiability problem with n Boolean
variables and m clauses. In Fig. 3.1, in statement S, it sets the index variable j of
the first loop to one (1). Next, in statement Sy, it executes the conditional judgement
of the first loop. If the value of j is less than or equal to the value of m, then next
executed instruction is statement S3. Otherwise, in statement So, it executes an End
instruction to terminate the task that is to find values of each Boolean variable so
that the whole formula has the value 1 and this is the same as finding values of each
Boolean variable that make each clause have the value 1.

In statement S3, it sets the index variable k of the second loop to one (1). Next, in
statement Sy, it executes the conditional judgement of the second loop. If the value
of k is less than or equal to the number of Boolean variables in the jth clause C;,
then next executed instruction is statement Ss5. Otherwise, next executed instruction is
statement S7. In statement S5, itimplements a logical or operation “r; < rjx—1Vx;”
that is the kth logical or operation in the jth clause C;. Boolean variable ;  _ ; is the
first operand of the logical or operation and stores the result of the previous logical
or operation. Boolean variable x; is the second operand of the logical or operation.
Boolean variable r;  stores the result of implementing the kth logical or operation

S1ij«1
False
So: End
True
Sike1
False
S7: 5 € S5-1 A k-1
True
Ssijej+1

S5 r€Nk-1VX}

Ss:ke—k+1

Fig. 3.1 Flowchart of solving the satisfiability problem with n Boolean variables and m clauses
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in the jth clause C;. Next, in statement Sg, it increases the value of the index variable
k to the second loop. Repeat to execute statement S4 through statement S¢ until in
statement S, the conditional judgement becomes a false value.

When the value of the index variable k in the second loop is greater than the number
of Boolean variables in the jth clause C;, next executed instruction is statement
S7. In statement S7, it executes a logical and operation “s; <— sj_| A rjr—(  in
Ci A Cy... A Cy. Boolean variable s; _ is the first operand of the logical and
operation and stores the result of the previous logical and operation. Because the
value of k is equal to |C j | + 1, the value of (k — 1) is equal to |C;l. Boolean variable
7j k1 is the second operand of the logical and operation and stores the result of
implementing a formula of the form x; vV x; V... x, — 1V x, in the jth clause C;.
Boolean variable s; stores the result of implementing the jth logical and operation
in. Next, in statement Sg, it increases the value of the index variable j to the first
loop. Repeat to execute statement S, through statement Ss until in statement S,
the conditional judgement becomes a false value. Because from Definition 3.1 each
clause C; for 1 <j <mis aformula of the form x; Vx; V... x,_1 V x,, from Fig. 3.1
the total number of logical and operation and logical or operation is m logical and

operations and (Z;f;l |Cj|) = (m x n) logical or operations. This is the cost of

implementing m clauses of one time for one of 2" inputs to n Boolean variables.
Therefore, the cost of implementing m clauses of 2" times for 2" inputs of n Boolean
variables is (2" x m) logical and operations and (2" x m x n) logical or operations.

3.2.2 Data Dependence Analysis for the Satisfiability Problem

A data dependence arises from two statements that access or modify the same
resource. Data dependence analysis is to judge whether it is safe to reorder or paral-
lelize statements. In a satisfiability problem with n Boolean variables and m clauses,
it consists of 2" inputs that are 2" combinational states of n Boolean variables. The
first input is x?xg .. x,?_lx,?, the second input is x?xg .. .x,?_lxrll and so on with that
the last input is x{x] ...x)_,x!. Each input needs to complete those operations in
Fig. 3.1. Each input needs to use (m x (n + 1)) auxiliary Boolean variables r;  for
1 <j<mand0 <k <nand (m + 1) auxiliary Boolean variables s; for 0 <j < m.
Since 2" inputs of n Boolean variables implement those operations in Fig. 3.1 not to
access or modify the same input and the same auxiliary Boolean variables, we can
parallelize them without any error.

Let us consider another example that is F (x|, x) = x| A x, where two variables
x1 and x, are two Boolean variables and their values could be O or 1. In the formula
F(x1,x2) = x1 A xp, the first clause contains (x;) and the second clause includes
(x2). The satisfiability problem for the Boolean formula F(x;, x) = x; A xp with
two Boolean variable x; and x; is to find values of each Boolean variable so that the
whole formula has the value 1. This is the same as finding values of each Boolean
variable that make each clause have the value 1.
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We regard the satisfiability problem for the Boolean formula F(x1, xp) = x1 A
x, with two Boolean variable x; and x; as a search problem in which any given
oracular function Oy is the Boolean formula F(x;, x2) = x| A X, its domain is
{x1x; Vxz € {0, 1} for 1 < d < 2} and its range is {0, 1}. In the given oracular
function Oy = F(x1,x2) = x; A x, of the search problem, there are M inputs of
two bits from its domain, say Ay = xx2, that satisfies the condition O (Ay) =
Oy (x1x2) = F(x1, x2) = x1 A xo = 1. Whereas for all other inputs of two bits from
the same domain, @ = xx, for0 < w < 22—1landw # Ay, Op(w) = Of(x1x2) =
F(x1, x2) = x; A xp = 0. The search problem is to find one of M solutions that is to
find values of each Boolean variable so that the whole formula has the value 1. This
is the same as finding values of each Boolean variable that make each clause have
the value 1.

From the domain {x;x;|Vx,; € {0, 1} for 1 < d < 2} of the Boolean formula
F(x1,x2) = x1 A x2, there are four inputs xoxg, x?le, xix$ and x} x}. Because it
contains two clauses in which each clause only con51sts of one Boolean Variable each
mput needs to complete “rj | < r1 0 VX7, s <« s0 Ar11”, Sy < r2 oV x2” and

“sy <— 51 Ara,1”. The result of implementing a logical or operation “r; ;| < rl,OVxl
is actually equal to the value of Boolean variable x;. This is to say that Boolean
variable r| | stores the value of Boolean variable x;. Next, a logical and operation
“sp o« sO1 A 11,17 is equivalent to another logical and operation “s; <« sé A x17.
Because the result of implementing “s; <« sé A x1” is actually equal to the value of
Boolean variable x;, Boolean variable s; stores the value of Boolean variable x;.

Next, the result of implementing alogical or operation “rp | < rg,o\/xz”is actually
equal to the value of Boolean variable x,. This indicates that Boolean variable r;_;
stores the value of Boolean variable x;. Next, alogical and operation “s, < sy Arp;”
is equivalent to another logical and operation “s, <— x1 A xp”. This is to say that the
result of 1mplement1ng T < rl oV x17, %51 < So AT, 1 < r2 oV X" and

“sy < s1Ary,1. 17 is the same as that of implementing “s, <— s; Ax,”. Therefore, four

results of implementing F (x{, xJ) = x0 A x3, F(x{,x}) = x) Ax), F(x],x9) =

x{ Ax§and F(x{, x}) = x{ A x] are respectively s9 (false), s9 (false), 55 (false) and
sé (true). Because 22 inputs of two Boolean variables implement those instructions
above not to access or modify the same input and the same auxiliary Boolean variable,

we can parallelize them without any error.

3.2.3 Solution Space of Solving an Instance
of the Satisfiability Problem

For the given oracular function Oy = F(x, x2) = x; A x, of the search problem,
its domain is {x;x2|Vx, € {0, 1} for | <d < 2} and its range is {0, 1}. We regard
its domain as its solution space in which there are four possible choices that satisfy
Oy = F(x1,x2) = x1 Axp = 1. We use a basis {(1, 0, 0, 0), (0, 1, 0, 0), (0, O,
1,0), (0,0, 0, 1)} of the four-dimensional Hilbert space to construct solution space
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{x1x2 Vxgs € {0, 1} for 1 < d < 2}. We make use of (1, 0, 0, 0) to encode Boolean
variable x(l) and Boolean variable xg. Next, we use (0, 1, 0, 0) to encode Boolean
variable x! and Boolean variable x9. We apply (0, 0, 1, 0) to encode Boolean variable
x? and Boolean variable xé. Finally, we use (0, 0, 0, 1) to encode Boolean variable
x} and Boolean variable x).

‘We use a linear combination of each element in the basis that is ﬁ(l, 0,0,0) +

25 % (0.1,0,0)+ 5 x (0.0, 1,0) + 4 x (0,0.0. 1) = (. . 4. )
to construct solution space {xx2|Vx; € {0, 1} for 1 < d < 2}. The amplitude of
each possible choice is all \/%7 and the sum to the square of the absolute value of
each amplitude is one. Because the length of the vector is one, it is a unit vector.
This is to say that we use a unit vector to encode all of the possible choices that
satisfy Oy = F(x1, x2) = x1 A x2. We call the square of the absolute value of each
amplitude as the cost (the successful probability) of that choice that satisfies the given
oracular function Oy = F(x1, x2) = x1 A x2. The cost (the successful probability)
of the answer(s) is close to one as soon as possible.

3.2.4 Implementing Solution Space to an Instance
of the Satisfiability Problem

In Listing 3.1, the program in the backend ibmgx4 with five quantum bits in
IBM'’s quantum computer is to solve an instance of the satisfiability problem with
F(x1, x2) = x1 A x5 in which we illustrate how to write a quantum program to find
values of each Boolean variable so that the whole formula has the value 1. Figure 3.2
is the quantum circuit of constructing solution space to an instance of the satisfiability
problem with F (x;, x) = x; Ax;. The statement “OPENQASM 2.0;” on line one of
Listing 3.1 is to indicate that the program is written with version 2.0 of Open QASM.
Next, the statement “include “gelibl.inc”;” on line two of Listing 3.1 is to continue
parsing the file “qelibl.inc” as if the contents of the file were pasted at the location

al0) 10>

q(1] lo)

a2l o)

a3l 10y
al4] 10>

s

Fig. 3.2 The quantum circuit of constructing solution space to an instance of the satisfiability
problem with F(xy, x2) = x1 A x2
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of the include statement, where the file “qgelibl.inc” is Quantum Experience (QE)
Standard Header and the path is specified relative to the current working directory.

Listing 3.1 The program of solving an instance of the satisfiability problem with
F(xy, x2) = x1 A Xxp.

OPENQASM 2.0;
include “gelibl.inc”;
qreg q[5];

creg c[5];

x q[0];

hq[31;

h q[4];

h g[0];

0 = O P g B I =

Next, the statement “qreg q[5];” on line three of Listing 3.1 is to declare that in
the program there are five quantum bits. In the left top of Fig. 3.2, five quantum bits
are subsequently q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum
bit is set to 10 > . We use quantum bit q[3] to encode Boolean variable x;. We make
use of quantum bit q[4] to encode Boolean variable x,. We apply quantum bit q[2]
to encode auxiliary Boolean variable s,. We use quantum bit q[0] as an auxiliary
working bit. We do not use quantum bit q[1].

For the convenience of our explanation, q[k]O for 0 <k <4 istorepresent the value
0 of q[k] and q[k]I for 0 < k < 4 is to represent the value 1 of q[k]. Similarly, for the
convenience of our explanation, an initial state vector of constructing solution space
to an instance of the satisfiability problem with F(x;, x) = x; A x5 is as follows:

|Po) = |q[41°)[q[31°)|q21°)|q[11°)|q[01°) = 10)|0)|0)]0}|0) = [00000).

Then, the statement “creg c[5];” on line four of Listing 3.1 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 3.2, five classical bits
are respectively c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical bit
is set to 0. Classical bit c[4] is the most significant bit and classical bit c[0] is the
least significant bit.

Next, the three statements “x q[0];”, “h q[3];” and “h q[4];” on line five
through seven of Listing 3.1 is to implement one X gate (one NOT gate) and
two Hadamard gates of the first time slot of the quantum circuit in Fig. 3.2.
The statement “x q[0];” actually completes (? (1)) X (é) = <(1)) = (|1)).
This indicates that the statement “x g[0];” on line five of Listing 3.1 inverts into
|q[01')(11)). The two statements “h q[3];” and “h q[4];” both actually complete

1L 1 £ 1 1 0
(250 0= ()l =)+ (1)) = o
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This is to say that converting q[3] from one state |0) to another state \/LE (10) + | 1)) (its
superposition) and converting q[4] from one state |0) to another state (its superposi-
tion) are completed. Therefore, the superposition of the two quantum bits q[4] and
al31is (2500 +110) (5100 +11)) = £10)10) +10)1) +DIO) + [1D]1) =
%(IOO) 4+ 101) 4 |10) + |11)). Because in the first time slot of the quantum circuit in
Fig. 3.2 there is no quantum gate to act on quantum bits q[2] and q[1], their current
states |q[2]0> and |q[1]°) are not changed. This is to say that we obtain the following
new state vector.

@) = (%ﬂqw) + |q[4]1))) (%ﬂqm% + |q[3]1>))(|q[2]°>|q[1]°)|q[011>)
= %(Iq[4]°>|q[3]0) +[al41°)[al31") + [q41")|al31°) + [a[41') al31'))
(|ar21°) |al11%)|gr01"))
= %(|0>|0> +10)[1) + [1)]0) + [1)[1))(10)[0}]1)).

Next, the statement “h q[0];” on line eight of Listing 3.1 is to implement one
Hadamard gate of the second time slot of the quantum circuit in Fig. 3.2. The state-

11 o
ment “h q[0];” actually completes (‘F ‘/51 ) X <0) = ( ﬁl ) = %( : > -
7wl N\ B

\/LE ((é) — (?)) = \/%(IO) — |1)). This indicates that converting q[0] from one

state |1) to another state «/LE( |0) — |1)) (its superposition) is completed. Because
in the second time slot of the quantum circuit in Fig. 3.2 there is no quantum gate
to act on quantum bits q[4] through g[1], their current states are not changed. This
indicates that we obtain the following new state vector

1
|®y) = (5(\q[4]°>!q[3]°) + |ql41°)|qi31") + |al41')]al31°) + !q[4]l>!q[3]1>))
1
21%qr11°) ( —=(|q[01°)—|q[0]"
(at22)at11°) (5 lator)- fator')
1
= (§(|0)|0) +10)11) + [1)]0) + |1)|1>))
1
NG
In the new state vector |®,), state |q[4]°)|q[3]°) encodes Boolean variable x! and
Boolean variable xJ. State |q[4]°)|q[3]') encodes Boolean variable x| and Boolean

variables xg. State |q[4]1)|q[3]0) encodes Boolean variable x? and Boolean variable
xé. State |q[4]1)|q[3]1> encodes Boolean variable x} and Boolean variable xé. The

(|0)|0>)( (10) — |1))>-
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amplitude of each choice is f and the cost (the successful possibility) of becoming

the answer(s) to each choice is the same and is equal to 22 = 1/4.

3.2.5 The Oracle to an Instance of the Satisfiability Problem

The Oracle is to have the ability to recognize solutions to the given oracular function

Oy = F(x1,x2) = x1 A x of the satisfiability problem. The Oracle is to multiply

the probability amplitude of the answer(s) by —1 and leaves any other amplitude

unchanged. The Oracle of solving the satisfiability problem with the given orac-

ular function Oy = F(x1,x) = x; A x; is a (22 x 2%) matrix B that is equal to
1000

0100
00 10
00 0-1

4x4
We assume that a (2% x 27) matrix B* is the conjugate transpose of B. Because

the transpose of B is equal to B and each element in the transpose of B is a
real, the conjugate transpose of B is also equal to B. Hence, we obtain B¥ = B.
Because B and B* are almost a (22 x 2?) identity matrix, B x B = I»,, and
BT x B = In,». Thus, we obtain B x BT = BT x B. This is to say that it is
a unitary matrix (operator) to solve the satisfiability problem with the given orac-
ular function Oy = F(x, x2) = x1 A x. Implementing the given oracular function
Oy = F(x1,x2) = x| A X, in the satisfiability problem is equivalent to implement

1000
the Oracle that is 0100
00 10
00 0-—1 ind
1 1
N N 1 0
i i
= = 1 1
vl IR Il I Y () R
7= N 2 |0 2 |0
1 =1 0 0
V22 ax1 J22 4x1 4x1 4x1
0 0
n 1 0 n -1 0
— X — X
N 72| o
0 4x1 1 4x1
L —100) + 1 —101) + : —10) + — - [11).
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1 0 0
. . 0 1 0
Four computational basis vectors 0 | o , | and
0 4x1 0 4x1 0 4x1

encode four states |00), |01), |10) and |11) and their current amplitudes

- o O O

are respectively (f)’ (ﬁ), (ﬁ) and (f) State 00)(|q[41°)[q[31°)) with
the amplitude

encodes Boolean variable x1 and Boolean variable xz. State

@
|01)(|q[4]0>|q[3]1>) with the amplitude (ﬁ) encodes Boolean variable x} and

Boolean variable xg. State |10)(|q[4]1)|q[3]0)) with the amplitude (\/—12»2> encodes
Boolean variable xJ and Boolean variable x}. State |11)(|q[4]')|q[3]")) with the

amplitude (%) encodes Boolean variable x} and Boolean variable x}. This is to
22

say that the Oracle multiplies the probability amplitude of the answer with Boolean
variable x{ and Boolean variable x} by —1 and leaves any other amplitude unchanged.

3.2.6 Implementing the Oracle to an Instance
of the Satisfiability Problem

We use one CCNOT gate to implement the given oracular function Oy =
F(x1, x2) = x1 A x7 of the satisfiability problem. We use quantum bit q[3] to encode
Boolean variable x;, we use quantum bit q[4] to encode Boolean variable x, and
we use quantum bit q[2] to encode Boolean variable s,. So, quantum bits q[3], q[4],
q[2] are respectively the first control bit, the second control bit and the target bit
of the CCNOT gate. Because we use the CCNOT gate to implement a logical and
operation, the initial value to quantum bit q[2] is set to |0).
From line nine through line twenty-three in Listing 3.1, there are the fifteen state-

ments. The front eight statements are subsequently “h q[2];”, “cx q[4],q[2];”, “t

q215", “ex qI3LAL2L", “tql21:", “ex q[41.q[2]:", “tdg q[2];” and “ex q[31.q2];" The
resting seven statements are “t q[4];”, “t q[2];”, “cx q[31,q[4];”, “h q[2];”, “t q[3];”,
“tdg q[4];” and “cx q[3], q[4];”. They 1mp1ement the CCNOT gate that completes
the given oracular function Oy = F(x1, X2) = X1 A X3.
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Listing 3.1 Continued...

/I We use the following fifteen statements to implement a CCNOT gate.
9. hq[2];

10. cx q[41.q[2];
11. tdg q[2];

12. cx q[31.q[2];
13. tq[2];

14. cx q[41.q[2];
15. tdg q[2];

16. cx q[3].q[2];
17. tql4l;

18. tq[2];

19. cx q[3].q[4];
20. hq[2];

21. tq[3];

22. tdg q[4];

23. cx q[3], q[4];

Figure 3.3 is the quantum circuit of implementing the Oracle to an instance
of the satisfiability problem with F(x;,x;) = x; A x,. They take the state

vector |®2) = (5(|al41°)[q[31°) + [q[41°)[al31") +|a[41')[a[31°) + [q[41')|a[31")))
(|ar21°)|ql11%) (% (|at01°)—|qro1! ))) as their input. After they actually implement
six CNOT gates, two Hadamard gates, three T gates and four T' gates from the first

time slot through the eleventh time slot in Fig. 3.3, we obtain the following new state
vector.

1
|®s3) = (5(!q[4]°)\q[3]°)lq[2]°>+\q[41°>!q[3]1>!q[2]°) + lai41")ai31°)al21°)

- fat#1ar31 a2 (%) (5 (ator) - fator)

1
= (§(I0>|0)|0) +10)[1)[0) + [1)[0)]0) + I1>|1)|1))>

i B ity P A e &

Fig.3.3 The quantum circuit of implementing the Oracle to an instance of the satisfiability problem
with F(x1,x2) = x1 A xp
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1
N —=0) — 1)) ).
( >)(ﬁ(|) |>))

Next, from line twenty-four in Listing 3.1, the statement “cx q[2],q[0];” takes the
new state vector | ®3) as its input. It multiplies the probability amplitude of the answer.
|q[41')|q[3]") encoding x} x} by —1 and leaves any other amplitude unchanged.

Listing 3.1 Continued..

/I The Oracle multiplies the probability amplitude of the answer x} x} by — 1
and.

/l leaves any other amplitude unchanged.
24. cx q[2],9[0];

This is to say that after the statement “cx q[2],q[0];” implements the CNOT gate
in the twelfth time slot in Fig. 3.3, we obtain the following new state vector.

|dy) = ( (|a41°)[ar31°)[ar21°) + [q[41°)[ar31")|ar21°) + |qr41')|qr31°)|ql21°)
- (—1>|q[4]1>|q[3]1)|q[2]‘)))(I|q[1]°>)<\if2(|q[01°> - |q[0]1>))

1
= <5(|0)|0)|0) +10)[1)10) + [1)10)0) + (—1)|1>|1>I1>)>

1
(I@)(E(IO) - |1>))-

Because quantum operations are reversible by nature, executing the reversed order
of implementing the CCNOT gate can restore the auxiliary quantum bits to their
initial states. From line twenty-five through line thirty-nine in Listing 3.1, there are
the fifteen statements. They are “cx q[3],q[4];”, “tdg q[4];”, “t q[3];”, “h q[2];”, “c

ql31al417, “tql2]", “tqldl;™, “cx ql31al2]:™, “tdg ql2];", “cx ql4l.ql2]:™, “t q[z]

“cx q[3],q [ 1,7, “tdg q[2];”, “cx q[4],q[2];” and “h q[2],”. They run the reversed
order of unplementmg the CCNOT gate that completes the given oracular function
Oy = F(x1, x2) = x1 A x2. They take the new state vector |®4) as their input. After
they actually complete six CNOT gates, two Hadamard gates, three T+ gates and
four T gates from the rthirteenth time slot through the last time slot in Fig. 3.3, we
obtain the following new state vector

1
|®s) = (5(\q[4]°>!q[3]°)+\q[4]°>!q[3]1> + lal41')]qi31’)

+ (—1)|g[4]‘)|q[31‘)))(|q[21°>!q[1]°>)(\%(}qm](’) — |q[01‘)))
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1

1
= (§(|0>|0> +10)[1) + [1)]0) + (_1)|1>|1>)>(|0>|0>)<ﬁ

(10) — |1>)>-

Listing 3.1 Continued...
// Because quantum operations are reversible by nature, executing the reversed.

/I order of implementing the CCNOT gate can restore the auxiliary quantum
bits.

// to their initial states.
25. cx q[3].q[4];

26. tdg q[4];

27. tq[3];

28. hq[2];

29. cx q[3].q[4];
30. tq[2];

31. tq[4];

32. cx q[3].q[2];
33. tdg q[2];

34. cx q[41.q[2];
35. tq[2];

36. cx q[3].q[2];
37. tdgq[2];

38. cx ql4],q[2];
39. hq[2];

In the state vector |®,), the amplitude of each element in solution space
{x1x,Vx,; € {0, 1} for 1 < d < 2} is (1/2). In the state vector |®5), the amplitude
to three elements x(l) xg, x(l) xi, x% xg in solution space is all (1/2) and the amplitude
to the element x} xé in solution space is (—1/2). This indicates that thirty-one state-

1000
0100
00 10

00 0-1

ments from line nine through thirty-nine in Listing 3.1 complete

4x4

-9
3

X
T

that is to complete the Oracle of solving the satisfiability problem

-9
>

ﬂ

22/ 4x1
with the given oracular function Oy = F(x1, x2) = X1 A X3.
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3.2.7 The Grover Diffusion Operator to Amplify
the Amplitude of the Answers in the Satisfiability

Problem
Ui
. Uz 1
We assume that a (2" x 1) vector |u) 1is . and another (2" x 1)
Uon | M
V1,1
. V2’1 . .
vector |v) is . . The transpose of |v) 1is a (1 x 2") vector that is
VZ”,I Mmxl
( Vil Via - Vion ) . Definition 3.2 introduces the outer product |u) (v| of two
S ’ 127

vectors |u) and |v).

Definition 3.2 The outer product |u)(v| of two vectors |u) and |v) is a (2" x 27")
matrix W that is

U1
Uz 1
X ( Vi1 Vi s Vi >1X2n
U1 /gy
U Xvyp - U X vyon
Upn 1 X VY1 s U g X Vion [ o 5

We assumethat H®" represents n Hadamard gates and |O®”> represents 7 quantum
bits in which the value of each quantum bit is equal to |0). After we use a unitary
operator H®" to operate n quantum bits, |O®"), the state |0) of each quantum bit is
converted into its superposition %(IO) + |1)). This is to say that the superposition

to n quantum bits with [08") is |y) = ((@;;1(%00) n |1)))) = 2 Y Ik =
1

1 0 7
0 i
1 _ NeZ .
N : +---+ : = : . The state vector [y) is
1
0 2nx1 1 2nx1 ﬁ Mm%l

the uniform superposition of states, is a (2" x 1) vector and its length is one. This
indicates that it is a unit vector.
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The matrix D that is a (2" x 2") matrix defines the Grover diffusion operator D
as follows:

D, 2 if a = band D 2 1
b = — ifa andD,, = — — 1.
b on , on

This diffusion transform, D, can be implemented as D = 2|y ) (| — Lhnyxon =
He®" (2‘0®”)<0®”| - Izrzxzn)H ®n_ The rotation matrix R that is a (2" x 2") matrix
defines a phase shifter operator, (2|O®”>(0®”| — [2n><2n), as follows:

Rop=0ifa#b; Ry =1ifa=0; Ryy = —1ifa #0.

This implies that the phase shifter operator, (2 | 0®”)(0®” | — I in), negates all the
states except for |0). It turns out that a quantum circuit with a phase shift operator, 2
|0®")(0®” ] — Ipnyon, that negates all the states except for |0) sandwiched between H ®"
gates can implement the Grover diffusion operator D. We use Lemma 3.1 to show that
the Grover diffusion operator, D =2 |{) (| — Ipiyon = H®" (2|0®">(0®" | — I in)
H®", is a unitary operator.

Lemma 3.1 The Grover diffusion operator, D = 2\Y)(¥| — DLiym =
H®"(2|0®")(0%"| — Luyo ) H®", is a unitary operator.

Proof The outer product |y) (] of the (2" x 1) vector ) with itself leads to a (2"
L 1 1

n ; ; : D TR _ .
x 2™") matrix V that is : X(ﬁ ﬁ)znxl_ Do
1 1 1
\/_27 2%l PZET 2nx2n
Subtracting the identity matrix I».» from the double of the (2" x 2") matrix V, we
2 ... 2 1---0
271 211

obtain a new (2" x 2") matrix D that is S - =

2
2 T an S gnyon 01/ 50

N .

2 2
SR Tl WP
We assume that a (2" x 2") matrix D* is the conjugate transpose of D. We assume
that NV is equal to (1/2"). Because the transpose of D is equal to D and each element
in the transpose of D is a real, the conjugate transpose of D is equal to D. Hence,

we obtain D* = D. Since (D X D*)a’a = (% — 1)2 + (%)2 x (N —1)=1and
(Dx D*),, = (21)x (2)+(2) x (& = 1) +(2)" x (W =2) = 0, we obtain D

X DY = Duyon. Because D" = D and D x Dt = Iy, we obtain D* x D =D x D*
= Dy« Because |y) = H®" (|02")) and Lo = H®" Iyiyon H®", we obtain D =
2 1Y) (Y| — Iyxar =2 H® |[09") (09| H®" — Ly =2 H®"|0%")(0%"| H®" —
H®" Ly on H® = H®" (2 (O®"| - Iznxzn)H @1 From the statements above,

0%



3.2 Introduction to the Satisfiability Problem 125

it is at once inferred that the Grover diffusion operator, D = 2 |¥) (| — Iy =
He®" (2|0®")(0®”| - Iznxzn) H®" is a unitary operator. [ ]

3.2.8 Implementing the Grover Diffusion Operator
to Amplify the Amplitude of the Answer in an Instance
of the Satisfiability Problem

The new state vector [®s) is  (3(|a[41°)]a[31°) + |a[41°)[a[3]')
+lat41")[ar31%) + (= Dlat41")fa31')  (lat21°)at11%) (L5 (lator) - [aror')-

It consists of two subsystem. The first subsystem is
(3(Jat41°)[ar31°) + |al41°)[al31") + [al[41')|a[31°) + (= 1D)]a[4]")|a[3]'))) and the
second subsystem is (|q[2]0)|q[1]0>)(%(|q[0]0) — |q[0]1>)). The two subsystems
are independent each other. Amplifying the amplitude of each answer in the satis-
fiability problem with the given oracular function Oy = F(x1,x2) = X1 A X2
just needs to consider the first subsystem in the new state vector |®s).
Because for the satisfiability problem with the given oracular function

Oy = F(x1,x2) = x1 A xp the (2% x 1) vector ‘/127 encodes the first

2
subsystem of the new state vector |®5) and y 7
2 —
22 2 2 _
2 2 2 2 2222
is a (2% x 22) diffusion operator, amplifying the amplitude of the answer is to
1
Z-1 % 7z 0
i
2 = 0
22 V22 _
2 1 - 0
1

R

complete

— = o
2 -1 =L
3 22422 Ner ax] 4x1
This is to say that the amplitude of the answer x] x} is one and the amplitude of
other three possible choices x x9, 9 x and x] x is all zero.

The quantum circuit in Fig. 3.4 implements the Grover diffusion operator,
H®2(2|0®2>(0®2| — 122><22) H®?, The statements “h q[3];” and “h q[4];”
from line forty through line forty-one in Listing 3.1 complete the first
H®? gate in the diffusion operator, H®> (2|0®2)(0®2| — I2y»2) H®2. They

takes  (3(|al41°)[q[31°) + |q41°)|ql31") + |ql41')|q[31°) + (—1)|q[41")[q[31")))
as their input and complete two Hadamard gates in the first time
slot of Fig. 3.4. State (%|q[4]0)|q[3]0>) is converted into state

D[SUSISEIN]
R R
N
2
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q{0]
qil]

qi2]
o 6 BEO 5
cOB@DonE mE

[

Fig. 3.4 The quantum circuit of implementing the Grover diffusion operator, H®?
(2[0%2)(0%2| — I2,52) H®?, to an instance of the satisfiability problem with F(xj, x2) = x1 A
X2

1(|a141°)[ql31°) + |al41°)|al31") + |ar41")|ar31°) + |q41')]al31').- State
(3]a(41°)|q31")) is converted into state 1 (|q[41%)q[31°) — |q[41°)|q[3]")
+[q[41")|al31°) — |q[41')|q[31")). State (1|q[41')[q[31°)) is converted into
state  1(|q141°)[qi31°) + |ar41%)|al31')  —[al41'}[q[31°) — [ql41')q[31')). State
(—3lal41")[a[3]')) is converted into state —3(|q[41%)a[31°) — |a[41°)a[3]')
—|ql41")|a[31°) + |q[41")|q[3]')). This is to say that we obtain the following new
state vector.

1
|dg) = (5(|q[4]°)|q[3]°) +|q41°)[a[31") + |ql41')|q[31°) + (—1>|q[4]‘)\q[31‘))>.

Listing 3.1 Continued...

//We complete the amplitude amplification of the answer.
40. hq[3];

41. hq[4];

Next, from line forty-two through forty-three in Listing 3.1 the two statements
“x q[3]” and “x q[4]” implement two NOT gates in the second time slot of Fig. 3.4.
They take (3 (|ql41°)[q[31°) + |ql41°)[ql3]") + |ql41")|q[31°) + (= 1)|q[41")|q[31")))
in the new state vector P > as their input. State (%]q[41°)|q[31%)) is
converted into state 1 (|q[4]')|q[3]')) State 1 (|q[41°)|q[3]")) is converted into state
1(|ar41')|ql31°)). State 1(|ql41')[q[31%)) is converted into state 1 (|q[4]°)|q[3]")).
State —1(|q[4]')|q[3]")) is converted into state —3(|q[4]°)|q[3]1°)). This indicates
that we obtain the following new state vector

1
|d7) = (5<—1)\q[4]°>|q[3]°> + |ql41°)[q131") + |al41")|ql31°) + \q[4]‘)}q[3]‘)>.
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Listing 3.1 Continued...

/' We complete phase shifters.
42. xq[3];
43. x q[4];

Next, from line forty-four in Listing 3.1 the statement “h q[4];” imple-
ments one Hadamard gate in the third time slot of Fig. 3.4. They take
(2(=D]al41°)[a[31°) + [al41°)|q[31') + |al4]')|a[31°) + |q[41')|q[3]")) in the new
state vector |®7) as their input. State (—%|q[4]0)|q[3]0)) is converted into state
—%ﬁ(|q[4]°)|q[3]o> + |q[4]1>|q[3]0)). State (%|q[4]°)|q[3]1>) is converted into state
%ﬁ(|q[4]0)|q[3]1) + |q[4]1)|q[3]1)). State (%|q[4]1)|q[3]0>) is converted into state
55 ([at41°)[ar31°) — |a[41')[q(31°)). State (3|q[41')|q[31')) is converted into state

]

55 ([at41°)[ar31') — |q[41')[q[31')). This is to say that we obtain the following
newstate vector

|dg) = (iz(!q[4]°>|q[3]1> - |q[4]1)|q[3]°>)>-

Listing 3.1 Continued...
44. hq[4];

Next, from the line forty-five in Listing 3.1 the statement “cx q[3].q[4];”
implements one CNOT gate in the fourth time slot of Fig. 3.4. They
take %(|q[4]0>|q[3]1>— |q[4]1>|q[3]0)) in the new state vector |®g) as their
input. State (%|q[4]0>|q[3]1>> is converted into state (\%|q[4]1)|q[3]1>)_ State
(— % |q[4]1)|q[3]0>> is converted into state (—% |q[4]1>|q[3]0>>. This indicates that
we obtain the following new state vector

| Do) = (%(|q[4]1>|q[3]‘> - |q[4]‘>|q[3]°))).

Listing 3.1 Continued...
45. cxq[3].q[4];
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Next, from the line forty-six in Listing 3.1 the statement “h q[4];” imple-
ments one Hadamard gate in the fifth time slot of Fig. 3.4. They take

(\% (|q[4]1>|q[3]1> — |q[4]1)|q[3]0>)) in the new state vector | ®Py) as their input. State
(\%|q[4]1>|q[3]1)) is converted into state %(|q[4]0>|q[3]1) — |q[4]1)|q[3]1>). State

(— % |q[4]1)|q[3]0>) is converted into state — % (|q[4]0)|q[3]0) — |q[4]1)|q[3]0>). This
indicates that we obtain the following new state vector

1
|P10) = 5((—1>|q[4]0)|q[3]°) + |q[41°)[q[31")
+|qr41")[a131°) + (= 1)|qr41")|q[31")).

Listing 3.1 Continued...
46. hql[4];

Next, from the line forty-seven through line forty-eight in Listing 3.1 the
two statements “x q[4];” and “x q[3];” implements two X (NOT) gates in
the sixth time slot of Fig. 3.4. They take 1((—1)|q[41°)|q[31°) + |q[41°)[q[3]")
+|q[4]1>|q[3]0>+(—1)|q[4]1)|q[3]1)). in the new state vector |®yp) as their
input. State (—1|q[41°)|q[31°)) is converted into state (—1|q[4]')|q[3]")). State
(3]ar41°)|ql31")) is converted into state (4 |q[4]')|q[31°)). State (1 |q[41')|q[31%)) is
converted into state (3 |q[41°)|q[3]')). State (—1|q[4]')|q[3]")) is converted into state
(—% |q[4]0)|q[3]0)). This is to say that we obtain the following new state vector.

1
|d1p) = 5((—1>!q[4]°)|q[3]°) + |ql41°)|ql31")
+|ql41')[ql31°) + (=1 |q41")[ql31")).

Listing 3.1 Continued...
47. x q[4];
48. xq[3];

Next, from line forty-nine in Listing 3.1, the statement “u3(2*pi,0%pi,0%pi) q[3];”

0 -1
the seventh time slot of Fig. 3.4. It takes 1((—1)|q[41°)|q[31°) + |q[41°)[qa[3]')
+q[41")[a[31°) + (—1)|q[41')|q[31")) in the new state vector |®1,) as its input. State

completes one u3(2*pi,0%pi,0%pi) gate that is a (2 x 2) matrix < -10 ) in
2x



3.2 Introduction to the Satisfiability Problem 129

—1|ql41°) |q[31°) receives one phase (—1). State 1|q[4]°)|q[3]") receives one phase
(—1). State 1|q[4]')|q[31°) receives one phase (—1). State 3|q[4]'}|q[3]") receives
one phase (—1). This indicates that we obtain the following new state vector

|®12) = %((—1 x —1)[q[41°)[a[31°) + (=1)|ql41°)|al3]") + (=1)|q[41')|q[31°)
+(—1 x —1)|q[4]')|q[31"))
= %(Iq[4]°)|q[3]°) + (=1)[q[41°)[q31")
+(=1)|qr41')|ar31°) + [ql41')|ql31")).

Listing 3.1 Continued...
49. u3(2*pi,0*pi,0*pi) q[3];

Those quantum gates from the second time slot through the seventh time slot
of Fig. 3.4 completes the phase shifter, (2 — |0®2><0®2| 12 »2), in the Grover diffu-
sion operator to an instance of the satisfiability problem with F(x, x3) = x; A
x3. Next, from the line fifty through line fifty-one in Listing 3.1 the two state-
ments “h q[4];” and “h q[3];” implement two Hadamard gates in the eighth time
slot of Fig. 3.4. They complete the second H®? gate in the diffusion operator,
H®? (2|092)(0%%| — I2y22) H®?. They take 3(|q[41°)|q[31°) + (= 1)|q[4]°)[q[3]")
+(—1)|q[41")[a[31°) + |q[41')|q[3]")) in the new state vector |®;,) as their input.
State (%|q[4]0>|q[3]0>) is converted into state (}1(|q[4]0>|q[3]0)+\q[4]0>|q[3]1)
+|q[4]1>|q[3]0>+|q[4]1>|q[3]1>)). State (—%|q[4]0>|q[3]1>) is converted into
state (—5(|q(41°)[al31°) — [al41°)[q[31")  +|ql41')[q[31°) — [ql41")|q[3]"))). State
(—1[al41")[a[31°)) is converted into state (—3(|q[41%)[q[31°) + |q[41°)|qI31")
—|ql41")[q[31°) — |q[41")[a[31'))). State (%|q[41')|q[31")) is converted into state
(3(Jat41°)[ar31°) — |al41°)[a31") —[al41'}[al31°) + [ql41")|a[31'))). This is to say
that we obtain the following new state vector

|®13)=|q[4]")|q[31").

Listing 3.1 Continued...
50. hq[4];
51. hq[3];
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State

Fig. 3.5 After the measurement to solve an instance of the satisfiability problem with F(x1, x3) =
X1 A x2 is completed, we obtain the answer 11,000 with the probability 1 (100%)

Next, from line fifty-two in Listing 3.1 the statement “measure q[4] -> c[4];”
is to measure the fifth quantum bit q[4] and to record the measurement outcome
by overwriting the fifth classical bit c[4]. From line fifty-three in Listing 3.1 the
statement “measure q[3] -> c[3];” is to measure the fourth quantum bit q[3] and to
record the measurement outcome by overwriting the fourth classical bit c[3]. They
complete the measurement from the ninth time slot through the tenth time slot of
Fig. 3.4.

Listing 3.1 Continued...

/I ' We complete the measurement of the answer.
52. measure q[4] -> c[4];
53. measure q[3] -> c[3];

In the backend ibmgx4 with five quantum bits in IBM’s quantum computers, we
use the command “simulate” to execute the program in Listing 3.1 . The measured
result appears in Fig. 3.5. From Fig. 3.5, we obtain the answer 11,000 (c[4] = 1
=q[4] = |1), c[3] = 1 = q[3] = |1), c[2] = 0, c[1] = 0 and c[0] = 0) with the
probability 1 (100%). This is to say that with the possibility 1 (100%) we obtain
that the value of quantum bit q[3] is |1) and the value of quantum bit q[4] is |1).
For solving an instance of the satisfiability problem with F(x, x) = x1 A x, we use
quantum bit q[3] to encode Boolean variable x; and use quantum bit q[4] to encode
Boolean variable x,. Therefore, the answer is to that the value of Boolean variable
x1 is 1 (one) and the value of Boolean variable x, is 1 (one).

3.2.9 The Quantum Search Algorithm to the Satisfiability
Problem

A satisfiability problem has n Boolean variables and any given oracular function
Or(x1 X2 ... Xp — 1 X,). Any given oracular function Oy (x| x3 ... X, — 1 X,) is a Boolean
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formula of the form C; A C; ... A Cp,. Each clause C; for 1 <j < m is a formula
of the form x; V x, V ... x,_1 V x, for each Boolean variable x; to 1 < k < n.
The question is to find values of each Boolean variable so that any given oracular
function Oy(xy X3 ..., X, —1 X,) (the whole formula) has the value 1. We use the
quantum search algorithm to find one of M solutions to the question, where 0 < M
<2

The quantum circuit in Fig. 3.6 is to implement the quantum search algorithm
to solve an instance of the satisfiability problem with n Boolean variables and m
clauses. The first quantum register in the left top of Fig. 3.6 is (|0®")). This is to say
that the initial value of each quantum bit is |0). The second quantum register in the
left bottom of Fig. 3.6 has (m x n 4+ 2 x m 4 1) quantum bits and is an auxiliary
quantum register.

The initial value of each quantum bit in the second quantum register is |0) or |1)
that is dependent on implementing a logical or operation or a logical and operation.
The third quantum register in the left bottom of Fig. 3.6 is ((1]).

n n
= Phase: ®n e
[087) = | ®n) =~ H |Hen) M |H®") o Measure
I } ’ Oracle: |r1o"'xuo)
1) > -
( _])uf[.\-,---.r,,] 21 ® - 2,0}
[ = Xn)
g+ )
-
=Jog -+ xy)
10 Xq -+ Xy
-0
mxn+2
xm+1

oracle
workspace ;

11) |H)

Grover’s iteration about
—) times
O‘\.M] nnes

Fig. 3.6 Circuit of implementing the quantum search algorithm to solve an instance of the
satisfiability problem with n Boolean variables and m clauses
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3.2.10 The First Stage of the Quantum Search Algorithm
to the Satisfiability Problem

In Fig. 3.6, the first stage of the quantum search problem to solve an instance
of the satisfiability problem with n Boolean variables and m clauses is to use n
Hadamard gates (| H®")) to operate the first quantum register (|0%")). This indicates

-0 1
that it generates the superposition of n quantum bits that is (®}_, (%)) =

1 . . .
el (Z{xlxzmx,,l\'«’xde{&,l}forlgdgn} |x1x5 .. .x,,)). Solution space of solving an instance

of the satisfiability problem with n Boolean variables and m clauses is {x| x; ...
Xn—1 X, 1Y x4 €{0,1} for 1 <d < n}. In the first stage of the quantum search

algorithm, state (|x{x? - - - x2)) with the amplitude (\/#27) encodes the first element x¥

0 0

x5 ... xY in solution space and so on with that state (|x{x] - - - x,}}) with the amplitude

(\/%7) encodes the last element x| x} ... x! in solution space. In the first stage of the
quantum search algorithm, it uses one Hadamard gate to operate the third quantum
register (|1)). This is to say that it generates the superposition of the third quantum

register (|1)) that is (\%(lO) [1))).

3.2.11 The Second Stage of the Quantum Search Algorithm
to the Satisfiability Problem

In Fig. 3.6, the second stage of the quantum search algorithm to solve an instance of
the satisfiability problem with n Boolean variables and m clauses is to complete the
Oracle. The Oracle is to have the ability to recognize solutions in the satisfiability
problem with n Boolean variables and m clauses. The Oracle is to multiply the prob-
ability amplitude of the answer(s) by — 1 and leaves any other amplitude unchanged.
Any given oracular function O(x1 X3 ... X, — 1 X,,) is a Boolean formula of the form
Ci ACy ... ACy.Eachclause Cj for 1 <j < misaformula of the formx; Vx, v ...
Xn—1 V x, for each Boolean variable x; to 1 < k < n. Therefore, for implementing
any given oracular function Of(x; X2 ... X, _1 X,), we need to complete (;m x n)
logical or operations and (m) logical and operations.

In oracle workspace in the second stage of the quantum search algorithm, we use
auxiliary quantum bits |r i, k) for 1 <j <mand0 < k < ntoencode auxiliary Boolean
variables r; ¢ for 1 <j <mand 0 < k < n. We use auxiliary quantum bits |sj> for0 <j
< m to encode auxiliary Boolean variables s; for 0 < j < m. Since we use auxiliary
quantum bits |r i, 0) for 1 <j < m as the first operand of the first logical or operation
(““v”) in each clause, the initial value of each auxiliary quantum bit |r‘,~,0> forl <j
<missetto |0). This implies that this setting does not change the correct result of the
first logical or operation in each clause. We use a CCNOT gate and four NOT gates
to implement each logical or operation in each clause. We apply auxiliary quantum
bits |rj, k) for 1 <j <mand1 <k < nto store the result of implementing the logical
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or operations in each clause. This is to say that each auxiliary quantum bit |r; ;) for
1 <j<mand 1 <k <nis actually the target bit of a CCNOT gate of implementing
a logical or operation. Thus, the initial value of each auxiliary quantum bit |r i, k) for
l<j<mand1 <k <nissetto|l).

We use an auxiliary quantum bit |sp) as the first operand of the first logical and
operation (“A”) in any given oracular function Of(x X3 ... X, — | X,;) with a Boolean
formula of the form C; A C; ... A C,,. The initial value of the auxiliary quantum bit
|so) is set to |1). This is to say that this setting does not change the correct result of the
first logical and operation in any given oracular function Of(x; X3 ... X, — | X,) wWitha
Boolean formula of the form C; A C; ... A Cy,. We use a CCNOT gate to implement
each logical and operation in any given oracular function O(x{ x3 ... X, — | X,,) With
a Boolean formula of the form C; A C; ... A C,,. We apply auxiliary quantum bits
|s g )for 1 <j < mto store the result of implementing the logical and operations in any
given oracular function Oy (x| x; ... X, — 1 X,) With a Boolean formula of the form
Ci A Cy ... A Cy,. This indicates that each auxiliary quantum bit |s j) forl <j<m
is actually the target bit of a CCNOT gate of implementing a logical and operation.
Therefore, the initial value of each auxiliary quantum bit ‘s j) forl <j<missetto
|0).

A CCNOT gate and four NOT gate can implement a logical or operation. A
CCNOT gate can implement a logical and operation. From Fig. 3.1, implementing
any given oracular function O(x| X3 ... X, — | X,,) is to complete (m x n) logical or
operations and (m) logical and operations. This is to say that implementing any given
oracular function O(x1 X3 ... X, —1 X,) is to complete (m x n + m) CCNOT gates
and (4 x m x n) NOT gates. Quantum bit s, > is to store the result of implementing
any given oracular function Oy (x; X2 ... X, — | X,). If the value to quantum bit |s,,) is
equal to |1), then any given oracular function Of(x; X3 ... X, — | X,) has the value 1
(one). Otherwise, it has the value O (zero).

We use one CNOT gate ‘% @ s;, to multiply the probability amplitude of the
answer(s) by — 1 and to leave any other amplitude unchanged, where quantum bit
‘ ‘Ol/ill is the target bit of the CNOT gate and quantum bit (|s,,)) is the control bit
of the CNOT gate When the value of the control bit (|s,,))is equal to (1)), the target
bit becomes (“ 7 ) (=1 ( ) This is to multiply the probability amplitude
of the answer(s) by —1. When the value of the control bit (|s,,)) is equal to (10 >),
the target bit still is ( ﬁ ) This is to leave any other amplitude unchanged.

Because quantum operations are reversible by nature, executing the reversed order
of implementing any given oracular function Of(x; X3 ... X, —1 X,) can restore the
auxiliary quantum bits to their initial states. This is to say that the second stage
of the quantum search algorithm to solve the satisfiability problem with n Boolean

variables and m clauses converts ﬁ(Z{x,xg...x"wxde{o,l}forlsdgn}|x1x2 . .xn>) into

(—1)0r G ﬁ(Z[x]xz,..xnwxde{oal}f‘)rlfdf”} |x1x5 .. .xn)). The cost of completing
the Oracle in the second stage of the quantum search algorithm in Fig. 3.6 is to
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implement (2 x (m x n + m)) CCNOT gates, (8§ x m x n) NOT gates and one
CNOT gate.

3.2.12 The Third Stage of the Quantum Search Algorithm
to the Satisfiability Problem

In Fig. 3.6, thethird stage of the quantum search algorithm to solve an instance of
the satisfiability problem with n Boolean variables and m clauses is to complete
the Grover diffusion operator. Implementing the Grover diffusion operator is
equivalent to implement H®" (2|0®")0®"|Iy«») H®". A phase shifter operator,
(2]0®"){0®"| — Ip»x2+) negates all the states except for (|x{...x7)). In Fig. 3.6,
the third stage of the quantum search problem is to use that the phase shift oper-
ator, 2|0®”)(0®”| — Inyon, negates all the states except for (|x? .- -x,?)) sandwiched
between H®" gates. This indicates that the third stage of the quantum search algo-
rithm to solve an instance of the satisfiability problem with n Boolean variables and
m clauses is to increase the amplitude of the answer(s) and to decrease the amplitude
of the non-answer(s).

For solving an instance of the satisfiability problem with n Boolean variables
and m clauses, we regard the Oracle and the Grover diffusion operator from the
second stage through the third stage of the quantum search algorithm in Fig. 3.6 as
a subroutine. We call the subroutine as the Grover iteration. After repeat to execute

the Grover iteration of O(\/g ) times, the successful probability of measuring the
answer(s) is at least (1/2). When the value of (M/N) is equal to (1/4), the successful
probability of measuring the answer(s) is one (100%) with the Grover iteration of
one time. This is the best case of the quantum search algorithm to solve an instance
of the satisfiability problem with n Boolean variables and m clauses. When the value
of M is equal to one, the successful probability of measuring the answer(s) is at least
(1/2) with the Grover iteration of O(\/N ) times. This is the worst case of the quantum
search algorithm to solve an instance of the satisfiability problem with n Boolean
variables and m clauses. This indicates that the quantum search algorithm to solve
an instance of the satisfiability problem with n Boolean variables and m clauses only
gives a quadratic speed-up.

3.3 Introduction to the Maximal Clique Problem

We assume that a graph G = (V, E) has n vertices and 0 edges, where V is a set of
vertices in G and E is a set of edges in G. For a graph G = (V, E) with n vertices and ¢
edges, its complementary graph is to contain all edges missing in the original graph
G = (V, E) with n vertices and 6 edges. Therefore, we assume that its complementary
graph G = (V, E) has n vertices and m edges in which each edge in E is out of E,
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(b)

Fig. 3.7 a The graph has three vertices and two edges. b Its complementary graph has the same
vertices and one edge missing in the original graph

(a)

where V is a set of vertices in G and E is a set of edges in G. This is to say that a
graph G = (V, E) and its complementary graph G = (V, E) has the same vertices
and its complementary graph G = (V, E) contains all edges missing in the original
graph G = (V, E). In Fig. 3.7a, the graph has three vertices {v;, v, v3} and two edges
{(v1,v2), (v1,v3)}. In Fig. 3.7b, its complementary graph has the same three vertices
{v1, v2, v3} and one edge {(v,, v3)} missing in the original graph in Fig. 3.7a.

Mathematically, a clique for a graph G = (V, E) with n vertices and 6 edges is
defined as a set of vertices in which every vertex is connected to every other vertex
by an edge. This is to say that mathematically, a clique for a graph G = (V, E) with
n vertices and 6 edges is a complete subgraph to G. For the graph with three vertices
{v1, v2, v3} and two edges {(v{, v2), (v1, v3)} in Fig. 3.7a, there are eight subsets of
vertices. Eight subsets of vertices are subsequently {vy, va, va}, {vi, w2}, {v1, v3},
{va, va}, {v1}, {v2}, {v3} and an empty subset of vertices that is { }.

Any two vertices connected in the complementary graph with three vertices {vy,
vy, v3} and one edge {(v,, v3)} in Fig. 3.7b are disconnected in the original graph
with three vertices {vy, v, v3} and two edges {(v{, v2), (vi, v3)} in Fig. 3.7a. This
is to say that any two vertices connected in the complementary graph cannot be
members of the same clique. Because the edge (v2, v3) in the complementary graph
in Fig. 3.7b connects the two vertices v, and v3, eight subsets of vertices containing
the two vertices v, and v3 are not a clique. A subset of vertices {v;, v, v3} contains
the two vertices v, and vs, so it is not a clique. Another subset of vertices {v,, v3}
consists of the two vertices v, and v3 and therefore it is not a clique. This indicates
that other six subsets of vertices {vy, va2}, {vi, v3}, {v1}, {v2}, {v3} and an empty
subset of vertices that is {} are all a clique.

The number of vertex to clique {v;, v, } and clique {v;, v3} is both two. The number
of vertex to clique {v; }, clique {v,} and clique {v3 } is all one. The number of vertex to
clique {} that is an empty subset of vertices is zero. The maximal clique problem that
is a NP-complete problem is to find a maximum-sized clique in the graph with three
vertices {vy, vz, v3} and two edges {(v{, v2), (v, v3)} in Fig. 3.7a. Therefore, clique
{vi, v2} and clique {v, v3} are two maximum-sized cliques to solve the maximal
clique problem for the graph with three vertices {vy, v», v3} and two edges {(v{, v2),
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(v1, v3)} in Fig. 3.7a. Because the quantum program of implementing this example
uses more quantum bits that exceed five quantum bits in the backend ibmgx4 with
five quantum bits in IBM’s quantum computers, we just use this example to explain
what the maximal clique problem is. Next, we give Definition 3.3 to describe the
maximal clique problem.

Definition 3.3 Mathematically, a clique for a graph G = (V, E) with n vertices and
6 edges is defined as a set of vertices in which every vertex is connected to every
other vertex by an edge. The maximal clique problem to a graph G = (V, E) with n
vertices and 6 edges is to find a maximum-sized clique in the graph G = (V, E) with
n vertices and 6 edges.

From Definition 3.3, all of the possible solutions to the clique problem of graph
G with n vertices and 6 edges consist of 2" possible choices. Every possible choice
corresponds to a subset of vertices (a possible clique in G). Hence, we assume that a
set X contains 2" possible choices and the set X is equal to {x; x5 ... x, 1 X, V x4
€ {0, 1} for 1 <d < n}. This is to say that the length of each element in {x; x; ...
Xn—1X! Vx4 €{0,1} for 1 <d <n}isnbits and every element stands for one of
2" possible choices.

For the sake of presentation, we suppose that x denotes the fact that the value of
x4 18 zero and xji denotes the fact that the value of x; is one. If an element x; x; ...
Xp_—1Xpin{x;x2 ... x, _1 X, Vx4 € {0, 1} for 1 <d <n}isaclique and the value
of x; for 1 <d < nis one, then x}l represents that the dth vertex is within the clique.
If an element x; x5 ... x,, 1 X, in {x; X2 ... X, 1 XxI Vx5 € {0, 1} for1 <d <n}
is a clique and the value of x, for 1 < d < n is zero, then xg stands for that the dth
vertex is not within the clique.

0

From {x; x5 ... x, 1 x,/ Vx5 € {0,1} for1 <d < n},theﬁrstelementx(l)x2
0 0

x% | 1% encodes an empty set of vertices that is {}. The second element x¥ x ...
xg 1 x}l encodes a set of vertices {v, }. The third element x‘l) x‘z) e xyll 1 x2 encodes a

set of vertices {v,, _ 1} and so on with that the last element x{ xé x:l 4 x,ll encodes

a set of vertices {v| vp ... v,_1 v, }. We regard {x; x ... x, 1 x, V x4 € {0, 1}
for 1 < d < n} as an unsorted database containing 2" possible choices (2" possible
cliques) to the maximal clique problem of graph G with n vertices and 6 edges.

3.3.1 Flowchart of Recognize Cliques to the Maximal Clique
Problem

From Definition 3.3, solving the clique problem for a graph G = (V, E) with n
vertices and 6 edges and its complementary graph G = (V, E) with n vertices and m
edges in which each edge is out of E is to find a subset V! of vertices with size r that
satisfies V to be a maximum-sized clique in G. This indicates that all of the possible
solutions are 2" subset of vertices in which each subset of vertices corresponds to a
possible clique. Any two vertices connected in the complementary graph G = (V,
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E) with n vertices and m edges are disconnected in the original graph with G = (V,
E) with n vertices and 6 edges. This is to say that any two vertices connected in the
complementary graph cannot be members of the same clique.

If any one of 2" possible choices (cliques) does not include any edge in the
complementary graph G, then it is a clique in the original graph G. Otherwise, it is
not a clique in the original graph G. Boolean variables x; and x; encode vertices v;
and v; for 1 <i <nand 1 <j < n. In the complementary graph G, the kth edge
is ex = (vi, vj) to 1 < k < m. The requested condition of deciding whether any
one of 2" subsets of vertices does not include the kth edge e; = (v;, v;) or not is to
satisfy a formula of the form (x; A x;) that is the true value, where (X; A x;) is one
NAND gate. We regard a formula of the form (x; A x;) as a clause. When the value
of Boolean variable x; is 1 (one) and the value of Boolean variable x; is 1 (one),
the output (result) of implementing (W) is 0 (zero). This indicates that each
possible choice containing the two vertices v; and v; is not a clique. When the value
of Boolean variable x; is 1 (one) and the value of Boolean variable x; is 0 (zero), the
output (result) of implementing (m) is 1 (one). This is to say that each possible
choice consisting of vertex v; and not containing vertex v; is perhaps a clique. When
the value of Boolean variable x; is 0 (zero) and the value of Boolean variable x; is
1 (one), the output (result) of implementing (m) is 1 (one). This implies that
each possible choice consisting of vertex v; and not containing vertex v; is perhaps
a clique. When the value of Boolean variable x; is O (zero) and the value of Boolean
variable x; is 0 (zero), the output (result) of implementing (x; A x;) is 1 (one). This
indicates that each possible choice not containing vertex v; and vertex v; is perhaps
a clique.

The requested condition of checking whether any one of 2" subsets of vertices
does not include m edges in the complementary graph or not is to satisfy a formula
of the form (A=! (X7 A'x;)) that is the true value. We regard a formula of the form
(Ak=1(xi Ax;)) as a Boolean formula of the form Cy A C; ... A C,,, where each
clause C; for 1 < j < m is a formula of the form (m) to Boolean variables x;
and x; for 1 <i <mand 1 <j < n. Any one of 2" subsets of vertices is a clique if
finding values of each Boolean variable satisfy the whole formula has the value 1
(one). This is the same as finding values of each Boolean variable that make each
clause have the value 1 (one).

Recognizing clique(s) is equivalent to implement a formula of the form
(Ak=t (m)) Therefore, we need to make use of auxiliary Boolean variables
ry for 1 <k < m and auxiliary Boolean variables s; for 0 < k < m. We use CCNOT
gates to implement the only NAND gate (x; A x;) in each clause and we apply auxil-
iary Boolean variables r; for 1 < k < m to store the result of implementing the
only NAND gate (x; A x;) in each clause. This is to say that each auxiliary Boolean
variable ry for 1 < k < m is actually the target bit of a CCNOT gate of implementing
a NAND gate (x; A x;). Hence, the initial value of each auxiliary Boolean variable
rp for 1 <k < mis set to one (1).

We make use of an auxiliary Boolean variable s as the first operand of the first
logical and operation (“A”) in a Boolean formula of the form (A%=!(x;"Ax})). The
initial value of the auxiliary Boolean variable s is set to one (1). This is to say that
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this setting does not change the correct result of the first logical and operation in
(AF=1(X7Ax})). We apply CCNOT gates to implement the logical and operations in
(/\ﬁfl Emg) and we use auxiliary Boolean variables s; for 1 < k < m to store the
result of implementing the logical and operations in (A%=!(x; A x;)). This indicates
that each auxiliary Boolean variable s; for 1 < k < m is actually the target bit of a
CCNOT gate of implementing a logical and operation. Therefore, the initial value
of each auxiliary Boolean variable s; for 1 < k < m is set to zero (0).

Figure 3.8 is to flowchart of recognizing cliques to the maximal clique problem
for a graph G = (V, E) with n vertices and 6 edges and its complementary graph
G = (V, E) with n vertices and m edges. In Fig. 3.8, in statement S, it sets the
index variable k of the first loop to one (1). Next, in statement S, it executes the
conditional judgement of the first loop. If the value of k is less than or equal to the
value of m, then next executed instruction is statement S3. Otherwise, in statement
S, it executes an End instruction to terminate the task that is to find values of each
Boolean variable so that the whole formula has the value 1 and this is the same as
finding values of each Boolean variable that make each clause have the value 1.

In statement S3, it implements a NAND gate “r < (x; A x;)”. Boolean variables
x; and x; respectively encode vertex v; and vertex v; that are connected by the kth
edge in the complementary graph G = (V,E) with n vertices and m edges. Boolean

Siik«1

False

Sy k<m

Ss: End

True

ok
Ss: e ¢ XM\

Sa: Sk €Tk A Sk-1

Ss:kek+1

Fig. 3.8 Flowchart of recognizing cliques to the maximal clique problem for a graph G = (V, E)
with n vertices and 6 edges and its complementary graph G = (V, E) with n vertices and m edges
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variable ry stores the result of implementing ((m)) (the kth NAND gate). Next,
in statement Sy, it executes a logical and operation “s; <— rp A s; — " that is the kth
clause in (AL=! (X7 A X;)). Boolean variable ry stores the result of implementing the
kth NAND gate and is the first operand of the logical and operation. Boolean variable
sk — 1 is the second operand of the logical and operation and stores the result of the
previous logical and operation. Boolean variable s; for 1 < k < m stores the result
of implementing r; A s that is the kth clause that is the kth AND gate. Next, in
statement S’s, it increases the value of the index variable & to the first loop. Repeat
to execute statement S, through statement S5 until in statement S, the conditional
judgement becomes a false value. From Fig. 3.8, the total number of NAND gate is m
NAND gates. The total number of logical and operation is m AND gates (logical and
operations). Therefore, the cost of recognizing clique(s) is to implement m NAND
gates and m AND gates.

3.3.2 Flowchart of Computing the Number of Vertex in Each
Clique to the Maximal Clique Problem

For a graph G = (V, E) with n vertices and 6 edges and its complementary graph G
= (V, E) with n vertices and m edge, solution space of the maximal clique problem
is 2" subsets of vertices. We use {x; x2 ... x, 1 x| Vxs € {0, 1} for 1 <d <n}to
encode 2" subsets of vertices. After each element encoding one subset of vertices in
{x1x2 ... x5 1 X,/ Vx4 € {0, 1} for I <d <n} completes each operation in Fig. 3.8,
Boolean variable s, stores the result of deciding whether it is a clique or not. If the
value of Boolean variable s, is equal to 1 (one), then it is a clique. Otherwise, it is
not a clique.

For computing the number of vertex, we need auxiliary Boolean variables z;,1,;
and zj41,j4+1 for 0 <i <n —1and 0 <j <i. Auxiliary Boolean variables z;, ; and
Zis1,j+1 for0 <i <n — 1and 0 <j < i are set to the initial value O (zero). Boolean
variable zj,1 j+1 for 0 <i <n —1and 0 <j < iis to store the number of vertex in
a clique after figuring out the influence of Boolean variable x; . | that encodes the
(i + 1)th vertex to the number of ones (vertices). If the value of Boolean variable
Zist,j+1 for0 <i<n —1and 0 <j <iisequal to 1 (one), then this indicates that
there are (j + 1) ones (vertices) in the clique. Boolean variable z;,,j for 0 <i <n
— Il and 0 <j < i is to store the number of vertex in a clique after figuring out the
influence of Boolean variable x; , | that encodes the (i + 1)th vertex to the number
of ones (vertices). If the value of Boolean variable z;.( ;j for0 <i<n—1and0 <j
<iisequal to 1 (one), then this is to say that there are j ones (vertices) in the clique.

In aclique, Boolean variable x| encodes the first vertex v;. If the value of Boolean
variable x; is equal to 1 (one), then the first vertex v, is within the clique and it
increases the number of vertex to the clique. If the value of Boolean variable x; is
equal to O (zero), then the first vertex v; is not within the clique and it reserves the
number of vertex to the clique. Therefore, the influence of Boolean variable x; to
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increase the number of vertex to a clique is to satisfy the formula (s,, A x;) that is
the true value. Similarly, the influence of Boolean variable x; to reserve the number
of vertex to a clique is to satisfy the formula (s,, A X7) that is the true value.

In a clique, Boolean variable x; , | encodes the (i + 1)th vertex v; . for 1 <i<n
— 1. If the value of Boolean variable x; ., | is equal to 1 (one), then the (i 4+ 1)th vertex
v; +1 1s within the clique and it increases the number of vertex to the clique. If the
value of Boolean variable x; , | is equal to O (zero), then the (i 4+ 1)th vertex v; 4 | is
not within the clique and it reserves the number of vertex to the clique. Therefore,
the influence of Boolean variable x; ; | to increase the number of vertex to a clique
that has currently has j vertices is to satisfy the formula (x; . | A z; ;) that is the true
value. Similarly, the influence of Boolean variable x; , | to reserve the number of
vertex to a clique that has currently has j vertices is to satisfy the formula ((x; 1) A
z;,j) that is the true value.

Figure 3.9 is the logical flowchart of counting the number of vertex in each clique
to the maximal clique problem for a graph G = (V, E) with n vertices and 6 edges
and its complementary graph G = (V,E) with n vertices and m edges. In Fig. 3.9,
in statement S, it implements a logical and operation “z;; <— s, A x;” that is one
AND gate. Boolean variable z; | stores the result of implementing one AND gate
(sm A x1). If the value of Boolean variable z;_; is equal to 1 (one), then it increases
the number of vertex so that the number of vertex in each clique with the first vertex
vy is one. Next, in statement S,, it implements a logical and operation “z; o <« s,
A X717 that is one AND gate (s,, A X7). Boolean variable z; o stores the result of
implementing one AND gate (s, A X7). If the value of Boolean variable z; ¢ is equal
to 1 (one), then it reserves the number of vertex so that the number of vertex in each
clique without the first vertex v, is zero.

Next, in statement S3, it sets the index variable i of the first loop to one. Next,
in statement Sy, it executes the conditional judgement of the first loop. If the value
of i is less than or equal to the value of (n — 1), then next executed instruction is
statement S5. Otherwise, in statement S, it executes an End instruction to terminate
the task that is to count the number of vertex in each clique. In statement S, it sets
the index variable j of the second loop to the value of the index variable i in the
first loop. Next, in statement S, it executes the conditional judgement of the second
loop. If the value of j is greater than or equal to zero, then next executed instruction
is statement S;. Otherwise, next executed instruction is statement S1.

In statement S7, it implements a logical and operation “Z;,q j+1 <= Xis1 A z; ;7 that
is one AND gate. Boolean variable x;,; encodes the (i + 1)th vertex and is the first
operand of the logical and operation. Boolean variable z; ; is the second operand of
the logical and operation. Boolean variable z; ; stores the number of vertex in a clique
after figuring out the influence of Boolean variable x; that encodes the ith vertex to
the number of ones (vertices). If the value of Boolean variable z; ; is equal to 1 (one),
then this indicates that there are j ones (vertices) in the clique. Boolean variable
Zis1, j+1 Stores the result of implementing the logical and operation “zj,1 ji1 < Xiv1
A z; ;”. This is to say that Boolean variable z;,, j+1 stores the number of vertex in
a clique after figuring out the influence of Boolean variable x; ;. ; that encodes the
(i + 1)th vertex to the number of ones (vertices). If the value of Boolean variable
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I S1: Z1,1 €= Sm A X1 I
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Fig.3.9 Flowchart of computing the number of vertex in each clique to the maximal clique problem
for a graph G = (V, E) with n vertices and 6 edges and its complementary graph G = (V, E) with
n vertices and m edges

Zis1,j+1 18 equal to 1 (one), then this implies that there are (j + 1) ones (vertices) in
the clique.

Next, in statement Sg, it implements a logical and operation “zj41,; < Xj11 A
z;;” that is one AND gate. Boolean variable x;,; encodes the (i + 1)th vertex and its
negation X; 1 is the first operand of the logical and operation. Boolean variable z; ;
is the second operand of the logical and operation. Boolean variable z; ; stores the
number of vertex in a clique after figuring out the influence of Boolean variable x;
that encodes the ith vertex to the number of ones (vertices). If the value of Boolean
variable z; ; is equal to 1 (one), then this is to say that there are j ones (vertices) in
the clique. Boolean variable z;,, ; stores the result of implementing the logical and
operation “z;.1 ; <= Xj+1 A z;; . This indicates that Boolean variable z;,; ; stores
the number of vertex in a clique after figuring out the influence of Boolean variable
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X; + 1 that encodes the (i + 1)th vertex to the number of ones (vertices). If the value
of Boolean variable z;,1 ; is equal to 1 (one), then this is to say that there are j ones
(vertices) in the clique.

Next, in statement Sy, it decreases the value of the index variable j in the second
loop. Repeat to execute statement Sg through statement So until in statement Sg the
conditional judgement becomes a false value. Next, in statement S, it increases
the value of the index variable i in the first loop. Repeat to execute statement Sy
through statement S until in statement S4 the conditional judgement becomes a false
value. When in statement S, the conditional judgement becomes a false value, next
executed statement is statement S;;. In statement S, it executes an End instruction
to terminate the task that is to count the number of vertex in each clique. The cost of
one time to complete each operation in Fig. 3.9 is to implement (n x (n + 1)) AND
gates and (W) NOT gates. This is to say that the cost of counting the number of

vertex to a clique is to implement (n x (n + 1)) AND gates and (M) NOT gates.
Therefore, for counting the number of vertex in all cliques, the cost is to implement
(2" x n x (n+ 1)) AND gates and (2" x W) NOT gates.

3.3.3 Data Dependence Analysis for the Maximal Clique
Problem

A data dependence arises from two statements that read or write the same memory.
Data dependence analysis is to decide whether to reorder or parallelize statements
is safe or not. In a maximal clique problem for a graph G = (V, E) with n vertices
and 0 edges and its complementary graph G = (V,E) with n vertices and m edges, it
contains 2" subsets of vertices (2" possible choices). We use a set {x] x5 ... x, — 1 Xl
Vx4 €{0,1}forl <d <n}toencode 2" subsets of vertices. In the set {x; x> ... x, _ 1
xal Vx4 € {0,1} for 1 <d <n}, the firstelement x{ x3 ... x% | x% encodes an empty
subset without any vertex. The second element x9 x9 ... x° | x! encodes {v, }. The
third element x¥ x5 ... x) | x¥ encodes {v, _ 1} and so on with that the last element
x% x% x:l 1 x}, encodes {v| v, ... v, _ | v, } that contains each vertex. Each element
needs to implement those operations in Figs. 3.8 and 3.9. Each element needs to use
m auxiliary Boolean variables ry for 1 < k < m, (m + 1) auxiliary Boolean variables
si for0 <k <mand ((n x (n+ 3))/2) auxiliary Boolean variables z;,1 j and zj,1, j+1
for0 <i<n—1and 0 <j <i. Because 2" subsets of vertices (2" inputs) implement
those instructions from Fig. 3.8 through Fig. 3.9 not to access or modify the same
input and the same auxiliary Boolean variables, we can parallelize them without any
error.

Let us consider another graph in Fig. 3.10a and its complementary graph in
Fig. 3.10b. In Fig. 3.10a, the graph has two vertices {v{, v,} and one edge {(v{,
v2)}. In Fig. 3.10b, its complementary graph has the same two vertices {v;, v, } and
no edge missing in the original graph in Fig. 3.10a. For the graph in Fig. 3.10a
with two vertices {v;, v»} and one edge {(v, v»)} and its complementary graph in
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(a) (b)

Fig. 3.10 a The graph has two vertices and one edge. b Its complementary graph has the same
vertices and no edge missing in the original graph

Fig. 3.10b with the same two vertices {v;, v»} and no edge, solving the maximal
clique problem is to find a subset V! of vertices with size r that satisfies V' to be a
maximum-sized clique. This is to say that the value of n is equal to two, the value of
6 is equal to one and the value of m is equal to zero.

We regard the maximal clique problem for the graph with two vertices {v{, v, } and
one edge {(vi, v2)} in Fig. 3.10a as a search problem. Any given oracular function Oy
is to implement those instructions from Fig. 3.8 to Fig. 3.9 to recognize the maximal
clique(s). Its domain is {x; x2| ¥V x4 € {0, 1} for 1 < d < 2} to encode 2° subsets
of vertices. In the domain {x; x,| ¥V x; € {0, 1} for 1 < d < 2}, the first element x(l’
x9 encodes an empty subset without vertex. The second element x? x} encodes {v,}.
The third element x} x) encodes {v; }. The fourth element x] x} encodes {v, v2}.

From the domain {x; x,| V x; € {0, 1} for 1 < d < 2}, there are four inputs x(l)
%9, x9 x}, x! x9 and x! x}. Because the value of m is equal to zero, there is no edge
in its complementary graph in Fig. 3.10b. Therefore, each input does not need to
implement those instructions in Fig. 3.8. Each input is a clique. This indicates that
an empty subset {}, {v>}, {v1} and {v;, v»} are all cliques. Next, for computing the
number of vertex in each clique, each input needs to implement “z; ;| < s(l) A x17,
“Zio < SOAXT, 22 < X Az, “2o1 < X Az’ “2a1 < X2 A 217 and
“200 < X2 A 210" in Fig. 3.9. After each input completes six instructions above, the
input x| x} has the result z; , and other inputs x? x, x{ x and x| xJ have the same
result zg’ ,. Because Boolean variable zéy , indicates that the input xi xé encodes {vi,
v, } to be the maximal clique, the answer is to {v}, v,} and the number of vertex in
the answer is two. Because 22 subsets of vertices implement six instructions above
not to access or modify the same input and the same auxiliary Boolean variable, we

can parallelize them without any error.

3.3.4 Solution Space of Solving an Instance of the Maximal
Clique Problem

In the graph with two vertices {v;, v, } and one edge {(v}, v»)} in Fig. 3.10a, an empty
subset { }, {v2}, {v1} and {vy, v, } are all cliques. The maximal clique problem to the
graph in Fig. 3.10a is to find a maximum-sized clique in which the number of vertex
is two. Implementing the instruction “z;; < s{ A x;” is equivalent to implement
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the instruction “z;; < x;”" in which Boolean variable z;; actually stores the value
of x;. Therefore, implementing the instruction “z » <— x2 A z;,;” is equivalent to
implement the instruction “zp » <= x2 A x1”. So, any given oracular function Oy to
recognize a maximal-sized clique for the graph in Fig. 3.10a is to implement the
instruction “zp 2 <= x2 A x1”. Its domain is {x; x2l Vxz € {0, 1} for 1 <d <2} and
its range is {0, 1}.

We regard its domain as its solution space in which there are four possible choices
that satisfy Oy = F(x1, x) =x1 A xo = 1. We make use of a basis {(1,0,0,0), (0, 1,0,
0), (0,0, 1,0),(0,0,0, 1)} of the four-dimensional Hilbert space to construct solution
space {x| x|V x; € {0, 1} for 1 <d < 2}. We use (1, 0, 0, 0) to encode Boolean
variable x? and Boolean variable x(z) that represent an empty clique {} without any
vertex. Next, we apply (0, 1, 0, 0) to encode Boolean variable x{ and Boolean variable
xg that represent a clique {v; }. We make use of (0, 0, 1, 0) to encode Boolean variable
x9 and Boolean variable x} that represent a clique {v,}. Finally, we apply (0, 0, 0, 1)
to encode Boolean variable x} and Boolean variable x} that represent the maximal
clique {vy, v2}.

‘We use a linear combination of each element in the basis that is \/427(1, 0,0,0) +

75 x(0.1,0,00+ 75 x(0,0,1,0)+ 7= x (0,0,0, ) = (75, 75 755 75)
to construct solution space {x; x| V x4 € {0, 1} for 1 < d < 2}. The amplitude of
each possible choice is all % and the sum to the square of the absolute value of
each amplitude is one. The length of the vector is one, so it is a unit vector. This
indicates that we make use of a unit vector to encode all of the possible choices that
satisfy Oy = F(x1, x2) = x1 A x2. We call the square of the absolute value of each
amplitude as the cost (the successful probability) of that choice that satisfies the given
oracular function Oy = F(x, x2) = x1 A x. The cost (the successful probability) of
the answer(s) is close to one as soon as possible.

3.3.5 Implementing Solution Space of Solving an Instance
of the Maximal Clique Problem

In Listing 3.2, the program in the backend ibmgx4 with five quantum bits in IBM’s
quantum computer is to solve an instance of the maximal clique problem to the graph
with two vertices {v{, v} and one edge {(v, v»)} in Fig. 3.10a. Because the given
oracular function of recognizing the maximal clique(s) is Oy = F(x{, x2) = x1 A X2,
in Listing 3.2, we introduce how to write a quantum program to find values of each
Boolean variable so that the whole formula has the value 1. Figure 3.11 is the quantum
circuit of constructing solution space to the question. The statement “OPENQASM
2.0;” on line one of Listing 3.2 is to point out that the program is written with
version 2.0 of Open QASM. Next, the statement “include “qelibl.inc”;” on line two
of Listing 3.2 is to continue parsing the file “qelibl.inc” as if the contents of the file
were pasted at the location of the include statement, where the file “qgelibl.inc” is
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q[0] [0)

q(1] o)

q2] l0)

q3] o)
q4] |o)

Fig. 3.11 The quantum circuit of constructing solution space to an instance of the maximal clique
problem to the graph with two vertices {vy, v2} and one edge {(v, v2)} in Fig. 3.10a

Quantum Experience (QE) Standard Header and the path is specified relative to
the current working directory.

Listing 3.2 The program of solving an instance of the maximal clique problem to
the graph with two vertices {v}, v,} and one edge {(v{, v»)} in Fig. 3.10a.

OPENQASM 2.0;
include “qelib1.inc”;
qreg q[5];

creg c[5];

x q[0];

hq[3];

h q[4];

h q[0];

O S o

Next, the statement “qreg q[5];” on line three of Listing 3.2 is to declare that in
the program there are five quantum bits. In the left top of Fig. 3.11, five quantum
bits are respectively q[0], q[1], q[2], q[3] and q[4]. The initial value of each quantum
bit is set to |0). We apply quantum bit q[3] to encode Boolean variable x;. We use
quantum bit q[4] to encode Boolean variable x,. We make use of quantum bit q[2]
to encode auxiliary Boolean variable z, ,. We apply quantum bit q[0] as an auxiliary
working bit. We do not use quantum bit q[1].

For the convenience of our explanation, q[k]0 for 0 < k < 4 is to represent the
value 0 of q[k] and q[k]1 for 0 < k <4 is to represent the value 1 of q[k]. Similarly,
for the convenience of our explanation, an initial state vector of constructing solution
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space to an instance of the maximal clique problem in the graph with two vertices
{vi, v»} and one edge {(vy, v»)} in Fig. 3.10a is as follows:

leo) = |q[41°)]q[31°)|q[21°)|q[11°)|q[01°) = 10)]0)|0)[0)]0) = |00000).

Next, the statement “creg c[5];” on line four of Listing 3.2 is to declare that there
are five classical bits in the program. In the left bottom of Fig. 3.11, five classical
bits are subsequently c[0], c[1], c[2], c[3] and c[4]. The initial value of each classical
bit is set to 0. Classical bit c[4] is the most significant bit and classical bit c[0] is the
least significant bit.

Next, the three statements “x q[0];”, “h q[3];” and “h q[4];” on line five through
seven of Listing 3.2 is to complete one X gate (one NOT gate) and two Hadamard
gates of the first time slot of the quantum circuit in Fig. 3.11. The statement “x

q[0];” actually implements <(1) (1)) X ((1)) = <?> = (|1)). This is to say that the

statement “x q[0];” on line five of Listing 3.2 inverts Iq[O]O)(|0)) into |q[0]1 >(| 1)).

11
13 ” 13 2 l
The two statements “h q[3];” and “h q[4];” both actually run ‘? ‘[21 X ( )
N 0

4
= (g) =2 (i) =7 <<(1)> + <?)> = 75 (10) + |1)). This implies that

converting q[3] from one state |0 > to another state % (]0) + |1)) (its superposition)

and converting q[4] from one state |0> to another state \%(IO) + |1)) (its superpo-
sition) are implemented. Thus, the superposition of the two quantum bits q[4] and
al31is (2510) +11))- (F5(10) + 1)) = 300)0) + [0)[1) + [1)]0) + [1)]1)) =
%(IOO) 4+ 101) 4 |10) + |11)) . Since in the first time slot of the quantum circuit in
Fig. 3.11 there is no quantum gate to act on quantum bits q[2] and g[1], their current
states |q[2]0) and |q[1]0) are not changed. This indicates that we obtain the following
new state vector

loey) = (%(|q[4]°)+|q[4]1>)> (%(|q[3]°>+|q[3]‘))>
(|ar21°)|qr11%)|qro1"))
= %(Iq[4]°)|q[3]°) + [ql41°)[ql31") + |al41')|al31°) + |q[41')]al31"))
(ar21°) ar11%)|qro1))
= %(|0>|0> +10)[1) + [1)]0) + [1)[1))(10)[0)]1)).

Then, the statement “h q[0];” on line eight of Listing 3.2 is to execute one
Hadamard gate of the second time slot of the quantum circuit in Fig. 3.11. The
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4L L
statement “h q[0];” actually implements <f _*/i) X (?) = ( [21 ) = \sz
V2o V2

(_11 ) = % <<(1)> — <(1))) = \/Li (I0> — I1>). This implies that converting q[0]

from one state 11> to another state % (I0> — I1>) (its superposition) is performed.
Because in the second time slot of the quantum circuitin Fig. 3.11 there is no quantum
gate to act on quantum bits q[4] through q[1], their current states are not changed.
This is to say that we obtain the following new state vector

1
jora) = (§(|q[4]°)|q[3]°) + [al41°)aB31) + [a(41)|a(31°) + |q[4]1)|q[3]‘)))

(at20la1%) ((ator’] - ator'))
1

1
= <§(I0)|0)+|0)|1>+|1>|0>+|1)|1))>(|0)|0>)(ﬁ(|0>—Il))>.

In the new state vector |a»), state |q[4]0>|q[3]0) encodes Boolean variable x?
and Boolean variable x) that represent a possible choice without any vertex. State
|q[41°)|q[3]") encodes Boolean variable x} and Boolean variable x) that represent a
possible choice with the first vertex v;. State |q[4]')|q[3]°) encodes Boolean variable
x9 and Boolean variable x} that represent a possible choice with the second vertex
vy. State |q[4]')|q[3]") encodes Boolean variable x} and Boolean variable x} that
represent a possible choice with the two vertices v; and v,. The amplitude of each

possible choice is «/LTZ and the cost (the successful possibility) of becoming the

answer(s) to each possible choice is the same and is equal to 2—12 =1/4.

3.3.6 The Oracle to an Instance of the Maximal Clique
Problem

For solving the maximal clique problem of the graph with two vertices {v;, v, } and
one edge {(v{, v2)} in Fig. 3.10a, the Oracle is to have the ability to recognize the
maximal-sized clique(s). The Oracle is to multiply the probability amplitude of the
maximal-sized clique(s) by —1 and leaves any other amplitude unchanged. Since the
given oracular function of recognizing the maximal-sized clique(s) is Oy = F(x1, x2)
= X1 A X3, the Oracle to solve an instance of the maximal clique problem is a (2% x
1000

0100

0010

000 -1

4x4

2?) matrix B that is equal to
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We suppose that a (2> x 2%) matrix B* is the conjugate transpose of matrix B. The
transpose of matrix B is equal to itself (matrix B) and each element in the transpose of
matrix B is a real, so the conjugate transpose of matrix B is also equal to itself (matrix
B). Therefore, we obtain B* = B. Because matrix B and its conjugate transpose B* are
almost a (22 x 22) identity matrix, B x BT = 52,5, and Bt x B = I,>,». Hence,
we get B x B* = B* x B. This indicates that it is a unitary matrix (operator) to solve
an instance of the maximal clique problem in the graph with two vertices {v;, v»}
and one edge {(v1, v2)} with the given oracular function Oy = F(xy, x2) = X1 A X3.
Implementing the given oracular function Oy = F(xy, x2) = x| Ax; thatrecognizes
solution(s) in an instance of the maximal clique problem is equivalent to implement
the Oracle that is

1
1000 N3
i
0100 E
00 1 01 @
00 0 - ind 5 ) s
1
F 1
= 1 1
Wi V2?2 0 V22
=1 0
V22 / axi xl
0 0 0
1 1 0 —1 0
Vo] *Z 1| =0
0 4x1 0 4x1 1 4x1
= —L100) + ——[01) + ——110) + —=11)
St T TR
1 0 0
. . 0 1 0
Four computational basis vectors 0 1 o , ] and
0 4x1 0 4x1 0 4x1

encode four states |00)(|q[41°)|q[31°). 101)(|ql41°)|a[31")).

- o O O

4x

I
110)(|q[41')|q[31°)) and |11)(|q[4]')|q[3]')) and their current amplitudes are

respectively «/LT’ , \/LTZ , \/%7) and (%) State |OO)(|q[4]O)|q[3]O)) with the

amplitude (\/%7) encodes Boolean variable x and Boolean variable x3 that represent

a possible choice without any vertex. State |01)(|q[4]°)|q[3]")) with the amplitude
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(\/Lﬁ) encodes Boolean variable x} and Boolean variable x) that represent a possible

choice with the first vertex v;. State [10)(|q[4]1')|q[3]°)) with the amplitude ( j?)

encodes Boolean variable x(f and Boolean variable x% that represent a possible
choice with the second vertex v,. State |11)(|q[4]1>|q[3]1>) with the amplitude

V22
maximal-sized clique with the two vertices v; and v,. This indicates that the Oracle

multiplies the probability amplitude of the maximal-sized clique with the two
vertices v and v, by —1 and leaves any other amplitude unchanged.

( - ) encodes Boolean variable x| and Boolean variable x} that represent the

3.3.7 Implementing the Oracle to an Instance of the Maximal
Clique Problem

We apply one CCNOT gate to run the given oracular function Oy = F(x1, x2) =x1 A
X, that recognizes the maximal-sized clique(s) to the maximal clique problem in the
graph with two vertices {v;, v, } and one edge {(v;,v»)} in Fig. 3.10a. We make use of
quantum bit q[3] to encode Boolean variable x;, we use quantum bit q[4] to encode
Boolean variable x, and we apply quantum bit q[2] to encode Boolean variable
22, 2. Therefore, quantum bits q[3], q[4], q[2] are subsequently the first control bit,
the second control bit and the target bit of the CCNOT gate. We make use of the
CCNOT gate to implement a logical and operation, so the initial value to quantum
bit gq[2] is set to |0).

From line nine through line twenty-three in Listing 3.2, there are the fifteen state-
ments. They are subsequently “h q[2];”, “cx q[4],q[2];”, “tdg q[2];”, “cx q[3], q[2]"’
“t q21;7, “ex q[4l.q[2]7, “tdg ql2];7, “ex q[31.q[217, “t q[4];7, “t q[21;7, e

q[31,q[4];”, “h q[2];”, “t q[3] ”, “tdg q[4] ” and “cx q[3], q[4];” They complete the
CCNOT gate that 1mplements the given oracular function Oy = F(x1, x2) = X1 AX2
that recognizes the maximal-sized clique(s) to the maximal clique problem in the
graph with two vertices {v;, v, } and one edge {(v;, v2)} in Fig. 3.10a. Figure 3.12 is
the quantum circuit of implementing the given oracular function Oy = F(xy, x3) =
X1 A x that recognizes the maximal-sized clique(s) to the maximal clique problem
in the graph with two vertices {vi, v, } and one edge {(vi, v»)} in Fig. 3.10a.

émd dmd

Fig. 3.12 The quantum circuit of implementing the given oracular function Oy = F(x1, x2) = x|
A x2 that recognizes the maximal-sized clique(s) to the maximal clique problem in the graph with
two vertices {v, v} and one edge {(v{, v2)} in Fig. 3.10a
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Listing 3.2 Continued...

3 Quantum Search Algorithm and Its Applications

/I We use the following fifteen statements to implement a CCNOT gate.

9

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

h q[2];

cx q[4],9[2];
tdg q[2];

cx q[31.9[2];
tq[2];

cx q[4],9[2];
tdg q[2];

cx q[3],9[2];
tq[4];
tq[2];

cx q[3],9[4];
h q[2];
tq[3];

tdg q[4];

cx q[31, q[4];

They take the

+|at41")}a31°) + fat41')ar31'))) (ar210)art1%)( 25 (|aor’) - fal01'))) as their
input. After they actually perform six CNOT gates, two Hadamard gates, three T*
gates and four T gates from the first time slot through the eleventh time slot in
Fig. 3.12, we gain the following new state vector

state vector

lo) = (3(]al41°)[a[31°) + |q[41%)[q[31")

1
jo3) = (5(|q[4]°>|q[3]°>|q[2]°) + |q141°)ar31') al21°) + [a[41")|a[31°)ar21°)

+ fat#1 31 a2 (a1 (5 (ator) - fator)

1
= <§(|0)|0)|0> +10)[1)[0) + [1)[0)]0) + |1)|1)|1>))

1
(|0))<—(|0) - |1))>-

/2

Then, from line twenty-four in Listing 3.2, the statement “cx q[2],q[0];” takes
the new state vector loz > as its input. It multiplies the probability amplitude of the
answer. (|q[4]1>’q[3]1>) encoding the maximal-sized clique {v}, v, } by —1 and leaves
any other amplitude unchanged. This implies that after the statement “cx q[2],q[0];”
completes the CNOT gate in the twelfth time slot in Fig. 3.12, we get the following
new state vector.
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Listing 3.2 Continued...
/I The Oracle multiplies the probability amplitude of the maximal-sized clique
{var,

/I v} by —1 and leaves any other amplitude unchanged.
24. cx q[2],q[0];

1
loa) = <§(|q[4]°)|q[3]°)|q[2]°) + |qr41°)|ql31')|ql21°) + |q[41')|q[31°)|q[21°)

- (—1)|q[4]‘)|q[3]1)|q[2]1>))(Iq[110>)(%uq[mo) - |q[011))>

1
= <§(|0)|0)|0) +10)[1)10) + [1)10)|0) + (—1)|1>|1>I1)))

1
(|0>)<ﬁ>(|0> —|1).

Since quantum operations are reversible by nature, executing the reversed order
of implementing the CCNOT gate can restore the auxiliary quantum bits to their
initial states. From line rwenty-five through line thirty-nine in Listing 3.2, there are
the fifteen statements. They are “cx q[3],q[4];”, “tdg q[4];”, “t q[3];”, “h q[2];”, “c

ql3Lal417, “tql21", “tqld];”, “ex ql3Lql2):", “tdg 21", “ex ql4].q[2]:", “t ql2 1
“cx q[3],q [2] 7, “tdg q[2];”, “CX q[4],q[2];” and “h q[2],”. They run the reversed
order of 1mp1ement1ng.

Listing 3.2 Continued...
// Because quantum operations are reversible by nature, executing the reversed.

/I order of implementing the CCNOT gate can restore the auxiliary quantum
bits.

// to their initial states.
25. cx q[3].q[4];

26. tdg q[4];

27. tq[3l];

28. hq[2];

29. cx q[3l.q[4];

30. tq[2];
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31. tql[4];

32. cx q[31,q[2];
33. tdgq[2];

34. cx q[4],q[2];
35. tq[2];

36. cx q[31.q[2];
37. tdg q[2];

38. cx q[4],q[2];
39. hq[2];

the CCNOT gate that performs the given oracular function Oy = F(xi, x2) =
X1 A x; that recognizes the maximal-sized clique(s). They take the new state vector
loy > as their input. After they actually complete six CNOT gates, two Hadamard
gates, three T gates and four T gates from the thirteenth time slot through the last
time slot in Fig. 3.12, we obtain the following new state vector.

1
jas) = (5(|q[4l°)|q[3l"> + [q[41°)|al31") + |qi41")|ar31°) + (= 1)|q[41')[q[31"))
1

(at20a1%) (7 (etor’) = [ator'))

1 1
= <§(|0)|0) +10)[1) + [1)10) + (—1)|1>|1)))(|0>I0))<—

V2

In the state vector |as), the amplitude of each element in solution space {x; x»l
Vxg € {0, 1} for 1 <d < 2} is (1/2). In the state vector |as), the amplitude to
three elements x! x) encoding an empty clique, x{ x} encoding a clique {v,}, x} x5
encoding a clique {v;} in solution space is all (1/2) and the amplitude to the element
x} xé encoding the maximal-sized clique {v;, v,} in solution space is (—1/2). This
is to say that thirty-one statements from line nine through thirty-nine in Listing 3.2

1000
0100
complete X
00 10
00 0-1
. . .4><4 . 4>< 1 . . .
recognizes the maximal-sized clique(s) to solve the maximal clique problem in the
graph with two vertices {v|, v,} and one edge {(v;, v2)} in Fig. 3.10a.

(10) — |1>)>.

that is to implement the Oracle that

sk sl
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3.3.8 Implementing the Grover Diffusion Operator
to Amplify the Amplitude of the Solution in an Instance
of the Maximal Clique Problem

The new state vector |as) is  2(|q[41°)|q[31°) + |q[41°)|q[3]")
+lat41")[ar31%) + (= Dlar41')far31')  (lat21°)at?) (25 (lator’) - [aro1')))-

It includes two independent subsystem. The first subsystem is
(3 (|at41°)a31°) + [al41°)[al31') + [q[41')[a[31°) + (= D[q[41')[a[3]'))  and
the second subsystem is ‘q[2]0>|q[1]°))( (|qro1°) — |q[01") ) Amplifying the
amplitude of each solution in the maximal chque problem in the graph with two

vertices {vy, v} and one edge {(v{, v2)} in Fig. 3.10a only needs to consider the
first subsystem in the new state vector |as). Since for an instance of the maximal

1
i
clique problem the (2> x 1) vector *? encodes the first subsystem of
3
ﬁ 4x1
2_1 2 2 2
= s —1 5 5 .
the new state vector |os) and y o, , 22, is a (2% x
7 » z=-l 5
2 2 2 274
2 b2 2 2 2222

22) diffusion operator, amplifying the amplitude of the solution is to implement

1
2 2 2 2 ——
»-1 5 o vz 0
2 2 _ 2 2 —-= 0
222 22 ) ) 27 22 5 X v122 = . This indi-
7 z om-l 3 e 0
2 2 2 2 _q —1 1
2 7 pl b =L
2 2 2 2 222 N 4x1

cates that the amplitude of the solution that encodes the maximal-sized clique {vy,
v, } is one and the amplitude of other three possible choices is all zero.

The quantum circuit in Fig. 3.13 implements the Grover diffusion operator,
H®?(2|092)(0%2| — I2x»2) H®2. From line forty through line fiffy-one in Listing
3.2, there are the twelve statements. They are subsequently “h q[3];”, “h q[4];”,
“x q[3]:", “x q[4];", “h q[4]", “cx q[31.q[4]", “h q[4], “x q[4]:", “x q[3];",
“u3(2*pi, O*pl 0*pi) q[ 1,7, “h q[4] ”and “h q[3];”.

Listing 3.2 Continued...

/IWe complete the amplitude amplification of the answer.
40. hq[3];
41. hql4];

/I We complete phase shifters.
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q[0]

qfl]

qf2]

8 BEO &
« AB@OOEHR O

[ Y
Fig.3.13 The quantum circuit of implementing the Grover diffusion operator, H®? (2 |092)(0%2| —
Iny») H ®2_to an instance of the maximal clique problem in the graph with two vertices {vy, v;}
and one edge {(vy, v2)} in Fig. 3.10a

42. xq[3];

43. xq[4];

44. hq[4];

45. cx q[3],q9[4];

46. hq[4];

47. xq[4];

48. xq[3];

49. u3(2*pi,0%pi,0%pi) q[3];
50. hq[4];

51. hq[3];

They take the new state vector %(|q[4]0)|q[3]0> + \q[4]0>|q[3]1)
+’q[4]1>|q[3]0> + (—l)|q[4]1)|q[3]1>) as their input. They complete the diffu-
sion operator, H®? (2|092)(0%2| — Ir2,52) H®? from the first time slot through the
eighth time slot in Fig. 3.13. This is to say that we obtain the following new state
vector.

lor)=|ql41')|ql3]").

Next, from line fifty-two in Listing 3.2the statement “measure q[4] -> c[4];”
is to measure the fifth quantum bit q[4] and to record the measurement outcome
by overwriting the fifth classical bit c[4]. From line fifty-three in Listing 3.2 the
statement “measure q[3] -> c[3];” is to measure the fourth quantum bit q[3] and to
record the measurement outcome by overwriting the fourth classical bit c[3]. They
implement the measurement from the ninth time slot through the tenth time slot of
Fig. 3.13.
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Histogram

Fig. 3.14 After the measurement to solve an instance of the maximal clique problem in the graph
with two vertices {v}, v2} and one edge {(v1, v2)} in Fig. 3.10a is completed, we obtain the answer
11,000 with the probability 1 (100%)

Listing 3.2 Continued...

/I We complete the measurement of the answer.
52. measure q[4] -> c[4];
53. measure q[3] -> c[3];

In the backend ibmgx4 with five quantum bits in IBM’s quantum computers, we
apply the command “simulate” to execute the program in Listing 3.2. The measured
result appears in Fig. 3.14. From Fig. 3.14, we get the answer 11,000 (c[4] = 1 = q[4]
=1|1),c[3]=1=q[3] = 1), c[2] =0, c[1] = 0 and c[0] = 0) with the probability
1 (100%). This implies that with the possibility 1 (100%) we gain that the value of
quantum bit q[3] is equal to |1) and the value of quantum bit q[4] is equal to |1).
Therefore, the maximal-sized clique is to {vy, v, }.

3.3.9 The Quantum Search Algorithm to the Maximal Clique
Problem

A maximal clique problem to a graph G = (V, E) with n vertices and 6 edges and its
complementary graph G = (V, E) with n vertices and m edges in which each edge
in E is out of E is to find the maximal-sized clique(s) among 2" subsets of vertices.
Any given oracular function O f(x1x . ..X,—1X,) is to recognize the maximal-sized
clique(s) among 2" subsets of vertices. It implements flowchart of recognizing cliques
in Fig. 3.8. Next, it implements flowchart of computing the number of vertex in each
clique in Fig. 3.9. We make use of the quantum search algorithm to find one of M
solutions among 2" subsets of vertices, where 0 < M < 2",

The quantum circuit in Fig. 3.15 is to complete the quantum search algorithm to
solve an instance of the maximal clique problem in a graph G = (V, E) with n vertices
and 6 edges. The first quantum register in the left top of Fig. 3.15 is (|O®")). This
implies that the initial value of each quantum bit is |0). The second quantum register
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Fig.3.15 Circuit of implementing the quantum search algorithm to solve an instance of the maximal
problem in a graph G = (V, E) with n vertices and 6 edges

in the left bottom of Fig. 3.15 has (((n x (n + 3))/2) + 2 x m + 1) quantum bits and
is an auxiliary quantum register. The initial value of each quantum bit in the second
quantum register is |0) or |1) that is dependent on implementing NAND operations
or AND operations. The third quantum register in the left bottom of Fig. 3.15is (| 1)).

3.3.10 The First Stage of the Quantum Search Algorithm
to the Maximal Clique Problem

In Fig. 3.15, the first stage of the quantum search problem to solve an instance
of the maximal clique problem in a graph G = (V, E) with n vertices and
0 edges is to apply n Hadamard gates (|H ®”)) to operate the first quantum
register (|0®”)). This is to say that it produces the superposition of n quantum

. X))+« 1
bits to be (®Z=l(%)) = ﬁ(Z{x1xz...x,,IdeE{O,l}forlden}|x1x2' -+ Xn)). The

o, . 1 .
superposition \/—27(2{”)(2“%Wx(le{o’l}forlgdgn}|x1x2 ...X,)) encodes solution space
{x1x2...x,_1x,|Vx4 € {0, 1} for 1 < d < n} to solve an instance of the maximal
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clique problem in a graph G = (V, E) with n vertices and 6 edges. This indicates
that state (|x?xg .. .x,?)) with the amplitude (ﬁ) encodes an empty subset (choice)

of vertex, state (’x?xg .. .xé)) with the amplitude (\/#27) encodes {v,} and so on with

that state (|x]x} ... x})) with the amplitude (ﬁ) encodes { v; v, - - v, }. In the first
stage of the quantum search algorithm, it uses another Hadamard gate to operate the
third quantum register (|1)). This implies that it yields the superposition of the third

quantum register (|1)) that is <%(|O) — |1))).

3.3.11 The Second Stage of the Quantum Search Algorithm
to the Maximal Clique Problem

In Fig. 3.15, the second stage of the quantum search algorithm to solve an instance
of the maximal clique problem in a graph G = (V, E) with n vertices and 6 edges
and its complementary graph G = (V, E) with n vertices and m edges in which
each edge in E is out of E is to implement the Oracle. The Oracle is to have the
ability to recognize solutions that are the maximal-sized cliques among 2" subsets
(possible choices) of vertices. The Oracle is to multiply the probability amplitude of
the maximal-sized clique(s) by — 1 and leaves any other amplitude unchanged.

The first main task of the Oracle is to that recognizing clique(s) among 2"
possible choices (subsets) of vertices is equivalent to implement a formula of the
form (AK=1 (m)) This is to say that for completing the first main task of the
Oracle we need to use (2 x m + 1) auxiliary quantum bits and to complete m NAND
operations and m AND operations that is equivalent to implement (2 x m) CCNOT
gates.

Next, the second main task of the Oracle is to that computing the number of vertex
in each clique is equivalent to decide that the influence of each vertex is to increase
the number of vertex to each clique or to reserve the number of vertex to each clique.
This indicates that for performing the second main task of the Oracle we need to
use ((n x (n + 3))/2) auxiliary quantum bits and to implement (n x (n + 1)) AND
operations and (W) NOT operations that is equivalent to complete (n x (n +
1)) CCNOT gates and (W) NOT gates.

In oracle workspace in the second stage of the quantum search algorithm, we
make use of auxiliary quantum bits |r;) for I < k < m to encode auxiliary Boolean
variables ry for 1 < k < m. We apply auxiliary quantum bits |s;) for 0 < k < m to
encode auxiliary Boolean variables s; for 0 < k < m. We use auxiliary quantum bits
|2i41,;) and |zi41 j41) for 0 <i <n — 1and 0 <j < i to encode auxiliary Boolean
variables z;41,j and zj41, j4 for0 <i<n—1land0 <j <i.

We use CCNOT gates to implement each NAND gate (x; A x;) in a formula of
the form (Ak=! (m)) and we apply auxiliary quantum bits |r¢) for 1 <k <mto
store the result of implementing each NAND gate (x; A x;). This is to say that each
auxiliary quantum bit |r¢) for 1 <k < m is actually the target bit of a CCNOT gate of
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implementing a NAND gate (x; A x;). Therefore, the initial value of each auxiliary
quantum bit |ry) for 1 <k <mis setto one |1).

We use an auxiliary quantum bit |Sp) as the first operand of the first logical and
operation (“A”) in a formula of the form (A%='(x;"Ax;)). The initial value of the
auxiliary quantum bit | Sp) is set to |1). This indicates that this setting does not change
the correct result of the first logical and operation. We make use of a CCNOT gate to
implement each logical and operation in a formula of the form (AX=! (x,Tx])) We
apply auxiliary quantum bits |S;) for 1 < k < m to store the result of implementing
each logical and operation. This implies that each auxiliary quantum bit Is; > for
1 <k < m is actually the target bit of a CCNOT gate of implementing a logical and
operation. Thus, the initial value of each auxiliary quantum bit Is; > for 1 <k <m
issetto 0> .

We use a CCNOT gate to implement (s,, A x) that is to compute the influence of
the first vertex to increase the number of vertex in each clique. We apply a CCNOT
gate and two NOT gates to implement (s, A X7) that is to compute the influence
of the first vertex to reserve the number of vertex in each clique. We make use of
auxiliary quantum bits |z; ;) to store the result of implementing (s,, A x;) and apply
auxiliary quantum bits |z; o) to store the result of implementing (s, A X7). This is to
say that the two auxiliary quantum bits |zl, 1) and |Z1,0> are actually the target bits of
two CCNOT gates of implementing two logical and operations. Therefore, the initial
value of the two auxiliary quantum bits |zl,1) and |zl,0> is set to |0).

We use a CCNOT gate to implement (x,- + 1Az, j) that is to figure the influence
of the (i + 1)th vertex v; . | for 1 <i <n — 1 to increase the number of vertex in each
clique. We apply a CCNOT gate and two NOT gates to implement ((m) ANZj j)
that is to deal with the influence of the (i + 1)th vertex v, for1 <i <n-1
to reserve the number of vertex in each clique. We make use of auxiliary quantum
bits |zj41,j+1) and |zi41;) for 0 <i <n — 1and 0 <j < i to store the result of
implementing them. This is to say that auxiliary quantum bit |z; 1 j4+1) and |zi11 ;)
for0 <i <n—1and 0 <j < i are the target bits of the corresponding CCNOT
gates of implementing logical and operations. Hence, the initial value of auxiliary
quantum bit z,'+1,j+1) and |z,'+1,j) forO0<i<n—1land 0 <j <iis setto l0>.
Quantum bit |z, j) for n > j > 0 is to store the result that has j ones after computing
the influence of n vertices to the number of vertex in each clique. If the value of
quantum bit |zn,j) forn > j > O is equal to |1), then it has j vertices.

We use one CNOT gate ‘% @ zn, j> to multiply the probability amplitude of

the maximal-sized clique(s) by — 1 and to leave any other amplitude unchanged,
where quantum bit (%) is the target bit of the CNOT gate and quantum bit
(|zn,;)) is the control bit of the CNOT gate. When the value of the control bit (|z,,,;))

is equal to (I11>), the target bit becomes (%) = (-1 ( %) This is to multiply

the probability amplitude of the answer(s) by — 1. When the value of the control bit
(|1Z,.;)) is equal to (10>), the target bit still is (%) This is to leave any other

amplitude unchanged.
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Quantum operations are reversible by nature, so executing the reversed order of
implementing the two main tasks of the Oracle can restore the auxiliary quantum
bits to their initial states. This indicates that the second stage of the quantum search
algorithm to solve an instance of the maximal clique problem in a graph G = (V, E)

. . 1 .
withn vertices and 6 edges converts — (O (s V(0. 1)for1 <d<n) [ X1%2 - - - X)) intO

(—1)0rGxx) \/%(Z{xlxz...x,,\vmewsl} for 1<d<n) [X1%2 - . . X,)). The cost of completing
the Oracle in the second stage of the quantum search algorithm in Fig. 3.15 is to
implement (2 X ((2 x m) + (n x (n+ 1)))) CCNOT gates, (n x (n+ 1)) NOT gates
and one CNOT gate.

Because the number of the vertices to the maximal clique(s) is from n through
zero, we first check whether there is/are clique(s) with n vertices. The condition is
to implement one CNOT gate ‘% ® z,,,n> to multiply the probability amplitude
of the answer(s) with n vertices by — 1 and to leave any other amplitude unchanged.
If the answer(s) with n vertices are found, then we terminate the execution of the
program. Otherwise, we need to continue to test whether there is/are clique(s) with (n
— 1) vertices, (n — 2) vertices and so on with that has one vertex until the answer(s)
are found.

3.3.12 The Third Stage of the Quantum Search Algorithm
to the Maximal Clique Problem

In Fig. 3.15, the third stage of the quantum search algorithm to solve an instance
of the maximal clique problem in a graph G = (V, E) with n vertices and 6 edges
is to perform the Grover diffusion operator that is a (2" x 2") matrix D in which
D,,= % ifa#band D, , = % — 1. Executing the Grover diffusion operator is
equivalent to implement H®" (2 |02")(0®" | — I1,.»:) H®". A phase shifter operator,
(2 [0®")(0%" | — In ) negates all the states except for (|x{ ... x?)). In Fig. 3.15, the
third stage of the quantum search problem is to apply that the phase shift operator, 2
| 0®">(0®” | — Iy on, negates all the states except for (|x(l) ... xfl))) sandwiched between
H®" gates. This is to say that the third stage of the quantum search algorithm to solve
an instance of the maximal clique problem in a graph G = (V, E) with n vertices and
0 edges is to increase the amplitude of the maximal-sized clique(s) and to decrease
the amplitude of the non-answer(s).

For solving an instance of the maximal clique problemina graph G = (V, E) with
n vertices and 6 edges, we regard the Oracle and the Grover diffusion operator from
the second stage through the third stage of the quantum search algorithm in Fig. 3.15
as a subroutine. We call the subroutine as the Grover iteration. The number of the
vertices to the maximal clique(s) is from n through zero, but in advanced it is unknown.

Therefore, we first test whether there is/are clique(s) with n vertices. The condition

is to implement one CNOT gate ‘ % @ ZM> to multiply the probability amplitude

of the answer(s) with n vertices by —1 and to leave any other amplitude unchanged. If
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there is/are clique(s) with n vertices, then after repeat to execute the Grover iteration

M
vertices is at least (1/2). Otherwise, the measurement has a failed result and we need
to continue to check whether there is/are clique(s) with (n — 1) vertices, (n — 2)
vertices and so on with that has one vertex until the answer(s) is/are found.

When the value of (M/N) is equal to (1/4), the successful probability of measuring
the answer(s) is one (100%) with the Grover iteration of one time. This is the best case
of the quantum search algorithm to solve an instance of the maximal clique problem
in a graph G = (V, E) with n vertices and 6 edges. When the value of M is equal
to one, the successful probability of measuring the answer(s) is at least (1/2) with
the Grover iteration of O(«/ﬁ ) times. This is the worst case of the quantum search
algorithm to solve an instance of the maximal clique problem in a graph G = (V, E)
with n vertices and 0 edges. This implies that the quantum search algorithm to solve
an instance of the maximal clique problem in a graph G = (V, E) with n vertices
and 0 edges only gives a quadratic speed-up.

of O(, / ﬂ) times, the successful probability of measuring the answer(s) with n

3.4 Summary

In this chapter, we gave a formal illustration of the search problem. We provided
the satisfiability problem and the maximal clique problem as two examples of the
search problem. First, we provided flowcharts of solving the satisfiability problem
and the maximal clique problem. We also introduced data dependence analysis of
solving the satisfiability problem and the maximal clique problem. We illustrated
solution space of solving the satisfiability problem and the maximal clique problem.
Next, we described the quantum circuits of implementing solution space for solving
the satisfiability problem and the maximal clique problem. We also introduced the
Oracle and provided the quantum circuits of implementing the Oracle to solve the
satisfiability problem and the maximal clique problem. We then illustrated the Grover
diffusion operator to amplify the amplitude of the answers to solve the satisfiability
problem and the maximal clique problem. We also introduced the quantum circuits of
implementing the Grover diffusion operator to amplify the amplitude of the answers
in the satisfiability problem and in the maximal clique problem. Finally, we offered
the two quantum search algorithms to solve the satisfiability problem and the maximal
clique problem.

3.5 Bibliographical Notes

In this chapter, a more detailed introduction to the Search Problem can be found in
the recommended books that are (Imre and Balazs 2007; Lipton and Regan 2014;
Nielsen and Chuang 2000; Silva 2018). A complete description for the satisfiability
problem with m clauses and m Boolean variables can be found in the famous article
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(Cook 1971) and in the famous textbook (Garey and Johnson 1979). A complete
quantum algorithm for solving an instance of the satisfiability problem with m clauses
and m Boolean variables can be found in the famous article (Chang et al. 2018).

A complete illustration to the maximal clique problem to a graph G = (V, E)
with 7 vertices and 6 edges and its complementary graph G = (V, E) has n vertices
and m edges in which each edge in E is out of E can be found in the famous article
(Karp 1975) and in the famous textbook (Garey and Johnson 1979). A complete
quantum algorithm for solving an instance of the maximal clique problem in a graph
G = (V, E) with n vertices and 6 edges and its complementary graph G = (V, E)
has n vertices and m edges in which each edge in E is out of E can be found in the
famous article (Chang et al. 2018).

A complete description of quantum search algorithm can be found in the famous
article (Grover 1996) and in the famous textbooks (Imre and Balazs 2007; Lipton
and Regan 2014; Nielsen and Chuang 2000; Silva 2018). A detailed introduction
(quantum circuit) of implementing the Grover diffusion operator can be found in
the famous articles (Coles et al. 2018; Mandviwalla et al. 2018) and in the famous
textbooks (Imre and Balazs 2007; Lipton and Regan 2014; Nielsen and Chuang 2000;
Silva 2018).

3.6 Exercises

[T

3.1. The unary operator “-” denotes logical operation NOT and the binary operator
“A” denotes logical operation AND. We regard the satisfiability problem for
the Boolean formula F(x;, x,) = X1 A x, with two Boolean variables x; and
x as a search problem in which any given oracular function Oy is the Boolean
formula F(x;, x3) = X1 A xp. Its domain is {x; x| V x4 € {0, 1} for 1 <d
<2}, itsrange is {0, 1} and the logical operation X is the negation of Boolean
variable x;. In the given oracular function Oy = F(x{, x2) = X[ A x, of the
search problem, there are M inputs of fwo bits from its domain, say Ay = x|
X2, that satisfies the condition Of(Ay) = O(x| x2) = F(x1,x2) =X Axo = 1.
Please use quantum search algorithms to write a quantum program with what
possibility to find the answer (Ay = x1 x») that satisfies Or(Ay) = Op(x1 x2) =
F(xi,x)=xi ANx, = 1.

3.2. The binary operator “A” denotes logical operation AND. The unary operator
“” denotes logical operation NOT. Any given oracular function Oy is the
Boolean formula F(x;, xo) = x; A X with two Boolean variables x; and x».
Its domain is {x; x3| V x4 € {0, 1} for 1 <d <2}, its range is {0, 1} and the
logical operation X; is the negation of Boolean variable x;. Please make use of
quantum search algorithms to write a quantum program with what possibility
to compute each value of two Boolean variables x; and x, that satisfies the
given oracular function Of(x1 x2) = F(x1,x2) =x1 A X3 = L.

3.3 The binary operator “-” denotes logical operation NAND. Any given oracular
function Oy is the Boolean formula F(x, x) = x; A X; with two Boolean
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variables x| and x,. Its domain is {x; x|V x; € {0, 1} for 1 <d <2} and its
range is {0, 1}. Please apply quantum search algorithms to write a quantum
program with what possibility to calculate each value of two Boolean variables
x1 and x, that satisfies the given oracular function Oy (x; x2) = F(x1, x2) = x|
AXy = 1.

3.4. The binary operator “A” denotes logical operation AND. Any given oracular
function Oy is the Boolean formula F(x{, x2) = x; A x, with two Boolean
variables x; and x,. Its domain is {x; x,| V x; € {0, 1} for 1 <d < 2} and
its range is {0, 1}. Please use quantum search algorithms to write a quantum
program with what possibility to determine each value of two Boolean variables
x1 and x; that satisfies the given oracular function O (x| x2) = F(x1, x2) = x|
Axy=1.
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Chapter 4
Quantum Fourier Transform and Its Guca i
Applications

When in 1822 Fourier published his most famous article (work), people originally
used his transform in thermodynamics. Now, the most common use for the Fourier
transform is in signal processing. A signal is given in the time domain: as a function
mapping time to amplitude. The Fourier transform allows us to express the signal
as a weighted sum of phase-shifted sinusoids of varying frequencies. The phases
and the weights associated with frequencies characterize the signal in the frequency
domain. The Fourier transform establishes the bridge between signal representation
in time and frequency domains.

The success of the Fourier transform is due to its discrete version and we call it
as the Discrete Fourier Transform (or DFT). The discrete Fourier transform has
a computationally very efficient implementation in the form of the Fast Fourier
Transform (or FFT). In this chapter, we introduce complex roots of unity and study
their properties. Next, we illustrate the discrete Fourier transform and the inverse
operation of the discrete Fourier transform. Next, we introduce the Quantum Fourier
Transform (or QFT) that is the quantum version of the Fourier transform and is
analogous to the fast Fourier transform. Next, we describe how to write a quantum
program for implementing the discrete Fourier transform and the inverse operation
of the discrete Fourier transform.

4.1 Introduction to Complex Roots of Unity

The definition of the exponential of a complex number is

eV X0 — cos(0) + v/—1 x sin(@). 4.1)
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The value of 6 in Eq. (4.1) is a real number. The distance between any point (a,
b) at the complex plane and the origin (0, 0) of the complex plane is

\/(a —0)24+ (b —-0)72=Va2+1b%. 4.2)

The value of a is a real number and the value of b is also a real number.
Because according to Eq. (4.2) the distance between the exponential of a
complex number eV=1x0 i Eq. (4.1) and the origin of the complex plane is
V(cos(@) — 0)2 + (sin(8) — 0)2 = /(cos(8))? + (sin(0))2 = 1, each eV~ ig
equally spaced around the circle of unit radius centered at the origin of the complex
plane.

A complex nth root of unity is a complex number w such that

" =1. (4.3)

There are actually n complex nth roots of unity: eV=Ix2xaxkin o | = 0,
1, 2, ..., n — 2, n — 1. The distance between each complex nth root of
unity, eﬁxzx’”k/”, for k =0,1,2, ... n — 2, n — 1 and the origin of
the complex plane is /(cos(2 x 7 x k/n) — 0)2 + (sin(2 x = x k/n) —0)? =
V(cos(2 x T x k/n))? + (sin(2 x & x k/n))? = 1. Therefore, each eV Ix2xaxk/n
fork=0,1,2,...,n—2,n — 1 thatis a complex nth root of unity is equally spaced
around the circle of unit radius centered at the origin of the complex plane.

The principal nth root of unity is

\/TIXZXT[/I‘L. (44)

w, =e

Because all of the other complex nth roots of unity are eV~ 1x2xmxk/n —
(eV=Tx2xm/myk — ok fork=0,2,3,...,n—2,n— 1, they are powers of w, in
Eq. (4.4). Therefore, n complex nth roots of unity are subsequently

0 1 2 2 a1
W)y Wy Wiy ey O 7 0O0 4.5)

’ n’ n

Figure 4.1 shows that in (4.5) a)g, a),ll, a)ﬁ, el wZ’z, w,’}’l that are the n complex
n-th roots of unity are equally spaced around the circle of unit radius centered at the
origin of the complex plane. This is to say that ¥, !, @2, ..., @2, 0! lie in the

circumference of the circle of unit radius centered at the origin of the complex plane.
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ry
a't= -1
a''?= -1 a'=1=a@"
a"*x34= =1
A J
Fig. 4.1 The values of a) a),ll, a),zl, LT 2 wh~ in the complex plane

4.2 TIllustration of an Abelian Group for n Complex nth
Roots of Unity Together with a Binary Operation
of Multiplication

A group (S, *) is a set S together with a binary operation * denoted on S for which
the following four properties hold. The first property is to that for all a, b € S we
have a * b € S. This is to say that the group (S, *) has closure. The second property
is to that there is an element e € S, called the identity of the group (S, *), such that e
*a=a*e=aforall a € S. The third property is to that for all a, b, c € S we have
(a*b)*c=a*(b*c). This indicates that the group (S, *) has associativity. The
fourth property is to that for each a € S, there exists a unique element b, called the
inverse of a, such thata * b = b * a = e. If a group (S, *) satisfies the commutative
law a * c = c * afor all a, ¢ € S, then it is an abelian group.

We assume that a set S is {0?, )}, @2, ..., 02, 0"~} that is a set of n complex
nth roots of unity. We also assume that a binary operation x is multiplication denoted
on S. We use Lemma 4.1 to demonstrate that (S = {00, 0}, @2, ..., 0" 2, o1},
X) is an Abelian group.

2 n—2

— 0 1 n—1 : :
Lemma4.1 (S ={w,,w,, o, ..., 0, °, w," '}, X) is an abelian group.

ProofForallwn,a)k eSto0<j<m-—1)and 0 <k < (n — 1), we have
wy X of = ™ If the value of (j + k) is from O (zero) through (n — 1), then A
€ S. If the value of (j + k) is from n through (2 x n — 2), then wl,* = " =" x
oh=1x ol =wh €Sto0<p < (n—2). This is to say that it satisfies closure. In
S, there is an element @ that is equal to one such that each element w* € S to 0 <
k < (n — 1) satisfies ) x of =1 x of = of and 0 x 0 = 0f x 1 = k. This

indicates that ®? x w* = 0t x @? = »*. Hence, it has an identity «°.
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Forallwﬁ,wﬁ,wieStoijf(n—1)and0§k§(n—1)and0§l§(n—

j )+ j+(k+ j j
1), we have (a, x @f) x @l = WU — D — o = @) x (0F x o).
This implies that it satisfies associativity. For each element w* € St0 0 <k < (n -
1), we have of x 0" * = 0" * x of = @ = 1 = 0. This is to say that »"* is the

inverseofa)".Forallwi,,wk eSto0<j<m—1and0 <k <(n— 1), we have
n n J
wn X ok = Wt = o = w* x ay,. This is to say that it satisfies the commutative

law. Therefore, from the statements above, we infer at once that (S = {a)g, a),ll a)ﬁ,
..,wZ’Z,a)ﬁ’l}, X ) is an abelian group. |

4.3 Description to Properties of Complex nth Roots of Unity

We use the following lemmas to introduce essential properties of the complex nth
roots of unity.

Lemma 4.2 For any integersn > 0,k > 0, and j > 0,

Jxk k
Wl = O, (4.6)
P A di E 4.4 h Jxk o _ V=1x2x7m/jxn ik —
roof According to Eq. (4.4), we have w;, = (e =
JoTx2 k x . jxk k :
eV~ Ix2xa/ ”) = wj. Therefore, we at once infer that wj, = w, for any integers n
>0,k>0,andj >0. u

Lemma 4.3 For any even integer n > 0,

o =wy = —1. 4.7)

n/2
Proof In light of Eq. (4.4), we have wp? = (eﬁxzx”/") = (eﬁxzx”/z) =

w, = —1. Hence, we at once derive that 0> = w, = —1 for any even integer n >
0. |

Lemma 4.4 For any positive even integer n, the squares of the n complex nth roots
of unity are the (n/2) complex (n/2)th roots of unity.

Proof The complex nth roots of unity are X for any nonnegative integer k. The
complex (n/2)th roots of unity are wf, for any nonnegative integer k. Because

. 2
the squares of the complex nth roots of unity are (wf)?, we have (wf)

2 n n . .
eV Tx2xmxk/n)" — e«/71><2><n><k><2/(5)><2 — e«/71><2><7r><k/(5) — wl;/z' This is to say

that the squares of the complex nth roots of unity are the complex (n/2)th roots of
unity.
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n/2 n/2

From Lemma 4. 3 we have o —1. This implies that w**™? = vk x "
= ok >< (—1) = —k. Thus, we obtam (w’”(”/ D) = (—ak)? = (a)k)z. This indicates
that o* and wk+? have the same square. This is also to say that if we square all of
the complex nth roots of unity, then we actually obtain each complex (rn/2)th roots
of unity twice. Therefore, from the statements above, we at once infer that for any
positive even integer n, the squares of the n complex nth roots of unity are the (n/2)
complex (n/2)th roots of unity. |

Lemma 4.5 For any integer n > 1 and nonzero integer k not divisible by n,

> (k) =o. (4.8)

j=0
n—1 .
Proof The common ratio to Y (! )j in Eq. (4.8) is X . Because nonzero integer k is
j=0

n—1 .
not divisible by 7, the value of a)’; is not equal to one. Therefore, we have Y (wf )’ =

j=0
()" = 1)k = 1) = ((}) ) Wb —1) = (D= 1)/(wk—1) = (1 —
D/ (0} = 1) = /(o = 1) = u
4.4 Introduction to the Discrete Fourier Transform

and the Inverse Discrete Fourier Transform

We assume that a (n x 1) vector a = (ag, a1, as, ..., a, — 1) has that each coordinate
a; to 0 < k < (n — 1) is a complex number, where the (n x 1) vector a = (a, aj,
ay, ..., a,_ 1) is the transpose of the (1 x n) vector (ag, ai, aa, ..., a, — 1). Also we
suppose that another vector y = (Yo, Y1, Y25 «++s Yn — )T has that each coordinate Vi

to 0 <k < (n — 1) is a complex number, where the (n x 1) vector y = (yo, y1, ¥2,
v Yu—1)T is the transpose of the (1 x n) vector (yo, Y1, Y2, .-, Yu — 1). The matrix
DEFT of the discrete Fourier transform is as follows

ngo ngl wg><2 w2x3 . gx(n—l)

w:lxo 0),11X1 wrll><2 w;LX3 l><(n 1)

1 wixo C0,21><I a)3><2 w5><3 . 2><(n 1)
<ﬁ) X ngo w?lxl wixz w3x3 3><(n 1 4.9)

n—1)x0 ,(n—1)x1 (n—1)x2 (n—1)x3 . (n—1)x(n—1)
W, Wy, W, W, Wy, nxn
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The discrete Fourier transform of the vector a = (ag, a1, as, ..., a,-1)" is denoted
by the vector y = (Yo, ¥1, ¥2, ..., Yn— 1)7 = DFT x a. The Fourier coefficient y; for
0 <k < (n— 1) in the vector y is as follows

n—1

1
Vi = (ﬁ) x Za, x ! (4.10)
=0

The matrix IDFT of the inverse discrete Fourier transform is as follows

w;OxO w;Oxl CL);OXZ C();OX3 w;Ox(nfl)

w;lxo w;lxl w;1><2 w;le Cl)nflx(nfl)

1 w;ZxO w;2><1 w;2><2 w;2X3 w;Zx(nfl)
<ﬁ> X w;3><0 w;3><1 w;3><2 w;3><3 a)nf3><(n71)

—(n—=1)x0 —(mn—-1)xl —(n-1)x2 —m-D)x3 . _  —@‘-1)x(n-1)
W, w, w, W, w, nxn

4.11)
The inverse discrete Fourier transform of the vector y = (Yo, y1, ¥2, -+, Yu— 1) is
denoted by the vector a = (ay, a;, az, ..., a, — )T = IDFT x y. The inverse Fourier

coefficient a; for 0 < k < (n — 1) in the vector a is as follows

n—1
1 —kxlI
a=|—)x i X, . (4.12)
(@)%

The matrix IDFT of the inverse discrete Fourier transform in Eq. (4.11) is actually
to the conjugate transpose of the matrix DFT of the discrete Fourier transform in
Eq. (4.9). Similarly, the matrix DFT of the discrete Fourier transform in Eq. (4.9) is
actually to the conjugate transpose of the matrix IDFT of the inverse discrete Fourier
transform in Eq. (4.11). We use the following two lemmas to show that the matrix
DFT of the discrete Fourier transform in Eq. (4.9) is a unitary matrix (a unitary
operator) and the matrix IDFT of the inverse discrete Fourier transform in Eq. (4.11)
is also a unitary matrix (a unitary operator).

Lemma 4.6 The matrix DFT of the discrete Fourier transform in Eq. (4.9) is a
unitary matrix (a unitary operator).

Proof ForO<j<(n—1)and0 <k < (n — 1), the (k, ) entry of the matrix DFT of
the discrete Fourier transform in Eq. (4.9) is (JLZ X a),lixj>. Similarly, for0 <j < (n

— 1D and 0 <k < (n — 1), the (k, j) entry of the matrix IDFT of the inverse discrete

Fourier transform in Eq. (4.11) is (ﬁ X w;kxj). We have the (j, [) entry of DFT x
n—1 . n—1 .

IDFT is equal to (1/n) x (Z (w,ﬁﬂc) X (a)nk”)> = (1/n) x <Z (a)r(L]_l)Xk)).
k=0 k=0
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This summation is equal to 1 if the value of j is equal to the value of /, and it is 0
otherwise by Lemma 4.5 that is to the summation lemma. This is to say that DFT
x IDFT is an (n x n) identity matrix.
Similarly, the (j, I) entry of IDFT x DFT is equal to (1/n) x
n—1 . n—1 .
(Z (w,f"Xk) X (a)fj”)) = (1/n) x <Z (a),(f_’)Xk>>. This summation is equal
k=0 k=0
to 1 if j = [, and it is O otherwise by Lemma 4.5 that is to the summation lemma.

This indicates that IDFT x DFT is an (n x n) identity matrix. Therefore, from
the statements above, we at once infer that the matrix DFT of the discrete Fourier
transform in Eq. (4.9) is a unitary matrix (a unitary operator). ]

Lemma 4.7 The matrix IDFT of the inverse discrete Fourier transform in Eq. (4.11)
is also a unitary matrix (a unitary operator).

Proof ForO<j<(n—1)and0 <k < (n — 1), the (k, ) entry of the matrix IDFT of

the inverse discrete Fourier transform in Eq. (4.11) is \/Lﬁ x wp " ) Similarly, for

0<j<m-—1)and 0 <k < (n — 1), the (k, j) entry of the matrix DFT of the discrete

Fourier transform in Eq. (4.9) is («/Lﬁ X a)ﬁxj ) We have the (j, /) entry of IDFT x
n—1 . n—1 .

DFT is equal to (1/n) x <Z (@“") x (wﬁxl)> — (1/n) x <Z <w5‘1)x")).
k=0 k=0

This summation is equal to 1 if the value of j is equal to the value of /, and it is O

otherwise by Lemma 4.5 that is to the summation lemma. This implies that IDFT

x DFT is an (n X n) identity matrix.

Similarly, the (j, /) entry of DFT x IDFT is equal to (I/n) x

n—1 . n—1 .
(Z (wﬁXk> X (a)/‘“)) = (1/n) x <Z (a),(ﬂl)Xk)). This summation is equal
k=0 k=0
to 1 if j = [, and it is O otherwise by Lemma 4.5 that is to the summation lemma.
This is to say that DFT x IDFT is an (n x n) identity matrix. Hence, from the state-
ments above, we at once derive that the matrix IDFT of the inverse discrete Fourier
transform in Eq. (4.11) is a unitary matrix (a unitary operator). |

4.5 The Quantum Fourier Transform of Implementing
the Discrete Fourier Transform

An n dimensional orthonormal basis o of a Hilbert space is as follows

a=1{(1,0,0,...,07,(0,1,0,...,007,(0,0,1,...,007,...,(0,0,0,..., DT}
(4.13)

Without losing generality, we assume that n is a power of two (2). The length of
each element in the n dimensional orthonormal basis a is unity. The inner product of
any two elements in the n dimensional orthonormal basis « is zero. Each element in
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o is a computational basis vector. We use computational basis state |0) to encodes the
first computational basis vector (1, 0, 0, ..., 0)". We apply computational basis state
I1) to encode the second computational basis vector (0, 1, O, ..., 0)7. We make use
of computational basis state 12) to encode the third computational basis vector (0, 0,
1, ..., 0)" and so on with that we use computational basis state In — 1) to encode the
last computational basis vector (0, 0, 0, ..., 1)7. This is to say that the basis {10}, I1),
12), ..., ln — 1)} encodes a n dimensional orthonormal basis o of a Hilbert space.
A superposition |8) is a linear combination of each computational basis vector
(or each computational basis state) in a such that the superposition |8) is as follows

‘ n—1

B) = Bux
a=0

In the superposition 18) in Eq. (4.14), B, for 0 < a < (n — 1) is the amplitude of
n—1
each computational basis state la) such that Y |B,]> = 1.
a=0
The matrix QFT of the quantum Fourier transform is the same as the matrix DFT
of the discrete Fourier transform in Eq. (4.9). Because QFT and DFT are the same
matrix and DFT is a unitary matrix (a unitary operator) from Lemma 4.6, QFT
is also a unitary matrix (a unitary operator). The quantum Fourier transform is a
computationally very efficient implementation to the discrete Fourier transform in
the form of tracing back QFT to its tensor product decomposition. The quantum
n—1
Fourier transform transforms a superposition I8) = Y_ B,la) in Eq. (4.14) to the
a=0

n—1
a)= Pda). (4.14)
a=0

following new superposition

n—1 1 n—1 n—1
ly) = QFT(IB)) = QFT(Z ﬂa|a>> = (ﬁ> x (ZZﬂa X w’;*“|k>>.

a=0 k=0 a=0
(4.15)

In the new superposition ly) in Eq. (4.15), the Fourier coefficient y; for 0 < k <
(n — 1) is as follows

1 n—1
= (ﬁ) « (Z Ba x a)k) (4.16)
a=0

Applying QFT (the quantum Fourier transform) to computational basis state la)
for 0 < a < (n — 1) generates

n—1
QFT x (ja)) = QFT(ja)) = (%) x (;dyﬂm). 4.17)
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In the following, we take n = 2N where N is the number of quantum bit in
a quantum computer and the basis {l0), I1), 12), ..., I2Y — 1)} is the computa-
tional basis for the quantum computer. We mention here that (a)’,‘l”‘) = (a);fj”) =
(e(*ﬂ x2xxkxa)/ 2N). It is very useful to write computational basis state la) for 0 <
a < (2V — 1) using the binary representationa =a; as a3 ... ay = a; x 2V ~ Ty a,
x 2V =2 4 a3 x 2V =3 4+ . 4 ay x 2°. Itis also very useful to write the notation 0.
ai a as ... ay to represent the binary fractiona; x 27 4+ ay x 272 +a3 x 273 + ...
+ ay x 27N, The following very useful product representation is to tensor product
decomposition of the quantum Fourier transform:

QFT(la)) = QFT(laiazas . ..an))
‘0)+e\/jlx2><7r><0.a;v|l)

V2
‘0>+eﬁXZXﬂ x0.ay_1ay [1)

? 7
‘()H_eﬁxzxn x0ay-zan-1ay 1)
¢ 7
’O>+e\/jl><2><n><0.a]a2..‘a,v 1)
®...© (4.18)

V2

The product representation (4.18) is actually to the definition of the quantum
Fourier transform. We use the following lemma to show the equivalence of the product
representation (4.18) and the definition (4.17) to the quantum Fourier transform.

Lemma 4.8 The product representation (4.18) is equivalent to the definition (4.17)
for the quantum Fourier transform and is to the definition of the quantum Fourier
transform.

Proof Because we take n = 2" to apply QFT (the quantum Fourier transform) to
computational basis state la) for0 <a < (2N — 1), the definition (4.17) of the quantum
Fourier transform is as follows

1 — kxa
QFT(la)) = (ﬁ> x ; kx4 k)
2V 1

1 ) J=1x2 k 2N
— ) x Za X2xxkxa)/25 gy N (4.19)
()2
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We write computational basis state k) for 0 < k < (2¥ — 1) using the binary
representation k = ky ky k3 ... ky =k; x 2V 71 4 ky x 2V 72 4 k3 x 2V 73 4
... + ky x 2° We also write the notation 0. k; k, k3 ... ky to represent the binary
fraction k; x 27" 4+ ky x 272 4+ k3 x 273 4 ... + ky x 27N, The computation of
the division /2N is to k/2V =k kyp k3 ... kn/2N = (ky x 2V "V 4 ky x 2N =2 4 5
X2V =3 4 4k x 202V =k x 27 b ky x 272 4 ks x 273 4 .+ ky X

N 2V -1
27N = <Z k; x 21). The computation of the sum Y is to complete the sum of
=1 k=0
1 1
2V items. The computation of the sum > --- Y also is to complete the sum of 2

K=0  ky=0

k=0 k=0  ky=0
we rewrite the definition (4.19) of the quantum Fourier transform as follows

2V —1 1 1
items. If they process the same items, then | Y ) = < POREEEDD ) Therefore,

1 1

QFT(la)) = (%) 43> vrma(Soa)

=0 ky=0
(4.20)

The product representation (®. le(ﬁ xparxaxkix2) 1)) i equal
to (e(ﬁx2xnxaxk|x2’l)|kl)> ® (e(ﬁx2xnxaxkzx2’2)|k2)> ® ®
e(\/jl><2><7r><a><kN><2’N)|kN >) —

(e(ﬁxzxnxaxkpd_l) e % e(ﬂxZanakaxz-N)|kl cky >)_

eW=Ix2xmxax (kyx27 - +ky x27V) lky - ky ))

e(ﬁxzxnxux(lé =)

|k ---kyn) |. Hence, we rewrite the definition (4.20)
of the quantum Fourier transform as follows

1

1
QFT(la)) = (L> x| 2o o @iV ek i) | @21

Y 2N k1=0 kn=0
1 1
—Ix2xm xaxk; x27!
= <ﬁ> x [ @[ D] elVDamxaxkoa k) (4.22)
k=0

1 - -
— (ﬁxenxaxOxZ 1) ( —1x2xmwxax1x2 1)
<_«/2_N) x (®,=1(e )0) + e

1)) (4.23)
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1 N (V=Tx2xmxax1x27")

= (ﬁ) x (@,zl(‘m te ‘1))). (4.24)
The computation of the division (@ x 27% = a/2)) for 1 <1 < N
is to complete the left shift of [ position to the decimal point “.”. This

is to say that for 1 < [ < N we obtain a x 27/ = a2l = a
: (ijanxaxle”)

ay_j;ay_j;+1 av_;+2 ... ay. Therefore, we obtain e

= e(\/leZXﬂxa]"'aN—lﬂN—H—I"'aN) — e(\/jlx2><7r><(u1~~~aN_,+O.aN_1+|...aN))

_ (e(leXZXHX(a1~~~aN,,)) x e(\/jl><2><n><(04aN,,+1~~-aN))) _

1 x e(V=Tx2xaxOay-r1an) | = (o(V=Tx2xwx(Oay-1s1-an)) ) Next, we rewrite the

definition (4.24) of the quantum Fourier transform as follows
QFT(|a)) = QFT(lajazas . .. ay))
‘0>+eﬁx2xnx0.c¢N|1> ‘0) + eﬁxenxO.aN,laN|l)
= &®
V2 V2
‘0>+e\/—71x2xnxOAaN,2aN,|aN 1)
V2

‘0)+e\/jl><2><7r><0.a|azma,v | 1)

V2

®

®...0 (4.25)

Therefore, from the statements above we at once infer that the product represen-
tation (4.18) is equivalent to the definition (4.17) for the quantum Fourier transform
and is to the definition of the quantum Fourier transform. ]

4.6 Quantum Circuits of Implementing the Quantum
Fourier Transform

“If C is true, then do D”. This type of controlled operations is one of the most useful
in deriving a very efficient circuit for the quantum Fourier transform. A (2 x 2)
matrix Ry, . is as follows

1 0 10
Ry = |:0 e«/ﬁxerr/Z"i| = |:0 a);k i| (4.26)

A (2 x 2) matrix m that is the conjugate transpose of the (2 x 2) matrix Ry . is
as follows
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—_[1__o |_T1 0 _(1 0 427
ke = | g i | T Lo e aan [T loag | @27
S 1 0 10 1 0
B Ry Ry = - - o -
ecause Ry . X Ry (_O wék} X |:O kal ]) (|:0 wl, x wzkl i|)

1 0 10 10 _ 1 0 10
D S ) R e A

1 0 1 0 10 10 . . .
([szkl Xw;k]):([ow1+1_):(|:Owgki|):(|:0 1]),matrlxR,w1saun1tary

1 ©

2/\'
matrix (a unitary operator) and matrix Ry . is a unitary matrix (a unitary operator). A
controlled-Ry, . operation is an operation of two quantum bits that contain a control
bit and a target bit. If the control bit is set to 1), then matrix Ry, . is applied to the
target bit. Otherwise, matrix Ry, . does not change the target bit.

Similarly, a controlled-Ry . operation is an operation of two quantum bits that
include a control bit and a target bit. If the control bit is set to 11), then matrix Ry .
is applied to the target bit. Otherwise, matrix Ry . does not change the target bit.
The matrix representation of the controlled-Ry . operation and the controlled-Ry .
operation is

100 0 100 0
010 0 — 010 0

CRee=1 001 0 and CRic = | o) 0 (4.28)
000 e\/jlx2><7t/2" 000 e—\/?l><2><n/2k

Matrix C K in Eq. (4.28) is the conjugate transpose of matrix CRy . in Eq. (4.28).

L0 00 (1000
I 00 0100 —
Because CRy.. x C Ryo = = A€ R
ecause C Ry . X C Ry, 00 1 0 0010 | -
00 Oeﬁx2><rr/2k><(l—1) L00 01
Lo 00 10007
01 00 01 00 "o
CR = = 7CR c CR i
X CRy, . 00 1 0 0010 ke X k,c 1S an
00 0 eV-Tx2xm/2x(=1+1) 0001 |

identity matrix and C m x C Ry also is an identity matrix. Therefore, CRy . x
CiRi.c = CRy ;. x CRy, . and matrix CRy, . and matrix C Ry . are both a unitary matrix
(aunitary operator). Figure 4.2 shows the circuit representation of the controlled-Ry .
and Fig. 4.3 shows the circuit representation of the controlled- Ry . operation.

A (4 x 4) matrix swap and its conjugate transpose swap are respectively
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Ri, ¢ [prem—

Fig. 4.2 Controlled-Ry, . operation with that the bottom line is the control bit and the top line is
the target bit

P emm—

Fig. 4.3 Controlled-Ry . operation with that the bottom line is the control bit and the top line is
the target bit

1000 1000
0010 0010
= dswap = 4.2
swap 0100 and swap 0100 4.29)
0001 0001
1000
_ 0100 _ . .
Because swap x swap = 00 10 =swap X swap, matrix swap and matrix
0001

swap are both a unitary matrix (a unitary operator). Matrix swap is to matrix repre-
sentation of a swap gate of two quantum bits. The functionality of the swap gate
is to exchange the information contained in two quantum bits. The left picture in
Fig. 4.4 is the circuit representation of a swap gate with two quantum bits and the
right picture in Fig. 4.4 is to the circuit representation of implementing the swap gate
by means of using three CNOT gates.

An initial state vector is IBg) = |A) ® IB)for the left circuit and the right circuit
in Fig. 4.4, where A € {0, 1} and B € {0, 1}. The output of the swap gate in the left
circuit of Fig. 4.4 is I8;) = IB) ® lA). The output of the first CNOT gate with the
control bit IA) and the target bit IB) in the right circuit of Fig. 4.41is16;) = 1A) ® I1A
@ B). Next, the output of the second CNOT gate with the control bit |A & B) and
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4> B> B>

|4> m
|B> > = |B> I I l 14>
U \u 7

Fig. 4.4 Circuit Representation of a swap gate with two quantum bits

°F E w

Fig. 4.5 Efficient circuit of implementing the quantum Fourier transform

the target bit |A) in the right circuit of Fig. 4.4is10,) =IA® (A D B)) 1A ® B) =
ADADB)QIADB)=10®B) ®IA D B) =IB) ® |A ® B). Finally, the output of
the third CNOT gate with the control bit IB) and the target bit [A @ B) in the right
circuit of Fig. 44 is16;) = 1B)  (A® B) @ B) =1B) QI A® B D B) =I1B) ® 1A
@ 0) = IB) ® IA). Because the two state vectors I31) and 163) are the same, the left
circuit of Fig. 4.4 is equivalent to the right circuit of Fig. 4.4.

The product representation (4.18) makes it easy to infer a very efficient circuit
of implementing the quantum Fourier transform. Such a circuit appears in Fig. 4.5.
Consider what happens when the state |a; - - - ay) is an input for the pictured circuit in
Fig. 4.5 that computes the quantum Fourier transform. Making use of the Hadamard
gate to the first quantum bit generates the following state

L
V2

. — — — 1
When a; = 1, we obtain eV D2xmx0.a1 — pV/=Ix2x7x0.1 _ o Ix2x7x(3) —
eV™1*T = —1. When a; = 0, we obtain eV~ 1*2*7x0a1 = oV =1x2xmx00 — 1 Thjg

<|0 +eﬂx2xnx0.a1|l>)|a2...aN) (4.30)

satisfies the functionality of the Hadamard gate.
Next, using the controlled-R;, , gate produces the following state

L
V2

<|O) + e\/leZXT[XO.a] X e«/leZXﬂXO.Oa2|1))|a2 .. 'aN)

(|0> + e\/jlx2><7r><(0.a1+0.0a2)|1)>|a2 . aN)

1=l -

(|0> +e\/jl><2><7r><0.a1a2|1>)|a2_._aN>' (431)
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When a, = 1 is equivalent to the control bit la,) to be I1), it adds the phase
eVIxX2xax(§) = oV =Ix2xa X001 _ p/=Tx2x7x0.002 14 the coefficient of the first 11).
When a; = 0 is equivalent to the control bit lay) to be 10), it does not change the
coefficient of the first I1) because eV~ 1*2x7x0.0a; — ov=Tx2xwx0.00 — | Thjs satisfies
the functionality of the controlled-R; , gate.

Next, applying the controlled-R; 3 gate generates the following state

1
ﬁ<| 0) e\/jx2><n><0.a1a2 % e«/71><2><n><0.00a3| 1) )|a2 . aN)
1
ﬁ<| O) e«/71><2><71X(O.a]az+0.00a3)| 1>)|a2 . aN>
1
- _ﬁ<|0> 4 oV Tx2xmx0maa 1)>|a2 ) (4.32)

When a3 = 1 is equivalent to the control bit las) to be 1), it adds the phase
eV TIDmx(§) = oV TIxDXx0001 — oV =Tx2xmx0.00a5 16 the coefficient of the first
[1). When a3 = 0 is equivalent to the control bit las) to be 10), it does not change
the coefficient of the first 1) because eV —1*2x7x0.00as — ov=Tx2x7x0.000 — | Thig
satisfies the functionality of the controlled-Rj3, 3 gate.

We continue making use of the controlled-R4 4, Rs 5 through Ry y gates,
they subsequently add the phase (e¥~1x2x7x0.000a1) ' the phage (¥~ 1x2xmx0.0000as)
through the phase (e~ 1x2x7x0.00-ax) (4 the coefficient of the first 11). At the end of
this procedure, we obtain the following state

1 |0) +e«/—1><2><71><0.a1a2a3 x e«/—1><2><7'r><0.000a4
) laz---an)

2\ oV Tx2xmx0.0000as eﬁxzxnxo.oo---a”l
N %('m + oV TX2x7 X (0.014203+0.000a4+0.0000a5-+0.00-ax) | 1))|a2 ceay)
1
— E(' 0> + e«/leZXHXO.alaztntuasmuN| 1))'@2 . aN) (433)

Next, we complete a similar procedure on the second quantum bit. Applying the
Hadamard gate to the second quantum bit produces the following state

|0) +e«/ix2><7r><0.mu;»--<m|1> |0) +eﬁx2xnx0.a2|l)
V2 V2

)|a3 ceeay). (4.34)

Next, applying the controlled-R; 3, Rz 4 through Ry . n gates produces the
following state

10) + e\/jXZXﬂX()-alﬂzmaNH) 0 + eﬁxenxO.az...aN|1) | )
az---d .
V2 V2 ’ '

(4.35)
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We continue in this fashion for each quantum bit, giving a final state
|0) + eﬂx2xnx0.a1az~~-aN|l) |0) + eﬂx2xnx0.a2~--aN|l)
V2 V2
( 10) + e\/jl><2><rr><0.aN 1) )

4.36
7 (4.36)

Next, applying swap operations reverses the order of the quantum bits. After the
swap operations, the state of the quantum bits is

‘0>_’_e\/jl><2><n><0.aN|1> ‘0)+e\/jl><2><7r><0.aN,1aN|1>

7 ® 7

‘0>+e«/—71><2><71xO.czN,zaN,luN|1) O>+edjlx2xnx0.a1u2~»»aN|1>
®...Q0
V2 V2

®
4.37)

Comparing with Eq. (4.18) and Eq. (4.37), we look at the desired output from the
quantum Fourier transform. This construction also demonstrates that the quantum
Fourier transform is unitary because each gate in the circuit of Fig. 4.5 is unitary.

4.7 Assessment of Time Complexity for Implementing
the Quantum Fourier Transform

How many gates does the circuit of implementing the quantum Fourier transform in
Fig. 4.5 use? We begin by means of doing a Hadamard gate and (n — 1) conditional
rotations on the first quantum bit. This requires a total of n gates. Next step (the
second step) is to do a Hadamard gate and (n — 2) conditional rotations on the
second quantum bit. This requires a total of n 4+ (n — 1) gates. Next step (the third
step) is to do a Hadamard gate and (n — 3) conditional rotations on the third quantum
bit. This requires a total of n 4+ (n — 1) 4+ (n — 2) gates. Continuing in this way, this
requires atotalofn + (n — 1) + (n —2) + ... + 1 =n x (n + 1)/2 gates, plus at most
n/2 swap gate s that reverse the order of the quantum bits. Because each swap gate
can be implemented by means of using three controlled-NOT gates, this circuit in
Fig. 4.5 provides a O(n?) algorithm for completing the quantum Fourier transform.

The fast Fourier transform is the best classical algorithm to compute the discrete
Fourier transform on 2" elements applying O(n x 2") gates. This is to say that it
requires exponentially more operations to compute the discrete Fourier transform
on a digital (classical) computer than it does to implement the quantum Fourier
transform on a quantum computer. The Fourier transform is a critical step for many
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applications in the real world. Computer speech recognition is one of the most impor-
tant applications to the Fourier transform. The first step in phoneme recognition of
computer speech recognition is to Fourier transform the digitized sound. Can we
make use of the quantum Fourier transform to enhance the performance of these
Fourier transforms? Unfortunately, there is no known way to complete this. Because
measurement in a quantum computer cannot directly access the amplitudes, there is
no way of computing the Fourier transformed amplitudes of the original state. Worse
still, a problem is to that there is in general no way to efficiently prepare the original
state to be Fourier transformed.

4.8 The Inverse Quantum Fourier Transform
of Implementing the Inverse Discrete Fourier
Transform

The matrix IQFT of the inverse quantum Fourier transform is the same as the matrix
IDFT of the inverse discrete Fourier transform in Eq. (4.11). Because IQFT and
IDFT are the same matrix and IDFT is a unitary matrix (a unitary operator) from
Lemma 4.7, IQFT is also a unitary matrix (a unitary operator). The inverse quantum
Fourier transform is a computationally very efficient implementation to the inverse
discrete Fourier transform in the form of tracing back IQFT to its tensor product
decomposition. In the following, we take n = 2", where N is the number of quantum
bit in a quantum computer and the basis {10}, I1), 12), ..., 12¥ — 1)} is the computa-
tional basis for the quantum computer. We mention here that (w,***) = ()

e(—«/—1x2><rr><k><u)/2N

Applying IQFT (the inverse quantum Fourier transform) to computational basis
state la) for 0 < a < 2V — 1) yields

IQFT x (|a)) =1QFT(|a))

2N 1
1 ) %
= —=) x| D o “Ik)
()2
1 2N 1
— ( ZN) % Z e(—\/TIXZXﬂxkxa)/ZN“C) ) (4.38)
Y k=0

It is very useful to write computational basis state la) for 0 < a < (2¥ — 1) using
the binary representation a = a; ar as ... ay =a; x 2V "' 4+ a, x 2V =2 4 a3 x
2V =3 4 4 ay x 20 Ttis also very useful to write the notation 0. a; a; as ... ay
to represent the binary fraction a; x 27 by x 2P+ a3 x 23+ . 4 ay x 27N,
The following very useful product representation is to tensor product decomposition
of the inverse quantum Fourier transform:
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IQFT(la)) =IQFT(|a; as a3 ... ay))
‘O>+e—ﬁx2xnx().aN 1) ‘0>+e—\/—71x2xn><0AaN,|aN 1)

= 7 ® 7

‘0) 4 e*\/leZXﬂXO.aN_zaN_laN 1)
&
V2
‘O) + e_«/leZXﬂXO.alaz---uN 1)
Q... 439)

V2

The product representation (4.39) is actually to the definition of the inverse
quantum Fourier transform. We make use of the following lemma to demonstrate
the equivalence of the product representation (4.39) and the definition (4.38) to the
inverse quantum Fourier transform.

Lemma 4.9 The product representation (4.39) is equivalent to the definition (4.38)
for the inverse quantum Fourier transform and is to the definition of the inverse
quantum Fourier transform.

Proof Because we take n = 2" to use IQFT (the inverse quantum Fourier transform)
to computational basis state la) for 0 < a < (2V — 1), the definition (4.38) of the
inverse quantum Fourier transform is

1 2N 1 1 N _1 i
IQFT(|a)) = (ﬁ) Z w;}\fexa |k> = (ﬁ) Z e—ﬁxenxkxa)/z |k)

k=0 k=0
(4.40)

We write computational basis state Ik) for 0 < k < (2¥ — 1) applying the binary
representation k = ky ko k3 ... ky =k x 2V "1 4 ko x 2V 2 4 k3 x 2V 73 4
... + ky x 2° We also write the notation 0. k; k k3 ... ky to represent the binary
fraction k| x 271 4+ ky x 272 4+ k3 x 273 4+ ... + ky x 27V, The computation of
the division k/2VN isto k/2N = ky ko ks ... kn/2N = (ky x 2V "V 4 ky x 2V =2 4 5
X2V =3 4 4 hky x 202V =k x 27V b ko x 22 4 k3 x 273+ 4+ ky X

N 2N 1
2N = (Z k; x 2‘1>. The computation of the sum ) is to complete the sum of
=1 k=0
1 1

2V items. The computation of the sum Y --- Y also is to complete the sum of
k=0 ky=0

2V 1 1
2V items. If they process the same items, then ( > ) = < PIREEEEDS ).Hence, we
k=0 =0  ky=0

rewrite the definition (4.40) of the inverse quantum Fourier transform as follows
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1 1

IQFT(|a)) = (%) (Y3 e(‘ﬁxzx””x(ék’”'))|k1 k)
k

1=0 ky=0

(4.41)
The product representation (®ZI\; le(_ﬁﬂxnxaxk,xz#)'kl is  equal

© (e(_ﬁx2xnxaxklx2’l)|kl)> ® (e(—\/?lx2xnxa><k2><2’2)|k2>) ® .. ®
(e(_ﬁxzmxamxz*”ﬂk,\,)) =

(e(f\/ijmxaxk]xf') X x e(*‘mXb(”X“XkNXTNNkl .. ‘kN>> =

(e(fﬁx2xnxax(k]><2-1+A..+k1v><2—’v)|k] cky) )_

<7\/jlx2><n><ax<§:k,x2‘1)> . .
e =1 |ki---ky) |. Therefore, we rewrite the definition

(4.41) of the inverse quantum Fourier transform as follows

1 1 ‘ .
IQFT(|a)) = (ﬁ) X Z .. Z ®Zl\;le(—\/jl><2><ﬂ><axk1x2 ) |k1> (4‘42)

k=0 kny=0
(35) < o2
-1
— x ®[1\Ll Ze(fs/leZXﬂXan,XZ )|k1) (443)
2N k=0

_ 1 N (—vV=Tx2xmxax0x27")
~(7) < el

0>+e(7«/jl><2><n><a><1><2”)‘1) (4.44)

- (le_N) x (@,N:l(‘o+e(*ﬁx2”*““2") n))- (4.45)

The computation of the division (@ x 27/ = a2l) for 1 < I <
N is to complete the left shift of [ position to the decimal point “.”.
This indicates that for 1| < [ < N we obtain a x 27/ = a2l = g
ay_1ay_j+1 ay_i14+2 ... ay. Thus, we obtain e(—V=Dx2xmxax1x2™)

— e(_\/jlxzxrrxal"‘UN—I.UN—H]'“aN) — e(—x/jXZXﬂX(al"'0N71+0~aN7/+1'"aN))
— (e(—ﬁx2><ﬂ><(al---a,v,,)) X e(—ﬁxenx(().aN,/+l---aN))) — (1 X

e(—V=Dx2xaxOay-rn-an))y = (o(=v=Ix2xaxOan-i11-an)))  Next, we rewrite the
definition (4.45) of the inverse quantum Fourier transform as follows

IQFT(|a)) = IQFT(|aiazas . .. ay))

0) + e*\/jl><2><n x0.ay

1> ‘0>+67\/j1><2><71><0.a,v,|a,v 1>

72 ® NG
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‘0) + e—«/j]x2><rr><0.aN,zaN,mN 1)
V2
‘O> + e—\/—71><2><7r><0.a|agma;v

V2

®

1)

®...Q

(4.46)

Therefore, from the statements above we at once derive that the product repre-
sentation (4.39) is equivalent to the definition (4.38) for the inverse quantum Fourier
transform and is to the definition of the inverse quantum Fourier transform. |

4.9 Quantum Circuits of Implementing the Inverse
Quantum Fourier Transform

The product representation (4.39) makes it easy to design a very efficient circuit
of implementing the inverse quantum Fourier transform. Such a circuit appears in
Fig. 4.6. Consider what happens when the state |a; - - - ay is an input for the pictured
circuit in Fig. 4.6 that computes the inverse quantum Fourier transform. Applying
the Hadamard gate to the first quantum bit yields the following state

L
V2

When a; = 1, we obtain efﬁx2><n><0.a1 — e*«/jlx2><rr><0.l — e—«/ijerx(%) —
e~V=IXT — _1 When a; = 0, we obtain e~V 1x2x7x0.a1 — p=v=Tx2x7x0.0 — | Thig
satisfies the functionality of the Hadamard gate.

Next, using the controlled-R, , gate generates the following state

<|0 _|_e*\/j1><2><”><0'a1|1>>|(12"'aN) (4.47)

1
V2
1
- ﬁ<|0> + 67‘/j><2><7-[><(0‘a1+0,0a2)| 1))

(| 0) + e*\/?lXZXnXO.al X e*\/leZXnX0.0(,Q' 1) >|a2 . aN)

laz---ay)

e ! I

Fig. 4.6 Efficient circuit of implementing the inverse quantum Fourier transform
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= 5 (100 e BN Jias - an). (4.48)

When a, = 1 is equivalent to the control bit lay) to be I1), it adds the phase
eV TIXDmx(5) = oV EIxDa 001 — /= Dx2xwx00a2 g the coefficient of the first
I1). When a, = 0 is equivalent to the control bit la,) to be 10), it does not change
the coefficient of the first I1) because e~ VDX x00a; — =V=Ix2xwx0.00 — | This
satisfies the functionality of the controlled-R, , gate.

Next, making use of the controlled-R5 3 gate produces the following state

L<|O> +e—djlx2xnx0.alag ~ e—ﬁxenx0.00ag| 1))

V2

1
B ﬁ(lo) + e_‘/jlxzxﬂx(()‘maz-ﬁ-o.(]()ag)l 1>)|a2 . aN)

= (10 e )i - ay). (4.49)

When a; = 1 is equivalent to the control bit las) to be I1), it adds the phase
e*\/leZan(%) — e—ﬁxenx().OOl — e—ﬁxenx().00a3 to the coefficient of the first

lay---an)

[1). When a3 = 0 is equivalent to the control bit las) to be 10), it does not change the
coefficient of the first I11) because e~V Dx2xmx000a; — (=v=Tx2x7x0.000 — ] This
satisfies the functionality of the controlled-R; 3 gate.

We continue using the controlled- Ry 4, Rs 5 through Ry y gates, they respectively

add the phase (e"ﬂ XZX”XO‘()OOm), the phase (e’ﬁ XzX”XO'OOOO“»‘) through the

phase (e’ﬁ“” x0.00--av ) to the coefficient of the first I1). At the end of this
procedure, we get the following state

|0) +e—«/—l><2><:'r><().ala2a3 % e—«/—il><2><71><0.0()004
laz N)
V2 \ 5oV TIx2xwx0.0000as o o eﬂfuzmxo_oo...w' 1)

1
N E('O) + eiﬁxzxﬂ><(0_a1a2a3+0.000a4+0.0000a5+04OO~--aN)| 1)>|a2 - ay)
\/_<| 0) + \/7><2><JT><0 ajazazasgdas-- aN| 1)>|a2 - aN) . (450)

Next, we complete a similar procedure on the second quantum bit. Using the
Hadamard gate to the second quantum bit yields the following state

0 +e—«/—ilx2><7r><0‘alag»--a1v|l> 10 +e—ﬁx2xnx0.a2|l>
V2 V2

>|a3 -eeay). (4.51)
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Next, applying the controlled-R; 3, R34 through Ry_; y gates produces the
following state

0 + e_ﬁx2><n><0,u1642""1N|1> 0) + e—\/—71><2xnx0.azwaN|1) las - - - ay)
NG V2 '

(4.52)
We continue in this fashion for each quantum bit, giving a final state
10) + e—x/jXZXﬂXledz-"aN 1) |0) + e—ﬁxb@r x0.ay--ay 1)
V2 V2
0 —/=Ix2x7 x0.ay 1
Y . (4.53)
V2

Next, making use of swap operations reverses the order of the quantum bits. After
the swap operations, the state of the quantum bits is

‘ O) + e—ﬁxb@r x0.ay

1) ‘O) + e—«mx2><n><0.uN,1aN 1)

7 ® 7

® |O> +€_‘/TIX2X”X0-“N—20N710N |1)
V2

‘ O) + e—\/—il><2xnx0,ala2maN
V2

1)

®...0

(4.54)

Comparing with Eq. (4.39) and Eq. (4.54), we look at the desired output from
the inverse quantum Fourier transform. This construction also shows that the inverse
quantum Fourier transform is unitary because each gate in the circuit of Fig. 4.6 is
unitary.

4.10 Assessment of Time Complexity for Implementing
the Inverse Quantum Fourier Transform

How many gates does the circuit of implementing the inverse quantum Fourier trans-
form in Fig. 4.6 apply? We start by means of doing a Hadamard gate and (n — 1)
conditional rotations on the first quantum bit. This requires a total of n gates. Next
similar procedure is to implement a Hadamard gate and (n — 2) conditional rotations
on the second quantum bit. This requires a total of n 4+ (n — 1) gates. Next similar
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procedure is to do a Hadamard gate and (n — 3) conditional rotations on the third
quantum bit. This requires a total of n 4+ (n — 1) 4+ (n — 2) gates. Continuing in this
way, this requires atotalof n + (n — 1) + (n — 2) + ... + 1 =n x (n + 1)/2 gates,
plus at most n/2 swap gates that reverse the order of the quantum bits.

Because applying three controlled-NOT gates can implement each swap gate, this
circuit in Fig. 4.6 provides a O(n?) algorithm for performing the inverse quantum
Fourier transform. The best classical algorithm of figuring out the inverse discrete
Fourier transform on 2" elements is the fast Fourier transform with O(n x 2") gates.
This indicates that it requires exponentially more operations to deal with the inverse
discrete Fourier transform on a digital (classical) computer than it does to implement
the inverse quantum Fourier transform on a quantum computer.

4.11 Compute the Period and the Frequency of a Given
Oracular Function

A given oracular functionis Oy: {aj ay a3 as IV ag € {0, 1} for 1 <d <4} — {\%27 x

eV ~Ix2xmxyxas g, € {0, 1}}. The value (\%27 x eV ~Ix2xmxyxasy i the amplitude (the
weight) of each input a; a; a3 a4 for the given oracular function Oy. The square of the
absolute value of the amplitude (the weight) to an input a; a, as a4 is the possibility
of obtaining the output of Oy that takes the input a; a, az ay as its input value. The
sum of the square of the absolute value to the amplitude (the weight) of each input
a) a az a4 is equal to one. Sixteen outputs of Oy that takes each input from a! a3 a3

a) through al a} a} a} are subsequently (\/#27), (—\/#27), (ﬁ), (—\/#27), (ﬁ),

(-75)-(55)- (o) (). (=30)-(G0) (55 (55)- (- 5)- (55)

and (——L%).
ﬁ
The period r of Oy is to satisfy Or(a; as az as) = Of(a; az az as + r) to any two
inputs a; ay a3 a4 and a; as az a4 + r. The frequency f of Oy is equal to the number
of the period per sixteen outputs. This gives that r x f = 16. Hidden patterns and

information stored in a given oracular function Oy are to that its output rotates back
to its starting value (ﬁ) eight times. This implies that the number of the period
per sixteen outputs is eight and the frequency f of Oy is equal to eight. Therefore,
this gives that the period r of Oy is 16 / 8 = 2. When Oy takes two inputs a; as a3
ay and a; ay az a4 + 2 as its input values, it produces the same output to the two
inputs. This is to say that Oy(a; a; asz a4) = Oy(a; a2 az a4 + 2). For obtaining the
frequency f and the period r of Oy, it needs to implement at least sixteen exponential
computations to eV =Dx2xmxixas gnd multiplication of sixteen times.
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4.11.1 The Period and the Frequency of Signals in a Given
Oracular Function

However, we can use another way (the second way) to obtain the period r and the
frequency f to a given oracular function Oy. In another way, the value (\%27 is the

magnitude of the amplitude (the weight) to each input a; a, as as4. The square of the
absolute value for the magnitude of the amplitude (the weight) to an input a; a, az
ay is the possibility of obtaining the output of O that takes the input a; a, a3 a4 as
its input value. The value (2 x © x (1/2) x a4) is the phase among the amplitudes
of these inputs. The phase can take any value from 0 degree to 360 degrees. The
phase of each input from a? ag ag ag through a% a% a% a}1 is subsequently 0°, 180°,
0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0° and 180°. We think of
the input domain of Oy as the time domain and the phases from its output as signals.
Computing the period r and the frequency f of Oy is equivalent to determine the
period r and the frequency f of signals in the time domain (the input domain).
Because the phase of the output of each input from a(l) ag ag ag through a{ a%
a} aj} is subsequently 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°,
180°, 0° and 180°, we take the sixteen input values as the corresponding sixteen time
units and the sixteen phases as the sixteen samples of signals. Each sample encodes

an angle. The angle can take 0° or 180°. The sixteen input values from a? a3 a af

through a} a} a} a} corresponds to sixteen time units from zero through fifteen. We
use Fig. 4.7 to explain the reason of why computing the period r and the frequency
f of Of is equivalent to determine the period r and the frequency f of signals in the
time domain (the input domain). In Fig. 4.7, the horizontal axis is to represent the
time domain in which it contains the input domain of Oy and the vertical axis is to
represent signals in which it consists of the sixteen phases from its output. From
Fig. 4.7, the signal rotates back to its starting value 0° eight times. This is to say that

there are eight periods of signals per sixteen time units and the frequency f of signals

Signal (The phase)

b 00

» Time (Input

domain)

Fig. 4.7 Sampling sixteen points from sixteen phases of outputs of a given oracular function that
isOr:{ayazaz as|Vag €{0,1}forl <d <4} — {ﬁ X eﬁxenx%xa4 lag € {0, 1}}

4
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is equal to eight. This gives that the period r of signals is equal to (16/8) = (2).

Because the magnitude of each output to Oy is the same and is equal to (ﬁ) and

the signal (the phase of each output to Oy) rotates back to its starting value 0 eight

times, its output rotates back to its starting value (j—27> eight times. This indicates
that the number of the period per sixteen outputs is eight and the frequency f of Oy

is equal to eight. Therefore, this gives that the period r of Oy is 16/8 = 2.

4.11.2 Circle Notation of Representing the Period
and the Frequency of Signals in a Given Oracular
Function

Because in Fig. 4.7 in subsection 4.11.1 sampling sixteen points just encodes sixteen
phases from sixteen output of Oy, we use circle notation (another concept) to explain
how figuring out the period r and the frequency f of Oy is equivalent to determine
the period r and the frequency f of signals in the time domain (the input domain).
In a circle, the filled radius represents the magnitude of the amplitude to an input a;
as az ay of Oy. This implies that the size (the shaded area) of the circle is directly
proportional to the square of the absolute value of the magnitude of the amplitude to
that input a; a; as a4 of Oy. This means that the size (the shaded area) of the circle
is directly proportional to the possibility of obtaining the output of Oy that takes that
input a; a; as ay as its input value. A darker line drawn in the circle indicates that the
phase (a positive angle) rotates the circle counterclockwise or the phase (a negative
angle) rotates the circle clockwise. A number a; a; a3 a4 below the circle encodes
an input to Oy. In Fig. 4.8, it contains sixteen outputs of a given oracular function
thatis Oy: {a) @z az as 1V ag € {0, 1} for 1 <d <4} — {%27 x eV ~Ix2xaxyxas|g,
€ {0, 1}}. In Fig. 4.8, sixteen circles encode sampling sixteen points in Fig. 4.7 and
sixteen numbers below each circle encode sixteen time units of the time domain of
Fig. 4.7.

Because in Fig. 4.8 the shaded area of each circle is directly proportional to

2
(\/#27) , the shaded area of each circle is the same. In Fig. 4.8, the radius of the left
first circle is (ﬁ) = (1/4) that is the magnitude of output to Of(a? ag ag ag). The
darker line drawn in the left first circle indicates that the phase to output of Of(a(l’

a3 a) aY) is a 0° and gives a 0° rotation to the left first circle. A number a! a9 a3 af

@ROOOOOOOOOOO®OO®

afatatal alalalal alalolal alafalal alalalal ofalalal afalelel afelalel alalofel alafalal alalalel alafelal olalelel alelelel aleleled aletalel

Fig. 4.8 Sixteen outputs of a given oracular function that is Oy: {a) az a3 a4 1V a4 € {0, 1} for 1
1
<d=<4)—> {ﬁ x eV IX2xmxyxas | g0 e {0, 1})



188 4 Quantum Fourier Transform and Its Applications

below the left first circle encodes the input that is taken by Of(a® a3 a3 af). Similarly,

in Fig. 4.8, the radius of the left second circle is ( ) = (1/4) that is the magnitude

7

of output to Of(al a2 a3 a4). The darker line drawn in the left second circle indicates
that the phase to output of Op(a? a9 a3 aj}) is a 180° and gives a 180° rotation to
the left second circle. A number al ag ag al below the left second circle encodes

the input that is taken by Oy(a) a3 @ a}). Similarly, in Fig. 4.8, the radius of the

left third circle through the last circle is all ( ) = (1/4) that is the magnitude of

NE
output to Of(a(l) ag a; ag) through Of(a} aé aé a}l). The darker line drawn in the left
third circle through the last circle indicates that the phase to output of Of(a? ag aé
ag) through Of(a} a; a_% af‘) is subsequently 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°,
180°, 0°, 180°, 0° and 180°. They subsequently give a 0° rotation and a 180° rotation
of seven times to the left third circle through the last circle. Fourteen numbers a? a9
a} af through a! a} a} al below the left third circle trough the last circle encode the
fourteen inputs that are subsequently taken by Oy (@ 1 a2 a3 a4) through Of(al a2 ag
al).

From Fig. 4.8, hidden patterns and information stored in signals of sixteen circles
(sampling sixteen points) are that the signal (the phase) rotates back to its starting
value 0° eight times. This indicates that there are eight periods of signals per sixteen
inputs (per sixteen time units) and the frequency f of signals is equal to eight. This
gives that the period r of signals is equal to (16/8) = (2). Because the signal (the

phase of each output to Oy) rotates back to its starting value 0° eight times, its output
rotates back to its starting value ( \/12>> eight times. This implies that the number of

the period per sixteen outputs is eight and the frequency f of Oy is equal to eight.
Therefore, this gives that the period r of Oy is 16/8 = 2. So, when a given oracular
function Oy takes two inputs a; a; a3 a4 and a; a, az as + 2 as its input values, it
gives the same output to the two inputs. This indicates that Or(a; as az as) = Oy(a;
a az as + 2) to any two inputs a; a, az a4 and a; a az as + 2. In this way, for
obtaining the period r and the frequency f of Oy, it only needs to implement eight
multiplications (2 x 7 x (1/2) x 1) (180°) and eight multiplications (2 x 7 x (1/2)
x 0) (0°). The second way very significantly enhances the performance of the first
way to determine the period r and the frequency f of Oy.

4.11.3 The First Stage of Quantum Programs for Finding
the Period and the Frequency of Signals in a Given
Oracular Function

In Listing 4.1, the program is in the backend that is simulator of Open QASM with
thirty-two quantum bits in IBM’s quantum computer. The program is to determine
the frequency f and the period r of Oy so that Of(a; as as as) = Op(ay az az as + 1)
to any two inputs a; a, as a4 and a; a, a3 a4 + r. In Listing 4.1, we introduce how to
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mﬁ$? “Plag |1 "a

qlo] lo)
ql1) lo)

ql2] o)

BEBRH

q[3] o}

o

Fig. 4.9 The quantum circuit of computing the frequency f and the period r to a given oracular
function Oy: {ay az a3 ag 1V ag € {0, 1} for1 <d <4} — {ﬁ X eﬁxzx”x%x“‘* las € {0, 1}}

use the inverse quantum Fourier transform to find the frequency f and the period r of
Oy . Figure 4.9 is the quantum circuit of computing the frequency f and the period r of
Oy . The statement “OPENQASM 2.0;” on line one of Listing 4.1 is to point out that
the program is written with version 2.0 of Open QASM. Next, the statement “include
“gelibl.inc”;” on line two of Listing 4.1 is to continue parsing the file “qelibl.inc” as
if the contents of the file were pasted at the location of the include statement, where
the file “qelibl.inc” is Quantum Experience (QE) Standard Header and the path
is specified relative to the current working directory.

Listing 4.1 The program of determining the frequency f and the period r to a given

oracular function Oy: {ay a; a3 as | ¥ az € {0, 1} for 1 <d < 4} — { ‘/%7 *
eV=Ix2xaxsxa g, € 10, 1}).

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qreg q[4];

4. creg c[4];

Next, the statement “qreg q[4];” on line three of Listing 4.1 is to declare that in
the program there are four quantum bits. In the left top of Fig. 4.9, four quantum bits
are respectively q[0], q[1], q[2] and q[3]. The initial value of each quantum bit is set
to state |0). We use four quantum bits q[0], q[1], q[2] and q[3] to encode the input
domain {a; a; a3 a4 1V a; € {0, 1} for 1 <d <4} of Oy. This is to say that quantum
bit q[0] encodes bit a;, quantum bit q[1] encodes bit a,, quantum bit q[2] encodes
bit a3 and quantum bit q[3] encodes bit a4.

For the convenience of our explanation, q[k]o for 0 < k < 3 is to represent the
value O of q[k] and q[k]1 for 0 < k < 3 is to represent the value 1 of q[k]. Similarly,
for the convenience of our explanation, an initial state vector of determining the
frequency f and the period r of Oy so that Or(a; ay a3 as) = Of(a; ax az as +r) to
any two inputs a; a; asz a4 and a a; az a4 + r is

(120) =1q[01°)|a[11°)|q[21°) |q[31°) =[0)10)|0}[0) = 0000} .
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The corresponding decimal value of the initial state vector 1€2y) is 2° x q[0]° 4 22
X q[l]o +2 x q[2]0 +20 % q[3]0. This implies that quantum bit q[O]0 is the most
significant bit and quantum bit q[3]° is the least significant bit. Then, the statement
“creg c[4];” on line four of Listing 4.1 is to declare that there are four classical bits
in the program. In the left bottom of Fig. 4.9, four classical bits are subsequently
c[0], c[1], c[2] and c[3]. The initial value of each classical bit is set to zero (0). For
the convenience of our explanation, c[k] for0 <k < 3isto represent the value O of
c[k] and c[k]' for 0 < k < 3isto represent the value 1 of c[k]. The corresponding
decimal value of the four initial classical bits c[3]° ¢[2]° ¢[1]° ¢[0]? is 23 x c[3]° +
22 x c[21° 4+ 2! x ¢[11° + 2° x ¢[0]°. This indicates that classical bit c[3]° is the
most significant bit and classical bit c[0]° is the least significant bit.

Next, the four statements “h q[0];”, “h q[1];” “h q[2];” and “h q[3];” on line five
through eight of Listing 4.1 are to implement four Hadamard gates of the first time
slot

Listing 4.1 continued...

/' We use the following five statements to implement a given oracular function
Ofi
Hay ay a3 as |V ag € {0,1}forl <d <4} — { \/sz x eV Ix2xmx g xay |
as € {0, 1}}.
h q[0];
hq[1];
h q[2];
h q[3];
ul (2*pi*1/2) q[3];

2 P = en Eh

of the quantum circuit in Fig. 4.9. The four statements “h q[0];”, “h q[1];” “h
q[2];” and “h q[3];” take the initial state vector |Q0) = Iq[0]°) Iq[1]1°) Ig[2]°) Iq[31°)
as their input state vector. Because the initial state of each quantum bit is set to state
10), the four statements “h q[0];”, “h q[1];” “h q[2];” and “h q[3];” actually implement

(L 1 ) 1 1 1 1 0

V2 V2 X()z(ﬁ>:L():L(<>+<)):L(|0)+|1))
1 1 1 .
s-n) \o) \p) ) oo/ )

This is to say that the four statements convert four quantum bits q[0], q[1], q[2] and
q[3] from one state 10) to another state \/LE (10) + 11)) (their superposition). Hence,

the superposition of the four quantum bits q[0], q[1], q[2] and q[3] is (\/L§ 10) + 11)))

(%2 10y + 11))) (\/LE (10) + 11))) (%2 (10) 4 11))). This implies that we obtain the
following new state vector

_ L 0 1 )(L 0 1 )
|£2)) (ﬁ(q[01>+|q[0]>) ﬁ(|q[1] )+|qr11")

L 0 1 )(L 0 1 )
<ﬂ(!q[2] )+|al21")) ﬁ(\q[s] )+[al31") ).
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Next, the statement “ul(2*pi*1/2) q[3];” on line 9 in Listing 4.1 actually imple-

. 1 0 .
ments one rotation gate 0 eV=Tx2xmx1/2 of the second time slot of the quantum
circuit in Fig. 4.9. The statement “ul(2*pi*1/2) q[3];” takes the new state vector
(I€21)) as its input state vector. Because the state of quantum bit q[3] is (% (Iq[31%) +

Iq[3]1")), the statement “ul(2*pi*1/2) q[3];” actually completes ((1) eﬁxgxnxl/z)

1 1
X V2 = V2 = L ! = L( ! +
%2 \/% x eV —Tx2xmx1/2 2\ oV Tx2xmx1/2 2 Y\
0 =1 ! Vixaxaxi2 (0)y _ 1 J=Ix2xwx1/2
(eﬁx2xnx]/2))_\/_§(<o>+e 1 )—\/—5(|0)+€

1)) = % (10) + e¥V=17 1)) = % (10) + (—1) 11)). This indicates that the statement

“ul(2*pi*1/2) q[3];” adds the phase ¥~ 1X2X7x1/2 = oV=1xT — cog(7r) + /=1 x
sin(m) = —1 + /=1 x 0 = —1 to the coefficient of the state |1) in the superposition
of the quantum bit q[3] and does not change the coefficient of the state |0) in the
superposition of the quantum bit q[3]. Because in the second time slot of the quantum
circuit in Fig. 4.9 there is no quantum gate to act on quantum bits q[0] through q[2],
their current states are not changed. This is to say that we obtain the following new
state vector

1 1
Q = - 0 1 - 20 21
|©2) (\f |q[01%)+|q[0]" ))<ﬁ(|q[1] )+ql1] >)><ﬁ(|q[ ] >+|q[]>))
7(‘ QB3 + ﬂxenxl/Z’q[:;]l)))
1
01°)+|q[0 —1°+11)<—2+2>
(}q[] |q[01") )<ﬁ(|q[]> lqr11") f(|q[ lqr21")

(|ar31%) + (—1>|q[3]1>))

N

¥

(5
In the new state vector (I€2,)), the sixteen amplitudes from state Iq[O]O) Iq[l]o)

1q[21°) 1q[3]1°) through state Iq[0]') Ig[1]") Iq[2]') Iq[3]') are subsequently (ﬁ ,

1 1 1 1 1 1 1 1 1
(-%) (&) F) (F) F) (F) (F) (F) (-F)
1 1 1 . .
(\/—2»4), (—\/—27 ) j—27 , (—\/—127 , <ﬁ) and (—7127> This is to say that in the
new state vector (I2,)), it uses the amplitude of each state to encode sixteen outputs
to a given oracular function Oy: {a; ay a3 a4 1V ag € {0, 1} for1 <d <4} — {JLzT
x eV ~Tx2xmxyxas lay € {0, 1}}. Hidden patterns and information stored in the new

state vector (I1€2,)) are to that the amplitude rotates back to its starting value ( @)

eight times.
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Similarly, in the new state vector (I€2,)), it makes use of the magnitude (ﬁ) =
(1/4) of the amplitude of each state as the radius of each circle in Fig. 4.8. Because
in Fig. 4.8 the shaded area of each circle is directly proportional to (1/4)?, the shaded
area of each circle is the same. In the new state vector (I€2;)), the sixteen phases
from state Iq[01°) Iq[11°) Iq[2]°) Iq[3]°) through state Iq[0]') Iq[1]') Ig[2]") Iq[3]")
are subsequently 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°, 0°, 180°,
0° and 180°. They subsequently give a 0° rotation and a 180° rotation of eight times
to the left first circle through the last circle in Fig. 4.8. In the new state vector (1€2;)),
it uses the darker line drawn in the left first circle through the last circle in Fig. 4.8
to indicate a 0° rotation and a 180° rotation of eight times to the sixteen circles in
Fig. 4.8. This is to say that hidden patterns and information stored in the new state

vector (I€2;)) are to that the phase rotates back to its starting value 0° eight times.

4.11.4 The Inverse Quantum Fourier Transform in Quantum
Programs of Finding the Period and the Frequency
of Signals in a Given Oracular Function

Next, the twelve statements from line 10 through line 21 in Listing 4.1 implement the
inverse quantum Fourier transform with four quantum bits. The statement “h q[0];”

Listing 4.1 continued...

/I ' We use the following fwelve statements to implement the inverse quantum
// Fourier transform with four quantum bits.

10. hq[O];

11. cul(—2*pi*1/4) q[1],q[0];

12. cul(—2*pi*1/8) q[2].9[0];

13. cul(—2*pi*1/16) q[3],q[0];

14. hq[l];

15. cul(—2*pi*1/4) q[2].q[1];

16. cul(—2*pi*1/8) q[3].q[1];

on line 10 in Listing 4.1 implements one Hadamard gate in the third time slot
of Fig. 4.9. It takes the new state vector I€2;) as its input state vector. Because the
current state of quantum bit q[0] in 1€2;) is (\/LE (Iq[O]O) + Ig[0]'})), the statement “h

11 4
q[0];” on line 10 in Listing 4.1 actually implements ( ‘? ‘[21 ) X ( ‘/1§> = <(1))
V22 V2
= 10). This indicates that the statement “h q[0];” converts quantum bit q[0] from one
state (% (1q[01°) + Ig[0]"}))) (its superposition) to another state Iq[0]°). Because in

the third time slot of the quantum circuit in Fig. 4.9 there is no quantum gate to act
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on quantum bits q[1] through q[3], their current states are not changed. This is to say
that we obtain the following new state vector

1 1
|923) = (|q[010>)<ﬁ(|q[1]°> + |q[1]1>)) (ﬁ(mm% + |q[21‘>))

1
(—(|q[3]0> + (—1>|q[3]1>)>.

V2
Next, the statement “cul(—2*pi*1/4) q[1],q[0];” on line 11 in Listing 4.1 is a
10 00
01 00

controlled rotation gate . The control bit is quantum bit

00 1 0

00 0 e\/?lezxnxl/4
q[1] and the target bit is quantum bit q[0]. If the control bit is |1) and the target bit
is I1), then it adds the phase eV=Ix=2x7x1/4 (4 the coefficient of the state I1) of the
target bit. Otherwise, it does not change the target bit. The statement “cul(-2*pi*1/4)
q[1],q[0];” on line 11 in Listing 4.1 takes the new state vector |€23) as its input state
vector and implements one controlled rotation gate in the fourth time slot of Fig. 4.9.
Because the state of the target bit q[0] is (Iq[0]°)), the statement “cul(—2%*pi*1/4)
q[11,q[0];” does not change the state (Iq[O]O)) of the target bit q[0]. In the fourth time
slot of the quantum circuit in Fig. 4.9 there is no quantum gate to act on quantum
bits q[2] through q[3], their current states are not changed. Therefore, we obtain the
following new state vector

1
NG

L 0 1 )(L 0 _ 1
<ﬁ(|q[2] )+[q[21")) ﬁ(|q[3] )+ (=1 [q[31")).

Next, the statement “cul(—2*pi*1/8) q[2],q[0];” on line 12 in Listing 4.1 is a
10 00

01 00

001 0

00 0 erlx—anxl/S
q[2] and the target bit is quantum bit q[0]. If the control bit is 1) and the target bit
is I1), then it adds the phase eV=Ix=2xmx1/8 (4 the coefficient of the state I1) of the
target bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/8)
q[2],q[0];” on line 12 in Listing 4.1 takes the new state vector €24) as its input state
vector and implements one controlled rotation gate in the fifth time slot of Fig. 4.9.
Because the state of the target bit q[0] is (Iq[O]O)), the statement “cul(-2*pi*1/8)
q[2],q[0];” does not change the state (Iq[O]O)) of the target bit q[0]. In the fifth time
slot of the quantum circuit in Fig. 4.9 there is no quantum gate to act on quantum
bits q[1] and q[3], their current states are not changed. This indicates that we obtain

1924) = (|q[O]°>)< (|q[1]°>+|q[1]‘>)>

controlled rotation gate . The control bit is quantum bit
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the following new state vector

|25) = (|q[0]°>)(%(|q[110>+!q[1]1>)) (7(|q 21%)+|ql21" ))

1
—=(1a131%) + (=1) 1q[31)).
(ﬁ (la a31))
Next, the statement “cul(—2*pi*1/16) q[3],q[0];” on line 13 in Listing 4.1 is a
10 00
. 01 00 .. .
controlled rotation gate 00 1 0 . The control bit is quantum bit

00 0 erlx—anxl/lﬁ

q[3] and the target bit is quantum bit q[0]. If the control bit is |1) and the target bit is
[1), then it adds the phase eV ~Tx=2xmx1/16 t the coefficient of the state 1) of the target
bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/16)
q[31,q[0];” on line 13 in Listing 4.1 takes the new state vector |2s) as its input state
vector and implements one controlled rotation gate in the sixth time slot of Fig. 4.9.
Because the state of the target bit q[0] is (Iq[O]O)), the statement “cul(—2*pi*1/16)
q[3]1,q[0];” does not change the state (Iq[0]0>) of the target bit q[0]. In the sixth time
slot of the quantum circuit in Fig. 4.9 there is no quantum gate to act on quantum
bits q[1] and q[2], their current states are not changed. This implies that we obtain
the following new state vector

1 1
126) = (Iq[01°) )(E(|q[110>+|q[1]1>)) (E(|q[2]°>+|q[2]1>)>

1
(ﬁ(mm”) + (=1 1q[31")).

Next, the statement “h q[1];” on line 14 in Listing 4.1 completes one Hadamard
gate in the seventh time slot of Fig. 4.9. It takes the new state vector €2¢) as its input
state vector. Because the current state of quantum bit q[1] in 12¢) is («/LE (Iq[l]O)

+ Iq[1] ))) the statement “h q[1];” on line 14 in Listing 4.1 actually implements
1

(f f ) X (‘?) = <1) = |0). This implies that the statement “h q[1];”
77 7 0

converts quantum bit q[1] from one state (\/% (Iq[l]o) + Iq[11"))) (its superposition)
to another state Iq[1]°). Because in the seventh time slot of the quantum circuit in
Fig. 4.9 there is no quantum gate to act on quantum bits q[0], q[2] and q[3], their
current states are not changed. This indicates that we obtain the following new state
vector

1
|27) = (|q[0]°>)(|q[1]°>)(E(!q[z]%ﬂq[zm))
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1
<—(|q[3]°) + (—1)|q[3]1>))

V2
Next, the statement “cul(—2*pi*1/4) q[2],q[1];” on line 15 in Listing 4.1 is a
10 00
01 00

controlled rotation gate . The control bit is quantum bit

00 1 0

00 0 e\/?l><72><7r><1/4
q[2] and the target bit is quantum bit q[1]. If the control bit is |1) and the target bit
is I1), then it adds the phase eV=Ix=2x7x1/4 (o the coefficient of the state I1) of the
target bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/4)
q[2],q[1];” on line 15 in Listing 4.1 takes the new state vector |€27) as its input state
vector and implements one controlled rotation gate in the eighth time slot of Fig. 4.9.
Because the state of the target bit q[1] is (Iq[l]o)), the statement “cul (—2*pi*1/4)
q[2].q[1];” does not change the state (Iq[l]o)) of the target bit q[1]. In the eighth time
slot of the quantum circuit in Fig. 4.9 there is no quantum gate to act on quantum bits
q[0] and q[3], their current states are not changed. Therefore, we obtain the following
new state vector

1
192) = (|¢101°)) (|q[11°)) <ﬁ(|q[2]°)+|q[2]'))>

1
(—(Iq[3]°> +<—1>|q[3]1>)>.

V2
Next, the statement “cul(—2*pi*1/8) q[3],q[1];” on line 16 in Listing 4.1 is a
10 00
01 00

controlled rotation gate . The control bit is quantum bit

001 0

00 0 erlx—anxl/S
q[3] and the target bit is quantum bit q[1]. If the control bit is 1) and the target bit
is I1), then it adds the phase eV=Ix=2xmx1/8 (4 the coefficient of the state I1) of the
target bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/8)
q[3].q[1];” on line 16 in Listing 4.1 takes the new state vector |€2g) as its input state
vector and implements one controlled rotation gate in the ninth time slot of Fig. 4.9.
Because the state of the target bit q[1] is (Iq[l]o)), the statement “cul (—2*pi*1/8)
q[3],q[1];” does not change the state (Iq[l]o)) of the target bit q[1]. In the ninth time
slot of the quantum circuit in Fig. 4.9 there is no quantum gate to act on quantum
bits q[0] and q[2], their current states are not changed. This indicates that we obtain
the following new state vector

1

V2
1

(—2(|q[3]°) + (—1)!q[3]1>))

| 2o) = (|q[0]°>)(|q[1]°>)< (iq[2]°>+|q[2]1>))
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Next, the statement “h q[2];” on line 17 in Listing 4.1 performs one Hadamard

gate in the tenth time slot of Fig. 4.9. It takes the new state vector I29) as its input
state

Listing 4.1 continued...

17. hq[2];
18. cul(—2*pi*1/4) q[3],q[2];
19. hq[3];

20. swap q[0],q[3];
21. swap q[1].q[2];

vector. Because the current state of quantum bit q[2] in 1Q29) is (% (Iq[21%) +
Iq[2]"))), the statement “h q[2];” on line 17 in Listing 4.1 actually implements

(| 1
(f _ﬁ) X (f = ((1)) = 10). This is to say that the statement “h q[2];”
V2ooV2 V2

converts quantum bit q[2] from one state (\% (Ig[21%) + 1g[2]"))) (its superposition)
to another state Iq[2]°). Because in the tenth time slot of the quantum circuit in
Fig. 4.9 there is no quantum gate to act on quantum bits q[0], q[1] and q[3], their
current states are not changed. This is to say that we obtain the following new state
vector

1
| £210) = (|q[010>)(|q[1]°>)(|q[2]°>)(E(IqB]O) + (—1)|q[3]1>)).
Next, the statement “cul(—2*pi*1/4) q[3],q[2];” on line 18 in Listing 4.1 is a
10 00
01 00

controlled rotation gate . The control bit is quantum bit

00 1 0
000 e\/jl><72><rr><1/4
q[3] and the target bit is quantum bit q[2]. If the control bitis |1) and the target bitis|1),
then it adds the phase ¥~ 1*~2x7x1/4 {4 the coefficient of the state I1) of the target
bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/4)
q[31,q[2];” on line 18 in Listing 4.1 takes the new state vector 1$2;p) as its input
state vector and implements one controlled rotation gate in the eleventh time slot of
the quantum circuit in Fig. 4.9. Because the state of the target bit q[2] is (Iq[2]°)),
the statement “cul(—2*pi*1/4) q[3],q[2];” does not change the state (Iq[2]0)) of the
target bit q[2]. In the eleventh time slot of the quantum circuit in Fig. 4.9 there is
no quantum gate to act on quantum bits q[0] and q[1], their current states are not
changed. Therefore, we obtain the following new state vector

1

|211) = (|q[0]°>)(|q[11°>)(|q[2]°>)( 7

(|ar31%) + <—1>|q[3]1>)).
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Next, the statement “h q[3];” on line 19 in Listing 4.1 implements one Hadamard
gate in the twelfth time slot of the quantum circuit in Fig. 4.9. It takes the new state
vector |€21;) as its input state vector. Because the current state of quantum bit q[3] in
1€211) is (\% (Ig[31%) + (=1) Iq[3]"}))), the statement “h q[3];” on line 19 in Listing

L1 1
4.1 actually implements (*{5 ﬁl ) X ( */51 ) = (?) =[1). This indicates that
V2ooV2 V2

the statement “h q[3];” converts quantum bit q[3] from one state (\/LE (Iq[31%) + (=1)
Iq[3]"))) to another state Iq[3]'). Because in the twelfth time slot of the quantum
circuit in Fig. 4.9 there is no quantum gate to act on quantum bits q[0], q[1] and q[2],
their current states are not changed. This implies that we obtain the following new
state vector

12212) = (19101)) (I9[11%)) (1q121°)) (Iq[31")).

Next, the statement “swap q[0],q[3];” on line 20 in Listing 4.1 is a swap gate
1000
0010
0100
0001
bits q[0] and q[3]. It takes the new state vector I1€21,) as its input state vector and
implements one swap gate in the thirteenth time slot of the quantum circuit in Fig. 4.9.
Because in the thirteenth time slot of the quantum circuit in Fig. 4.9 there is no
quantum gate to act on quantum bits q[ 1] and q[2], their current states are not changed.
Therefore, after the statement “swap q[0],q[3];” on line 20 in Listing 4.1, we obtain
the following new state vector
1213) = (I9[01")) (Ig[11°)) (I9[21°)) (Iq[31°)).
Next, the statement “swap q[1],q[2];” on line 21 in Listing 4.1 is a swap gate
1000
0010
0100
0001
bits q[1] and q[2]. It takes the new state vector 1€2;3) as its input state vector and
implements one swap gate in the fourteenth time slot of the quantum circuit in
Fig. 4.9. Because in the fourteenth time slot of the quantum circuit in Fig. 4.9 there
is no quantum gate to act on quantum bits q[0] and q[3], their current states are not
changed. Hence, after the statement “swap q[1],q[2];” on line 21 in Listing 4.1, we
obtain the following new state vector

that is to exchange the information contained in the two quantum

that is to exchange the information contained in the two quantum

12214) = (19101")) (19111%)) (1q121°)) (1q[31°)).
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4.11.5 Measurement in Quantum Programs to Read Out
the Period and the Frequency of Signals in a Given
Oracular Function

Quantum bit q[0] is the most significant bit and quantum bit q[3] is the least significant
bit. Classical bit c[3] is the most significant bit and classical bit c[0] is the

Listing 4.1 continued...

22. measure q[0] — c[3];
23. measure q[1] — c[2];
24. measure q[2] — c[1];
25. measure q[3] — c[0];

RIS

least significant bit. Therefore, the four statements “measure q[0] — c[3];”, “measure
q[1] — c[2];”, “measure q[2] — c[1];” and “measure q[3] — c[0];” from line 22
through line 25 in Listing 4.1 are to measure the most significant quantum bit q[0]
through the least significant quantum bit q[3]. They record the measurement outcome
by means of overwriting the most significant classical bit c[3] through the least
significant classical bit c[0]. They complete the measurement from the fifteenth time
slot through the eighteenth time slot of the quantum circuit in Fig. 4.9.

In the backend that is simulator of Open QASM with thirty-two quantum bits in
IBM’s quantum computer, we use the command “run” to execute the program in
Listing 4.1. The measured result appears in Fig. 4.10. From Fig. 4.10, we obtain the
outcome 1000 (c[3] = 1 =q[0] = 1), c[2] =0 =q[1] =10), c[1] =0 = q[2] = 10)
and c[0] = 0 = q[3] = 10)) with the probability 1 (100%). This is to say that with the
possibility 1 (100%) we obtain that the value of quantum bit q[0] is I1), the value of
quantum bit q[ 1] is 10}, the value of quantum bit q[2] is I0) and the value of quantum
bit q[3] is 10). The measured outcome 1000 (eight) with the probability 1 (100%)

Fig. 4.10 The signal frequency that is the number of the period of signals per quantum register
with four quantum bits is 1000 with the probability 1 (100%) for a given oracular function Oy: {a;

arazaslVag € {0,1} forl <d <4} —> {ﬁ x eV =Ix2xTx3xas g, € (0, 1))
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indicates that for a given oracular function Oy: {a; ar a3 a4 IV ag € {0, 1} for 1 <d
<4} > {J%T x eV Tx2xmx ) xa las € {0, 1}}, its output rotates back to its starting

value (\/427) eight times and the phase from its output rotates back to its starting
value 0° eight times. This implies that the number of the period per sixteen outputs
is eight and the frequency f of Oy is equal to eight. So, we obtain that the period r
of Oy is (16/8) = 2 so that Of(a; a; a3 as) = Of(a; az az as + 2) to any two inputs

ay a, az ag and ay a; az aq + 2.

4.11.6 The Power of the Inverse Quantum Fourier Transform
to Find the Period and the Frequency of Signals
in a Given Oracular Function

After the five statements from line 5 through line 9 in Listing 4.1, sampling sixteen
points in Fig. 4.7 encodes sixteen phases of outputs of a given oracular function that
is Ofl {(l] aj as aq |V(ld € {0, 1} for 1 < d < 4} — {\/;2—4 X eﬁxenx%xm Ia4 (S} {0,
1}}. Next, after the twelve statements from line 10 through line 21 in Listing 4.1, the
quantum state vector with the four quantum bits q[0], q[1], q[2] and q[3] encodes
the frequency of signals and the strength of the frequency of signals. Next, after the
four statements from line 22 through line 25 in Listing 4.1, the measured outcome
in Fig. 4.10 is 1000 with the possibility 100%. We use Fig. 4.11 to explain that the
inverse Quantum Fourier transform has the same power as the inverse discrete Fourier
transform to find the frequency f and the period 7 of the same oracular function Oy.
We take the horizontal axis of Fig. 4.10 as the new horizontal axis of Fig. 4.11 and
take the vertical axis of Fig. 4.10 as the new vertical axis of Fig. 4.11. Because the
horizontal axis of Fig. 4.10 is to represent the measured outcome that is the value
of the quantum register with four quantum bits and is the frequency of signals, the

Strength (Probability
e ( Y) -

Frequency (Value

1000 i register)

Fig. 4.11 The frequency of signal is the measured outcome of the quantum register with four
quantum bits and its strength is the possibility of obtaining the outcome after the inverse quantum
Fourier transform of sampling sixteen points in Fig. 4.7
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new horizontal axis of Fig. 4.11 is to represent the frequency of signals. Similarly,
since the vertical axis of Fig. 4.10 is to represent the possibility of obtaining each
measured outcome that is the strength of the frequency of signals, the new vertical
axis of Fig. 4.11 is to represent the strength of the frequency of signals. Because
the measured outcome in Fig. 4.10 is 1000 (eight) with the possibility 100%, the
frequency of signals in Fig. 4.11 is 1000 (eight) and the strength of the frequency of
signals is 100%.

From Fig. 4.11, the frequency f of signals to the phase of each output of Oy is
equal to 1000 (eight). This indicates that the signal rotates back to its starting value
0° eight times and there are eight periods of signals per sixteen time units. This gives
that the period r of signals to the phase of each output of Oy is equal to (16/8) = (2).

Because the magnitude of each output to O is the same and is equal to (J%T) and

the signal (the phase of each output to Oy) rotates back to its starting value 0° eight

times, its output rotates back to its starting value <\/#27> eight times. This is to say
that the number of the period per sixteen outputs is 1000 (eight) and the frequency f
of O is equal to eight. Therefore, this gives that the period r of Oy is 16/8 = 2. This
implies that the inverse quantum Fourier transform and the inverse discrete Fourier
transform have the same power to find the frequency f and the period r of the same

oracular function Oy.

4.12 Determine the Frequency and the Period
of the Second Given Oracular Function

The second given oracular function is Sy: {a; a; a3 a4V ag € {0, 1} for1 <d <4}
- {J;ZT x eﬁxenx().agm |Cl3 and as € {O, 1 }} — {ﬁ X e\/?l><2><n><(%><a3+%><a4)
laz and a4 € {0, 1}}. For the second given oracular function Sy, the value (\/L? X
eV =Ix2xw *x0.a3a4) ig the amplitude (the weight) of each input a; a, a3 a4. The square of
the absolute value of the amplitude (the weight) to an inputa; a, as a4 is the possibility
of getting the output of Sy that takes the input a; a, az a4 as its input value. The sum
of the square of the absolute value to the amplitude (the weight) of each input a; a, a3
a4 is equal to one. Sixteen outputs of Sy that takes each input from a! a3 a3 aj through
a} a) aj aj are respectively (\/%7), («/—1 x J_127>’ (—\/%7), (—\/—1 x «/1_27)’
1 1 1 1 1 1 1
() (v=Tx ) (-5 )- (-v=Tx ). (&) (V7T ). (- %)

(0 ) () (). (o (=1 )

The period r of Sy is to satisfy Sy(a; as a3 as) = Sy(ay az asz as + r) to any two
inputs a; a; asz as and a; a, as a4 + r. The number of the period per sixteen outputs
is to the frequency f of Sy. This gives that the value of r x f is equal to sixteen (16).
Hidden information and hidden patterns stored in the second given oracular function

Sy are to that its output rotates back to its starting value (ﬁ) four times. This is to
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say that the number of the period per sixteen outputs is four and the frequency f of
S is equal to four. Therefore, because the value of r x f is equal to sixteen (16), this
gives that the period r of S is equal to (16/4) = 4. This implies that when S; takes
two inputs a; ay az a4 and a; as az a4 + 4 as its input values, two outputs of Sy is the
same to the two inputs. This indicates that S¢(a; a» a3 as) = Sy(a; az az as + 4). For
gaining the frequency f and the period r of Sy, it needs to complete at least sixteen
exponential computations to eV~ Ix2xmx0asas gpg multiplication of sixteen times.

4.12.1 Signals of Encoding the Period and the Frequency
of Phases in the Second Given Oracular Function

For the second given oracular function Sy, the value (\/%7) is the magnitude of the

amplitude (the weight) to each input a; a, a3 a4. The square of the absolute value for
the magnitude of the amplitude (the weight) to an input a; a, as aq is the possibility
of acquiring the output of Sy that takes the input a; a, az a4 as its input value. The
value (2 x 7 X 0-azag) = (2 x @ x ((1/2) x az + (1/4) x ay)) is the phase among
the amplitudes of those sixteen inputs. The phase can take any value from O degree
to 360°. The phase of each input from a? a9 a af through a} a} a} a} is respectively
0°,90°, 180°, 270°, 0°, 90°, 180°, 270°, 0°, 90°, 180°, 270°, 0°, 90°, 180° and 270°.
Because the magnitude of each amplitude from sixteen outputs of S is all (#) we
think of the input domain of Sy as the time domain and the phases from its sixteen
outputs as signals. This implies that determining the frequency f and the period r of
Sy is equivalent to figure out the frequency f and the period r of signals in the time
domain (the input domain).

Since the phase of the output of each input from a a9 a3 af through a} a} a} a}
is respectively 0°, 90°, 180°, 270°, 0°, 90°, 180°, 270°, 0°, 90°, 180°, 270°, 0°, 90°,
180° and 270°, we take the sixteen input values as the corresponding sixteen time
units and the sixteen phases as the sixteen samples of signals. Each sample encodes
an angle. The angle can take 0 degree or 90° or 180° or 270°. The sixteen input
values from a? ag ag ag through a} aé aé a}1 corresponds to sixteen time units from
zero through fifteen. We make use of Fig. 4.12 to show the reason of why figuring
out the frequency f and the period r of Sy is equivalent to compute the frequency f
and the period r of signals in the time domain (the input domain). In Fig. 4.12, the
horizontal axis is to represent the time domain in which it includes the input domain
of Sy and the vertical axis is to represent signals in which it includes the sixteen
phases from its output. From Fig. 4.12, the signal rotates back to its starting value 0°
Sfour times. This implies that there are four periods of signals per sixteen time units
and the frequency f of signals is equal to four. This gives that the period r of signals
is equal to (16/4) = (4). Since the magnitude of each output to Sy is the same and

is equal to (ﬁ) and the signal (the phase of each output to Sy) rotates back to its
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Signal (The phase)
A

180°

» Time

(Input domain)

Fig. 4.12 Sampling sixteen points from each phase of sixteen outputs for the second given oracular
function that is Sy: {a a2 a3 as ¥ ag € {0,1) for | <d <4} — {7127 x eV =Dx2xax0.a304 |g3 and

— 1 1
as € {0, 1}} = (5 x DB (dxavkbxas) |01y

starting value 0° four times, its output rotates back to its starting value ( \/%7) Sfour

times. This is to say that the number of the period per sixteen outputs is four and
the frequency f of Sy is equal to four. Therefore, this gives that the period r of Sy is
(16/4) = (4).

4.12.2 Circle Notation of Encoding the Period
and the Frequency to Outputs of the Second Given
Oracular Function

InFig. 4.12 in subsection 4.12.1 sampling sixteen points only encodes sixteen phases
from sixteen output of Sy, so we make use of circle notation to show how determining
the frequency f and the period r of Sy is equivalent to deal with the frequency f and
the period r of signals in the time domain (the input domain). In a circle, the filled
radius encodes the magnitude of the amplitude to that Sy takes an input a; a; a3 a4
as its input value. This is to say that the size (the shaded area) of the circle is directly
proportional to the square of the absolute value of the magnitude of the amplitude
to Sy(ay az az as). This gives that the size (the shaded area) of the circle is directly
proportional to the possibility of obtaining the output of S that takes that input a; a»
as ay as its input value. A darker line drawn in the circle points out that the phase (a
negative angle) rotates the circle clockwise or the phase (a positive angle) rotates the
circle counterclockwise. A number a; a, as a4 below the circle encodes an input to
Sr. InFig. 4.13, it includes sixteen outputs of the second given oracular function that
is Sfﬁ {\/_1274 x eﬁxenxO.@m lasandag € {0,1}} = {JLZT % e\/?lx2><n><(%><a3+%><a4)
I as and a4 € {0, 1}}. In Fig. 4.13, sixteen circles encode sampling sixteen points
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POOHOOOPOOOOOOOO®
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Fig.4.13 Sixteen outputs of the second given oracular function thatis Sy { \/% x eV~ 1x2x7x0.a3a4

e«/71x2xnx(%xa3+%xa4)

Ia3anda4€{0,1}}:{ﬁx las and a4 € {0, 1}}

in Fig. 4.12 and sixteen numbers below each circle encode sixteen time units of the
time domain (the input domain) of Fig. 4.12.

2
Since the shaded area of each circle in Fig. 4.13 is directly proportional to (\/sz) ,
0

the shaded area of each circle is the same. In Fig. 4.13, a number a1 a2 a3 aj below
the left first circle encodes a value zero that is an input to Sf(a1 a2 a3 a4) The darker
line drawn in the left first circle points out that the phase to output of Sy(a! a9 a3

aY) is a 0° and gives a 0° rotation to the left first circle. The radius of the left first

circle is ( ﬁ) = (1/4) that is the magnitude of output to Sy (a1 a2 a3 a4) Similarly,
in Fig. 4.13, a number af a9 a3 a4 below the left second circle encodes a value one
that is an input to S¢(a? a9 a3 a}). The darker line drawn in the left second circle

indicates that the phase to output of S¢(a) a3 a a}) is a 90° and gives a 90° rotation

to the left second circle. The radius of the left second circle is ( f) = (1/4) that is

the magnitude of output to Sy (@ 1 a2 a3 a4). Similarly, in Fig. 4.13, a number a; ag a%

a) below the left third circle encodes a value two that is an input to Sy(a! a3 al a3).
The darker line drawn in the left third circle points out that the phase to output of
Sp(a? a9 al aY) is a 180° and gives a 180° rotation to the left third circle. The radius

of the left third circle is ( ﬁ) = (1/4) that is the magnitude of output to Sf(a a2 a3

aY). Similarly, in Fig. 4.13, a number a1 a(z) a3 a4 below the left fourth circle encodes

a value three that is an input to Sy (a? 1 a2 a3 a4) The darker line drawn in the left
fourth circle indicates that the phase to output of Sy(a¥ a9 a} a}) is a 270° and gives

a 270° rotation to the left fourth circle. The radius of the left fourth circle is ( \/27)

= (1/4) that is the magnitude of output to S¢(a a3 a} aj).
Similarly, in Fig. 4.13, the radius of the left fifth circle through the last circle is
all (\/#274) = (1/4) that is the magnitude of output to S¢(a? a} a3 a9) through Sy(al

a} a} al). The darker line drawn in the left fifth circle through the last circle points

out that the phase to output of Sy(a} a} a3 a3) through Sy(a} a) a} a}) is respectively
0°, 90°, 180°, 270°, 0°, 90°, 180°, 270°, 0°, 90°, 180° and 270°. They respectively
give a 0° rotation, a 90° rotation, a 180° rotation and a 270° rotation three times to
the left fifth circle through the last circle. Twelve numbers a? a} a3 af through a}
ay! a% ai below the left fifth circle trough the last circle encode twelve values four
through fifteen that are subsequently twelve inputs to S¢(a} a} a3 a}) through Oy(a}

111
a, as a,).
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From Fig. 4.13, hidden patterns and information stored in signals of sixteen circles
(sampling sixteen points) are that the signal (the phase) rotates back to its starting
value 0° four times. This is to say that there are four periods of signals per sixteen
inputs (per sixteen time units) and the frequency f of signals is equal to four. This
means that the period r of signals is equal to (16/4) = (4). Since the signal (the phase
of each output to Sy) rotates back to its starting value 0° four times, its output rotates

back to its starting value (\/427) four times. This indicates that the number of the

period per sixteen outputs is four and the frequency f of Sy is equal to four. Thus,
this gives that the period r of Sy is 16/4 = 4. So, when the second given oracular
function Sy takes two inputs a; as a3 a4 and a; ay az a4 + 4 as its input values, it
gives the same output to the two inputs. This is to say that S¢(a; a2 az as) = Sg(a; az
as a4 + 4) to any two inputs a; a, as a4 and a; a; a3 a4 + 4. In this way, for gaining
the frequency f and the period r of Sy, it just needs to implement four multiplications
(2 x ™ x 0.00) (0°), four multiplications (2 x 7 x0.01) (90°), four multiplications
(2 x  x 0.10) (180°), and four multiplications (2 x m x 0.11) (270°). It very
significantly enhances the performance of the first way to compute the frequency f
and the period r of Sy.

4.12.3 Quantum Programs and Quantum Circuits
of Implementing Sixteen Outputs of the Second Given
Oracular Function

In Listing 4.2, the program is in the backend that is simulator of Open QASM with
thirty-two quantum bits in IBM’s quantum computer. The program is to compute the
frequency f and the period r of Sy so that Sy(a; as a3 as) = Sp(a, ax az as +r) to any
two inputs a; a, az a4 and a; ay a3 as + r. In Listing 4.2, we illustrate how to apply
quantum gates with one quantum bit and the inverse quantum Fourier transform to
determine the frequency f and the period r of Sy. Figure 4.14 is the quantum circuit
of finding the frequency f and the period r of Sy. The statement “OPENQASM 2.0;”

q[0] o}
qf1] o}
qf2] o}

qf3] lo}

H % X
H X
" % *—| =
X i

0

BE | |

o

Fig. 4.14 The quantum circuit of figuring out the frequency f and the period r to the second given
oracular function Sy: {aj az az as 1V ag € {0, 1} for 1 <d <4} — {\/% x eV =Tx2xmx0.a3a4 laz

— 1 1
and ag € {0, 11} = { VxR (xartdxas) |00 1))

1
— X e
/24
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on line one of Listing 4.2 is to indicate that the program is written with version 2.0 of
Open QASM. Next, the statement “include “qgelibl.inc”’;” on line two of Listing 4.2
is to continue parsing the file “qelibl.inc” as if the contents of the file were pasted
at the location of the include statement, where the file “qelibl.inc” is Quantum
Experience (QE) Standard Header and the path is specified relative to the current
working directory.

Listing 4.2 The program of computing the frequency f and the period r to the second
given oracular function Sy: {a; a a3 a3 IV ag € {0, 1} for 1 <d <4} — {\/sz X
e«/ixerer.aym |a3 and as € {O, 1}} — {\/LZT X e\/—i1x2xn><(%xa3+%xa4)|a3 and as €

{0, 1}}.

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qreg q[4];

4. cregcl[4];

Next, the statement “qreg q[4];” on line three of Listing 4.2 is to declare that in the
program there are four quantum bits. In the left top of Fig. 4.14, four quantum bits
are subsequently q[0], q[1], q[2] and q[3]. The initial value of each quantum bit is
set to state |0). We make use of four quantum bits q[0], q[1], q[2] and q[3] to encode
the input domain {a; a; a3 a4 |V ag € {0, 1} for 1 < d < 4} of S;. This indicates
that quantum bit q[0] encodes bit a;, quantum bit q[1] encodes bit a,, quantum bit
q[2] encodes bit a3 and quantum bit q[3] encodes bit ay.

For the convenience of our explanation, q[k]0 for O < k < 3 is to encode the value
0 of g[k] and q[k]' for 0 < k < 3 is to encode the value 1 of q[k]. Similarly, for the
convenience of our explanation, an initial state vector of figuring out the frequency f
and the period r of Sy so that Sy(a; as az as) = Sy(ay az az as + r) to any two inputs
ay ar az aq and ay ap az aq + ris

IBo) = Ig[01%) Iq[11°) 1g[2]1°) Iq[3]°) = 10} 10} 10) 10) = 10000).

The corresponding decimal value of the initial state vector IBy) is 2° x q[0]° +
22 x q[11° + 2" x g[2]° + 2° x q[3]°. This is to say that quantum bit q[0]° is the
most significant bit and quantum bit q[3]° is the least significant bit.

Next, the statement “creg c[4];” on line four of Listing 4.2 is to declare that there
are four classical bits in the program. In the left bottom of Fig. 4.14, four classical
bits are respectively c[0], c[1], c[2] and c[3]. The initial value of each classical bit
is set to zero (0). For the convenience of our explanation, c[k]® for 0 < k < 3 is to
encode the value 0 of c[k] and c[k]! for 0 < k < 3 is to encode the value 1 of c[k]. The
corresponding decimal value of the four initial classical bits c[31° ¢[2]1° ¢[11° ¢[0]°
is 23 x ¢c[31°9 4+ 22 x ¢[2]° + 2% x ¢[1]° 4+ 2° x ¢[0]°. This implies that classical bit
c[3]° is the most significant bit and classical bit c[0]° is the least significant bit.
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Next, the four statements “h q[0];”, “h q[1];” “h q[2];” and “h q[3];” on line five
through eight of Listing 4.2 are to complete four Hadamard gates of the first time
slot

Listing 4.2 continued...

/I We use the following six statements to implement the second given oracular
// function Sy: {a; ay a3 as |V az € {0, 1} for 1 <d < 4} — {ﬁ x
e«/—;l><2><rr><04a3a4 [

/l a3z and a4 € {0, 1}} = {«/Lz"‘ x eV=Dx2xmx(3xartyxa) | g3 and ay € {0,

1}).

5. hq[0]

6. hq[l];

7. hq[2];

8. hq[3];

9. ul(2*pi*1/4) q[3];
10. ul(2*pi*1/2) q[2];

q[2];” and “h q[3];” take the initial state vector IBy) = Iq[0]°) Iq[1]1°) Iq[2]°) Iq[3]°)
as their input state vector. Since the initial state of each quantum bit is set to state
10), the four statements “h q[0];”, “h q[1];” “h q[2];” and “h q[3];” actually complete

V2 V2 X(>_(ﬁ>_L(>_L(<>+<))_L(|O)+|1))
1 1 =\ )= = = .
(ﬁ _7§> 0 Wi V2 \1 v2:\ 0 1 V2
This indicates that the four statements convert four quantum bits q[0], q[1], q[2] and
q[3] from one state |0) to another state \/% (10) + 11)) (their superposition). Therefore,

the superposition of the four quantum bits q[0], q[1], q[2] and q[3] is (\/% (10) 4 11)))

(% (10) + 11))) (% (10) + 11))) (% (I0) + 11))). This is to say that we gain the
following new state vector

of the quantum circuit in Fig. 4.14. The four statements “h q[0];”, “h q[1];” “h

1 1
|B)) = (—2(|q[0]°>+|q[0]‘>)>< 2(|q[1]°>+|q[1]1>))

1
(—(|q[2]°>+|q[2]1>)>

2
1 0 | )
(ﬂ(!qm )+al31") ).

Next, the two statements “ul(2*pi*1/4) q[3];” and “ul(2*pi*1/2) q[2];”
on line 9 through line 10 in Listing 4.2 subsequently complete one rota-

. 0 . .
tion gate 0 oV Tx2xx1/4 to quantum bit q[3] and another rotation gate
e

S
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((1) ﬁx?xnxl /2> to quantum bit q[2] in the second time slot of the quantum
e

circuit in Fig. 4.14. The two statements “ul(2*pi*1/4) q[3];” and “ul(2*pi*1/2)
q[2];” take the new state vector (IB;)) as their input state vector. The state of
quantum bit q[3] is (\/LE (Iq[3]0) + Iq[3]1)) and the state of quantum bit q[2]

is (% (1g[21%) + Ig[2]")). Therefore, the statement “ul(2*pi*1/4) q[3];” actu-

1 1
. 1 0 5\ _ NG o
ally implements <0 eﬁxerrle) X (%) - (\/LE % eﬁxenle - 2

: = ! 0 = 1 V=Ix2xmx1/4
(eﬁ“x”“/“) V2 ((o> + (eﬁxzxnxm)) =5 (<0> + eV T xaxmx

(?)) = 75 (10) + &P 1)) = S (10) + VP2 1) = 5 (10) + (V=)

1)) = \/LE (Ig[31%) + (v/=1) Ig[3]")). This is to say that the statement “ul(2*pi*1/4)

q[3];” adds the phase eV~ X2 Tx1/4 — oV=1x71/2 — cog(/2) + +/—1 x sin(1/2)
=0+ +/—1 x 1 = /=1 to the coefficient of the state 1) in the superposition
of the quantum bit q[3] and does not change the coefficient of the state |0) in the
superposition of the quantum bit q[3].

Similarly, the statement “ul(2*pi*1/2) q[2];” actually implements

1 1
oo N (B NG o
0 e\/jl><2><n><1/2 JLQ \/Li x e\/jl><2><n><1/2 V2 e\/?l><2><7r><1/2

- % (<(1)) + <e\/7><§)><n><1/2)) = \/LE (<(1)) + edjlx2xnxl/2 (0>) = \/L’ (|0)

+ e/ TPBmAR 1)) = 52 (10) + VDT I1) = J5 (10) + (= 1) 1) = 5 (1g[21°)
+ (=1)Iq[2]'}). This imphes that the statement “u1(2*pi*1/2) q[2];” adds the phase
eVTDX2XTX/2 — oVEIXT — cog(1r) + /—1 X sin(mt) = —1 + /—1 x 0= —1 to the
coefficient of the state I11) in the superposition of the quantum bit q[2] and does not
change the coefficient of the state 10) in the superposition of the quantum bit g[2].
There is no quantum gate to act on quantum bits q[0] through q[1] in the second
time slot of the quantum circuit in Fig. 4.14, so their current states are not changed.
This indicates that we get the following new state vector

|By) =

(|q[o o) + |q[01‘>)> (%(|q[1]°>+|q[1]'>)>

|q[2] )+ e/ Tx2xx12 |g12]1)))

AQT

Sl- 5=

N

‘q[3]0) 4 ¥/ Tx2xax 1/4‘q[3]1))>

(|q[0 )+|ql0]' ))

I
n
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1
1 0 1 1
(—ﬁ(lq[ 19+|ql11 >))

1
(E(mm") + (=1 Iq[21"))

(\%(!qm% + <¢—_1>|q[3]1>)).

In the new state vector (IB)), the sixteen amplitudes from state Iq[O]O) Iq[l]O)
|q[2]0) Iq[3]0) through state Iq[O]l) Iq[l]l) |q[2]1) |q[3]1) are subsequently (ﬁ s
(+715). (a6 (V=) () (). (). (1)
(25). (7). (o) (7T8): (), (VT (). s
(—«/—_l \/%7) This means that in the new state vector (I1B)), it makes use of the

amplitude of each state to encode sixteen outputs to the second given oracular func-
tion Sy: {aj az az as 1V ay € {0, 1} for1 <d <4} — {# x eV—Ix2xax0asas | g,

and a4 € {0, 1}} = {4 x eV=Dx2xax(ixavtixai) | gy and ay € {0, 1}}. Hidden

4
information and hidden patterns stored in the new state vector (I1B;)) are to that the

amplitude rotates back to its starting value (\/#27) four times.

Similarly, in the new state vector (IB;)), it uses the magnitude (\/#27) = (1/4) of
the amplitude of each state as the radius of each circle in Fig. 4.13. In Fig. 4.13, the
shaded area of each circle is directly proportional to (1/4)?, so the shaded area of each
circle is the same. In the new state vector (1B;)), the sixteen phases from state Iq[O]O)
Iq[11°) 1q[2]°) 1q[3]1°) through state Iq[0]') Iq[1]') Iq[2]") Iq[3]") are subsequently 0°,
90°, 180°, 270°, 0°, 90°, 180°, 270°, 0°, 90°, 180°, 270°, 0°, 90°, 180°, and 270°.
They subsequently give a 0° rotation, a 90° rotation, a 180° rotation and a 270°
rotation four times to the left first circle through the last circle in Fig. 4.13. In the
new state vector (IB,)), it applies the darker line drawn in the left first circle through
the last circle in Fig. 4.13 to point out a 0° rotation, a 90° rotation, a 180° rotation
and a 270° rotation four times to the sixteen circles in Fig. 4.13. This indicates that
hidden information and hidden patterns stored in the new state vector (I1B,)) are to
that the phase rotates back to its starting value 0° four times.

4.12.4 Use the Inverse Quantum Fourier Transform
to Compute the Frequency and the Period of Outputs
of the Second Given Oracular Function

Next, the twelve statements from line 11 through line 22 in Listing 4.2 implement the
inverse quantum Fourier transform with four quantum bits. The statement “h q[0];”
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Listing 4.2 continued...

/I ' We use the following fwelve statements to implement the inverse quantum
// Fourier transform with four quantum bits.

11. hq[O];

12. cul(—2*pi*1/4) q[1]1,9[0];

13. cul(—2*pi*1/8) q[2],q[0];

14. cul(—2#*pi*1/16) q[3],q[0];

15. hq[l];

16. cul(—2*pi*1/4) q[2].q[1];

17. cul(—2*pi*1/8) q[3].q[1];

on line 11 in Listing 4.2 completes one Hadamard gate in the third time slot of
Fig. 4.14. It takes the new state vector |B;) as its input state vector. The current state
of quantum bit q[0] in IB;) is (\% (Iq[O]O) + Iq[O]l))), so the statement “h q[0];”

L1 1
on line 11 in Listing 4.2 actually performs < *{5 [21 ) X < ?) = ((1)) =10) =
V2 V2 V2
Iq[O]O). This is to say that the statement *“h q[0];” converts quantum bit q[0] from one
state (% (Ig[01%) + Ig[0]'))) (its superposition) to another state Iq[0]°). Since there
is no quantum gate to act on quantum bits q[1] through q[3] in the third time slot
of the quantum circuit in Fig. 4.14, their current states are not changed. This means
that we acquire the following new state vector

1 1
Bs) = (1q101%))( —=(|al11° 11><— 21% + (~1 21)
|Bs) (|q[]>)<ﬁ(|q[]>+|q[]>) = (1921") + (~Dla(21")
1
(—(|q[3]°> + <~/—1>|q[3]‘>)>.

V2
Next, the statement “cul(—2*pi*1/4) q[1],q[0];” on line 12 in Listing 4.2 is a
10 00
01 00

controlled rotation gate . The control bit is quantum bit

00 1 0

000 e\/jl><72><rr><l/4
q[1] and the target bit is quantum bit q[0]. If the control bit is |1) and the target bit
is 11), then it adds the phase e¥~1*=2x7x1/4 {4 the coefficient of the state 1) of the
target bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/4)
q[1],q[0];” on line 12 in Listing 4.2 takes the new state vector |1B3) as its input state
vector and finishes one controlled rotation gate in the fourth time slot of Fig. 4.14. The
state of the target bit q[0] is (Iq[O]O)), so the statement “cul(—2*pi*1/4) q[1],q[0];”
does not change the state (Iq[0]°)) of the target bit q[0]. Because there is no quantum
gate to act on quantum bits q[2] through q[3] in the fourth time slot of the quantum
circuit in Fig. 4.14, their current states are not changed. This means that we get the
following new state vector
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1 1
|By) = (|q[010>)<ﬁ(|q[11°>+|q[111>)) <ﬁ(|q[2]°> + (—1)|q[2]‘>))

1
(—(|q[3]°> + (ﬁ)|q[3]1>)).

V2
Next, the statement “cul(—2*pi*1/8) q[2],q[0];” on line 13 in Listing 4.2 is a
10 00
. 01 00 . .
controlled rotation gate 00 1 0 . The control bit is quantum bit

00 0 erlx—anxl/S

q[2] and the target bit is quantum bit q[0]. If the control bit is |1) and the target bit
is 11), then it adds the phase e¥~1*=2x7x1/8 {4 the coefficient of the state 1) of the
target bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/8)
q[2],9[0];” on line 13 in Listing 4.2 takes the new state vector |1B,) as its input state
vector and implements one controlled rotation gate in the fifth time slot of Fig. 4.14.
Because the state of the target bit q[0] is (Iq[0]°)), the statement “cul(—2%pi*1/8)
q[2],q[0];” does not change the state (Iq[O]O)) of the target bit q[0]. In the fifth time
slot of the quantum circuit in Fig. 4.14 there is no quantum gate to act on quantum
bits q[1] and q[3], their current states are not changed. This implies that we obtain
the following new state vector

_ 0 1 0 1 )(1 0 _ 1 )
|Bs) = (Iq[0] >)(ﬁ(\q[1] )+al11")) ﬁ(\q[2]>+< Dlq[2]"))
1
<%(‘q[310) - (d—1‘)\q[3]1>)).

Next, the statement “cul(—2*pi*1/16) q[3],q[0];” on line 14 in Listing 4.2 is a

10 00
. 01 00 . .
controlled rotation gate 00 1 0 . The control bit is quantum bit

000 e\/jlx72><7r><1/16

q[3] and the target bit is quantum bit q[0]. If the control bit is |1) and the target bit is
[1), then it adds the phase eV~ 1x=2xmx1/16 {6 the coefficient of the state |1) of the target
bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/16)
q[31,q[0];” on line 14 in Listing 4.2 takes the new state vector |1Bs) as its input state
vector and completes one controlled rotation gate in the sixth time slot of Fig. 4.14.
Since the state of the target bit q[0] is (Iq[O]O)), the statement “cul(—2*pi*1/16)
q[31,q[0];” does not change the state (Iq[O]O)) of the target bit q[0]. In the sixth time
slot of the quantum circuit in Fig. 4.14 there is no quantum gate to act on quantum
bits q[1] and q[2], their current states are not changed. This indicates that we gain
the following new state vector

1

|Bs) = (|q[0]°>)< 7

1
(|q[1]°>+|q[1]‘>)) (—2(|q[2]°> + (—1>|q[2]1>)>
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(%(‘q[ﬂ% + (ﬁ)\q[3]1>)>.

Next, the statement “h q[1];” on line 15 in Listing 4.2 implements one Hadamard
gate in the seventh time slot of Fig. 4.14. It takes the new state vector |1Bg) as its input
state vector. The current state of quantum bit q[1] in IBg) is (\/% (g[11%) + Ig[11"))),

1L
so the statement “h q[1];” on line 15 in Listing 4.2 actually performs < \{5 ﬁl )
V22

L
X (f) = <(1)> =10) = Iq[l]o). This means that the statement “h q[1];” converts
V2

quantum bit q[1] from one state (%2 (Iq[l]o) + Iq[l]l))) (its superposition) to another

state Iq[1]°). Because there is no quantum gate to act on quantum bits q[0], q[2] and
q[3] in the seventh time slot of the quantum circuit in Fig. 4.14, their current states
are not changed. This is to say that we acquire the following new state vector

1
|B7) = (|q[01°>)(|q[1]°>)(E(\qm% + (—1>!q[2]‘>)>

1
—(lq[31° —1) [q[31")).
(ﬁ(|q[]>+(¢ ) 1al31"))

Next, the statement “cul(—2*pi*1/4) q[2],q[1];” on line 16 in Listing 4.2 is a
10 00

01 00

00 1 0

00 0 e\/?lezxnxl/4
q[2] and the target bit is quantum bit q[1]. If the control bit is |1) and the target bit
is I1), then it adds the phase eV=Ix=2x7x1/4 (4 the coefficient of the state I1) of the
target bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/4)
q[2],q[1];” on line 16 in Listing 4.2 takes the new state vector |1B7) as its input state
vector and finishes one controlled rotation gate in the eighth time slot of Fig. 4.14.
Because the state of the target bit q[1] is (Iq[1]0>), the statement “cul(-2*pi*1/4)
q[2].q[1];” does not change the state (Iq[l]o)) of the target bit q[1]. In the eighth time
slot of the quantum circuit in Fig. 4.14 there is no quantum gate to act on quantum
bits q[0] and q[3], their current states are not changed. Thus, we gain the following
new state vector

controlled rotation gate . The control bit is quantum bit

1
V2

1 0 1
(ﬁ(mm )+ (/=) [a31)).

| Bs) = (|q[0]°>)(|q[1]°>)< (|ar21” + (—1>|q[2]‘>)>
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Next, the statement “cul(—2*pi*1/8) q[3],q[1];” on line 17 in Listing 4.2 is a

10 00
. 01 00 . .
controlled rotation gate 00 1 0 . The control bit is quantum bit

000 erlx—anxl/S

q[3] and the target bit is quantum bit q[ 1]. If the control bitis |1) and the target bitis 1),
then it adds the phase eV ~Ix=2xmx1/8 1 the coefficient of the state [1) of the target
bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/8)
q[3]1.q[1];” on line 17 in Listing 4.2 takes the new state vector |1Bg) as its input
state vector and implements one controlled rotation gate in the ninth time slot of
Fig. 4.14. The state of the target bit q[1]is (Iq[1]°)), so the statement “cul(—2*pi*1/8)
q[3],q[1];” does not change the state (Iq[l]o)) of the target bit q[1]. In the ninth time
slot of the quantum circuit in Fig. 4.14 there is no quantum gate to act on quantum
bits q[0] and q[2], their current states are not changed. This is to say that we obtain
the following new state vector

1
IBo) = (Iq[O]O))(Iq[l]O))(E(|q[2]°) + (—1>|q[2]1>)>

1 0
(E(IqB]‘) + (V=) q31")).

Next, the statement “h q[2];” on line 18 in Listing 4.2 completes one Hadamard
gate in the tenth time slot of Fig. 4.14. It takes the new state vector |1By) as its input
state

Listing 4.2 continued...

18. hql2l;
19. cul(—2*pi*1/4) q[3].q[2];
20. hq[3];

21. swap q[0],q[3];
22. swap q[1],q[2];

vector. Since the current state of quantum bit q[2] in IBg) is (% (|q[2]0) +
(-1 Iq[2]1))), the statement “h q[2];” on line 18 in Listing 4.2 actually implements

11 1
(‘{i ‘[21 ) X (‘/? = <(1)) = I1) = Iq[2]). This means that the statement “h
NG V2

q[2];” converts quantum bit q[2] from one state (% (Iq[2]0) + (=1 |q[2]1))) (its
superposition) to another state Iq[2]'). Because there is no quantum gate to act on
quantum bits q[0], q[1] and q[3] in the fenth time slot of the quantum circuit in
Fig. 4.14, their current states are not changed. This implies that we get the following
new state vector
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_ 0 0 1 L 0 _ 1
1B1o) = (1al01°) (lal 1)) (fal2] >)< 75 ([a3) + /=Dl >)>
_ 0 0 1 1 0 1 1
= (19001 (Iql1] >)<E(|q[2] )ar31°) + (vV=D|q[21"]q[3] >))

Next, the statement “cul(-2*pi*1/4) q[3],q[2];” on line 19 in Listing 4.2 is a

10 00
. 01 00 . .
controlled rotation gate 00 1 0 . The control bit is quantum bit

00 0 erlx—anxl/4

q[3] and the target bit is quantum bit q[2]. If the control bit is 1) and the target bit
is 11), then it adds the phase e¥~1*=2x7x1/4 to the coefficient of the state 1) of the
target bit. Otherwise, it does not change the target bit. The statement “cul(—2*pi*1/4)
q[31,q[2];” on line 19 in Listing 4.2 takes the new state vector |1By( ) as its input state
vector and completes one controlled rotation gate in the eleventh time slot of the
quantum circuit in Fig. 4.14. Since the state of the target bit q[2] is (Iq[2]")), the
statement “cul(—2*pi*1/4) q[3],q[2];” adds the phase eV =2xmx1/4 = cog(—m1/2)
+ (V/=1) x sin(-1/2) = cos(10/2) + (-1) x (v/=1) x sin(1/2) =0 + (= 1) x (+/—1)
x 1 = (—+/—1) to the coefficient of the state the state (Iq[21")) of the target bit q[2].
In the eleventh time slot of the quantum circuit in Fig. 4.14 there is no quantum gate
to act on quantum bits q[0] and q[1], their current states are not changed. Hence, we
acquire the following new state vector

|B11) = (Ia[01")) (Ia[11)
1
(E(}q[zrwqm“) + (—ﬁ)(ﬁ)}q[z]l>\q[3]‘>)>

- (|q[0]°>)(|q[1]°>)(\if2

= (|q[010>)(Iq[1]°>)(lq[2]l>)(

(|ar21'y|qr31°) + |q[211>|q[3]1>))
1
V2

Next, the statement “h q[3];” on line 20 in Listing 4.2 performs one Hadamard
gate in the rwelfth time slot of the quantum circuit in Fig. 4.14. It takes the new
state vector IBj;) as its input state vector. The current state of quantum bit q[3] in
IBy1) is («/LE (Iq[3]0) + |q[3]1))), so the statement “h q[3];” on line 20 in Listing

S L
4.2 actually finishes (*lﬁ le ) X (?) = <(1)) = 10) = I[q[3]°). This implies
V2 V2

(}q[31°>+|q[3]‘>)).

V22
that the statement “h q[3];” converts quantum bit q[3] from one state (\/Li (Iq[3]°) +
Iq[3]1))) to another state |q[3]0). Since there is no quantum gate to act on quantum
bits q[0], q[1] and q[2] in the fwelfth time slot of the quantum circuit in Fig. 4.14,
their current states are not changed. This is to say that we gain the following new
state vector
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|B12) = (I19101%) (Iq[11%)) (1a121")) (1a[31°)).

Next, the statement “swap q[0],q[3];” on line 21 in Listing 4.2 is a swap gate

1000

0010

0100

0001
q[0] and q[3]. It takes the new state vector 1B;,) as its input state vector and imple-
ments one swap gate in the thirteenth time slot of the quantum circuit in Fig. 4.14.
Because there is no quantum gate to act on quantum bits q[ 1] and q[2] in the thirteenth
time slot of the quantum circuit in Fig. 4.14, their current states are not changed. This
means that we obtain the following new state vector

that is to exchange the information contained in the two quantum bits

|B13) = (I19101%))(Iq[11%)) (1a121")) (1a[31°)).

Next, the statement “swap q[1],q[2];” on line 22 in Listing 4.2 is a swap gate

1000

0010

0100

0001
q[1] and q[2]. It takes the new state vector |B3) as its input state vector and performs
one swap gate in the fourteenth time slot of the quantum circuit in Fig. 4.14. Since
there is no quantum gate to act on quantum bits q[0] and q[3] in the fourteenth time
slot of the quantum circuit in Fig. 4.14, their current states are not changed. This is
to say that we acquire the following new state vector

that is to exchange the information contained in the two quantum bits

|B14) = (19101%)) (Iq[11")) (1a121°)) (1q[31°)).

4.12.5 Reading Out the Frequency and the Period to Outputs
of the Second Given Oracular Function by Means
of Using Measurement in Quantum Programs

Quantum bit q[0] is the most significant bit and quantum bit q[3] is the least significant
bit. Classical bit c[3] is the most significant bit and classical bit c[0] is the

Listing 4.2 continued...

23. measure q[0] — c[3];
24. measure q[1] — c[2];
25. measure q[2] — c[1];
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Fig. 4.15 The signal frequency that is the number of the period of signals per quantum register
with four quantum bits is 0100 with the probability 1 (100%) for the second given oracular function

Spi{arazasaslVag € {0, 1} for 1 <d <4} — {%27 x eV =Ix2x7x0.a344 |g3 and a4 € {0, 1}}

/Z1x2 1 41
= xe¥ o (g xast fxa) laz and a4 € {0, 1}}

1
VG
26. measure q[3] — c[0];

ELINNTS

least significant bit. Hence, the four statements “measure q[0] — c[3];”, “measure
q[1] — c[2];”, “measure q[2] — c[1];” and “measure q[3] — c[0];” from line
23 through line 26 in Listing 4.2 are to read out the most significant quantum bit
q[0] through the least significant quantum bit q[3]. They record the outcome of
measurement by means of overwriting the most significant classical bit c[3] through
the least significant classical bit c[0]. They implement the measurement from the
fifteenth time slot through the eighteenth time slot of the quantum circuit in Fig. 4.14.

In the backend that is simulator of Open QASM with thirty-two quantum bits
in IBM’s quantum computer, we make use of the command “run” to execute the
program in Listing 4.2. The measured result appears in Fig. 4.15. From Fig. 4.15,
we acquire the outcome 0100 (c[3] = 0 = q[0] = 10), c[2] = 1 = q[1] = 1), c[1]
= 0 = q[2] = 10) and c[0] = 0 = q[3] = 10)) with the probability 1 (100%). This
indicates that with the possibility 1 (100%) we gain that the value of quantum bit q[0]
is 10), the value of quantum bit q[1] is I1), the value of quantum bit q[2] is |0) and the
value of quantum bit q[3] is 10). From the measured outcome 0100 (four) with the
probability 1 (100%), output of the second given oracular function Sy rotates back

to its starting value (\%27) Sfour times and the phase from its output rotates back to
its starting value 0° four times. This means that the number of the period per sixteen
outputs is four and the frequency f of Sy is equal to four. Therefore, we get that the
period r of Sy is (16/4) = 4 so that S¢(a; az az as) = Sg(ay az a3 ag + 4) to any two
inputs a; ap as a4 and a; a, as ag + 4.
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4.12.6 The Power of the Inverse Quantum Fourier Transform
to Read Out the Frequency and the Period to Output
of the Second Given Oracular Function

After the six statements from line 5 through line 10 in Listing 4.2, sampling sixteen
points in Fig. 4.12 encodes sixteen phases of outputs of the second given orac-
ular function that is Sy: {a; @ a3 as |V ag € {0, 1} for 1 <d <4} — {\%27 x

e/ "D | gy and ay € {0, 1)} = { o x eV~ DB Gxartixa) | g and ay
€ {0, 1}}. Then, after the twelve statements from line 11 through line 22 in Listing
4.2, the quantum state vector with the four quantum bits q[0], q[1], q[2] and q[3]
encodes the frequency of signals and the strength of the frequency of signals. Next,
after the four statements from line 23 through line 26 in Listing 4.2, the measured
outcome in Fig. 4.15 is 0100 with the possibility 100%. We make use of Fig. 4.16
to explain that the inverse Quantum Fourier transform has the same power as the
inverse discrete Fourier transform to find the frequency f and the period r of the
same oracular function Sy. We take the horizontal axis of Fig. 4.15 as the new hori-
zontal axis of Fig. 4.16 and take the vertical axis of Fig. 4.15 as the new vertical axis
of Fig. 4.16. The horizontal axis of Fig. 4.15 is to represent the measured outcome
that is the value of the quantum register with four quantum bits and is the frequency
of signals, so the new horizontal axis of Fig. 4.16 is to represent the frequency of
signals. Similarly, because the vertical axis of Fig. 4.15 is to represent the possibility
of gaining each measured outcome that is the strength of the frequency of signals, the
new vertical axis of Fig. 4.16 is to represent the strength of the frequency of signals.
Since the measured outcome in Fig. 4.15 is 0100 (four) with the possibility 100%,
the frequency of signals in Fig. 4.16 is 0100 (four) and the strength of the frequency
of signals is 100%.

From Fig. 4.16, the frequency f of signals to the phase of each output of Sy is
equal to 0100 (four). This implies that the signal rotates back to its starting value 0’

Strength (Probability)
A 19

Frequency (Value

0100 > of register)

Fig. 4.16 After the inverse quantum Fourier transform of sampling sixteen points in Fig. 4.12, the
frequency of signal is the measured outcome of the quantum register with four quantum bits and
its strength is the possibility of reading out the outcome
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four times and there are four periods of signals per sixteen time units. This means
that the period r of signals to the phase of each output of Sy is equal to (16/4) = (4).

The magnitude of each output to S is the same and is equal to (\/#27) and the signal
(the phase of each output to S¢) rotates back to its starting value 0° four times, so
its output rotates back to its starting value ( \/%7) four times. This indicates that the

number of the period per sixteen outputs is 0100 (four) and the frequency f of Sy
is equal to four. Thus, this gives that the period r of Sy is equal to (16/4) = 4. This
means that the inverse quantum Fourier transform and the inverse discrete Fourier
transform have the same power to find the frequency f and the period r of the same
oracular function Sy.

4.13 Summary

In this chapter, we gave an introduction of complex roots of unity. Next, we described
an Abelian group for n complex nth roots of unity together with a binary operation of
multiplication. We also introduced properties of complex nth roots of unity. We then
illustrated the discrete Fourier transform and the inverse discrete Fourier transform.
We also introduced the quantum Fourier transform of implementing the discrete
Fourier transform. Simultaneously, we described quantum circuits of implementing
the quantum Fourier transform and gave assessment of time complexity for imple-
menting the quantum Fourier transform. Next, we illustrated the inverse quantum
Fourier transform of implementing the inverse discrete Fourier transform. Simultane-
ously, we introduced quantum circuits of implementing the inverse quantum Fourier
transform and gave assessment of time complexity for implementing the inverse
quantum Fourier transform. We then wrote two quantum programs to compute the
frequency and the period to outputs of two given oracular functions.

4.14 Bibliographical Notes

In this chapter for more details about n complex nth roots of unity and their properties,
the recommended book is (Cormen et al. 2009). For a more detailed description
to the discrete Fourier transform and the inverse discrete Fourier transform, the
recommended books are (Cormen et al. 2009; Nielsen and Chuang 2000; Imre and
Balazs 2007; Lipton and Regan 2014; Silva 2018; Johnston et al. 2019). The two
famous articles (Coppersmith 1964; Shor 1994) gave the original version of the
Quantum Fourier transform and the inverse quantum Fourier transform. A good
illustration for the product state decomposition of the quantum Fourier transform
and the inverse quantum Fourier transform is the two famous articles in [Griffiths
and Niu 1996; Cleve et al. 1998]. A good introduction to the instructions of Open
QASM is the famous article in (Cross 2017).



218 4 Quantum Fourier Transform and Its Applications

4.15 Exercises

4.1 Please write a quantum program to determine the frequency and the period for
outputs of the third given oracular function thatis T;: {a; ay a3 a4 |V a4 € {0,
l}forl <d <4} — {\/% x eV~x2xmx0aasas | gy gy and ay € {0, 1}).

4.2 Please write a quantum program to compute the frequency and the period for
outputs of the fourth given oracular function that is Fy: {a; a> a3 |V a4 € {0,

1} forl <d <3} — {ﬁ x eV ~Dx2xmx0as | g e (0 1)),

4.3 Please write a quantum program to figure out the frequency and the period for
outputs of the fifth given oracular function that is Ir: {a; a a3 |V aq € {0, 1}

forl<d <3} — {\/% x eV ~1x2xmx0a:a | gy and gy € {0, 1}}.
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Chapter 5 ®)
Order-Finding and Factoring Gzt

The inverse quantum Fourier transform and the quantum Fourier transform are the
quantum circuits of implementing the Fourier transform and they can be applied to
solve a variety of interesting questions. In this chapter, we now introduce two of the
most interesting of those questions that are respectively the order-finding problem and
the factoring problem. Miller in 1976 proved that solving the order-finding problem
is equivalent to solve the factoring problem. For the RSA public-key cryptosystem,
People have currently installed more than 400,000,000 copies of its algorithms and
it is the primary cryptosystem used for security on the Internet and World Wide Web.
The security of the RSA public-key cryptosystem is dependent on that the problem
of factoring a big nature number into the production of two large prime numbers is
intractable on a classical computer.

Shor’s order-finding algorithm can solve the problems of order-finding and
factoring exponential faster than any conventional computer. By means of using
Shor’s algorithm to factor a big nature number with 1024 bits into the production of
two prime numbers with 512 bits each, Imre and Ferenc in (Imre and Ferenc 2005)
indicate that the execution time is approximately 0.01 s. This is to say that Shor’s algo-
rithm will make the RSA public-key cryptosystem obsolete once its reliable physical
implementation becomes available on the market. In this chapter, we first introduce a
little background in number theory. Next, we explain how the order-finding problem
implies the ability to factor as well. We also explain how shor’s algorithm solves the
order-finding problem. Next, we describe how to write quantum algorithms to imple-
ment Shor’s algorithm for solving the simplest case in the problems of order-finding
and factoring.
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5.1 Introduction to Fundamental of Number Theory

We denote the set Z of integers is {..., =3, =2, —1, 0, 1, 2, 3, ...}. We may often
refer to the set of non-negative integers to be {0, 1, 2, 3, ...} and the set of positive
integers to be {1, 2, 3, ...}. This is to say that O (zero) is one element in the set of
non-negative integers and is not one element in the set of positive integers. We may
occasionally say natural numbers that mean positive integers and the set of natural
numbers is to {1, 2, 3, ...}.

More formally, given any positive integers w and n, we represent uniquely w in
the following form

w=gq xn+r, (5.1

where ¢ is a non-negative integer that is the quotient (result) of dividing w by n and
the remainder r lies in the range 0 to (n — 1). If the value of the remainder r is equal
to zero, then we say that in this case n is a factor or a divisor of w. Otherwise, n is
not a factor of w. Notice that 1 and w are always factors of w. Modular arithmetic is
simply ordinary arithmetic in which we just pay attention to remainders. We make
use of the notation (mod N) to point out that we are working in modular arithmetic,
with respect to the positive integer N. For example, because 1, 3, 5, 7,9 and 11 all
have the same remainder (1) when divided by 2, we write | =3 =5=7=9=11
(mod 2).

The greatest common divisor or factor of integers, ¢ and d, is the largest integer
which is a divisor or a factor of both ¢ and d. We write the number as gecd(c, d). For
instance, the greatest common divisor or factor of 14 and 10 is 2. An easy method
of obtaining this number is to enumerate the positive divisors of 14 (1, 2, 7, 14) and
10 (1, 2, 5, 10), and then pick out the largest common element in the two lists that is
equal to two (2). Integers, ¢ and d, are said to be co-prime if their greatest common
divisor is 1. Because the greatest common divisor of 3 and 5 is 1, we say that 3 and
5 are co-prime. A prime number is an integer greater than 1, which has only itself
and 1 as factors. If a number is an integer greater than 1 and it is not a prime number,
then we call it as a composite number. The first few prime numbers are 2, 3, 5, 7,
11, 13, 17, 19, 23, .... The most important single fact about the positive integers
perhaps is that we may represent uniquely them as a product of factors, which are
prime numbers. Let b be any integer greater than 1. Then b has a prime factorization
of the following form

b= pf‘ X plz’2 X oo X pﬁ”, 5.2)

where py, p2, ..., p, are distinct prime numbers, and by, b,, ..., b, are positive
integers. For small numbers, finding the prime factorization by trial and error is very
easy. For example, for a small number 10, its prime factorization is 10 = 2! x 5!,
Though huge effort aimed at finding one method that can efficiently determine the
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prime factorization of large numbers, there is no efficient method known in a digital
computer to complete the task.

5.2 Description to Euclid’s Algorithm

Euclid’s algorithm is a much more efficient method of computing the greatest
common divisor. Figure 5.1 is the flowchart of Euclid’s algorithm. We use an example
to explain how Euclid’s algorithm works out the greatest common divisor. The
example is to determine the greatest common divisor of two positive integers ¢
= 15 and d = 12. From the first execution of Statement S; in Fig. 5.1, it obtains the
quotient g = 15/12 = 1. Next, from the first execution of Statement S, in Fig. 5.1,
it gets the remainder » = 15 (mod 12) = 3. Because the value of r is not equal to
zero, on the first execution of Statement S3 in Fig. 5.1, it returns to a false. Therefore,
next, from the first execution of Statement S¢ in Fig. 5.1, it gains the new value of
the dividend ¢ = 12. Similarly, from the first execution of Statement S in Fig. 5.1,
it acquires the new value of the divisor d = 3.

Next, from the second execution of Statement S in Fig. 5.1, it obtains the quotient
q = 12/3 = 4. From the second execution of Statement S, in Fig. 5.1, it gets the

M Sig=cl/d

S22 r=c (mod d)

A 4

Ss:c=d S4: The answer 1s d.

Srd=r Ss: End

Fig. 5.1 The flowchart of Euclid’s algorithm
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remainder r = 12 (mod 3) = 0. Since the value of r is equal to zero, on the second
execution of Statement S5 in Fig. 5.1, it returns to a true. Next, from the first execution
of Statement S4 in Fig. 5.1, it gives that the answer is 3. This is to say that the greatest
common divisor of 15 and 12 is 3. Next, from the first execution of Statement S5 in
Fig. 5.1, it terminates the execution of Euclid’s algorithm.

What resources does Euclid’s algorithm consume? We assume that two positive
integers, ¢ and d, may be represented as bit strings of at most L bits each. This
implies that none of the quotient ¢ and the remainder r can be more than L bits
long. Therefore, we may suppose that using L bit arithmetic does each computation.
From Fig. 5.1, the divide-and-remainder operation is the heart of Euclid’s algorithm.
At most using the divide-and-remainder operation of O(L) times completes Euclid’s
algorithm. Because each divide-and-remainder operation requires O(L?) operations,
the total cost of Euclid’s algorithm is o(L?).

5.3 Illustration to Quadratic Congruence

We assume that N is a composite number with n bits. 1 and N are two trivial factors
of N itself. We also suppose that there is a function p that is {XI0 < X < N} — {X?
(mod N)}. The domain of the function B is {XI0 < X < N} and its range is {X?
(mod N)}. If there is an integer 0 < X < N such that B(X) = X?> = C (mod N), i.e.,
the congruence has a solution, then C is said to be a quadratic congruence (mod N).
Quadratic congruence (mod N) is a NP-complete problem in (Manders and Adleman
1978). If the value of C is equal to one, then four integer solutions for X> = 1 (mod
N) are, respectively, b, N — b, 1 and N — 1, where 1 <b < (N/2) and (N/2) <N — b
<N — 1.1 and N — 1 are trivial solutions and b and N — b are non-trivial solutions.
This is a special case of quadratic congruence (mod N) and it is still a NP-complete
problem. Lemma 5.1 is used to show that we can determine a factor of N if we can
find a non-trivial solution X # %1 (mod N) to the equation X> = 1 (mod N).

Lemma 5.1 We assume that N is a composite number with n bits, and X is a non-
trivial solution to the equation X 2= ] (mod N) in the range 0 <X < N, that is, neither
X =1(modN)nor X=N — 1 = -1 (mod N). Then at least one of gcd(N, X — 1)
and gcd(N, X + 1) is a non-trivial factor of N that can be determined using Euclid’s
algorithm with O(n®) operations.

Proof Because X> = 1 (mod N), it must be that N divides X> — 1 =X + 1) x (X
— 1). Since X # 1 and X # N — 1, it must be that N does not divide (X + 1) and
does not divide (X — 1). This is to say that N must have a common factor with one
or the other of (X + 1) and (X — 1) and 1 < X <N — 1. Therefore, we obtain X —
1 <X + 1 < N. From the condition X — 1 <X + 1 <N, we know that the common
factor cannot be N itself. Applying Euclid’s algorithm with O(n*) operations we may
figure out ged(NV, X — 1) and ged(N, X + 1) and therefore gain a non-trivial factor
of N. |
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We consider one example in which N is equal to 15 and any given function f that
is {XI0 <X < 15} — {X? (mod 15)}. The domain of the given function f is {XI0 <
X < 15} and its range is {X? (mod 15)}. Sixteen outputs of B(X) from the first input
zero through the last input fifteen are subsequently 0, 1, 4, 9, 1, 10, 6, 4, 4, 6, 10,
1,9, 4, 1 and 0. Four inputs 1, 4, 11 and 14 to satisfy X? =1 (mod 15). Therefore,
four integer solutions for X? =1 (mod 15) are, respectively, 4, 11, 1 and 14. 1 and
14 are trivial solutions. 4 and 11 are non-trivial solutions. Because 42 = 1 (mod 15)
and 112 = 1 (mod 15), it must be that 15 divides 4> — 1 =@ + 1) x (4 — 1) and
112 — 1 = (11 + 1) x (11—1). Hence, 15 must have a common factor with one or
the other of (4 + 1) and (4 — 1) and 15 must have a common factor with one or the
other of (11 + 1) and (11 — 1). This is to say that using Euclid’s algorithm we may
figure out gcd(15, 5) = 5 and ged(15, 3) = 3 or ged(15, 12) = 3 and ged(15, 10) =
5. This means that 15 has a prime factorization that is to 15 =35 x 3.

5.4 Introduction to Continued Fractions

Between the continuum of real numbers and integers, there are many valuable connec-
tions. The theory of continued fractions is one such beautiful connection. If ¢ and d
are integers, then we call (c/d) as the rational fraction or rational number. A finite
simple continued fraction is denoted by a finite collection g[1], ¢[2], g[3], ..., qli]
of positive integers,

1
(q[11, q121, 431, ..., qli) = q[1] + ——————. (53)
MR+

qli]

We denote the kth convergent (1 < k < i) to this continued fraction to be

1
(q[1], q[2], q[3], ..., qlkD) = q[1] + : . (5.4)
a2+ e

Figure 5.2 is the flowchart of the continued fractional algorithm. We can use the
continued fractional algorithm to determine a finite collection ¢[1], ¢g[2], ¢[3], ...,
qli] of positive integers in (5.3) for representing continued fraction of a rational
fraction, (c/d). Therefore, applying the right-hand side equivalence in (5.3) we can
describe c/d as

c 1
—=qll+ ——. (5.5)
d A2+ o
We make use of one example to explain how the continued fractional algorithm
in Fig. 5.2 determines the continued fractional representation of (c¢/d) if ¢ = 31 and
d = 13 and the corresponding convergent. From the first execution of statement S
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Sori=1

Siqlil=cld

820 r=c (mod d)

Sse=d Sa: The answer is (g[1], ¢[2], ....
1 qli) = a1 + mr———
Sud=r T
!
Sgii=i+l
I Ss: End

Fig. 5.2 The flowchart of the continued fractional algorithm

through statement S, it obtains i = 1, g[1] = ¢/d = 31/13 = 2 and r = 31/(mod
13) = 5. This is to split (31/13) into its integer and fractional part and to invert its
fractional part,

31—2+5—2+1 (5.6)
13 13 =N '

Because the value of r is equal to 5, from the first execution of statement S3,
it returns to a false. Thus, next, from the first execution of statement S¢ through
statement Sg, it gets that the new value of the numerator c is equal to 13, the new
value of the denominator d is equal to 5 and the value of index variable i is equal to
2.

Next, from the second execution of statement S through statement S, it obtains
q[2] = c/d = 13/5 =2 and r = 13/(mod 5) = 3. These steps—split then invert—are
now used to (13/5), giving

31 1 1
24—~ =2+

== — 5.7
13 243 2+ 4 6D
3
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Since the value of r is equal to 3, from the second execution of statement S3, it
returns to a false. Hence, next, from the second execution of statement S through
statement Sg, it gets that the new value of the numerator c is equal to 5, the new value
of the denominator d is equal to 3 and the value of index variable i is equal to 3.

Next, from the third execution of statement S; through statement S, it gains g[3]
= c/d = 5/3 = 1 and r = 5/(mod 3) = 2. These steps—split then invert—are now
used to (5/3), giving

31—2+ ! =2+ ! (5.8)
13 24+ L e ’

,_.
+
LI
—
+
11w —|

Because the value of r is equal to 2, from the third execution of statement S3,
it returns to a false. Hence, next, from the third execution of statement S through
statement Sy, it obtains that the new value of the numerator ¢ is equal to 3, the new
value of the denominator d is equal to 2 and the value of index variable i is equal to
4.

Next, from the fourth execution of statement S; through statement S, it acquires
ql4] = c¢/d = 3/2 =1 and r = 3/(mod 2) = 1. These steps—split then invert—are
now used to (3/2), giving

3 _ 24 1 =2+ ! 5.9
1377 24 L T '
T I+

. i

Since the value of r is equal to 1, from the fourth execution of statement S3, it
returns to a false. Thus, next, from the fourth execution of statement S¢ through
statement Sy, it obtains that the new value of the numerator c is equal to 2, the new
value of the denominator d is equal to 1 and the value of index variable i is equal to
5.

Next, from the fifth execution of statement S; through statement S, it acquires
q[5] = c/d = 2/1 =2 and r = 2/(mod 1) = 0. Because the value of r is equal to
zero, this is to split (2/1) into its integer and fractional part and not to invert its
fractional part. This means that (2/1) =2 + % = 2. Therefore, these steps—split then
no invert—are now used to (2/1), giving

31—2—!— ! =2+ ! (5.10)
13 2+H—+ 24+ L '
|+ﬁg 1+1

Because the value of r is equal to 0, from the fifth execution of statement S, it
returns to a true. Therefore, next, from the first execution of statement S4, the answer
is to the continued fractional representation of (31/13)
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31 1
— =(ql[l]1=2,q[21=2,9[3]1=1,9[4] =1,9q[5] =2) =2 4+ —.
3 (¢q[1] q(2] ql3] q[4] q[51 =2) +2+1+L

I+5

(5.11)

Next, from the first execution of Statement S, it terminates the execution of the
continued fractional algorithm. For a rational number (31/13), the first convergent
through the fifth convergent are subsequently (¢[1]) =2, (¢[1], g[2]) =2 + 1 = 3,

(ql11. 4121 413D =2 + 57 = 1. (a[11. 4121, ¢I3]. g14D) = 2 + 575 = 2 and
(q[11. 4121, (3], g[4]. g[SD) = 2 + 5=— = .

1+}

What resources does the continued fraétional algorithm in Fig. 5.2 consume for
obtaining a continued fractional expansion to a rational number c¢/d > 1, where ¢ and
d are integers of L bits? This is to say that how many values of g[k] for | <k <iin
(5.3) must be determined from the continued fractional algorithm in Fig. 5.2. From
statement S; and statement S, in the continued fractional algorithm of Fig. 5.2, each
quotient g[k] for 1 < k < i is at most L bits long, and the remainder r is at most
L bits long. Thus, we may assume that making use of L bit arithmetic does each
computation. From Fig. 5.2, the divide-and-remainder operation is the heart of the
continued fractional algorithm. At most applying the divide-and-remainder operation
of O(L) times completes the continued fractional algorithm. Because each divide-
and-remainder operation requires O(L?) operations, the total cost of the continued
fractional algorithm is oL>).

5.5 Order-Finding and Factoring

We assume that N is a positive integer, the greatest common divisor of X and N is
one for 1 < X < N and X is co-prime to N. The order of X modulo N is to the
least positive integer r such that X" = 1 (mod N). The ordering-finding problem is to
compute r, given X and N. There is no efficient algorithm on a classical computer to
solve the ordering-finding problem and the problem of factoring numbers. However,
solving the problem of factoring numbers is equivalent to solve the ordering-finding
problem. This is to say that if there is one efficient algorithm to solve the ordering-
finding problem on a quantum computer, then it can solve the problem of factoring
numbers quickly. We use Lemma 5.2 to demonstrate that we can determine a factor
of N if we can find the order r of X modulo N to satisfy X" = 1 (mod N) and to be
even such that a non-trivial solution X 2 # % 1 (mod N) to the equation X" = (X2 )2
= 1 (mod N). Simultaneously, we use Lemma 5.3 to show representation theorem
for the greatest common divisor of two integers ¢ and d.

Lemma 5.2 We suppose that N is a composite number with n bits, and the order r
of X modulo N satisfies X"= 1 (mod N) and is even such that a non-trivial solution

r

X: # & 1 (mod N) to the equation X' = (Xi)zz 1 (mod N) in the range 0 < Xz
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< N. That is that neither X:= 1 (mod N) nor X:=N — 1 = —1 (mod N). Then at
least one of gcd(N, X2 — 1) and gcd(N, X+ 1) is a non-trivial factor of N that can
be determined using Euclid’s algorithm with O(n’) operations.

Proof Since X" = (Xé)2 = 1 (mod N), it must be that N divides (X%)2 - 1=
(X2 4+1) x (X2 —1). Because X2 # 1 and Xz # N — 1, it must be that N does
not divide (X2 + 1) and does not divide (X2 — 1). This means that N' must have a
common factor with one or the other of (X2 4+ 1) and (X2 — 1) and 1 < X2 <N —
1. Thus, we get Xz — 1 < X2 + 1 < N. From the condition Xz — 1< X2 + 1<
N, we see that the common factor cannot be N itself. Using Euclid’s algorithm with
on?) operations we may compute gcd(N, X i —1)and gcd(N, X % + 1) and hence
obtain a non-trivial factor of N. |

Lemma 5.3 The greatest common divisor of two integers ¢ and d is the least positive
integer that can be written in the form ¢ X u + d x v, where u and v are integers.

Proof Lett=c x u+d x vbe the smallest positive integer written in this form. Let
w is the greatest common divisor of ¢ and d. Therefore, w is a divisor to both ¢ and d
and it is a divisor of ¢. This means that w < . For completing the proof, we show t <
w by demonstrating that 7 is a divisor of both ¢ and d. The proof is by contradiction.
We assume that ¢ is not a divisor of ¢. Then ¢ = g x t + r, where the remainder r is
in the range 1 to t — 1. Rearranging this equationc =¢ x t + rand usingf =c X u
+d xv,weobtainr =c x (1 — g x u) +d x (—g x v) that is a positive integer that
is a linear combination of ¢ and d. Because r is smaller than ¢, this contradicts the
definition of ¢ as the smallest positive integer written in a linear combination of ¢ and
d. Therefore, we infer that # must divide c. Similarly, by symmetry # must also be a
divisor of d. This means that r < w and w < t. Therefore, we complete the proof. W

Lemma 5.4 We assume that integer a divides both integer c and integer d. Then a
divides the greatest common divisor of both ¢ and d.

Proof From Lemma 5.3, the greatest common divisor of c and d is ¢ X u + d x v,
where u and v are integers. Because a divides both ¢ and d, it must also divide ¢ x u
+ d x v. Therefore, we at once infer that a divides the greatest common divisor of
both ¢ and d. |

When does a number, ¢, have a multiplicative inverse in modular arithmetic? This
is to ask, given ¢ and N, when does there exist a d such that c x d = 1 (mod N)? We
consider one example in which 3 x 4 =1 (mod 11). This gives that the number 3 has
a multiplicative inverse 4 in arithmetic modulo 11. On the other hand, trial and error
explains that 3 has no multiplicative inverse modulo 6. Determining multiplicative
inverse in modular arithmetic is actually related to the greatest common divisor by
the notion co-primality: integer ¢ and integer d are co-prime if their greatest common
divisor is 1 (one). For example, 3 and 11 are co-prime, because the positive divisors
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of 3 is 1 and 3 and the positive divisors of 11 is 1 and 11. We use Lemma 5.5 to
characterize the existence of multiplicative inverse in modular arithmetic applying
co-primality. Simultaneously, we use Lemma 5.6 to show that the order r of X modulo
N satisfies r < N.

Lemma 5.5 Let N be an integer that is greater than 1. An integer X has a multi-
plicative inverse modulo N if and only if the greatest common divisor of X and N is
1.

Proof We use gcd(X, N) to represent the greatest common divisor of X and N. We
assume that X has a multiplicative inverse, which we define X —1 modulo N. Then
X x X~' =1 (mod N). This gives that X x X~' = u x N + 1 for some integer u,
and hence X x X! + (—u) x N = 1. From Lemma 5.3, we obtain gcd(X, N) = X
x X! + (—u) x N = 1. Therefore, we at once conclude that ged(X,N)=1.
Conversely, if ged(X, N) = 1, then from Lemma 5.3 there must exist integer y
and integer z such that X x y 4+ z x N = 1. After applying the modular operation
to both sides we obtain X x y (mod N) + z x N (mod N) = 1 (mod N). Asz x N
(mod N) = 0, we have then that X x y (mod N) = 1 (mod N). This means that the
remainde r of X x y modulo N is equal to one. Therefore, we obtain X x y =1 (mod
N).So,y=X —1is the multiplicative inverse of X. ]

Lemma 5.6 Let N be an integer greater than 1 and 1 < X < N. X and N are co-prime
and r is the least positive integer such that X"= 1 (mod N). Then r < N.

Proof Consider a sequence of different order values for X: X° (mod N), X' (mod
N),X? (modN), ..., XV~! (mod N), X" (mod N). Under the modular operation there
can only be N unique values 0, 1,2, ..., N — 1 for X  (mod N) in the above sequence.
If there are more items in the above sequence than N, some X' (mod N) will have
the same value when the modular operation is applied (there are N + 1 items in the
above sequence). For example, let N = 5 and X = 2. Then X I =2 (mod 5) and X°
=2 (mod 5).

Hence, among the different items in the above sequence, there are two items that
are equivalent under the modular operation, X" = X™ (mod N), where we can assume,
without loss of generality, that n >m and n, m < N. Since from Lemma 5.5 gcd(X, N)
= 1, we know that there exists a multiplicative inverse X! of X such that X x X~!
= 1 (mod N). Because the greatest common divisor of X and N is one, the greatest
common divisor of X" and N is equal to one. From Lemma 5.5, gcd(X"™, N) = 1,
we know that there exists a multiplicative inverse X " of X™ such that X" x X~
= 1 (mod N). Next, multiply both sides of the modular operation, X" = X" (mod
N),by X~ to obtain X" x X~ = X" x X~ ™ (mod N) and X"~ = X"~ (mod N)
= X% (mod N) = 1 (mod N). From the statements above we have that r = n — m.
Furthermore, as n, m < N and n > m, it follows that r =n — m < N. |
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5.6 Compute the Order of 2 Modulo 15 and the Prime
Factorization for 15

We would like to find the prime factorization for N = 15. We need to search for the
nontrivial factor for N = 15. From Lemmas 5.1 and 5.6, we select a number X = 2
so that the greatest common divisor of X =2 and N = 15 is 1 (one). This is to say
that X = 2 is co-prime to N = 15. From Lemma 5.6, the order r of 2 modulo 15
satisfies r < 15. Because the number of bit representing N = 15 is four bits long, we
also only need to use four bits that represent the value of r.

Determining the order r of 2 modulo 15 is equivalent to determine the period » of
a given oracular function Py: {ri ror3rg IVrg € {0, 1} for 1 <d <4} — {2n725n
(mod 15) 1V ry € {0, 1} for 1 <d < 4}. The period r of Py is to satisfy Ps(ry ry r3
r4) = Py(ry ry r3 r4 + r) to any two inputs (ry r, r3 r4) and (ry ro r3 r4 + r). Sixteen
outputs of P that takes each input from r{r9r{r] through r|r)rir} are subsequently
1,2,4,8,1,2,4,8,1,2,4,8, 1, 2, 4 and 8. The frequency f of Py is equal to the
number of the period per sixteen outputs and is equal to four. The period r of Py is
the reciprocal of the frequency f of Py. Thus, we obtain r = % = 1—;’ = '4—6 =4 and
Fxf=4x4=16. ’

On the other hand, we think of the input domain of Py as the time domain and its
output as signals. Computing the order » of 2 modulo 15 is equivalent to determine
the period r and the frequency f of signals in the time domain (the input domain).
Because the output of each input from r?rgrgrf through ”11 r21 1’31 rj is subsequently
1,2,4,8,1,2,4,8,1,2,4,8, 1, 2, 4 and 8, we take the sixteen input values as
the corresponding sixteen time units and the sixteen outputs as the sixteen samples
of signals. Each sample encodes an output of P¢. The output can take 1, 2, 4 or 8.
The sixteen input values from r{r9rJr{ through r| ) rir} corresponds to sixteen time
units from zero through fifteen.

We use Fig. 5.3 to explain the reason of why computing the order r of 2 modulo
15 is equivalent to determine the period r and the frequency f of signals in the
time domain (the input domain). In Fig. 5.3, the horizontal axis is to represent the
time domain in which it contains the input domain of Py and the vertical axis is to
represent signals in which it consists of the sixteen outputs of P,. For convenience
of presentation, we use variable & to represent the decimal value of each binary input
and make use of 2 ¥ mod 15 to represent 21">3" (mod 15).

From Fig. 5.3, hidden patterns and information stored in a given oracular function
Py are that the signal rotates back to its first signal (output with 1) four times. Its
signal rotates back to its second signal (output with 2) four times. Its signal rotates
back to its third signal (output with 4) four times and its signal rotates back to its
Sfourth signal (output with 8) four times. This indicates that there are four periods of
signals per sixteen time units and the frequency f of signals is equal to four.

Because in Fig. 5.3 the period r of signals is the reciprocal of the frequency f
of signals, the period r of signals is + = 16/4 = 4. The period r = 4 of signals in

16
0,.1..0..0

Fig. 5.3 satisfies Py (r{ryriry) =2172"3" (mod 15) = 2* (mod 15) = 16 (mod 15) =
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Fig. 5.3 Sampling sixteen points from sixteen outputs of a given oracular function that is Pr: {r;
raryrglVrge {0, 1} forl <d <4} — {21723 (mod 15) IV ry € {0, 1} for 1 <d <4}

1 (mod 15), so the period r = 4 of signals in Py is equivalent to the order r = 4 of 2
modulo 15. The cost to find the order r = 4 of 2 modulo 15 is to implement sixteen
(2*) operations of modular exponentiation, 212"+ (mod 15). Since r = 4 is even and
is less than 15, from Lemma 5.2, we use Euclid’s algorithm to compute gcd(15, 22
+ 1) and ged(15, 25 — 1). This is to say that two nontrivial factors for N = 15 are

respectively 5 and 3. Therefore, the prime factorization for N = 15is N =5 x 3.

Because (% = 16/4) is a rational number and is an integer, we make use of

the continued fractional algorithm in Fig. 5.2 to determine the continued fractional
representation of (c/d) if ¢ = 16 and d = 4 and the corresponding convergent for
explaining how the continued fractional algorithm works out in real applications.
From the first execution of statement S through statement S», it gets i = 1, g[1] =
cld =16/4 =4 and r = 16 (mod 4) = 0. This is to split (16 / 4) into its integer and
fractional part and not to invert its fractional part,

16 0

1 _4~|—4_4. (5.12)

Because the value of r is equal to 0, from the first execution of statement 3, it

returns to a true. Thus, next, from the first execution of statement Sy, the answer is
to the continued fractional representation of (16/4)

16
7 =(alll=4) =4 (5.13)

Next, from the first execution of Statement S, it terminates the execution of the
continued fractional algorithm. For a rational number (16/4), the first convergent is

ql1l]) =4 = ‘—1‘ that is the closest to (é = %) and is actually equal to 176. This
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means that the first convergent (g[1]) =4 = % is equal to the period r = 7. Hence,
we obtain that the period r is equal to the numerator 4 of the first convergent. Because
the numerator r =4 of the first convergent is less than N =15, the numerator r =4 is
equivalent to that the order r = 4 of 2 modulo 15 satisfies 2* = 1 (mod 15).

5.7 Determine the Order of 2 Modulo 21 and the Prime
Factorization for 21

We want to search for the prime factorization for N = 21. We need to find the
nontrivial factor for N = 21. From Lemmas 5.1 and 5.6, we select a number X = 2
so that the greatest common divisor of X = 2 and N = 21 is 1 (one). This indicates
that X = 2 is co-prime to N = 21. From Lemma 5.6, the order r of 2 modulo 21
satisfies r < 21. The number of bit representing N = 21 is five bits long, so we only
need to make use of five bits that encode the value of r.

Computing the order r of 2 modulo 21 is equivalent to figure out the period r of a
given oracular function Ag: {7y ror3rars|Vrg € {0, 1} for1 <d <5} — {2717273747
(mod 21) IV rg € {0,1} for 1 <d <5}. The period r of Ay is to satisfy A¢(ry ro 13 14
rs)=As(ri rpr3rqrs +r)toany twoinputs (ry rp r3 ra rs)and (ry rp r3 ra rs +r).
Thirty-two outputs of A, that takes each input from r{rrrr? through r{ririrlrl
are subsequently 1, 2,4, 8, 16,11, 1,2,4,8, 16,11, 1, 2,4, 8,16, 11, 1, 2, 4, 8, 16,
11,1, 2,4,8,16, 11, 1 and 2. The frequency f of Ay is equal to the number of the
period per thirty-two outputs. The period r of Ay is the reciprocal of the frequency f

of A¢. Hence, we obtain r = § = % = ? andr x f =32 x 1 =32.

On the other hand, we think of the input domain of Ay as the time domain and its
output as signals. Figuring out the order r of 2 modulo 21 is equivalent to compute
the period r and the frequency f of signals in the time domain (the input domain).
The output of each input from {79 r9rdr? through r| ririrird is subsequently 1,2, 4,
8,16,11,1,2,4,8,16,11,1,2,4,8,16,11,1,2,4,8,16,11,1,2,4,8,16,11, 1 and 2.
Therefore, we take the thirty-two input values as the corresponding thirty-two time
units and the thirty-two outputs as the thirty-two samples of signals. Each sample
encodes an output of A;. The output can take 1, 2,4, 8, 16 or 11. The thirty-two input
values from r{rrdr{r? through | r)rirjrd corresponds to thirty-two time units from
zero through thirty-one.

We apply Fig. 5.4 to explain the reason of why determining the order » of 2
modulo 21 is equivalent to determine the period r and the frequency f of signals in
the time domain (the input domain). In Fig. 5.4, the horizontal axis is to represent the
time domain in which it contains the input domain of A and the vertical axis is to
represent signals in which it consists of the thirty-two outputs of As. For convenience
of presentation, we make use of variable k to represent the decimal value of each
binary input and use 2 ¥ mod 21 to represent 2/1"’3""5 (mod 21).

From Fig. 5.4, hidden patterns and information stored in a given oracular function
Ay are that the signal rotates back to its first signal (output with 1) six times. Its signal
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Fig. 5.4 Sampling thirty-two points from thirty-two outputs of a given oracular function that is As:
{rirarsrarsIVrge{0,1}forl <d <5} — {2"72"3%'5 (mod 21) IV rg € {0, 1} for 1 <d <5}

rotates back to its second signal (output with 2) six times. Its signal rotates back to its
third signal (output with 4) five times and its signal rotates back to its fourth signal
(output with 8) five times. Its signal rotates back to its fifth signal (output with 16)
five times and its signal rotates back to its sixth signal (output with 11) five times.
This is to say that there are (5%) periods of signals per thirty-two time units and the
frequency f of signals is equal to (5%).
Since in Fig. 5.4 the period r of signals is the reciprocal of the frequency f of
signals, the period r of signals is é = 322 = ? = 6/1 = 6. The period r = 6 of
%2 32
signals in Fig. 5.4 satisfies A,c(r1 r2 r3 r4 rS) = orinninrs (mod 21) = 2° (mod 21)
= 64 (mod 21) = 1 (mod 21), so the period r = 6 of signals in Ay is equivalent to
the order r = 6 of 2 modulo 21. The cost to find the order r = 6 of 2 modulo 21 is
to implement thirty-two (2°) operations of modular exponentiation, 2"72"4"s (mod
21). Because r = 6 is even and is less than 21, from Lemma 5.2, we use Euclid’s
algorithm to compute gcd(21, 28+ 1) and ged(21, 28 — 1). This implies that two
nontrivial factors for N = 21 are respectively 3 and 7. Thus, the prime factorization
forN=21isN=3x7.

Because ( 51 =4 = 32 =6/ 1) is arational number and is an integer, we apply
76

°4

32 32
the continued fractional algorlthm in Fig. 5.2 to determine the continued fractional

representation of (c/d) if c = 6 and d = 1 and the corresponding convergent for
explaining how the continued fractional algorithm works out in real applications.
From the first execution of statement S, through statement S5, it gets i = 1, g[1]
=c/d =6/1 =6 and r = 6 (mod 1) = 0. This is to split (6/1) into its integer and
fractional part and not to invert its fractional part,

?=6+%=6. (5.14)
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Because the value of r is equal to 0, from the first execution of statement 3, it
returns to a true. Hence, next, from the first execution of statement Sy, the answer is
to the continued fractional representation of (6/1)

- =(qll]=6) =6. (5.15)

Next, from the first execution of Statement S5, it terminates the execution of the
continued fractional algorithm. For a rational number (6/1), the first convergent is

qll)=6= ? that is the closest to (5% =4 =% ?) and is actually equal to
26 6 s
32 32
?. This indicates that the first convergent (g[1]) =6 = ? is equal to the period r = 7.
Thus, we obtain that the period r is equal to the numerator 6 of the first convergent.
Since the numerator r =6 of the first convergent is less than N =21, the numerator r
=6 is equivalent to that the order = 6 of 2 modulo 21 satisfies 2° = 1 (mod 21).

5.8 Calculate the Order of 2 Modulo 35 and the Prime
Factorization for 35

We would like to find the prime factorization for N = 35. We need to search for the
nontrivial factor for N = 35. From Lemmas 5.1 and 5.6, we select a number X = 2
so that the greatest common divisor of X = 2 and N = 35 is 1 (one). This implies
that X = 2 is co-prime to N = 35. Because from Lemma 5.6, the order r of 2 modulo
35 satisfies » < 35. The number of bit representing N = 35 is six bits long, we only
need to use six bits that encode the value of r.

Calculating the order r of 2 modulo 35 is equivalent to compute the period r of
a given oracular function By: {ry rpr3rarsrg IVrg € {0,1} forl <d <6} —
{2rr2nrarsts (mod 35) 1V rg € {0, 1} for 1 < d < 6}. The period r of By is to satisfy
Be(rirar3rarsre) = Be(r1 rar3 r4 s g + 1) to any two inputs (ry 2 ¥3 4 1's I's)
and (7| rp r3 r4 15 1 + r). The front twenty-four outputs of By that takes each input
from r?rgrgrfrgrg through "11 rz1 r31 rj r51 r61 are subsequently 1, 2, 4, 8, 16, 32, 29, 23,
11, 22,9, 18, 1, 2, 4, 8, 16, 32, 29, 23, 11, 22, 9 and 18. The middle twenty-four
outputs of By are respectively 1, 2, 4, 8, 16, 32, 29, 23, 11, 22,9, 18, 1, 2, 4, 8, 16,
32,29, 23,11, 22,9 and 18. The last sixteen outputs of By are subsequently 1, 2, 4,
8,16, 32,29,23,11,22,9, 18, 1, 2, 4 and 8. The frequency f of By is equal to the
number of the period per sixty-four outputs. The period r of By is the reciprocal of
the frequency f of B;. Therefore, we obtainr = £ = % = % andr xf=64x 1=

64

1
64.

On the other hand, we think of the input domain of By as the time domain and its
output as signals. Determining the order r of 2 modulo 35 is equivalent to figure out
the period r and the frequency f of signals in the time domain (the input domain). The

front twenty-four outputs of each input from r?rgrgrfrgrg through rl1 r21 r31 ri rg r61 are
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Fig. 5.5 Sampling sixty-four points from sixty-four outputs of a given oracular function that is By:
{rirarsrarsrelVrge{0,1} forl <d <6} — {21727374/5"6 (mod 35) IV rg € {0, 1} for 1 <
d <6}

d 3!

subsequently 1, 2, 4, 8, 16, 32,29, 23, 11,22,9, 18, 1, 2,4, 8, 16, 32, 29, 23, 11, 22,
9 and 18. The middle rwenty-four outputs are respectively 1, 2, 4, 8, 16, 32, 29, 23,
11,22,9,18,1,2,4,8, 16, 32,29, 23, 11, 22, 9 and 18. The last sixteen outputs are
subsequently 1, 2,4, 8, 16, 32,29,23,11,22,9, 18, 1, 2,4 and 8. Hence, we take the
sixty-four input values as the corresponding sixty-four time units and the sixty-four
outputs as the sixty-four samples of signals. Each sample encodes an output of By.
The output can take 1, 2, 4, 8, 16, 32, 29, 23, 11 22, 9 or 18. The sixty-four input
values from r{rdrdr{rdrQ through r|rlrirjrir! corresponds to sixty-four time units
from zero through sixty-three.

We apply Fig. 5.5 to show the reason of why computing the order r of 2 modulo
35 is equivalent to determine the period r and the frequency f of signals in the time
domain (the input domain). In Fig. 5.5, the horizontal axis is to represent the time
domain in which it consists of the input domain of By and the vertical axis is to
represent signals in which it includes the sixty-four outputs of By. For convenience
of presentation, we use variable & to represent the decimal value of each binary input
and use 2 ¥ mod 35 to represent 21723745 (mod 35).

From Fig. 5.5, hidden patterns and information stored in a given oracular function
By are that the signal rotates back to its first signal (output with 1) six times. Its signal
rotates back to its second signal (output with 2) six times. Its signal rotates back to
its third signal (output with 4) six times and its signal rotates back to its fourth signal
(output with 8) six times. Its signal rotates back to its fifth signal (output with 16)
five times and its signal rotates back to its sixth signal (output with 32) five times.
Its signal rotates back to its seventh signal (output with 29) five times and its signal
rotates back to its eighth signal (output with 23) five times. Its signal rotates back
to its ninth signal (output with 11) five times and its signal rotates back to its tenth
signal (output with 22) five times. Its signal rotates back to its eleventh signal (output
with 9) five times and its signal rotates back to its twelfth signal (output with 18) five
times. This indicates that there are (5 14—2) periods of signals per sixty-four time units
and the frequency f of signals is equal to (575).

Since in Fig. 5.5 the period r of signals is the reciprocal of the frequency f of
signals, the period r of signals is -~ = -~ = % 12/1 = 12. The period r = 12 of

FES
12

\*\“I
5

OO\

4
signals in Fig. 5.5 satisfies By (r1 r2 r3 r4r 0) = prirriririr (mod 35) = 2'% (mod 35)
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= 4096 (mod 35) = 1 (mod 35), so the period r = 12 of signals in By is equivalent to
the order r = 12 of 2 modulo 35. The cost to find the order » = 12 of 2 modulo 35 is
to implement sixty-four (2°) operations of modular exponentiation, 2"72"+"5"s (mod
35). Because r = 12 is even and is less than 35, from Lemma 5.2, we use Euclid’s
algorithm to compute ged(35, 2% +1)and gcd(35, 2% — 1). This implies that two
nontrivial factors for N = 35 are respectively 5 and 7. Thus, the prime factorization
forN =35isN=5x17.

Because (s% =44 =8= 12/1> is a rational number and is an integer, we
‘12

04

1z 2

make use of the continued fractional algorithm in Fig. 5.2 to determine the continued
fractional representation of (¢/d) if c = 12 and d = 1 and the corresponding convergent
for explaining how the continued fractional algorithm works out in real applications.
From the first execution of statement Sy through statement S», it gets i = 1, g[1] =
c/d =12/1 =12 and r = 12 (mod 1) = 0. This is to split (12/1) into its integer and

fractional part and not to invert its fractional part,

12 0
5= 12+ 1= 12. (5.16)

Since the value of r is equal to 0, from the first execution of statement S3, it returns

to a true. Thus, next, from the first execution of statement S4, the answer is to the
continued fractional representation of (12/1)

12
5= (q[11=12) = 12. (5.17)

Next, from the first execution of Statement S5, it terminates the execution of the
continued fractional algorithm. For a rational number (12/1), the first convergent is

212 12 7

64 64

to 1]_2 This is to say that the first convergent (g[1]) = 12 = 11—2 is equal to the period r
= 7. Therefore, we obtain that the period r is equal to the numerator 12 of the first
convergent. The numerator r =12 of the first convergent is less than N =35, so the
numerator r =12 is equivalent to that the order » = 12 of 2 modulo 35 satisfies 2!2

= 1 (mod 35).

@lih=12= % that is the closest to <5+ = ﬁ =4 = 11—2 and is actually equal

5.9 Determine the Order of 5 Modulo 33 and the Prime
Factorization for 33

We would like to search for the prime factorization for N = 33. We need to find the
nontrivial factor for N = 33. From Lemmas 5.1 and 5.6, we select a number X = 5
so that the greatest common divisor of X = 5 and N = 33 is 1 (one). This is to say
that X = 5 is co-prime to N = 33. Since from Lemma 5.6, the order » of 5 modulo
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33 satisfies < 33. The number of bit representing N = 33 is six bits long, we only
need to use six bits that encode the value of r.

Computing the order r of 5 modulo 33 is equivalent to calculate the period r of
a given oracular function Cy: {ri ror3r4rsrs | Vrge {0, 1} forl <d <6} —
{5nrrnrsts (mod 33) IV rg € {0, 1) for 1 < d < 6}. The period r of Cy is to satisfy
Cr(rirarsrarsre) = Cp(ry rp 13 14 15 Te + 1) to any two inputs (ry 73 73 74 75
re) and (ry rp 13 r4 5 ¥ + r). The front twenty outputs of C; that takes each input
from r?rgrgrgrgrg through r11r21r31r4{r51r61 are subsequently 1, 5, 25, 26, 31, 23, 16,
14, 4,20, 1, 5, 25, 26, 31, 23, 16, 14, 4 and 20. The middle twenty outputs of Cy are
respectively 1, 5, 25, 26, 31, 23, 16, 14, 4, 20, 1, 5, 25, 26, 31, 23, 16, 14, 4 and 20.
The last twenty-four outputs of Cy are subsequently 1, 5,25, 26, 31, 23, 16, 14, 4, 20,
1,5, 25,26,31,23, 16, 14, 4, 20, 1, 5, 25 and 26. The frequency f of Cy is equal to
the number of the period per sixty-four outputs. The period r of Cy is the reciprocal
of the frequency f of Cy. Hence, we getr = = % = 674 andr x f =64 x 1 =64.

On the other hand, we think of the input domaig of Cy as the time domain and its
output as signals. Calculating the order r of 5 modulo 33 is equivalent to determine
the period r and the frequency f of signals in the time domain (the input domain).
The front rwenty outputs of each input from r?rg rgrfrgrg through ”11 r21 r31 rj r51 r61 are
subsequently 1, 5, 25, 26, 31, 23, 16, 14, 4, 20, 1, 5, 25, 26, 31, 23, 16, 14, 4 and
20. The middle rwenty outputs are respectively 1, 5, 25, 26, 31, 23, 16, 14, 4, 20, 1,
5, 25, 26, 31, 23, 16, 14, 4 and 20. The last twenty-four outputs are subsequently 1,
5, 25, 26, 31, 23, 16, 14, 4, 20, 1, 5, 25, 26, 31, 23, 16, 14, 4, 20, 1, 5, 25 and 26.
Therefore, we take the sixty-four input values as the corresponding sixty-four time
units and the sixty-four outputs as the sixty-four samples of signals. Each sample
encodes an output of Cy. The output can take 1, 5, 25, 26, 31, 23, 16, 14, 4 or 20.
The sixty-four input values from r{r{rrdrr through r|r)rir rirl corresponds to
sixty-four time units from zero through sixty-three.

We use Fig. 5.6 to explain the reason of why figuring out the order » of 5 modulo
33 is equivalent to compute the period r and the frequency f of signals in the time
domain (the input domain). In Fig. 5.6, the horizontal axis is to represent the time
domain that is the input domain of Cy. The vertical axis is to represent signals that
encode the sixty-four outputs of Cr. For convenience of presentation, we make use

Factoring 33
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Fig. 5.6 Sampling sixty-four points from sixty-four outputs of a given oracular function that is Cy:
{rirarsrarsreIVrge{0,1}forl <d <6} — {5717273747576 (mod 33) IV ry € {0, 1} for 1 <
d <6}
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of variable k to represent the decimal value of each binary input and apply 5 ¥ mod
33 to represent 5172737475 (mod 33).

From Fig. 5.6, hidden patterns and information stored in a given oracular function
Cy are that the signal rotates back to its first signal (output with 1) seven times. Its
signal rotates back to its second signal (output with 5) seven times. Its signal rotates
back to its third signal (output with 25) seven times and its signal rotates back to its
Sfourth signal (output with 26) seven times. Its signal rotates back to its fifth signal
(output with 31) six times and its signal rotates back to its sixth signal (output with
23) six times. Its signal rotates back to its seventh signal (output with 16) six times
and its signal rotates back to its eighth signal (output with 14) six times. Its signal
rotates back to its ninth signal (output with 4) six times and its signal rotates back to
its tenth signal (output with 20) six times. This implies that there are (614—0) periods
of signals per sixty-four time units and the frequency f of signals is equal to (611).

Because in Fig. 5.6 the period r of signals is the reciprocal of the frequency f of

signals, the period r of signals is 6% = 4 =% =10/1 = 10. The period r = 10 of
I o

10

2he|—

64
signals in Fig. 5.6 satisfies C;(r) r9 ri rQ rl rd) = 5777273745576 (mod 33) = 5'° (mod

33) = 9765625 (mod 33) = 1 (mod 33), so the period r = 10 of signals in C; is
equivalent to the order r = 10 of 5 modulo 33. The cost to find the order r = 10 of
5 modulo 33 is to implement sixty-four (2°) operations of modular exponentiation,
snnarsrarste (mod 33). Since r = 10 is even and is less than 33, from Lemma 5.2,
we use Euclid’s algorithm to compute ged(33, 52 + 1) and gcd(33, 5% — 1). This
indicates that two nontrivial factors for N = 33 are respectively 3 and 11. Therefore,
the prime factorization for N =33 isN =3 x 11.

i — = = 0= i i u i i , WEe u
Since 51 % — 10/1) is a rational number and is an integer, we use
10

10

\5\%| -

the continuef?l fractTonal algorithm in Fig. 5.2 to determine the continued fractional
representation of (c/d) if ¢ = 10 and d = 1 and the corresponding convergent for
explaining how the continued fractional algorithm works out in real applications.
From the first execution of statement S through statement S,, it obtains i = 1, g[1]
= c/d = 10/1 = 10 and r = 10 (mod 1) = 0. This is to split (10/1) into its integer
and fractional part and not to invert its fractional part,

o104 2 = 10. (5.18)

Because the value of r is equal to 0, from the first execution of statement S3, it
returns to a true. Therefore, next, from the first execution of statement Sy, the answer
is to the continued fractional representation of (10/1)

10
5= (g[11 = 10) = 10. (5.19)

Next, from the first execution of Statement S5, it terminates the execution of the
continued fractional algorithm. For a rational number (10/1), the first convergent is
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qllhD=10= 10 that is the closest to L =1 = S:—j =19} andis actually equal
1 61 hid 5 1

64 4
to %. This means that the first convergent (g[1]) = 10 = % is equal to the period r =
7. Hence, we get that the period r is equal to the numerator 10 of the first convergent.
Because the numerator r =10 of the first convergent is less than N =33, the numerator
r =10 is equivalent to that the order r = 10 of 5 modulo 33 satisfies 5'° = 1 (mod
33).

=Y

5.10 The Possibility of Finding the Even Order of X
Modulo N

We assume that the set Z={..., =3, =2, —1,0, 1, 2, 3, ...} of integers and the set Y
= {0, 1, 2, 3, ...} of natural numbers. The notion d | a (read “d divides a”) means
that a = g x d for some integer ¢ and a is a multiple of d and d is a divisor of a. For
example, 15 is a multiple of 1, 3, 5, and 15 and 1, 3, 5, and 15 are the divisors of 15.
Every integer a is divisible by the trivial divisor 1 and a. Nontrivial divisor of integer
a are also called factors of a. For example, the factors (the nontrivial divisors) of 15
are 3 and 5.

An integer a > 1 whose only divisors are the trivial divisor a and 1 is said to be a
prime number (or, more simply, a prime). The first six prime, in order, are 2, 3, 5,
7,11 and 13. An integer a > 1 that is not a prime is said to be a composite number
(or, more simply, a composite). For example, 15 is a composite because it has the
factors 3 and 5. The integer 1 is said to be a unit and is neither prime nor composite.
Similarly, the integer O and all negative integers are neither prime nor composite.
From (5.1), for given any positive integers w and N, there are unique integers g and
rsuch that 0 < r <N and w = ¢ x N + r. Integer ¢ is the quotient (result) of
dividing w by N. Integer r is the remainder of dividing w by N and we write r =
w (mod N). Given any integer N, we can partition the integers into those that are
multiples of N and those that are not multiples of N. By classifying the multiples
and the non-multiples of N in light of their remainders when divided by N, we can
obtain the refinement of this partition.

According to their remainders modulo N, the integer can be divided into N
equivalent classes. The equivalent class modulo N including an integer w is

Wiy ={w+gxN:qeZ} (5.20)
For example, [2]s = {..., 2,7, 12, 17, ...}. If the remainder of w modulo N is the
same as that of @ modulo N, then we can say that writing a € [w]y is the same as

writing @ = w (mod N). The set of all such equivalent classes is

Zy ={wly:0<w<N—-1}=1{0,1,2,3,...N — 1}. (5.21)
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In (5.21), we use O to represent [0]y, we apply 1 to represent [1]y, we make use
of 2 to represent [2]y and so on with that we use apply N — 1 to represent [N — 1]y.
We use its least nonnegative element to represent each class.

Because the equivalent class of two integers uniquely determines the equivalent
class of their sum, product or difference, we can easily define addition, multiplication
and subtraction operations for Zy. This is to say that if ¢ = ¢' (mod N) and d = d!
(mod N), then

c+d=cl+d'modN),cxd=c! xd'(mod N)andc —d = ¢! —a'(mod N)
(5.22)

Therefore, we denote addition, multiplication and subtraction modulo N, defined
+x, Xy and —y, as follows:

[cly +n [dly = [c +d]n. [clny xn [dIn = [c x d]yand[c]y —n [dIn = [c —d]N.
(5.23)

Applying this definition of addition modulo N in (5.23), we define the additive
group modulo N as (Zy, +y). We use Lemma 5.7 to show that the system (Zy, +y)
is a finite abelian group.

Lemma 5.7 The system (Zy, +y) is a finite abelian group.

Proof For any two elements [c]y and [d]y in Zy, from (5.20) through (5.23), we
obtainthat 0 <c <N —1,0<d <N —land[c]y +y [dly =[c+d]ly . If0 <
+d <N —1,then [c]y +n [d]ly =[c +d]yisaneclementin Zy. If N <c+d <
2x N —2,then[cly +n [dly =[c +dly =[c+d — N]y.Because 0 <c +d —
N <N —2,itis one element in Zy. This means that the system (Zy, +y) is closed.

For any three elements [c]y, [d]y and [e]y in Zy, from (5.23), we obtain ([c]y +
~ [dIn) +n lelv = ([c + dly) +n [ely = [(c +d) +ely = [c + (d + e)ly = [cly
4+~ ([d + ely) = [c]ly +n~ ([d]ln) +n [e]ln). This indicates that the system (Zy, +x)
satisfies the associativity of +y.

For any two elements [c]y and [d]y in Zy, from (5.23), we obtain [c]y +n [d]y =
[c +d]ly =[d + cly = [d]n +n [c]y. This implies that the system (Zy, +y) satisfies
the commutativity of +y.

The identity element of the system (Zy, +y) is [0]y because for any element [c]y
in Zy, from (5.23), we have [c]y +n [0Oly = [c + O]y = [clv = [0 + c]ly = [O]ly +
~ [c]ly. The additive inverse of any element [c]y in Zy is [N — c]y because [c]y +
N [N —cly =[c + N — cly = [N]y = [0]y. The number of elements in the system
(Zy, +n) is N, so it is finite. Therefore, from the statements above, we at once infer
that the system (Zy, +y) is a finite abelian group. |

The set Zy, is the set of elements in Zy that are relatively prime to N and is

Zy ={lwly € Zy : ged(w, N) = 1}. (5.24)
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Because [wly = {w + ¢ X N : g € Z} and gcd(w, N) = 1, we have gcd(w
+ g x N, N) = 1. For example, Z}5 = {[11is5, [2lis, [4]15, [7]15, [8]15, [11]s5,
[13]}5, [14];5}. Using the definition of multiplication modulo N in (5.23), we denote
the multiplicative group modulo N as (Z},, x ). We make use of Lemma 5.8 to
demonstrate that the system (Z%,, X ) is a finite abelian group.

Lemma 5.8 The system (Z},, X ) is a finite abelian group.

Proof For any two elements [c]y and [d]y in Z}, , from (5.20) through (5.23), we
getthat 0 <c <N —1,0<d <N — 1,gcd(c, N) =1, gcd(d, N) = 1 and [c]y Xn
[d]ly = [c x d]y. Because gcd(c, N) = 1 and ged(d, N) = 1, we have gcd(c x d, N)
= 1. This means that [c]y Xy [d]y = [c x d]y is an element in Z},. Therefore, the
system (Z%,, x y) is closed.

For any three elements [c]y, [d]y and [e]y in Z},, from (5.23), we obtain ([c]y X
N [dly) xn [elv = ([c x d]y) Xy [ely =[(c x d) x e]ly =[c x (d x )]y =[c]n
xn ([d + ely) = [clv xn ([d]n) xn [ely). This is to say that the system (Z7},, X )
satisfies the associativity of xy.

For any two elements [c]y and [d]y in Z%,, from (5.23), we get [c]ly xn [d]ly = [c
x d]y =[d x c]y = [d]y Xu [c]y- This indicates that the system (Z3,, X y) satisfies
the commutativity of X .

For any element [c]y in Z%,, from (5.23), we have [cly Xy [1]y =[c x 1]y =[cIn
=[1 x cly = [1]y xn [c]n. This indicates that the identity element of the system
(Zy, xn)is [1]y.

Any element [c]y in Z} satisfies gcd(c, N) = 1. Therefore, from Lemma 5.5,
there exists a unique multiplicative inverse [c~'n of [c]y, modulo N, such that [c]y
xy ey =[c x ¢y =y = [c! x ¢lv = [c 'y xn [cly. The number
of elements in the system (Z%, X ) is less than N, so it is finite. Hence, from the
statements above, we at once derive that the system (Z%, x ) is a finite abelian
group. |

The size of Z}, is known as Euler’s phi function ¢(N) satisfies the following
equation

1
¢(N) =N x (pr <1 - —)) (5.25)

p

where p runs over all the primes dividing » (including N itself, if N is a prime).
For example, because the prime divisors of 15 are 3 and 5, we obtain ¢(15) = 15 x
(1 = (1/73)) x (1 — (1/5)) = 15 x (2/3) x (4/5) = 8. This is to say that the size of
Z7s is eight (8) and Z75 is equal to {[1]is, [2]15, [4]15, [7]is, [8]1s, [11]15, [13]15,
[14];5}. If p is a prime, then p itself is the only prime divisor. Therefore, from (5.25),
we obtain ¢(p) = p x (1 — (1/p)) = p — 1. The only integers that are less than p*
and are not co-prime to p are the multiples of p: p, 2 x p, ..., (p°~'=1) x p, from
which we infer

p(p) =" —1)—(p*' =) =p'—p ' =p"x(p-1. (526
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Furthermore, if c and d are co-prime, then ¢(c x d) satisfies the following equation

¢(cxd)=¢(c) x¢(d). (5.27)

On the other hand, when N is a power of an odd prime p, N = p“. It turns out that
Zy = Z7"is acyclic group, that is, there is an element / in Z7* which generates
Z‘I’)* in the sense that any other element y may be written y = 4" (mod N) = h" (mod
p“) for some non-negative integer m. We use Lemmas 5.9 and 5.10 to explain the
possibility of finding the even order that are not equal to N — 1 of X modulo N.

Lemma 5.9 We assume that p is an odd prime and 2" is the largest power of 2
dividing ¢(p?). Then with probability exactly one-half 2° divides the order modulo
p® of a randomly chosen element of Z’;*.

Proof Because p is an odd prime, from (5.26) we obtain that ¢(p?) = p®~! x (p —
1) is even. Because ¢(p?) is even and 26 divides ¢(p*), we obtain b > 1. Since Z;*
is a cyclic group, there exists an element % in Z‘[’)* which generates Z‘[‘,* in the sense
that any other element X may be written X = 4" (mod p®) for some m in the range 1
through ¢(p“) that is the size of Z". Let r the order of 2™ modulo p* and consider
two cases. The first case is when m is odd. Since /4 is co-prime to (p“) and ¢(p?)
is the size of Z%*, ¢(p®) is the least value such that h? ") = 1 (mod p?). Because
(K™ = K" x " =1 (mod p?), we infer that ¢(p“) divides (m x r). Since m is odd,
o (p?) is even, 2° divides ¢(p?) and ¢(p®) divides (m x r) and 2° divides (m x r),
we infer that 2° divides r. The second case is when m is even. Because / is co-prime
to p* and m is even, we infer that #/> modulo p® is co-prime to p®. Therefore, we
have (hm*¢")/2) = (h"’(”a))m/2 = (1)"/? = 1 (mod p%). Because r is the order of 1"
modulo p? that is the least value such that (™) = "™ x " = 1 (mod p*), we infer
that r divides (¢(p®)/2) and r is less than 2° that is the largest power of 2 dividing
¢ (p"). Thus, we infer that 2° does not divide r.

Because the value of m is in the range 1 through ¢(p“) that is even and is the size
of Z;’,*, we may partition Z;’)* into two sets of equal size. The first set of equal size
is those that may be written 4" (mod p®) with that m is odd, for which 2° divides r
that is the order of & modulo p“. The second set of equal size is those that may be
written 2 (mod p?) with that m is even, for which 2% does not divide r that is the
order of 2™ modulo p®. Therefore, with probability (1/2) the integer 2° divides the
order r of arandomly chosen element Z‘;,*, and with probability (1/2) it does not. W

Lemma 5.10 We assume that N = p{' x - x p is the prime factorization of an
odd composite positive integer. Let X be chosen uniformly at random from Z%, and
let r be the order of X modulo N. Then P(r is even and X'? # — 1 (mod N)) > 1 —
(172™).

Proof We show that P(r is odd or X' = — 1 (mod N)) < 1/2 ™. According to the

Chinese remainder theorem, selecting X uniformly at random from Z, is equivalent

to selecting X; independently and uniformly at random from Z;ﬂk , and satisfying
k
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that X = X; (mod p*) for 1 < k < m. Let ry be the order of X; modulo (p;*). Let
2% be the largest power of 2 dividing r; and 2° is the largest power of 2 dividing .
Because X is co-prime to N (p{' X -+ X p), ¢(N) = ¢ (p]' x - x pn)is the size
of Z% that is the least value such that X?V) = X (P xxpi") — 1 (mod N). Since r
is the order of X modulo N that is the least value such that X" = 1 (mod N), we have
r=¢(p" x -+ x pim)y=¢(p]") x- x ¢(pir). Because Xy is co-prime to (p;*)
for 1 <k <m, ¢(p;*) is the size of Z;:k that is the least value such that X;f(pkk =

1 (mod (p*)). Since ry is the order of X; modulo (p;*) that is the least value such
that X} = 1 (mod (p;*)), we have ry = ¢ (p;*) for 1 < k < m. Because r = ¢(p]")
X ... X ¢(plr)and r = ¢(p*) for 1 < k < m, we infer that ry divides r for 1 <k
< m. We will show that to have r odd or X" = - 1 (mod N) it is necessary that by
takes the same value for 1 < k < m. The result then follows, as from Lemma 5.9 the
probability of this occurring is at most (1/2) x (1/2) x - x (1/2) = 1/2™.

‘We consider the first case is when r is odd. Because ry divides r for 1 < k < m,
we infer r; is odd. Because 2% divides ry for 1 < k < m, we obtain by =0 for 1 <k

< m. The second case is when r is even and X"”> = —1 (mod N). This is to say that
X"?=N—-1= Pyt x - x p% — 1. Therefore, we have XP?2=N-1= Pyt x
o X papm — 1 =-1 (mod (p,’j")). So we obtain that r;, does not divide (r/2). Because

ry divides r for 1 < k < m, we must have by = b for 1 < k < m. Since P(r is even
and X2 # — 1 (mod N)) + P(r is odd or X"?> = —1 (mod N)) = 1 and P(r is odd
or X"? = —1 (mod N)) < 1/2", we have P(r is even and X" # — 1 (mod N)) >
I—(1/2™. [ |

5.11 Public Key Cryptography and the RSA Cryptosystem

A consumer wants to buy something on the internet. He would like to transmit his
credit card number over the internet in such a way that only the company offering
the products that he is buying can receive the number. A cryptographic protocol or
a cryptosystem on the internet can achieve such private communication. Effective
cryptosystems make it easy for two parties who want to communicate each other,
but make it very difficult for the eavesdropper to eavesdrop on the content of the
conversation.

A particularly important class of cryptosystems are the public key cryptosystems.
In a public key cryptosystem, Mary wants to send messages to her friends and to
receive messages sent by her friends. She must first generate two cryptographic keys.
One is a public key, P, and the other is a secret key, S. After Mary has generated her
keys, she announces or publishes the public key so that anybody can gain access to
the public key.

John is Mary’s good friend. He would like to send a private message to Mary.
Therefore, John first gets a copy of Mary’s public key P. Then, he encrypts the private
message he wants to send Mary, making use of Mary’s public key P to complete the
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encryption. Because the public key and the encoded message is the only information
available to an eavesdropper, it will be impossible for the eavesdropper to recover the
message. However, Mary has the secret key S that is not available to an eavesdropper.
She uses the secret key S to decrypt the encrypted message and obtains the original
message. This transformation known as decryption is inverse to encryption, allowing
Mary to recover John’s private message.

The most widely used of public key cryptosystems is the RSA cryptosystem,
named RSA for the initials of its creators, Rivest, Shamir, and Adleman. The
presumed security of the RSA cryptosystem is based on the apparent difficulty of
factoring on a digital computer. Now Mary wishes to generate public and secret keys
for use with the RSA cryptosystem. She makes use of the following procedure to
generate them:

(1) Choose two large prime numbers, p and q.

(2) Calculate the product N =p X gq.

(3) Choose at random a small odd integer, e, which is relatively prime to ¢(N) =
(p—1x(g—1.

(4) Calculate d, the multiplicative inverse of e, modulo ¢(NV).

(5) The public key is the pair P = (e, N).

(6) The secret key is the pair S = (d, N).

Now John uses the public key (e, N) to encrypt a message M to send to Mary. We
assume that the message M has only log) bits, as longer messages may be encrypted
by means of breaking M up into blocks of at most log) bits and then encrypting the
blocks separately. The encryption procedure for a single block is to calculate:

E(M) = M*(mod N). (5.28)

E(M) is the encrypted version of the message M, which John sends to Mary. Mary
is able to decrypt quickly the message applying her secret key S = (d, N), simply by
raising the encrypted message to the dth power:

D(E(M)) = M**“(mod N) = M(mod N). (5.29)

How can the RSA cryptosystem be broken? The answer is to that if we can effi-
ciently factor a big composite number N into the production of two big prime numbers
p and q. Then, we can extract p and g. This means that we can efficiently calculate
¢(N) =(p — 1) x (g — 1). Next, we can efficiently compute d, the multiplicative
inverse of e, modulo ¢(N). Therefore, we can completely determine the secret key
(d, N). So, if factoring large numbers were easy then breaking the RSA cryptosystem
would be easy.
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5.12 Implementing The Controlled-Swap Gate of Three
Quantum Bits

A (8 x 8) matrix CSWAP and its conjugate transpose CSW A P are respectively

10 00 00 00 10 00 00 00
01 00 00 OO 01 00 00 0O
00 10 00 OO 00 10 00 0O
00 01 00 OO and 00 01 00 0O . (5.30)
00 00 10 0O 00 00 10 00
00 00 00 10 00 00 00 10
00 00 01 0O 00 00 01 0O
00 00 00 O1 00 00 00 01

Because CSWAP x CSW AP isequaltoa (8 x 8)identify matrixand CSWA P x
CSWAP isequaltoa (8 x 8)identify matrix, matrix CSWAP and matrix CSW A P are
both a unitary matrix (a unitary operator). Matrix CSWAP is to matrix representation
of a CSWAP (controlled-SWAP) gate of three quantum bits. The left picture in
Fig. 5.7 is the first graphical circuit representation of a CSWAP gate with three
quantum bits. Quantum bit IC) at the bottom in the left picture in Fig. 5.7 is the
controlled bit, and quantum bit IS ) at the top and quantum bit 1S;) at the middle in the
left picture in Fig. 5.7 are both the target bits. The functionality of the CSWAP gate
is to that if the controlled bit IC;) is equal to I1), then it exchanges the information
contained in the two target bits 1S;) and 1S,). Otherwise, it does not exchange the
information contained in the two target bits 1S;) and 1S,). The middle picture in
Fig. 5.7 is the second graphical circuit representation of a CSWAP gate with three
quantum bits. The right picture in Fig. 5.7 is to the graphical circuit representation
of implementing the CSWAP gate by means of using three CCNOT gates. In the
right picture in Fig. 5.7, if the controlled bit IC;) is equal to I1), then using three
CNOT gates implements one SWAP gate to exchange the information contained in
the two target bits IS;) and IS,). Otherwise, it does not implement three CNOT gates
to complete one SWAP gate and to exchange the information contained in the two
target bits IS;) and 1S3).

1S1) [S1)—¢— [S1)
1S2) = S —— = [S2) ¢
|Cy) ° [Cy)—eo— ICy)

Fig. 5.7 Circuit Representation of a CSWAP gate with three quantum bits
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5.12.1 Quantum Programs to Implement
The Controlled-Swap Gate of Three Quantum Bits

In IBM Q Experience, it does not provide one quantum instruction (operation) of
implementing the CCNOT gate (the Toffoli gate) with three quantum bits. We decom-
pose CCNOT gate into six CNOT gates and nine gates of one quantum bits that are

shown in Fig. 5.8. In Fig. 5.8, H is the Hadamard gate, T = |: : g T i| and T+ =
0ev™ "%

1 . . . .
|:O Cix \O_ﬁx x :| . In the backend simulator with thirty-two quantum bits, there is no
e 4

limit for connectivity of a CNOT gate among thirty-two quantum bits.

In Listing 5.1, the program in the backend simulator with thirty-two quantum
bits in IBM’s quantum computer is the first example of the fifth chapter in which
we illustrate how to write a quantum program to implement a CSWAP gate with
three quantum bits. Figure 5.9 is the corresponding quantum circuit of the program
in Listing 5.1. For the convenience of our presentation, there are four instructions
in the same line in Listing 5.1. We use “instruction number” or “line number” to
indicate the order of the execution to each instruction in Listing 5.1.

The statement “OPENQASM 2.0;” on instruction number one in the first line of
Listing 5.1 is to point out that the program is written with version 2.0 of Open QASM.
Next, the statement “include “qgelib1.inc”’;” on instruction number two in the first line
of Listing 5.1 is to continue parsing the file “qgelibl.inc” as if the contents of the file
were pasted at the location of the include statement, where the file “gelibl.inc” is
Quantum Experience (QE) Standard Header and the path is specified relative to
the current working directory.

Next, the statement “qreg q[3];” on instruction number three in the first line of
Listing 5.1 is to declare that in the program there are three quantum bits. In the left
top of Fig. 5.9, three quantum bits are subsequently q[0], q[1] and q[2]. The initial
value of each quantum bit is set to |0). We use three quantum bits q[0], q[1] and

—+ - o7
_L._}_ 4@ ) {E} m T E R 1

Fig. 5.8 Decomposing CCNOT gate into six CNOT gates and nine gates of one bit

0@

by .| Eemenemenn
HeDeOemeDNE ! )
! ! ! l

oeEe®

1 1 3 ¢EeB
NeOeODemesOm -]

Fig. 5.9 The corresponding quantum circuit of the program in Listing 5.1
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q[2] to subsequently encode the first target bit IS ), the second target bit |S,) and the

controlled bit ICy).

Listing 5.1 The Program of Implementing a CSWAP Gate of Three Quantum Bits.

1. OPENQASM 2.0; 2. include “gelibl.inc”;
6. x q[2];

5. x q[0];

3.qregq[3]; 4. cregc[3];

/l Tmplement the first CCNOT gate in the right picture of Fig. 5.7 with two
/I controlled bits q[2] and q[0] and target bit gq[1].

7. barrier q[0], q[1], q[2];

q[1l;

11. cx q[2], q[1];
ql1];

15. cx q[2], q[1];
19. cx q[2], q[0];
ql2], q[0];

8. hq[l]; 9. cx q[0], q[1]; 10. tdg
12. tq[1]; 13. cx q[0], q[1]; 14. tdg
16. t q[O]; 17.tq[1]; 18. hq[1];
20 tdg q[0]; 21 tq[2]; 22.cx

/I Tmplement the second CCNOT gate in the right picture of Fig. 5.7 with

two

/I controlled bits q[2] and q[1] and target bit q[0].

23. barrier g[0], g[11, g[2];

q[01;

27. cx q[2], q[0];
ql0];

31. cx q[2], q[0];
35. cx q[2], q[1];
ql2l], q[1];

24 h q[0]; 25.cx q[1], q[0];  26.tdg
28.tq[0]; 29.cx q[1], q[0];  30. tdg
32.tq[l];  33.tq[O]; 34. h q[0];
36.tdg q[1]; 37.tq[2]; 38. cx

// Implement the third CCNOT gate in the right picture of Fig. 5.7 with two
/I controlled bits q[2] and q[0] and target bit gq[1].

39. barrier q[0], q[1], q[2];

qlll;

43. cx q[2], q[1];

qlll;

47. cx q[21, q[11;

51. cx q[2], q[0];

al2], q[0];

55. measure q[0] -> c[0];

56. measure q[1] -> c[1];
57. measure q[2] -> c[2];

40. h q[1]; 41.cx q[0], q[1]; 42.tdg
44. tq[1]; 45.cx q[0], q[1]; 46. tdg
48.tq[0]; 49.tq[1]; 50.hq[1];
52.tdg q[0]; 53.tq[2]; 54. cx
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For the convenience of our explanation, q[k]0 for 0 < k < 2 is to represent the
value 0 of q[k] and q[k]1 for 0 <k <2istorepresent the value 1 of q[k]. Similarly, for
the convenience of our explanation, an initial state vector of implementing a CSWAP
gate is as follows:

|®o) = [q[21°)|q[11°)|¢[01°) = 10)]0)]0) = 000).

Then, the statement “creg c[3];” on instruction number four in the first line of
Listing 5.1 is to declare that there are three classical bits in the program. In the left
bottom of Fig. 5.9, three classical bits are respectively c[0], c[1] and c[2]. The initial
value of each classical bit is set to 0. Classical bit c[2] is the most significant bit and
classical bit c[0] is the least significant bit.

Next, the two statements “x q[0];” and “x q[2];” on line number five through line
number six in the second line of Listing 5.1 implement two NOT gates to quantum
bit q[0] and quantum bit q[2] in the first time slot of the quantum circuit in Fig. 5.9.
They both actually complete ((1) (l)) X ((1)> = (?) = |1) . This indicates that
converting q[0] from one state 10) to another state |1) and converting q[2] from one
state 10) to another state |1) are completed. Since in the first time slot of the quantum
circuit in Fig. 5.9 there is no quantum gate to act on quantum bit g[1], its state 10) is
not changed. Therefore, we have the following new state vector

|®1) = |ql21")|q[11%)|qr01").

In the state vector ;) = Iq[2]") Iq[1]°) Iq[0]') , quantum bit Iq[2]) is the input
state |1) of the controlled bit IC;) in the CSWAP gate in Fig. 5.7. Quantum bit
Iq[11°) is the input state 10) of the target bit IS,) in the CSWAP gate in Fig. 5.7.
Quantum bit Iq[0]") is the input state |1) of the target bit IS|) in the CSWAP gate in
Fig. 5.7. Next, the statement “barrier q[0], q[1], q[2];” on line number seven in the
sixth line of Listing 5.1 implements one barrier instruction to prevent optimization
from reordering gates across its source line in the second time slot of the quantum
circuit in Fig. 5.9. Next, from instruction number eight through instruction number
twenty-two in Listing 5.1, the fifteen statements are “h q[1];” “cx q[0], q[1];”, “tdg

ql117, “cx qI21, q[11;7, “t q11;", “cx q[0], g[11:", “tdg q[11:", “cx q[21, q[11;”, “t

ql015”, “tq[11;", “h q[1];7, “ex Q[2] q[0];” “tdg Q[O] ”,“tq[2];” and “cx q[2], Q[O] "
They take the state vector |®;) = Iq[2]") Iq[1]°) Iq[0]') as their input and implement
the first CCNOT gate with two controlled bits q[2] and q[0] and one target bit q[1]
from the third time slot through the fifteen time slot of Fig. 5.9. Because the two
controlled bits q[2] and q[0] are both state |1), the state l0) of the target bit q[1] is
converted into state |11). Therefore, we have the following new state vector

|®1s5) = |q[2]")[q[1]")]q[0]").



248 5 Order-Finding and Factoring

Next, the statement “barrier q[0], q[1], q[2];” on instruction number twenty-
three in Listing 5.1 implements one barrier instruction to prevent optimization from
reordering gates across its source line in the sixteenth time slot of the quantum circuit
in Fig. 5.9. Next, from instruction number twenty-four through instruction number
thirty-eight in Listing 5.1, the fifteen statements are “h q[0];”, “cx q[1], q[0];”, “tdg

q[015”, “cx q[2], q[01;”, “t q[0];”, “cx q[1], q[01;", “tdg q[0];”, “cx q[2], q[0];”, “t
al11, “tqlO", “h q[0];", “cx ql2], q[1 N ql11", “tq[2];" and “cx q[2], q[ 115"
They take the state vector |<I>1 5) = Iq[2] ) Iq[l] ) Iq[O] ) as their input and implement
the second CCNOT gate with two controlled bits q[2] and q[1] and one target bit
q[0] from the seventeenth time slot through the twenty-eighth time slot of Fig. 5.9.
Since the two controlled bits q[2] and q[1] are both state |1), the state I11) of the target

bit q[0] is converted into state 10). Thus, we obtain the following new state vector

|@8) = |q[21")[q[11")]ql01°).

Next, the statement “barrier q[0], q[1], q[2];” on instruction number thirty-nine
in Listing 5.1 implements one barrier instruction to prevent optimization from
reordering gates across its source line in the thirty-ninth time slot of the quantum
circuit in Fig. 5.9. Next, from instruction number forty through instruction number
fifty-four in Listing 5.1, the fifteen statements are “h q[1];”, “cx q[0], q[1];”, “tdg

Q117 “ex g2, q[11:", “t q[11:", “cx q[O], q[11:", “tdg q[1]:", “cx ql2], q[1]", “t

ql01;”, “tq[11;", “h Q[l] 7, fexql2], Q[O] v “tdg Q[O] ", “tq[2];” and “cx q[2], Q[O] ”
They take the state vector I<I>28) Iq[21") Iq[l] ) Iq[O] ) as their input and implement
the third CCNOT gate with two controlled bits q[2] and q[0] and one target bit q[1]
from the thirtieth time slot through the forty-second time slot of Fig. 5.9. Because
the first controlled bit q[2] is state |1) and the second controlled bit q[0] is state 10)
, the state 1) of the target bit q[1] is not changed. Hence, we get the following new
state vector

|®42) = [ql21')]q[11)|q[01°).
Next, the three statements “measure q[0] -> c[0];”, “measure q[1] -> c[1];” and
“measure q[2] ->c[2];” from instruction number fifty- ﬁve through instruction number
in Listing 5.1 is to measure the first quantum bit q[0], the second quantum bit q[ 1] and
the third quantum bit q[2]. They record the measurement outcome by overwriting the
first classical bit c[0], the second classical bit c[1] and the third classical bit c[2]. In
the backend simulator with thirty-two quantum bits in IBM’s quantum computers,
we use the command “run” to execute the program in Listing 5.1. The measured
result appears in Fig. 5.10. From Fig. 5.10, we obtain the answer 110 (c[2] = 1 =
q[2] =) ,c[1] =1 =q[1] = I1) and c[0] = 0 = q[0] = |0 }) with the probability
100%. Because the input state of the target bit IS ) is state |1) , the input state of the
target bit 1S;) is state 10) and the input state of the controlled bit IC;) is I1) in the
CSWAP gate in Fig. 5.7, the information contained in the two target bits I1S) and
IS,) are exchanged. Therefore, we have the final state of the target bit IS;) encoded
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Probabdties

10
State

Fig. 5.10 After the measurement to the program in Listing 5.1
is completed, we obtain the answer 110 with the probability 100%

by Iq[0]°) is state 10) and the final state of the target bit IS,) encoded by Iq[1]") is
state |1) with the probability 100%.

5.13 Shor’s Order-Finding Algorithm

For positive integers X and N with that the value of X is less than the value of N
and the greatest common factor for them is one, the order (the period) of X modulo
N is to the least positive integer r such that X" = 1 (mod N). The order-finding
problem is to compute the order for some given X and N. On a digital computer, no
algorithm known solves the problem with the number of the bit of specifying N that
is L to be greater than or equal to log,(N), by means of using resources polynomial
in the O(L) bits needed to specify the problem. In this section, we explain how Shor’s
order-finding algorithm is an efficient quantum algorithm to order finding.

Quantum circuit to Shor’s order-finding algorithm is schematically depicted in
Fig. 5.11. The first quantum register of n quantum bits is (®}_, |pf)) and the initial
state of each quantum bit is the 10) state. Quantum bit Ip{) is the most significant
bit and quantum bit Ip?) is the least significant bit. Because the order of X modulo
N is less than or equal to N, n is greater than or equal to logy(N). Its decimal value
is equal to p; x 2"7' 4 py x 2"72 4 p3 x 2" 4 . 4 p, x 2", The second
quantum register of L quantum bits is ((<§§>§=_1l ’w?)) ® (Iw} ))). The initial state of
each quantum bit in the front (L — 1) quantum bits is the |0) state. The initial state of
the least significant quantum bit (Iw} )) is the I1) state. Quantum bit Iw?) is the most
significant bit and quantum bit lw} ) is the least significant bit. Its decimal value is
equal to wy x 2871wy x 2872wy x 2873 o 4 pp x 2L From Fig. 5.11,
the initial state vector is

leo) = (®]_,|pY)) ® ((®§;Hw‘;)) ® (|w;))). (5.31)

From Fig. 5.11, the initial state vector lgg) in (5.31) is followed by n Hadamard
gates on the first (upper) quantum register. This gives that the new state vector is
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Fig. 5.11 Quantum circuit of implementing Shor’s order-finding algorithm

o) = s ((@aalof) + o) @ (@11 198]) @ (1))

- Y 1me (o) e (v1)) (5.3

=0

Next, from Fig. 5.11, the new state vector lg) in (5.32) is followed by a quantum
gate [X? mod N ) = X P1x2" 1 +p2x2" 2 44p0x2"" 1od N > operating on both quantum
registers. This gives that the new state vector is

21

1
= — P)| XP d N)|. 5.33
|2) 7 I;| )|X? mod N) (5.33)

Because the order of X modulo N is r, terms of lg;) in (5.33) can be regrouped
as r equivalent classes according to the computational basis states with the same
remainder of IX” mod N). The first equivalent class is {r x y + 010 <y <
L(2" = 0)/r] }, where [(2" —0)/r] is to obtain the greatest integer that is less
than or equal to ((2" — 0) /r). The second equivalent classis {r x y+ 110 <y <
L(2" — 1)/r] }. The third equivalent classis {r x y+210<y <[ (2" —2)/r] }. The
fourth equivalent classis {r x y + 310 <y < [(2" —3)/r] }. The rth equivalent



5.13 Shor’s Order-Finding Algorithm 251

classis {r x y4+(r —1D10<y < [@2"—(r—1))/r] }. Not all the equivalent
classes have the same number of elements. However, if r divides 2", then the number
of elements in each equivalent class is the same. We assume that for0 < P < (r —
1), Yp = [(2" — P)/r] . In light of the statements above, we rewrite the new state
vector lg,) in (5.33) as follows

r—1 Yp

l2) = — ) Irxy+P)||X" mod N). (5.34)

For the convenience of our presentation, we assume that |@p) =

(& X)tglr x v+ P)) for0 <P < (= 1),

As in Fig. 5.11, the last step before measurement is to complete the inverse
quantum Fourier transform (an IQFT) on the first (upper) quantum register. The
superposition principle allows the unitary operator to act one by one on each lg,p).

Therefore, we obtain the following new state vector

r—=1 Yp 2"—1

o3 = — Yoy 12 Y eI E XXt R i) o | X mod N).
i=0

2"—1r—1 Yp e*«/jlxzzx”” Xix(yxr+P)
= > |i)|X* mod N). (5.35)

For the convenience of our presentation, we assume that ¢;p =

Y, 2x7 ,
(Z #) for 0 <P <(r—1yand 0 <i < (2" — 1). Coefficients
y=0
@ip and lp;p|> subsequently represent the amplitude and the probability of measuring
li) 1X* mod N > at the output of the circuit in Fig. 5.11. The probability amplitudes
may cancel each other while increasing the probability of measuring a suitable state.
For the convenience of our presentation, we assume that P(i) represents the prob-
ability of measuring li) IX* mod N) at the output of the circuit in Fig. 5.11. Basic
probability theory guarantees that

2
r—1 r=1 |\ Yp o ST xix(yxr+P)
. 2 e 2 ’
O ST D) D
P=0 P=0|y=0
y 12

r—1 ) Yp (e—«/jlxzzx%xixr)y

_ —\/—71><2X—,,”><i><P

=3 |V <3 > (5.36)

P=0 y=0
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X : 2
Since Dbasic probability theory ensures that ‘e—ﬁxzzn xixP =

(e‘*mxsz”XiXP) X (eﬁxzzx%”xp> = 1, we can rewrite P(i) in (5.36) as
follows

2
r—1 Yp (e—J?lxzszxixr>y
P =) 1x ) >
P=0 y=0
1 Y 2
r— P |
— Z l (efs/jlxzzxn" ><i><r>)
on
P=0 y=0
2
1 s 2xw y
P=0 [y=0

For realizing a sum of geometrical sequence, we discuss the ideal case and the
practice case. If the argument of the absolute value operator is e~V xixr —
then (i x r /2") is an integer and we can rewrite P(7) in (5.37) as follows

. 1 r—1 Yp ' 2
P(0) = 55 x (;O‘Zyzo 1 )
1 r—1
o ¥ (%(Yp + 1)2>. (5.38)

We call (5.38) as the ideal case. If the argument of the absolute value operator
is e~V BFExixr # 1, then (i x r /2") is not an integer and we can rewrite P(i) in
(5.37) as follows

2

r—

. 1
P(0) = 55 % PZ

=0

1— ei\/flxzzx,l” xixrx(14+Yp)

1— efx/flx 22><nr[ XiXr

(5.39)

2
We call (5.39) as the practice case. Because ‘1 — eV IO — g x sin?(6 /2) and

sin(-0 /2) = —sin(0 /2) and sin*(—0 /2) = sin(—0 /2) x sin(—0 /2) = (-sin(0 /2)) x
(—sin(6 /2)) = sin%(0 /2), we can rewrite P(i) in (5.39) as follows

r=1 4 x Sin2<72><n><1>2<:><(Yp+1) x %)
X

2xn in2(=2xmxixr o1
2 o 4 x sin ( D X 2)

P(i) =
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1 r—1 sinZ(nxixrx(Yp+l))

omn
= X : . (5.40)
22xn Pz::() SinZ(nxzf‘xr)

5.14 Quantum Circuits of Factoring 15

We want to complete the prime factorization for N = 15. We need to find the nontrivial
factor for N = 15. From Lemmas 5.1 and 5.6, we select a number X = 2 so that the
greatest common divisor of X =2 and N = 15 is 1 (one). This indicates that X = 2
is co-prime to N = 15. From Lemma 5.6, the order r of 2 modulo 15 satisfies r <
15. Since the number of bit representing N = 15 is four bits long, we also only need
to make use of four bits that represent the value of r. If the value of 7 is an even,
then the first nontrivial factor for N = 15 is equal to gcd(2" /> 4 1, N) and the second
nontrivial factor for N = 15 is equal to ged(2' > — 1, N).

Computing the order r of 2 modulo 15 is equivalent to calculate the period r of a
given oracular function Oy: {p; p2 p3 p4 |V pg € {0, 1} for 1 <d <4} — {27172/
(mod 15) 1V p; € {0, 1} for 1 < d < 4}. An input variable p; p, p3 p4 is four
bits long. Bit p; is the most significant bit and bit p4 is the least significant bit. The
corresponding decimal value is equal to p; x 2*~! 4 py x 2472 4 p3 x 2473 4 py x
24~ = P. The period r of Oy is to satisfy Oy(p1 pa p3 ps) = Op(p1 p2 p3 pa + 1) to
any two inputs (py p2 p3 p4) and (p1 p2 p3 pa + ).

For implementing the operation of modular exponentiation, 27'7273P4+ (mod 15),
we assume that an auxiliary variable w; wy w3 wy is four bits long. Bit w is the most
significant bit and bit wy is the least significant bit. The corresponding decimal value
isequal tow; x 241 Ly x 242 4wy x 2473 4wy x 2** = W. The initial value
of each bit in the front three bits is zero (0). The initial value of the least significant
bit wy is one (1).

5.14.1 Flowchart of Computing the Order R of X Modulo N

Figure 5.12 is to flowchart of computing the order r of X modulo N. In Fig. 5.12,
in statement Sy, it sets the value of an auxiliary variable W to be one. It sets the
value of X to be two and sets the value of N to be fifteen. Because the number of
bits to represent N is four, it sets the value of an auxiliary variable n to be four. It
sets the index variable j of the first loop to one. Next, in statement S5, it executes
the conditional judgement of the first loop. If the value of j is less than 2", then next
executed instruction is statement S3. Otherwise, in statement Sg, it sets the value of
the order r to zero. This is to say that we cannot find the order r of X modulo N.
Next, in statement So, it executes an End instruction to terminate the task that is to
find the order r of X modulo N.
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SuWe« ;X 2,je—1ine4 N« 15;

False
Sg:r<«0
S3: W« (W x X) mod (N) So: End
False
Srjej+1
True
i
S5t rej
Se: End

Fig. 5.12 Flowchart of computing the order r of X modulo N

In statement S3, it completes one multiplication instruction and one modular
instruction and stores the result into an auxiliary variable W. On the jth execution of
statement S3, it actually completes X’ (mod N) and stores the result into an auxiliary
variable W. Because the range of the value to the index variable j is from one through
2" — 1, it actually at most completes X' (mod N) through X?'~! (mod N). As X°
(mod N) = 1 (mod N), in statement S; it sets an auxiliary variable W to one that is
to complete X 9 (mod N).

Next, in statement Sy, it executes the conditional judgement to decide whether
the value of W is equal to one. If the value of W is equal to one, then next executed
instruction is statement Ss. In statement S's, it sets the value of the order r to be the
value of j. This indicates that we have found the order r of X modulo N. Next, in
statement Sg, it executes an End instruction to terminate the task that is to find the
order r of X modulo N.

However, if the value of W in statement Sy is not equal to one, then next executed
instruction is statement S7. Next, in statement S7, it increases the value of the index
variable j. Repeat to execute statement S, through statement S7 until in statement S5,
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the conditional judgement becomes a false value or in statement S, it executes an End
instruction to terminate the task. From Fig. 5.12, the total number of multiplication
instruction and modular instruction is at most (2" — 1) multiplication instructions
and (2" — 1) modular instructions. This is to say that the cost of finding the order
of X modulo N is at most to complete (2" — 1) multiplication instructions and (2" —
1) modular instructions.

5.14.2 Implementing Modular Exponentiation X* (Mod N)

In Fig. 5.12, in sequent model, it computes each modular exponentiation X (mod
N)to 0 < P < 2" — 1. However, in Fig. 5.11, in parallel model, it simultaneously
computes each modular exponentiation X P(modN)to0<P<2"—1.In Fig.5.11,it
uses a quantum gate [X” mod N > = | XP1>2" ' +p2x2" 2 +4px2"" ;mod N > operating
on both quantum registers. The method for figuring out the modular exponentiation
XP (mod N) has two stages. The first stage makes use of modular multiplication to
compute X? (mod N), by squaring X (mod N). Next, it computes X* (mod N) by
squaring X? (mod N). Then, it computes X® (mod N) by squaring X* (mod N). In this
way, it continues to compute X 2 (mod N) for all k up to (n — 1). We make use of n =
O(L), so a total of (n — 1) = O(L) squaring operations is completed at a cost of O(L?)
each (this cost assumes that the circuit used to do the squaring operation implements
a kind of multiplication). Therefore, a total cost of the first stage is o).
The second stage of the method is to complete the following observation

X?(mod N) = XP¥2+px2 7 htpx 2™ (o N)
_ (X”‘XZH(mod N)) X (X”“H(mod N))

Xy e XN (XP"in_”(mod N)). (5.41)

Completing (n — 1) = O(L) modular multiplications with a cost O(L?) each, we
see that using O(L?) gates can compute this product in (5.41). This is sufficiently
efficient for finding the order r of X modulo N. Of course, methods that are more
efficient are possible if there are the circuits of the better multiplication.

5.14.3 Computing the Order R of (X = 2) Modulo (N = 15)

The order of (X = 2) modulo (N = 15) is to the least positive integer r such that 2"
= 1 (mod 15). Because » < (N = 15) and the number of bits representing (N = 15)
is four bits long, the number of bits representing r is four bits long. Therefore, an
input variable p; p» p3 p4 is four bits long. Bit p; is the most significant bit and bit
p4 is the [east significant bit. The corresponding decimal value is equal to p; x 2*~!
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+pa x 2472 4 p3 x 2473 4 py x 24* = P. This is to say that the range of the value
to P is from zero through fifteen. If P is to the least positive integer such that 27 =
1 (mod 15), then the value of r is equal to the value of P. We use p2 to represent the
value of p, to be zero for 1 < d < 4 and apply p) to represent the value of p, to be
one forl <d <4.

Because the remainder for 27 (mod 15) to 0 < P < 15 is from zero through
fourteen, we assume that an auxiliary variable w; wy ws wy is four bits long and we
use it to store the result of computing 2P (mod 15) to 0 < P < 15. We use wg to
represent the value of w, to be zero for 1 < d < 4 and apply w), to represent the value
of wy to be one for 1 < d < 4. Bit w is the most significant bit and bit wy is the least
significant bit. The corresponding decimal value is equal to w; x 24! 4+ w, x 2472
+ w3 x 2473 4+ wy x 247* = W. The initial value of each bit in the front three bits is
zero. The initial value of the least significant bit wy is one. This is to say that W =
w x 24w x 2472wl x 2473 ) x 24 =1L

Computing the order r of 2 modulo 15 is equivalent to calculate the period r of a
given oracular function Oy: {p| p2 p3 p4 |V pg € {0, 1} for 1 <d <4} — {27172/
(mod 15) IV p; € {0, 1} for 1 < d < 4}. The period r of Oy is to satisfy Or(p; p>
P3 P4) = Of(p1 p2 p3 p4 + 1) to any two inputs (p1 p2 p3 ps) and (p1 p2 p3 ps + 7).
The first stage of computing O¢(py p2 p3 ps4) = 2P172P3P4 (mod 15) is to use modular
multiplication to compute 2> (mod 15), by squaring 2 (mod 15). We get the following
result

22(mod 15) = (2(mod 15))2 = (2(mod 15)) x5 (2(mod 15)) = 4(mod 15) = 4.
(5.42)

Next, it computes 2* (mod 15) by squaring 2> (mod 15) and we get the following
result

2*(mod 15) = (2%(mod 15)) = (2*(mod 15))
x5 (2*(mod 15)) = 4*(mod 15) = 1. (5.43)

Then, it computes 28 (mod 15) by squaring 2* (mod 15) and we get the following
result

28(mod 15) =(2*(mod 15))* = (2*(mod 15))
x5 (2*(mod 15)) = 1*(mod 15) = 1. (5.44)

Next, the second stage of computing O(p1 p2 p3 ps) = 2P1P2P3P4 (mod 15) is to
complete the following observation

2P (mod 15) = 2P X2 +P2x2+psx24px2® (11104 15) = (2”‘X23(mod 15)) X 15

(2777 (mod 1)) 15 (277 (mod 15)) x5 (277 (mod 1)), (5.45)
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If the value of bit p; is equal to one (1), then (2/’1] x2! (mod 15)) = (28 (mod 15))
= 1. Otherwise, (2712 (mod 15)) = (2° (mod 15)) = 1. This is to say that (271 %%’
(mod 15)) = 1. Next, if the value of bit p; is equal to one (1), then (2”éxzz (mod
15)) = (2* (mod 15)) = 1. Otherwise, (272" (mod 15)) = (2° (mod 15)) = 1. This
indicates that (272 x2* (mod 15)) = 1. Therefore, we can rewrite the equation in (5.45)
as follows

2P (mod 15) = (21’3“' (mod 15)) X 15 (2”4X20(m0d 15)). (5.46)

According to the equation in (5.46), sixteen outputs of Oy that takes each input
from p?pgpgpg through p%p%p%pi are subsequently 1,2, 4,8, 1,2, 4,8, 1, 2, 4,
8, 1, 2, 4 and 8. The binary values to one (1), two (2), four (4) and eight (8) are
subsequently wiwiwiwi, wlwdwiwd, wiwlwdw? and wiwdwiwl. The frequency f
of Oy is equal to the number of the period per sixteen outputs. This gives that r x f
= 16. Hidden patterns and information stored in a given oracular function Oy are to
that its output rotates back to its starting value (1) four times. This implies that the
number of the period per sixteen outputs is four and the frequency f of Oy is equal to
four. The period r of Oy is the reciprocal of the frequency f of Oy. Thus, we obtain
r= % = 1f—6 = % =4 and r x f =4 x 4 = 16. Therefore, the order r of (X = 2)
modlﬁo (N = 15) is equal to four.

5.14.4 Reduction of Implementing Modular Exponentiation
2P (Mod 15)

In (5.46), the oracular function is Oy(p1 ps p3 ps4) = 2P172P3P4 (mod 15) = (2"3X2'
(mod 15)) x5 (2””20 (mod 15)). If the value of bit p3 is equal to one (1), then (2”; x2!
(mod 15)) = (2 (mod 15)) = 4. Otherwise, (273*2' (mod 15)) = (2° (mod 15)) =
1. This is to say that if the value of bit p3 is equal to one (1), then the instruction
“(273*2" (mod 15)) = (22 (mod 15)) = 4” can be implemented by means of multiply
any auxiliary variable ww9wiw} by 22. Otherwise, the instruction “(273*%' (mod
15)) = (2° (mod 15)) = 1” are not implemented.

Similarly, if the value of bit p4 is equal to one (1), then (2”1“20 (mod 15)) = (2!
(mod 15)) = 2. Otherwise, (21’2 x2° (mod 15)) = (2° (mod 15)) = 1. This indicates
that if the value of bit p4 is equal to one (1), then the instruction “(2”41 x2" (mod 15)) =
(2! (mod 15)) = 2” can be implemented by means of multiply the auxiliary variable
wowdwlw! by 2!, Otherwise, the instruction “(274*%" (mod 15)) = (2° (mod 15)) =
1 are not executed.

Of course, using a simple bit shift can achieve multiplication by 2 (or indeed any
power of 2) on any binary auxiliary variable. Computing 2° requires P multiplica-
tions by 2 on any binary auxiliary variable. Completing left bit shift of P times can
implement P multiplications by 2 on any binary auxiliary variable. This implies that
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computing 2F requires completing left bit shift of P times on any binary auxiliary
variable.

For example, in our example we use bits p3 and p4 as the controlled bits. If the
value of the controlled bit p4 is equal to one (1), then we use left bit shift of one tlme
on the binary auxiliary variable wYwiwiw, to implement the instruction “(2rix?
(mod 15)) = (2! (mod 15)) = 2”. Left bit shift of one time is to that it exchanges
each bit wy for 1 < k < 4 with the next highest Weighted position. On the execution
of the first time, it exchanges bit w! | with bit w2 and the result is w(z) ?w3 w4 Next,
on the execution of the second time, it exchanges bit w{ with bit w9 and the result is

wiwwiwl. Next, on the execution of the third time, it exchanges bit w? with bit w}

and the result is wiwdwiw? .

The corresponding decimal value of wiwJwiw? is two (2). This means that it
implement the instruction “(27+* (mod 15)) = (2! (mod 15)) = 2”. We can use
three CSWAP gates to implement them. Similarly, if the value of the controlled bit p3
is equal to one (1), then we complete a shift by two bits to implement the instruction
“(21’% x2! (mod 15)) = (22 (mod 15)) = 4”. A shift by two bits is to that it exchanges
the bit at the weighted position (2°) with another bit at the weighted position (2') and
exchanges at the weighted position (22) with another bit at the weighted position (2°).
We can make use of two CSWAP gates to implement them. This reduction makes us

not to implement multiplication circuits and modular circuits.

5.14.5 Initialize Quantum Registers of Quantum Circuits
to Find the Order R of (X = 2) Modulo (N = 15)

We use the quantum circuit in Fig. 5.13 to find the order r of (X = 2) modulo (N
= 15). The first (upper) quantum register has four quantum bits. Bit Ip;) is the most
significant bit and bit Ip4) is the least significant bit. The corresponding decimal value
is equal to p; x 2*7! 4 py x 2472 + p3 x 2*73 4 p, x 2*~* = P. The initial state of
each quantum bit Ip,;) for 1 < d < 4 is set to state 10). The second (lower) quantum
register has four quantum bits. Bit lw;) is the most significant bit and bit lwy) is the
least significant bit. The corresponding decimal value is equal to w; x 2471 4w, x
2472 4wy x 2473 4+ wy x 2** = W. The initial state of the front three quantum bits
lwg) for 1 < d < 3 is set to state |0). The initial state of the least significant quantum
bits lw,) for 1 < d < 3 is set to state |1).

In Listing 5.2, the program is in the backend that is simulator of Open QASM
with thirty-two quantum bits in IBM’s quantum computer. The program is to find the
order r of (X =2) modulo (N = 15). Figure 5.14 is the corresponding quantum circuit
of the program in Listing 5.2 and is to implement the quantum circuit of finding the
order r of (X = 2) modulo (N = 15) in Fig. 5.13.

The statement “OPENQASM 2.0;” on line one of Listing 5.2 is to indicate that the
program is written with version 2.0 of Open QASM. Then, the statement “include

“gelibl.inc”;” on line two of Listing 5.2 is to continue parsing the file “qelib1.inc” as
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Fig. 5.14 Implementing quantum circuits of finding the order r of (X = 2) modulo (N = 15) in
Fig. 5.13
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if the contents of the file were pasted at the location of the include statement, where
the file “qelibl.inc” is Quantum Experience (QE) Standard Header and the path
is specified relative to the current working directory.

Listing 5.2 The Program of Finding the Order r of (X = 2) Modulo (N = 15).

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qregq[8];

4. creg c[4];

5. xq[7];

Next, the statement “qreg q[8];” on line three of Listing 5.2 is to declare that in
the program there are eight quantum bits. In the left top of Fig. 5.14, eight quantum
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bits are subsequently q[0], q[11], q[2], q[31, q[4], q[5], q[6] and q[7]. The initial value
of each quantum bit is set to state 10). We use four quantum bits q[0], q[1], q[2] and
q[3] to respectively encode four quantum bits Ip;), Ip»), Ip3) and Ip4) in Fig. 5.13.
We apply four quantum bits q[4], q[5], q[6] and q[7] to respectively encode four
quantum bits lwy), lw;), lwz) and lws) in Fig. 5.13.

For the convenience of our explanation, q[k]o for 0 < k < 7 is to represent the
value 0 of q[k] and q[k]' for 0 < k < 7 is to represent the value 1 of q[k]. Next,
the statement “creg c[4];” on line four of Listing 5.2 is to declare that there are four
classical bits in the program. In the left bottom of Fig. 5.14, four classical bits are
subsequently c[0], c[1], c[2] and c[3]. The initial value of each classical bit is set to
zero (0). For the convenience of our explanation, c[k]° for0 < k < 3isto represent
the value 0 of c[k] and c[k]' for 0 < k < 3 is to represent the value 1 of c[k]. The
corresponding decimal value of the four initial classical bits c[31° ¢[2]° ¢[11° ¢[0]°
is 2% x ¢[31° 4+ 2% x ¢[2]° + 2! x ¢[1]° + 2° x c[0]°. This indicates that classical
bit ¢[3]° is the most significant bit and classical bit c[01° is the least significant bit.
Next, the statement “x q[7];” on line five of Listing 5.2 is to convert the state 10) of
quantum bit Iq[7]) into the state |1). For the convenience of our explanation, an initial
state vector of finding the order r of (X = 2) modulo (N = 15) is

1920} = |q01°)|q[11%)|q121°)|q[31%)| a[41°)|q[51°) | al61°)|ql71"). (5.47)

5.14.6 Quantum Superposition to Compute 2 (Mod 15)

In the initial state vector 12g) in (5.47), quantum bits Iq[O]O) Iq[l]O )Iq[2]0) |q[3]0)
encode four quantum bits |p?), |p9), |p3)and |pl) of the first register in Fig. 5.13
and are the precision register. We use the precision register to represent the values of
P that we shall pass to modular exponentiation 2” (mod 15). We shall make use of
quantum superposition to evaluate modular exponentiation 2¥ (mod 15) for multiple
values of P in parallel, so we use four statements “h q[0];”, “h q[1];”, “h q[2];” and
“h q[3];” from line six through line nine in Listing 5.2 to place the precision register
nto

Listing 5.2 Continued...

6. hq[O];
7. hq[ll;
8. hq[2];
9. hq[3];
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a superposition of all possible values. Therefore, we have the following new state
vector

Q1) = (\i@(\qm]“) + !q[or))) (%qu“) + !q[1]1>)) (\%(\qm% + !q[z]l)))

(\%qu”) + |q[3]1>)) (|at41°)|al51°)]ql61%)[al71')

Z'P (lat41°)[al51°)|at61°)|al71")).- (5.48)

This way makes each state (IP) Iq[4]0) Iq[5]0) Iq[6]°) Iq[7]1)) in the new state
vector (I21)) in (5.48) to be ready to be treated as a separate input to a parallel
computation.

5.14.7 Implementing Conditional Multiply-by-2
for Computing 2¥ (Mod 15)

In the initial state vector 1) in (5.47), quantum bits Iq[4]1°) Iq[51°) Iq[6]1°) Iq[7]")
encode four quantum bits w?), w9), w}) and Iw}) of the second register in Fig. 5.13
and are the auxiliary register. We now would like to complete modular exponentiation
2P (mod 15) = (21’3X21 (mod 15)) x5 (2P4X20 (mod 15)) in (5.46) on the superposition
of inputs we have within the precision register, and we shall apply the auxiliary
register to hold and to store the results. We use three CSWAP gates to implement
the instruction (2”4“(J (mod 15)) that is conditional multiply-by-2. Three statements
“cex q[3], q[4], q[51:7, “cex q[3], g[5], q[4];” and “cex q[3], g[4], q[5];” from line
ten through line twelve in Listing 5.2 are three CCNOT gates to implement the first
CSWAP gate in Fig. 5.13. In the first CSWAP gate, quantum bit q[3] is its controlled
bit and quantum bits q[4] and q[5] are its target bits. In the CCNOT instruction, the
first operand and the second operand are its two controlled bits and the third operand
is its target bit.

Listing 5.2 Continued...
/Mmplement the first CSWAP gate.

10. ccx q[3], q[41, q[5];
11. ccx q[3], q[5], q[4];
12. cex q[3], q[4], q[5];

/Mmplement the second CSWAP gate.
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13. ccx q[3], q[51, q[6];
14. ccx q[3], q[6], q[5];
15. ccx q[3], q[5], q[6];

/Mmplement the third CSWAP gate.

16. ccx q[3], q[6], q[7];
17. ccx q[3], q[71, q[6];
18. ccx q[3], q[6], q[7];

The three CCNOT gates exchange the quantum bit at the weighted position (23)
of the work register with the quantum bit at the weighted position (2%) of the work
register. This means that the new state vector is

1
192,) = ﬁ(lq[O]") + [a101") (Ja(11°) + [al11")) (|ar21°) + [a[21")) (|a[31%)]al41°)
lal51°)|al61°)|al71") + |a[31")|al51°)|a[41%)|a[61%)|al71")). (5.49)

Next, in the second CSWAP gate in Fig. 5.13, quantum bit q[3] is its controlled bit
and quantum bits q[5] and q[6] are its target bits. Three CCNOT gates “ccx q[3], q[5],
ql6];”, “ccx q[3], q[6], q[5];” and “ccx q[3], q[5], q[6];” from line thirteen through
line fifteen in Listing 5.2 are to implement the second CSWAP gate in Fig. 5.13. This
indicates that the new state vector is

923) = ﬁ(\qmo) + |ato1")) (Jat1°) + [at11")) (fat21°) + fat21)) (|t31°) 1)
lats1°) ate1®) ar71") + fat31") ats1°) at61°) at41)ar71"))- (5.50)

Then, in the third CSWAP gate in Fig. 5.13, quantum bit q[3] is its controlled bit
and quantum bits q[6] and q[7] are its target bits. Three CCNOT gates “ccx q[3], q[6],
ql[71;”, “cex q[3], q[7], q[6];” and “ccx q[3], q[6], q[7];” from line sixteen through
line eighteen in Listing 5.2 are to implement the third CSWAP gate in Fig. 5.13. This
implies that the new state vector is

1
1924) = ﬁ(h[of) + [a101") (Jar11°) + [ar11")) (|ar21°) + [ar21")) (|ar31%)] ar41°)
lal51°)|al61°)[al71') + |a[31")|al51%)]al61%) [al71")|a[41%)). (5.51)

In the new state vector 1€24) in (5.51), if the least significant quantum bit q[3] in
the precision register is the |1) state, then the value of its work register is two (2).
Otherwise, the value of its work register is not changed and is still one (1).



5.14 Quantum Circuits of Factoring 15 263

5.14.8 Implementing Conditional Multiply-by-4
for Computing 2¥ (Mod 15)

Because the work register in the new state vector 1€24) in (5.51) holds and stores
the result of computing (2"“20 (mod 15)), next we want to complete the instruction
2 x2! (mod 15)). If the value of quantum bit Iq[2]) that encodes quantum bit Ip3) in
the precision register is one (1), then that indicates to complete the instruction (27 x2!
(mod 15)) to require another two multiplications by two (2) on the work register.
We use two CSWAP gates to implement the instruction (2P3X21 (mod 15)) that is
conditional multiply-by-4. In Fig. 5.13, the fourth CSWAP gate is to exchange the
quantum bit at the weighted position (23) of the work register with another quantum
bit at the weighted position (2') of the work register if the value of the quantum bit
at the weighted position (2!) of the precision register is state 11). Next, in Fig. 5.13,
the fifth CSWAP gate is to exchange the quantum bit at the weighted position (2%) of
the work register with another quantum bit at the weighted position (2°) of the work
register if the value of the quantum bit at the weighted position (2') of the precision
register is state |1).

Three statements “ccx q[2], q[4], q[6];”, “ccx q[2], q[6], q[4];” and “ccx q[2], q[4],
q[6];” from line nineteen through line twenty-one in Listing 5.2 are three CCNOT
gates to implement the fourth CSWAP gate in Fig. 5.13. In the fourth CSWAP gate,
quantum bit q[2] is its controlled bit and quantum bits q[4] and q[6] are its target
bits. In the CCNOT instruction, the first operand and the second operand are its two
controlled bits and the third operand is its target bit.

Listing 5.2 Continued...
/Mmplement the fourth CSWAP gate.

19. ccx q[2], q[4], q[6];
20. ccx q[2], q[6], q[4];

21. cex q[2], q[4], g[6];
/Mmplement the fifth CSWAP gate.

22. ccx q[2], q[5], q[7];
23. ccx q[2], 971, q[5];
24. ccx q[2], q[51, q[7];

The three CCNOT gates exchange the quantum bit at the weighted position (23)
of the work register with the quantum bit at the weighted position (2!) of the work
register. This means that the new state vector is

@25) = \/%(\qm]“) + |at01")) (Jat11°) + [at11")) (|at21°) |at31°) a41°)ats1°) at61°)



264 5 Order-Finding and Factoring

lat71") + [ar21°)[at31") ats1°) at61°) | ai71" ) at41°) + (|at21") ar31°) at61°) at51°)
Jat41°)[ar71") + |ar21')ar31" ) ar71") ate1°) ais1°) fat41°)). (552)

Next, in the fifth CSWAP gate in Fig. 5.13, quantum bit g[2] is its controlled
bit and quantum bits q[5] and q[7] are its target bits. Three CCNOT gates “ccx
q[21.9[51,9[71;”, “ccx q[21,q[7]1,9[5];” and “ccx q[2],q[5],q[7];” from line twenty-
two through line twenty-four in Listing 5.2 are to implement the fifth CSWAP gate
in Fig. 5.13. This means that the new state vector is

926) = == ([at01”) + faror')) (a1} + Jart')) 21} ar31°) )51 s )
la71") + [ar21°) at31')|ats1°)at61°) at71" ) at41°) + (|ar21") at31°)|at61°) a1 71")
lat41°)[ats1°) + [ar21")at31" ) a(71") | at41)|ats1°) [ate1°)) (5.53)

In the new state vector 1Q2¢) in (5.53), it shows how we have now managed to
compute 2F (mod 15) = (27*2' (mod 15)) x5 (27*?" (mod 15)) in (5.46) on every
value of P from the precision register in superposition.

5.14.9 Implementing Inverse Quantum Fourier Transform
of Four Quantum Bits

In Fig. 5.13, by completing an inverse quantum Fourier transform on the precision
register, it effectively transform the precision register state into a superposition of
the periodic signal’s component frequencies. Twelve statements from

Listing 5.2 Continued...
/Mmplement an inverse quantum Fourier transform.

25. hq[O];

26. cul(-2*pi*1/4) q[1],q[0];
27. cul(-2*pi*1/8) q[2],q[0];
28. cul(-2*pi*1/16) q[3],q[0];

29. hq[l];
30. cul(-2*pi*1/4) q[2],q[1];
31. cul(-2*pi*1/8) q[3],q[1];

32. hq[2];
33. cul(-2*pi*1/4) q[3].q[2];
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34. hq[3l;
35. swap q[0],q[3];
36. swap q[11,9[2];

line twenty-five through line thirty-six in Listing 5.2 implement an inverse
quantum Fourier transform on the precision register. They take the new state vector
I€26) in (5.53) as their input state vector. They produce the following new state vector

1
1Q7) = (— (|ar01%)]ar11%)]ar21°)]al31°)) (|ar01%)|ar11")|ar21%)|a[31%)

1
+_
V22 V22

1 1
——(lq[01"q[11°Vq[21°V|q[31° —— (Iqr01"ar11Mar21%qr31°
+@(|q[]>|q[]>|q[])|q[]>)+ﬁ(|q[]>|q[]>|q[]>|q[])))

(|a41°)|ql51°)|qr61%)|al71') + |al51°)|ql61°)|al71")]ql41°) + |ql61°)|q[71"))
|q[41°)|qI51°) + |q[71')|ql41°) [q[51°)|ql61°)). (5.54)

5.14.10 Read the Quantum Result

RT3 RIENT3

Finally, four statements “measure q[0] -> c[3];”, “measure q[1] -> c[2];”, “measure
q[2] ->c[1];” and “measure q[3] -> c[0];” from line thirty-seven through line forty in
Listing 5.2 implement the measurement on the precision register in Fig. 5.13. They
measure four quantum bits q[0], q[1], q[2] and q[3] of the precision register. They
record the measurement outcome by overwriting four classical bits c[3], c[2], c[1]
and c[0].

Listing 5.2 Continued...
/Implement one measurement on the precision register

37. measure q[0] -> c[3];
38. measure q[1] -> c[2];
39. measure q[2] -> c[1];
40. measure q[3] -> c[0];

In the backend simulator with thirty-two quantum bits in IBM’s quantum
computers, we use the command “run” to execute the program in Listing 5.2.
Figure 5.15 shows the measured result. From Fig. 5.15, we obtain that a compu-
tational basis state 0000 (c[3] = 0 = q[0] = 10), c[2] = 0 = q[1] = 10), c[1] =0
= q[2] = 10) and c[0] = 0 = q[3] = 10 )) has the probability 24.512% (0.24512).
On the other hand, we get that a computational basis state 0100 (c[3] = 0 = q[0]



266 5 Order-Finding and Factoring

Fig.5.15 A computational basis state 0000 has the probability 24.512% (0.24512), a computational
basis state 0100 has the probability 23.145% (0.23145), a computational basis state 1000 has the
probability 27.148% (0.27148) and a computational basis state 1100 has the probability 25.195%
(0.25195)

=10),c2l=1=q[l]=11),c[1]=0=q[2] =10) and c[0] =0 =q[3] =10))
has the probability 23.145% (0.23145). Alternatively, we gain that a computational
basis state 1000 (c[3] =1 =q[0] =11),c[2] =0=q[l] =10),c[1] =0 =q[2] =
10) and c[0] = 0 = q[3] =10 )) has the probability 27.148% (0.27148). On the other
hand, we obtain that a computational basis state 1100 (c[3] = 1 =q[0] = I1), c[2] =
1 =q[l] =11),c[1] =0=q[2] =10) and c[0] = 0 = q[3] =10 )) has the probability
25.195% (0.25195).

We select the computational basis state 0100 (c[3] =0=q[0] =10),c[2] =1 =q[1]
=11}, c[1] =0=q[2] =10) and c[0] = 0 = q[3] =10 )) with the probability 23.145%
(0.23145) as the measured result. Because the decimal value of the computational
basis state 1000 is four (4) and (2* /4) is a rational number, we use the continued
fractional algorithm in Fig. 5.2 to determine the continued fractional representation
of (¢ /d) if c =2* = 16 and d = 4 and the corresponding convergent. From the first
execution of statement Sy through statement S, itgetsi =1, g[l]=c/d =16 /4 =
4 and r = 16 (mod 4) = 0. This is to split (16 /4) into its integer and fractional part
and not to invert its fractional part,

16 0
=44 - =4, 5.55
1 1 (5.55)
Since the value of r is equal to 0, from the first execution of statement S3, it returns
to a true. Thus, next, from the first execution of statement S4, the answer is to the
continued fractional representation of (16 /4)

16
7 =@=4=4 (5.56)

Next, from the first execution of Statement S, it terminates the execution of the
continued fractional algorithm. For a rational number (16 /4), the first convergent is
qllhD=4= ‘% and is the closest one to (%) with numerator less than 15. Therefore,
we check 2% (mod 15) which equals one (1) and we find the order r to be four (4).
Because the order r is even, from Lemma 5.2, we use Euclid’s algorithm to compute
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gcd(15, 25 + 1) and ged(15, 25 — 1). This implies that two nontrivial factors for N
= 15 are respectively 5 and 3. Therefore, the prime factorization for N = 15is N =
5 x 3.

5.15 Assessment to Complexity of Shor’s Order-Finding
Algorithm

In Fig. 5.11, the precision register (the first register or the upper register) with n
quantum bits represents the order » of X modulo N. Because the value of r is less
than or equal to the value of N, the value of n is the smallest integer greater than
or equal to log) and we can write it as n = [log)’|. In Fig. 5.11, the work register
(the second register or the lower register) with L quantum bits is to store the result
of computing X* (mod N) for 0 < p < 2" — 1. Because the result of computing X”
(mod N) for 0 < p <2" — 1 is less than the value of N, the value of L is the smallest
integer greater than or equal to log) and we can write it as L = [log)’|. The value
of X is less than the value of N, so we can use L bits to represent the value of X and
the value of N.

In Fig. 5.11, in parallel model, it simultaneously computes each modular expo-
nentiation X (mod N) to 0 < P <2" — 1. In Fig. 5.11, it applies a quantum gate [X”
mod N) = | XPr>2" ' +p2x2" 2 ++px2"" ;mod N > operating on the precision register
and the work register. The method to calculate the modular exponentiation X” (mod
N) contains two stages. The first stage uses modular multiplication to compute X
(mod N), by squaring X (mod N). Then, it figures out X* (mod N) by squaring X>
(mod N). Then, it calculates X® (mod N) by squaring X* (mod N). In this way, it
continues to figure out X 2 (mod N) for all k up to (n — 1).

Since n = [log)’ | and L = [log)’ |, we apply n = O(L). Therefore, in the first stage
it completes a total of (n — 1) = O(L) squaring operations. A squaring operation
consists of a multiplication instruction and a modular instruction. Multiplicand and
multiplier in the multiplication instruction are both X and they are L bits long. Product
in the multiplication instruction is (2 x L) bits long and it is dividend in the modular
instruction. Divisor in the modular instruction is N and it is n = O(L) bits long. The
number of the auxiliary carry bit in the multiplication instruction is (2 x L + 1) bits
and the number of the auxiliary borrow bit in the modular instructionis (2 x L + 1)
bits.

Because the cost of the circuit to implement one multiplication instruction is O(L?)
digital logic gates and the cost of the circuit to implement one modular instruction is
O(L?) digital logic gates, the cost of the quantum circuit to implement one squaring
operation is O(L?) quantum gates. Therefore, the cost to complete (n — 1) = O(L)
squaring operations is O(L*) quantum gates and a total cost of implementing the first
stage is O(L?) quantum gates.

Next, the second stage of the method is to complete X (mod N) = (X7 *2""
(mod N)) xy (X727 (mod N)) xy - xn (XP2'"" (mod N)). It implements (n
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— 1) = O(L) modular multiplications. Each modular multiplication consists of a
multiplication instruction and a modular instruction. Multiplicand and multiplier in
the multiplication instruction are L bits long. Product in the multiplication instruction
is (2 x L) bits long and it is dividend in the modular instruction. Divisor in the modular
instruction is N and it is n = O(L) bits long. The number of the auxiliary carry bit
in the multiplication instruction is (2 x L + 1) bits and the number of the auxiliary
borrow bit in the modular instruction is (2 x L + 1) bits.

Since the cost of the circuit to implement one multiplication instruction is O(L?)
digital logic gates and the cost of the circuit to implement one modular instruction is
O(L?) digital logic gates, the cost of the quantum circuit to implement one modular
multiplication is O(L?) quantum gates. Hence, the cost to complete (n — 1) = O(L)
modular multiplication is O(L®) quantum gates and a total cost of implementing the
second stage is O(L?) quantum gates. This means that the cost of the quantum circuit
to implement IX* mod N >= |X P1*2" ' +p2x2 402" 1164 N> operating on
the precision register and the work register is O(L?) quantum gates.

Next, in Fig. 5.11, it completes one inverse quantum Fourier transform. The cost
of implementing one inverse quantum Fourier transform is O(L*) quantum gates.
Finally, in Fig. 5.11, it completes a measurement on the precision register. Thus, in
Shor’s order-finding algorithm, the cost to compute the order r of X modulo N is
O(L) quantum bits and oL quantum gates.

5.16 Summary

In this chapter, we gave an introduction of fundamental number theory. Next, we
described Euclid’s algorithm. We also introduced quadratic congruence. We then
illustrated continued fractions. We also introduced the two problems of order finding
and factoring. Next, we described how to compute the order of 2 modulo 15 and the
prime factorization for 15. We also illustrated how to calculate the order of 2 modulo
21 and the prime factorization for 21. Next, we introduced how to calculate the order
of 2 modulo 35 and the prime factorization for 35. We also introduced how to figure
out the order of 5 modulo 33 and the prime factorization for 33. We then described the
possibility of finding the even order of X modulo N. We also illustrated public key
cryptography and the RSA cryptosystem. Next, we introduced how to implement
the controlled-swap gate of three quantum bits. We also described Shor’s order-
finding algorithm. We then illustrated how to design quantum circuits of factoring
15. We also gave assessment of complexity of Shor’s order-finding algorithm.
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5.17 Bibliographical Notes

In this chapter for more details about an introduction of fundamental and advanced
knowledge of number theory, the recommended books are (Hardy and Wright 1979;
Nielsen and Chuang 2000; Imre and Balazs 2005; Lipton and Regan 2014; Silva
2018; Johnston et al. 2019). For a more detailed description to Shor’s order-finding
algorithm, the recommended article and books are (Shor 1994; Nielsen and Chuang
2000; Imre and Balazs 2005; Lipton and Regan 2014; Silva 2018; Johnston et al.
2019). A good introduction to the instructions of Open QASM is the famous article
in (Cross et al. 2017).

5.18 Exercises

5.1 Letc and d be integer, and let r be the remainder when c is divided by d. Then
provided r # 0, please prove the equation gcd(c, d) = ged(d, r).

5.2 (Chinese remainder theorem) we assume that yy, ..., y, are positive integers
such that any pair y; and y; (i # j) are co-prime. Then the system of equations

z = c1(mod y1)
Z = c2(mod y»)

Z = ¢, (mod Yn)

has a solution. Moreover, any two solutions to this system of equations are equal
modulo Y=y, y; ... y,. Please prove Chinese remainder theorem.
5.3 We assume that p and k are integers and p is a prime in the range 1 to p — 1.

Then prime p divides <§: ) Please prove it.

5.4 (Fermat’s little theorem) we assume that p is a prime, and « is an integer. Then
a’ = a (mod p). If integer a is not divisible by prime p then a”~! =1 (mod p).
Please prove them.

5.5 The Euler function ¢(n) is defined to be the number of positive integers which
are less than n and are co-prime to n. We assume that a is co-prime to n. Then
a*™ =1 (mod n).

5.6 If (i /2") is a rational fraction and z and r are positive integers that satisfy I(z
Ir) — (i 12" < (1 /(2 x r?)), then (z /r) is a convergent of the continued fraction
of (i /12™).

2
5.7 Prove that ‘1 — V0] 4 sin2(0 12).




270 5 Order-Finding and Factoring

References

Cross, A.W., Bishop, L.S., Smolin, J.A., Gambetta, J].M.: Open quantum assembly language. 2017.
https://arxiv.org/abs/1707.03429

Hardy, G.H., Wright, E.M.: An Introduction to the Theory of Numbers, 5th edn. Oxford University
Press, New York (1979). ISBN: 0198531702

Imre, S., Balazs, F.: Quantum Computation and Communications: An Engineering Approach. Wiley,
UK (2007). ISBN-10: 047086902X and ISBN-13: 978-0470869024, 2005

Johnston, E.R., Harrigan, N., Gimeno-Segovia, M.: Programming Quantum Computers: essen-
tial algorithms and code samples. O’Reilly Media, Inc., ISBN-13: 978-1492039686, ISBN-10:
1492039683, 2019

Lipton, R.J., Regan, K.W.: Quantum Algorithms via Linear Algebra: A Primer. The MIT Press
(2014). ISBN 978-0-262-02839-4

Manders, K.L., Adleman, L.M.: NP-complete decision problems for binary quadratics. J. Comput.
Syst. Sci. 16(2), 168—184 (1978)

Nielsen, M.A., Chuang, I.L.: Quantum Computation and Quantum Information. Cambridge Univer-
sity Press, New York, NY, 2000, ISBN-10: 9781107002173 and ISBN-13: 978-1107002173

Shor, P.: Algorithms for quantum computation: discrete logarithms and factoring. In: Proceedings
35th Annual Symposium on Foundations of Computer Science, Santa Fe, pp. 124—134, November
20-22 1994

Silva, V.: Practical Quantum Computing for Developers: Programming Quantum Rigs in the Cloud
using Python, Quantum Assembly Language and IBM Q Experience. Apress, December 13,
2018, ISBN-10: 1484242173 and ISBN-13: 978-1484242179


https://arxiv.org/abs/1707.03429

Chapter 6 ®)
Phase Estimation and Its Applications oo

A decision problem is a problem in which it has only two possible outputs (yes or
no) on any input of # bits. An output “yes” in the decision problem is to the number
of solutions not to be zero and another output “no” in the decision problem is to
the number of solutions to be zero. An example of a decision problem is deciding
whether a given Boolean formula, F(x;, x2) = x; A X3, has solutions that satisfy
F(x1, x») to have a true value or not, where the value of two Boolean variables x; and
X7 is either true (1) or false (0) and “A” is the AND operation of two operands. For
the convenience of the presentation, Boolean variable x,° is to represent the value
0 (zero) of Boolean variable x; and Boolean variable x;! is to represent the value 1
(one) of Boolean variable x;. Boolean variable x,° is to represent the value 0 (zero)
of Boolean variable x, and Boolean variable x,! is to represent the value 1 (one) of
Boolean variable x,.

A decision procedure is in the form of an algorithm to solve a decision problem.
A decision procedure for the decision problem ““a given Boolean formula, F(xy, x»)
= X] A X, does it have solutions that satisfy F(x;, x,) to have a true value?” would
implement x; A x, (the AND operation of two operands) of four times according to
four different inputs x;° x,%, x;° x,', x; ' x,° and x, ' x,!. After it executes each AND
operation, it finds the fourth input x; ! x,! that satisfies F(x;, x») to have a true value.
Finally, it gives an output “yes” to the decision problem. This implies that the number
of solutions is not equal to zero. If time complexity of a decision procedure to solve
a decision problem with the input of » bits is O(2"), then the decision problem is a
NP-Complete problem.

We assume that a (2" x 2") unitary matrix (operator) U has a (2" x 1) eigenvector
lu) with eigenvalue eV=Ix2xmx8 guch that U x lu)y = eV Ixaxaxd |u), where
the value of 6 is unknown and is real. The purpose of the phase estimate algorithm
is to estimate the value of 6. Deciding whether there exist solutions for a problem
with the input of n bits is equivalent to estimate the value of 6. In this chapter, we
first describe how the phase estimate algorithm works on quantum computers and
various kinds of real applications. We illustrate how to write quantum programs to
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compute and estimate the value of 6 to that any given a (2" x 2") unitary matrix
(operator) U has a (2" x 1) eigenvector lu) with eigenvalue (e*m XZX”XB). Next,

we explain the reason of why deciding whether there exist solutions for a problem
with the input of 7 bits is equivalent to estimate the value of 6. We also explain how
the quantum-counting algorithm determines the number of solutions for a decision
problem with the input of n bits. Next, we introduce how to write quantum algorithms
to implement the quantum-counting algorithm that is a real application of the phase
estimate algorithm for computing the number of solutions for various kinds of real
applications with the input of » bits.

6.1 Phase Estimation

We use the quantum circuit shown in Fig. 6.1 to implement the phase estimation
algorithm. It uses two quantum registers. At the left top in Fig. 6.1, the first register
(®i_,| »{)) contains ¢ quantum bits initially in the state 10). Quantum bit ly,") is the
most significant bit. Quantum bit ly;°) is the least significant bit. The corresponding
decimal value of the first registeris (Iy,%) x 271 4+ -+« + (Iy2%) x 2271 4 (Iy1%) x
2!-1). How we select ¢ that is dependent on two things. The first thing is to that the
number of bits of accuracy we wish to have in our estimation for the value of 6. The
second thing is to that with what probability we wish the phase estimation algorithm

lye?— H o | |
M
i E
o A
s
ly2">— H i - el
R
E
E}’lo)— H
n
Ju,O)—— v H v |- A v
0 [u)
|“}. ) pen
[ty y—

Fig. 6.1 Quantum circuit of calculating the phase
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to be successful. The dependence of ¢ on these quantities appear naturally from the
following analysis.

At the left bottom in Fig. 6.1, the second register ( 1

u(}>> contains 7 quantum

bits initially in the state [0). Quantum bit lu;°) is the most significant bit. Quantum
bit lu,°) is the least significant bit. The corresponding decimal value of the second
register is (%) x 2" 4+ (?) x 2" 2 4+ -+ 4+ (Iy,%) x 2*~"). How we select n
that is dependent on a thing. The thing is to the size of the input for various kinds of
real applications. This means that we select n that actually is to the number of bits
of input for a problem. For the convenience of the presentation, the following initial
state vector is

I90) = (®i=i [37)) ® (&]_4[uf)- (6.1)

6.1.1 Initialization of Phase Estimation

In Fig. 6.1, the circuit begins by means of using a Hadamard transform on the
first register (®;_,|y?)) and another Hadamard transform on the second register
( o1 u(j)>) A superposition of the first register is (%(@}c:tﬂy,ﬁ))—i— |y,1))))
Another superposition of the second register is (|u) = \/12>< i 1( u?> + ‘u}»))

This is to say that the superposition of the second register begins in the new state

le7 ( = (‘u‘}) + ‘u}>))), and consists of 7 quantum bits as is neces-

sary to store (|u)). The new state vector (Ju)) is an eigenstate (eigenvector) of U.
Therefore, this gives that the following new state vector is

vector (|u) =

00 = (5 (@k58)+ 1) ) @ (5 @8] + 1)) )

- <\/17(®'1~(|y?>+ |yk‘)))) ® (lu)). .

6.1.2 Controlled-U Operations on the Superposition
of the Second Register to Phase Estimation

Next, in Fig. 6.1, the circuit implements application of controlled-U operations on
the superposition of the second register that is the state (|u)), with U raised to
successive powers of two. Because the effect of one application of unitary operator

U on its eigenvector (eigenstate) (Ju)) is (U X |u) = eVIx2xwxt o |u)), the effect
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of repeated application of unitary operator U on its eigenvector (eigenstate) (|u)) is

Ua|l/l) — Ua71U|u> — Ua71<e\/jl><2><ﬂ><9 X |I/l>>
— e\/jXZXHXQ x (Ua—l|u>) — eﬁxer:x@ X eﬁx2><71><0

Y Xe\/?lX2><7T><9|u) Ze\/?lXZXT[XQXa X |I/t> (63)

Implementing one controlled-U operation that has its eigenvector (eigen-
state) (Ju)) and its eigenvalue eV=1x2x7x0 ig 1 that if the controlled quantum
bit is the state 11), then it completes one application of unitary operator U,
(U x |u) = eV=Dx2xmxb |u)). Otherwise, it does not complete one application
of unitary operator U.

Similarly, implementing repeated application of one controlled-U operation that
has its eigenvector (eigenstate) (Ju)) and its eigenvalue eV=Ix2x7x0 o o that if
the controlled quantum bit is the state 1), then it completes repeated application
of unitary operator U, (U“ x |u) = eV—Ix2xmxbxa y Iu)). Otherwise, it does not
complete repeated application of unitary operator U.

In the new state vector lp;) in (6.2), each quantum bit in the first register is
currently in its superposition. A superposition (%qy?) + |y11>)) at the weighted
position 2° is the controlled quantum bit of implementing controlled-U 2° operations
on the superposition of the second register that is the state (|u)). This gives that the
following new state vector is

lg2) = ( ! (@i ([y0)+ | )))> ® (!y?)lu) eV Ixxmxex2 ’y})lu))

NG
= (S5 b)+ 1) @ (13)+ /72 1)) & (.
(6.4)

Altering the phase of the state ly; ') is from one (1) to become (e‘m X2 XQXZO).
We call it as phase kickback.

Next, in the new state vector lg,) in (6.4), a superposition («/LE(| y?) + ’yzl ))) at
the weighted position 2! is the controlled quantum bit of implementing controlled-

U? operations on the superposition of the second register that is the state (|u)). This
means that the following new state vector is

0 = (@3 b+ 1) ) (b + /202 )

® <|y?) + eﬁxzxnxexzo‘yll» ® (Ju)). (6.5)
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Because of phase kickback, the phase of the state ly,') is from one (1) to become
<€\/—71><2><71><6‘><2]).

Next, in the new state vector lg3) in (6.5), a superposition («/LE(| yg) > + | y31 >)) at
the weighted position 22 through a superposition (% (|yt0 > + | s ))) at the weighted

position 2/~ ! are the controlled quantum bits of implementing controlled-U 2 opera-

. =1 . o, .
tions through controlled-U2~ operations on the superposition of the second register
that is the state (Ju)). This gives that the following new state vector is

0 V=Ix2xmxHx2! 2
Vi1 > te

= (o (e o )

® - ® (‘y9>+eﬁx2xnx9x21 ’yzl )) ® (‘y?>+e\/jx2xﬂx9x20 ‘yll ))) ® (u))

1 201
B (@(Z VTR |Y>)) ® (|u)). (6.6)
Y=0

Because of phase kickback, the phase of the state |Y) for 0 <Y <2’ — 1 is
from one (1) to become (e*m sz”"”). From this description above, the second

quantum register stays in the state (l#)) through the computation.

6.1.3 Inverse Quantum Fourier Transform
on the Superposition of the First Register to Phase
Estimation

Next, in Fig. 6.1, the circuit implements the inverse Quantum Fourier transform
on the superposition of the first register. It takes the new state vector (Ip4)) in (6.6) as
its input state vector. The output state of the inverse Quantum Fourier transform
on the superposition of the first register is

2'—1 2'—1
l —IXZXT X0 X l —a/—1IX ><7'[><L>< .
ls) =< = B Y|z>> ® (lu)
=0

Y=0 VY 2! V2! i=
| (212l ,
= (5(2 Ze“‘“*””(@‘z"ﬁz‘))) ® (|u))

2012 — | Y
= (T =) iy ) @ (u)). 6.7)
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From this description above, the second quantum register still stays in the state (lu))
through the computation. From the new state vector (lgs)) in (6.7), the probability
amplitude of li) is

1 2'—1 .y
¢i — 5 X (Z (e.\/*71><2><7'[><(972’7r ) ) (68)

Y=0

6.1.4 Idealistic Phase Estimation

The probability amplitude of Ii) is simply the sum of a geometrical sequence with
quotientg = (eﬁxzx” x(0- %)) . On one hand if the value of # may be expressed in
¢ bits in the first quantum register, as 0 = 0.y, y;—1 ... Y2 y1 = OVt Yr—1 ... Y2 y1/2"). Then
the value of 6 actually is equal to (i/2") for 0 < i <2’ — 1 and is an integer multiple
of (1/2"). This gives that the quotient ¢ is eV ( =) = oVTIX2xax0
the probability amplitude of 1i) is 5 x (Z%;OI IY) =3 X ( i 1) =3 x2 =
1 and any other probability amplitudes disappear. This is the ideal case of phase
estimation. Finally, in Fig. 6.1, after a measurement on the output state of the inverse
quantum Fourier transform to the superposition of the first register is completed,
we obtain the computational basis state li)with the successful probability 1 (100%).
This indicates that the value of 6 is equal to (i/2") with the successful probability
1 (100%). Therefore, we obtain the eigenvalue (e‘m XZX”2L'> with the successful
probability 1 (100%).

6.1.5 Phase Estimation in Practical Cases

On the other hand if the value of # may not be expressed in ¢ bits in the first quantum
register. This is to say that 0 # 0.y, y,_1 ... Y2 y1 #& (Vs Yi—1 ... y2 ¥1/2"). Then the
quotient g is eV~ 1x2xmx(6=x) £ 1 and we can rewrite the probability amplitude of
li) in (6.8) as follows

N2
| 1— qz, | 1— (e\/jl><2><7t><(9—2’7)>
¢i=§X l_q ZEX l_eﬁx2xnx(9—2%)
1 l_eﬁx2xnx(2’x0—i)

- E x 1— e\/leZan(efz’;t) ' (69)
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This gives another good explanation of uncertainty and thus appearing inaccuracy

when measuring the output of the inverse quantum Fourier transform in Fig. 6.1.
The probability of measuring a suitable state |i) on the first register in Fig. 6.1 is

‘1 _ eﬁxenx(Z/XG—i) )2

i ]* = (6.10)

22><t 1— eﬁﬂx”x(@*%)‘z

2
Because ‘1 —eV | =4 sin?(y /2), we can rewrite l¢;1> in (6.10) as follows

X | 4 % Sinz(anx(Z’XO—i))
i X
l¢il” = 22xt 4 x Sin2<2xnx(6—f )
| Sin2(2><rr><(2’><9—i))

— 22xt X Sin2(zxnx(9_ )) (6.11)

This is the practical case of phase estimation. Finally, in Fig. 6.1, after a measure-
ment on the output state of the inverse quantum Fourier transform to the superpo-
sition of the first register is completed, we obtain the computational basis state I7)

in2 2x7 x (2! x0—i)
with the probability | i x H .Because (i/2') = (Vi o_1 -.. y2 y1/2")

= 0.y; yr_1 ... Y2 ¥1, (i/2") is an estimated value to the value of 6 with the prob-

.o 2xmx (2 x0—i
sz( x7rx (2! x z))

ability | 5 x (2—(26> . Hence, we only obtain an estimated eigenvalue
sin

F ) | Sinz(anx(Zzlxﬁ—i))
( XEXTX o ) with the probability | 5 X

5 —_—
22 5 [ 2xmx (9— 4
.2 of
s’ I

This is to say that if more than one I¢;|> differs from zero then there is a
nonzero probability of receiving different estimated phases (eigenvalues) after the
measurement when repeating to execute the circuit of phase estimation in Fig. 6.1.

6.1.6 Performance and Requirement to Phase Estimation

The phase estimation algorithm allows one to estimate the value of the phase 6 to an
eigenvalue (e“m X2X’”") of a unitary operator U with its eigenvector (lz > ). From
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the analysis in Sect. 6.1.4, if the value of the phase 6 is to 6 = 0.y; y,—1 ... Y2 y1 =
(¥t Yi—1 --- y2 y1/2") that is to a ¢ bit binary expansion of the first quantum register,
then in the circuit of Fig. 6.1 the outcome of the final measurement is i) with the
probability 100%. Because li) is a ¢ bit binary expansion of the first quantum register,
we obtain that the value of the phase 6 is equal to (i/2") with the probability 100%.
This is the ideal case.

On the other hand, from the analysis in Sect. 6.1.5, if the value of the phase 6 is
not a ¢ bit binary expansion of the first quantum register, then the outcome of the

.o 2xmx (2 x6—i)
M .Let Y be the
Gin? (2><7{><(97217) >
2

integer in the range 0 to 2" — 1 so that (Y/2") = (y; y,—1 ... y2 y1/2") = (0.y; y;1
... ¥2 y1) is the best ¢ bit approximation to the value of the phase 6 and (Y/2") is
less than the value of the phase 6. This indicates that the difference 8 = 60 — (Y/2")
between 6 and (Y/2!) satisfies 0 < § < (1/2"). We assume that the outcome of the
final measurement in the circuit of Fig. 6.1 is |i). We aim to bound the probability of
obtaining a value of i such that li — Y1 > ¢, where ¢ is a positive integer characterizing
our desired tolerance to error. The probability of measuring such a state li) is

final measurement is Ii) with the probability | - x

1
P(li—-Y|>e) =<
2 x

We assume that we would like to approximate the value of the phase 6 to an
accuracy 277, that is, we select ¢ = 2'~" — 1. By means of using ¢ = n + ¢ quantum
bits in the circuit of Fig. 6.1, we see from (6.12) that the probability of obtaining an
approximation correct to this accuracy is at least

1
2x((e—1)
1 1
=1- =1-— .
2x (2" —1-1) 2 x (27" =2)

Pli—-Y|<e)=1-P(i—Y|>¢e)=1-—

(6.13)

Therefore to successfully obtain the value of the phase 6 accurate to ¢ bits with

probability of success at least 1| — o = 1—m, we select
t=n+[log,2+ (1/2 x a)))]. (6.14)
Because @ = =—1——, we obtain o x (2 x (2" — 2)) = 1. This is to say that

2X(2"=2)°
207" — 2 = (1/(2 x @)) and 27" = (1/(2 x a)) + 2 and logr(2"™") = logr(2 + (1/(2
x a))) and t = n + [logx(2 + (1/(2 x a)))]. This is the result in (6.14).
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6.1.7 Assessment to Complexity of Phase Estimation

In the circuit of Fig. 6.1, the number of quantum bits to the first register (®}_, |y?)) is

t quantum bits and the number of quantum bits to the second register (®’}=1 ‘u9>> isn

quantum bits. Therefore, space complexity of phase estimation is O(t + n) quantum
bits. The first stage in the circuit of Fig. 6.1 is to implement (¢ + ») Hadamard gates.

Next, the second stage in the circuit of Fig. 6.1 is to implement application
of controlled-U operations on the superposition of the second register that is the
state (Ju)), with U raised to successive powers of two. The U1(\) gate is UL(\) =

Ul(lambda) = ((1) \/%X x) for that A (lambda) is a real value. If the value of \ is
e

equal to (2 x 7t x 0 x 25" to 1 < k <1, then it can implement a controlled-U2""'
operation to 1 < k < t. This is to say that a total cost of completing the second stage
is to implement ¢ U1(\) gates.

Next, the third stage in the circuit of Fig. 6.1 is to implement the inverse quantum
Fourier transform on the superposition of the first register. A total cost of completing
the inverse quantum Fourier transform is to implement O(¢*) quantum gates. Finally,
reading out the output state of the inverse quantum Fourier transform on the super-
position of the first register is to implement one measurement. Because from the
statements above a total cost of completing phase estimation is O(t> 4+ 1) quantum
gates, time complexity of phase estimation is to O(t> 4+ n) quantum gates.

6.2 Computing Eigenvalue of a (22 x 22) Unitary Matrix U
with a (2% x 1) Eigenvector |z) in Phase Estimation

We use the circuit in Fig. 6.2 to compute eigenvalue of a (2> x 22) unitary matrix U
with a (22 x 1) eigenvector lu). It makes use of two quantum registers. At the left

m @™ C w e mZ

L ]
[ 2
L]
L ]
E 3

: He®? ||r.‘n

Fig. 6.2 Quantum circuit for calculating eigenvalue of a (2% x 22) unitary matrix U with a (22 x
1) eigenvector lu)
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top in Fig. 6.2, the first register (®;_,|y{)) contains four quantum bits initially in
the state 10). Quantum bit ly4°) is the most significant bit. Quantum bit ly;°) is the
least significant bit. The corresponding decimal value of the first register is (Iy,’) x
24+ (%) x 237D + (1920 x 227 + (1p,%) x 2171). At the left bottom in
Fig. 6.2, the second register (®§=1 ’u(} ) contains fwo quantum bits initially in the

state 10). Quantum bit lu;°) is the most significant bit. Quantum bit lu,°) is the least
significant bit. The corresponding decimal value of the second register is (lu;°) x
2271 4 (Iu,°) x 2272). For the convenience of the presentation, the following initial
state vector is

lp0) = (®4a| %) ® (&1 [3)- (6.15)

6.2.1 |Initialize Quantum Registers to Calculate Eigenvalue
of a (2% x 22) Unitary Matrix U with a (2°> x 1)
Eigenvector |lu) in Phase Estimation

In Listing 6.1, the program is in the backend that is simulator of Open QASM with
thirty-two quantum bits in IBM’s quantum computer. The program is to compute
eigenvalue of a (2% x 2?) unitary matrix U with a (2> x 1) eigenvector lu) in phase
estimation. Figure 6.3 is the corresponding quantum circuit of the program in Listing
6.1 and is to implement the quantum circuit of Fig. 6.2 to compute eigenvalue of a
(2% x 2?) unitary matrix U with a (22 x 1) eigenvector lu) in phase estimation.

Fig. 6.3 Implementing quantum circuits of Fig. 6.2 to compute eigenvalue of a (2 x 22) unitary
matrix U with a (22 x 1) eigenvector lu) in phase estimation
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Listing 6.1 The program of computing eigenvalue of a (2> x 27) unitary matrix U
with a (22 x 1) eigenvector lu) in phase estimation.

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qreg q[6];

4. creg c[4];

The statement “OPENQASM 2.0;” on line one of Listing 6.1 is to point out that
the program is written with version 2.0 of Open QASM. Next, the statement “include
“gelibl.inc”;” on line two of Listing 6.1 is to continue parsing the file “qelib1.inc” as
if the contents of the file were pasted at the location of the include statement, where
the file “qelibl.inc” is Quantum Experience (QE) Standard Header and the path
is specified relative to the current working directory.

Then, the statement “qreg q[6];” on line three of Listing 6.1 is to declare that
in the program there are six quantum bits. In the left top of Fig. 6.3, six quantum
bits are subsequently q[0], q[1], q[2], q[3], q[4] and q[5]. The initial value of each
quantum bit is set to state |0). We make use of four quantum bits q[0], q[1], q[2] and
q[3] to respectively encode four quantum bits ly4), lys), [y,) and ly;) in Fig. 6.2. We
use two quantum bits q[4] and q[5] to respectively encode two quantum bits lu;) and
lup) in Fig. 6.2. For the convenience of our explanation, q[k]o forO0 <k <S5isto
represent the value 0 of q[k] and q[k]1 for 0 < k < 5 is to represent the value 1 of
q[k]. Because quantum bit ly,°) is the most significant bit and quantum bit ly,°) is
the least significant bit, quantum bit Iq[0]°) is the most significant bit and quantum
bit Iq[3]°) is the least significant bit. The corresponding decimal value of the first
register in Fig. 6.3 is (Iq[0]°) x 2*~1) 4+ (Ig[11°) x 23~1) 4+ (Iq[21°) x 2*~") + (Iq[3]°)
x 21-1y,

Next, the statement “creg c[4];” on line four of Listing 6.1 is to declare that there
are four classical bits in the program. In the left bottom of Fig. 6.3, four classical
bits are subsequently c[0], c[1], c[2] and c[3]. The initial value of each classical bit
is set to zero (0). For the convenience of our explanation, c[k]’ for 0 < k < 3 isto
represent the value 0 of c[k] and c[k]' for 0 < k < 3 is to represent the value 1 of
c[k]. The corresponding decimal value of the four initial classical bits c[31° c[2]°
c[11° ¢[07° is 23 x ¢[3]° + 22 x c[2]° + 2! x c[1]° + 2° x c[0]°. This indicates
that classical bit c[3]° is the most significant bit and classical bit c[01° is the least
significant bit. For the convenience of our explanation, we can rewrite the initial state

vector |@g) = (®,1:4|y,?)) ® (®§:1 ‘u(j)>) in (6.15) in Fig. 6.2 as follows

lpo)=|q[01°)[q[11°)|q[21°)|q[31°)|q[41°)|q[51°). (6.16)
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6.2.2 Superposition of Quantum Registers to Calculate
Eigenvalue of a (2> x 2?) Unitary Matrix U with a (2°
x 1) Eigenvector lu) in Phase Estimation

In Fig. 6.2, the first stage of the circuit is to implement a Hadamard transform with
four Hadamard gates on the first register (® ,'(:4 | y,?)) and another Hadamard transform

with two Hadamard gates on the second register <®§=1 ‘u?)) The six statements “h

ql01;”, “h q[11;”, “h q[2];”, “h q[3];”, “h q[4];” and “h q[5];” on line five of Listing
6.1 through line fen of Listing 6.1 is to implement six Hadamard gates on the first
register and the second register. They complete each Hadamard gate in the first time
slot of Fig. 6.3 and perform the first stage of the circuit in Fig. 6.2.

Listing 6.1 continued...
/Mmplement a Hadamard transform on two registers

5. hq[0];
6. hq[l];
7. hq2];
8. hq[3];
9. hq[4];
10. hq[5];

A superposition of the first register is <\/—127(®]£:4(|y£)+ |y]1)))):

(ﬁ(@fl:oqq[a]o) + |q[a]1)))). Another superposition of the second register

is (1u) = & (&% ([u0) + 1)) = o (@3a(later®) + [ate1')))). This is
to say that the superposition of the second register begins in the new state vector
(1) = (&3 ([0) + [u1))) = 5 (@3-a(la161°) + [g161")))) and contains
two quantum bits as is necessary to store (|u)). The new state vector (|u)) is an
eigenstate (eigenvector) of U. Therefore, this gives that the following new state
vector is

00 = (Ehealsf)+ 1)) © (3 (1) + 1)
= (S (@) + 151)) ) ® )
= (s (@allatar’)+ lata)) & (=(@Ei(latol + ato1')))
- (J%(®2:()(|Q[a]0> + |q[a]1)))> ® (Ju)). (6.17)
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6.2.3 Controlled-U Operations on the Superposition
of the Second Register to Determine Eigenvalue of a (2°
x 22) Unitary Matrix U with a (2* x 1) Eigenvector |u)
in Phase Estimation

In the new state vector lg,) in (6.17), each quantum bit in the first register is currently
in its superposition. The value of the first register is from state (®;_,|y?)) (zero)
encoded by state (®2:0 |q[a]O )) through state (®,'(:4 | y,l >) (fifteen) encoded by state
(®Z:0 |q[a]l )) The circuit of Fig. 6.2 can precisely estimate sixteen phases. This is
to say that the first register with four quantum bits can precisely represent sixteen
phases. Sixteen phases are subsequently (0/2%), (1/2%), (2/2%), (3/2%), (4/2%), (5/12%),
(6/2%), (7/2%), (8/2%), (9/2%), (10/2%), (11/2%), (12/2%), (13/2%), (14/2*) and (15/2%).
The corresponding sixteen phase angles are subsequently (2 x 1 x 0/2%), (2 x 7 x
124, 2 x T x 22%, (2 x 7 x 32, 2 x 7 x 4/2%), 2 x 7 x 5/2%), (2 x 7™ %
6/2), (2 x T x 7/2%), (2 x 7 x 8/2%), (2 x ™ x 9/2%), (2 x 7w x 10/2%), (2 x 7 x
11/72%), (2 x 7 x 12/2%), (2 x 7 x 13/2%), (2 x 7 x 14/2%) and (2 x 7 x 15/2%).
Say that we are trying to determine an eigenvalue of 90°. This is to say that the
effect of one application of unitary operator U on its eigenvector (eigenstate) (|u))

4
is (U x |u)eV=Tx2xmx0 sy = eV T2y |u)). So, the effect of repeated
application of unitary operator U on its eigenvector (eigenstate) (Ju)) is

Ua|u) — eﬁxenxGxa|u> — eﬁxenx%xa x |M) (618)

A superposition (%(b}?) + |y11>)) that is encoded by (\/li(|q[3]0> + ’q[3]1>)) at
the weighted position 2° is the controlled quantum bit of implementing controlled-
U operations on the superposition of the second register that is the state (|u)). Simi-

larly, a superposition (% ([»9) + |1 ))) thatis encoded by (\/% (|ar21°) + |qr21' )))at

the weighted position 2! is the controlled quantum bit of implementing controlled-
1 . .. . .
U? operations on the superposition of the second register that is the state (|u)). Next,

a superposition (%(|y§)) + ‘yé))) that is encoded by (%(‘q[l]o) + }q[l]l))) at the

weighted position 22 is the controlled quantum bit of implementing controlled-U 2z
operations on the superposition of the second register that is the state (|u)). Next,
a superposition (%ﬂy‘?) + |yi))) that is encoded by (%E(|q[0]0> + |q[0]1))> at
the weighted position 23 is the controlled quantum bit of implementing controlled-
u? operations on the superposition of the second register that is the state (Ju)).
The four statements from line eleven through line fourteen in Listing 6.1 are
“ul(2 * pi * 4/16 * 1) q[3];”, “ul(2 * pi * 4/16 * 2) q[2];”, “ul(2 * pi * 4/16 * 4)
q[1];” and “ul(2 * pi * 4/16 * 8) q[0];”. They take the new state vector (lp;)) in
(6.17) as their input state vector and implement each controlled-U operation on
the superposition of the second register in the second time slot of Fig. 6.3 and
in the second stage of Fig. 6.2. They alert the phase of the state ly;') (Iq[3]!)) is
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from one (1) to become (eﬁxzmx%ﬂo) = (eﬁxzxnx%m) They alert the
phase of the state ly,') (Ig[2]')) is from one (1) to become (e*mxzx’”%le) =

e‘m“x”x%xz). They alert the phase of the state ly3') (Iq[1]")) is from one (1)
to become (e«/jlxzxnx]%x?) = (eﬁ“”x%”) and alert the phase of the state

Ivs") (Ig[01")) is from one (1) to become (eﬁ“x”%x?) = (eﬁm”%xg).
This gives that the following new state vector is

) = <%(|y4>+efx2xnxx23|yi>)®(|y >_+_efx2xnx L 22 |y >)
®(|y2 _,_efxzxnxﬁxz Iy} >> (|y >+efx2xnx 520 Iy} )))®(|u))
( Ve |y4 _i_efxzxnxﬁxs‘y >> (|y})+e«/7x2><rr><ﬁx4|y ))

(119 + /i 1)) g (|39 4 241 [31)) ) @ ()

~

®

|q[0]0 +€FX2X7TXEX8|Q[O] >)

ﬁ‘“
—_

|q O]l>+erx2xnxﬁx4|q[0]l)>

|q[2]0)+e\/7><2><n>< ><2|q[2]1>>

(|q[3] )_i_e«/ixenxléxl’q 3]1>>)®(|u>)
1 241
=| | ey | ) @ u. (6.19)
Y=0

Listing 6.1 continued...

/Mmplement controlled-U operations on the superposition of the second register
11. ul(2 *pi *4/16 * 1) q[3];

12. ul(2 * pi * 4/16 * 2) q[2];

13. ul(2 * pi *4/16 * 4) q[1];

14. ul(2 * pi * 4/16 * 8) q[0];

From this description above, the second quantum register stays in the state (lu))
through the computation. Because of phase kickback, the phase of the state |Y) for 0

<Y <?2*— 1isfromone (1) to become eV=Ix2xmx i xY ) Tp the state vector (lp2))

in (6.19), it contains sixteen phase angles from state |0) through state 115). The front
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eight phase angles are (90° x 0 = 0°), (90° x 1 =90°), (90° x 2 = 180°), (90° x 3
=270°), (90° x 4 =360° = 0°), (90° x 5 =450° =90°), (90° x 6 = 540° = 180°)
and (90° x 7 = 630° = 270°). The last eight phase angles are (90° x 8 = 720° =
0°), (90° x 9 = 810° =90°), (90° x 10 =900° = 180°), (90° x 11 =990° = 270°),
(90° x 12 =1080° = 0°), (90° x 13 = 1170° = 90°), (90° x 14 = 1260° = 180°)
and (90° x 15 = 1350° = 270°). The phase angle rotates back to its starting value
0° four times.

6.2.4 The Inverse Quantum Fourier Transform
on the Superposition of the First Register to Compute
Eigenvalue of a (2> x 2?) Unitary Matrix U with a (2°
x 1) Eigenvector lu) in Phase Estimation

Listing 6.1 continued...

/Mmplement one inverse quantum Fourier transform on the superposition of
the first

/IRegister

15. hq[0];

16. cul(—2 * pi * 1/4) q[1], q[0];
17. cul(—2 * pi * 1/8) q[2], q[0];
18. cul(=2 * pi * 1/16) q[3], q[0];

19. hq[l];
20. cul(=2 *pi * 1/4) q[2], q[1];
21. cul(—2 *pi * 1/8) q[3], q[1];

22. hq[2];
23. cul(—2 *pi * 1/4) q[3], q[2];

24. hq[3];

25. swap q[0], q[3];
26. swap q[1], q[2];

Hidden patterns and information stored in the state vector (lg,)) in (6.19) are to
that its phase angle rotates back to its starting value 0° four times. This implies that
the number of the period per sixteen phase angles is four and the frequency is equal
to four (16/4). The twelve statements from line fifteen through line twenty-six in
Listing 6.1 implement each quantum operation from the third time slot through the
fourteenth time slot in Fig. 6.3. They actually implement each quantum operation
of completing an inverse quantum Fourier transform on the superposition of the
first register in Fig. 6.2. They take the state vector (lp,)) in (6.19) as their input state
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vector. Because the inverse quantum Fourier transform effectively transforms the
state of the first register into a superposition of the periodic signal’s component

frequencies, they produce the following state vector

241

_1 VIx2x x e x Y 1 —/=Ix2xmx & xY .
lp3) = e 24 e iy | @ (lu))
= >

1 24—124—1 = y (4 . )

=z (X X == ) e
Y=0 i=0
241241 Y
1 “Ix2xax( X —L
i=0 Y=0

6.2.5 Read the Quantum Result to Figure Out Eigenvalue
of a (2° x 2%) Unitary Matrix U with a (2> x 1)
Eigenvector |u) in Phase Estimation

Finally, the four statements “measure q[0] — c[3];”, “measure q[1] — c[2];”, “mea-
sure q[2] — c[1];” and “measure q[3] — c[0];” from line twenty-seven through line
thirty in Listing 6.1 implement a measurement. They measure the output state of the
inverse quantum Fourier transform to the superposition of the first register in Fig. 6.3
and in Fig. 6.2. This is to say that they measure four quantum bits q[0], q[1], q[2]
and q[3] of the first register and record the measurement outcome by overwriting
four classical bits ¢[3], c[2], c¢[1] and c[O].

Listing 6.1 continued...

//Complete a measurement on the first register
27. measure q[0] — c[3];

28. measure q[1] — c[2];

29. measure q[2] — c[1];

30. measure q[3] — c[0];

In the backend simulator with thirty-two quantum bits in IBM’s quantum
computers, we use the command “run” to execute the program in Listing 6.1.
Figure 6.4 shows the measured result. From Fig. 6.4, we obtain that a computa-
tional basis state 0100 (c[3] = 0 = q[0] =10), c[2] =1 =q[l] =11),c[l]=0=
q[2] = 10) and c[0] = 0 = q[3] = 10)) has the probability 100%. This is to say that
the value of 6 is equal to (4/16). Therefore, we obtain that eigenvalue of a (22 x 22)
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State

Fig. 6.4 A computational basis state 0100 has the probability 100%

unitary matrix U with a (2% x 1) eigenvector lu) is equal to (eﬁxzmx 214) with the
probability 100%.

6.3 Quantum Counting to a Decision Problem with Any
Input of n Bits in Real Applications of Phase Estimation

A decision problem is a problem in which it has only two possible outputs (yes or
no) on any input of n bits. An output “yes” in the decision problem is to the number
of solutions not to be zero and another output “no” in the decision problem is to the
number of solutions to be zero. Solving a decision problem with any input of » bits
is equivalent to solve one interesting problem with any input of » bits that is to from
an unsorted database including 2" items with each item has n bits how many items
satisfy any given condition and we would like to find the number of solutions. If the
number of solutions is not equal to zero, then there is an output “yes” in the decision
problem with any input of # bits. Otherwise, there is an output “no” in the decision
problem with any input of n bits.

A common formulation of a decision problem with any input of » bits is as follows.
For any given oracular function Oy: {uy up ... up—y u, |V u; € {0, 1} for1 <j <
n} — {0, 1}, its domain is {u; up ... uy—y u, 1V u; € {0, 1} for 1 <j < n} and
its range is {0, 1}. The decision problem with any input of n bits is asking to how
many elements from its domain satisfy the condition Of(u; uy ... u,—1 u,) = 1. If the
number of elements from its domain that satisfy Of(u; uy ... u,—; u,) to have a true
value (1) is not equal to zero, then an output is “yes” to the decision problem with
any input of » bits. Otherwise, an output is “no” for the decision problem with any
input of n bits.
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6.3.1 Binary Search Trees for Representing the Domain
of a Decision Problem with Any Input of n Bits

A tree is a finite set of one or more nodes such that there is a specially designated
node called the root and the remaining nodes are partitioned into v > 0 disjoint sets
Ty, ..., T,, where each of these setsis atree. Ty, ..., T, are called the subtrees of the
root. A binary tree is a finite set of nodes that is either empty or contains a root and
two disjoint binary trees called the left subtree and the right subtree.

For any given oracular function Oy: {uy uy ... up—y u, |V u; € {0, 1} for1 <j <
n} — {0, 1}, its domain is {u; uy ... u,—y u, |V u; € {0, 1} for 1 <j < n} and its
range is {0, 1}. A decision problem with any input of » bits is asking to how many
elements from its domain satisfy the condition Op(u; uy ... u,—1 u,) to have a true
value (1). We make use of a binary tree in Fig. 6.5 to represent the structure of the
domain that is {u; us ... uy—1 u, |V u; € {0, 1} for 1 <j < n}. In the binary tree
in Fig. 6.5, a node stands for a bit of one element in {u; u ... u,—1 u, |V u; € {0,
1} for 1 <j < n}. The root of the binary tree in Fig. 6.5 is u;. The value of the left
branch of each node represents that the value of the corresponding bit is equal to
zero (0) and the value of the right branch of each node stands for that the value of
the corresponding bit is equal to one (1). Since the value of the left branch of each
node is less than the value of the right branch of each node, we regard the binary tree
in Fig. 6.5 as a binary search tree.

The binary search tree in Fig. 6.5 includes 2" subtrees and each subtree encodes
one elementin {uy uy ... u,—1 u, |V u; € {0, 1} for 1 <j < n}. For example, the first

subtree (u)--"--(u2)--0- ... (up_1)--"--(u,)--"-- encodes the first element {u;° u,°

. 4 : . Fi ] H .
- - - - . - . -
- - L] - . - L] -
L) LY L L
0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1

Fig. 6.5 A binary search tree for representing the domain of a decision problem with any input of
n bits
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vo 1 u,"}. The second subtree (u))--"--(u2)--"-- ... (up_1)--"--(u,,)--'-- encodes
the second element {u,° u,° ... u,_;° u,'}. The last subtree (u;)--'--(u2)--'-- ...
(tty—1)--"--(u,)--'-- encodes the last element {u;"' up! ... u,_' u,'}.

6.3.2 Flowchart of Solving a Decision Problem with Any
Input of n Bits

Figure 6.6 is flowchart of solving a decision problem with any input of n bits. On
the execution of the first statement, S, it sets the initial value of u; uy ... u,—1 u,
to zero (0). Next, on the execution of the second statement, S,, it judges whether
Or(uy uy ... u,_1 u,) has a true value (1) or not. If it returns a true value, then on the
execution of the third statement, S3, it generates that an output is “yes”. Next, on the
execution of the fourth statement, Sy, it executes one “End” instruction to terminate

Sy . ly-1 0 €0

S O0dmin ...
value.

lin-1 Un) has a true

S3: An Output is “yes™. Sttty ... Up—1 Uy € UL U .. Up=1 Uy + 1

v
l S3:End I

True

False

Se: 11 12 ... Un=1Un
=

S7: An Output is “no™.

Ss: End

Fig. 6.6 Logical flowchart of solving a decision problem with any input of » bits
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the processing of solving a decision problem with any input of » bits. Otherwise, on
the execution the fifth statement, Ss, it increases the value of u; u; ... u,_y u,. Next,
on the execution of the sixth statement, Sg, it judges whether the value of u; u, ...
u,—1 Uy is greater than 2" or not. If it returns a true value, then on the execution of the
seventh statement, S7, it produces that an output is “no”. Next, on the execution of the
eighth statement, Sg, it executes one “End” instruction to terminate the processing of
solving a decision problem with any input of n bits. Otherwise, it goes to statement
S» and continues to execute statement S».

6.3.3 Geometrical Interpretation to Solve a Decision Problem
with Any Input of n Bits

Binary search trees in Fig. 6.5 encode {u; us ... up—1 u, |V u; € {0, 1} for1 <j <
n} that is the domain of a decision problem with any input of n bits. We assume that

an initial state vector (|¢g)) is ( _';:, ‘u?» We begin to make use of a Hadamard

transform <®;:1 H ) on the initial state vector (|¢)) that is the register (®;?:, ‘u?))
A superposition of the register is

1 n 0 1
61) = ﬁ(@’j:l(\”j) +[uj)))- (6.21)

The new state vector (|¢;)) encodes each subtree in Fig. 6.5 with that the amplitude
of each subtree is (\/Lz“) This is to say that it encodes each element of the domain
to a decision problem with any input of » bits.

In the state vector (|¢1)) in (6.21), subtrees (elements) that satisfy Op(u; us ...
U,_1 u,) to have a true value (1) are referred as marked states and ones that do not
result in a solution are referred as unmarked states. We assume that N is equal to
2. We also assume that in the state vector (|¢;)) in (6.21), S stands for the number
of solution(s) and (N — §) stands for the number of non-solution(s) to a decision
problem with any input of » bits. We build two superpositions comprising uniformly

distributed computational basis states

1
) = == Do wuaeu) |, (6.22)
TP \Os @ upeu,)=0
1
M=l X ) | (6.23)

Oy (uyuz--uy)=1
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A Bl =Uled= g o)

B=[o)
Z _
SF > |0
ezl = oo

Fig. 6.7 Geometrical interpretation of solving a decision problem with any input of n bits in a
two-dimensional Hilbert space spanned by (|¢)) and (|1 ))

Because the inner product of |¢) and |A) is equal to zero and the length of |p)
and |A) isequal to one, |¢ ) and |A) form an orthonormal basis of a two-dimensional
Hilbert space which is depicted in Fig. 6.7. In Fig. 6.7, Point D is the original point
of the two-dimensional Hilbert space and its coordinate is (0, 0).

The state vector (|¢; )) in (6.21) can be expressed as a linear combination of (|¢))
and (|A)) in a two-dimensional Hilbert space of Fig. 6.7 in the following way

1
1) = —= E g uz - up)
N U~
(uyuneu,)=0

+ Y lwugeeuy)

Of(uluzmun):l

_(VN=5 VS
= (T lp) + ﬁm). (6.24)

From (6.24), coordinate of (|¢;)) in a two-dimensional Hilbert space of Fig. 6.7

is (—VN\F_S, %) and is strictly related to the angle between (|¢; )) and (|¢)) denoted

by (£) which is depicted in Fig. 6.7. Point B is coordinate point of (|¢;)).

In the quantum search algorithm introduced in the third Chapter, the Oracle O
multiplies the probability amplitude of the answer(s) by —1 and leaves any other
amplitude unchanged. We use the Oracle O to operate on the state vector (|¢;)) in
(6.21) and obtain the new state vector |¢,) = O(|¢;)) that can be expressed as a
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linear combination of (|¢)) and (|A)) in a two-dimensional Hilbert space of Fig. 6.7
in the following way

_ JN—=S5 NG}
o) = <T|¢) + <—ﬁ|)~))>- (6.25)

From (6.25), coordinate of (|¢, ))in a two-dimensional Hilbert space of Fig. 6.7 is

( . \/» f») and is depicted in Fig. 6.7. Point C is coordinate point of (|¢; )). The

angle between (|¢,)) and (|¢)) is actually equal to ( ) that is depicted in Fig. 6.7.
The Oracle O is equivalent to a reflection about axis |¢) in the two-dimensional
geometrical interpretation of Fig. 6.7. Because in Fig. 6.7 point Z is the intersection
of line BC and axis |¢ ) in which they are vertical each other, we obtain its coordinate
to be (“/7, 0)

In the quantum search algorithm introduced in the third Chapter, the unitary
operator U is the inversion about the average. The Grover operator G consists of
two transformations on the index register that are U and O. We apply the unitary
operator U to operate on the state vector (|¢, )) in (6.25) and get the new state vector
l¢3) = U(l¢2)) = (U)(O)|¢p1) = G(l¢1)). The new state vector (|¢3)) can be
expressed as a linear combination of (|¢)) and (|A)) in a two-dimensional Hilbert
space of Fig. 6.7 in the following way

- N—4 —4
|¢3>=( N_$ x( XS)leQX (M) ).

VN N VN N
(6.26)

From (6.26), coordinate of (|¢3)) in a two-dimensional Hilbert space of Fig. 6.7

is (% x (A=25), \/i% x (2M=4x8)) and is depicted in Fig. 6.7. Point E is coor-
dinate point of (|¢3)). The angle between (|¢3)) and (|¢)) is actually equal to (0)
that is depicted in Fig. 6.7. The unitary operator U (the inversion about the average)
in Fig. 6.7 reflects its input state (|¢, )) over (|¢;)) to (|¢3)) in the two-dimensional
geometrical interpretation of Fig. 6.7. In Fig. 6.7, point F is the intersection of line
EC and line D B in which they are vertical each other and point H is the intersection

of line E H and axis |¢) in which they are vertical each other.
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6.3.4 Determine the Matrix of the Grover Operator
in Geometrical Interpretation to Solve a Decision
Problem with Any Input of n Bits

From Fig. 6.7, point B is (V\NFS, \/L) point D is (0, 0) and point Z is ( st, O).

The length of line DB is one (1), the length of line DZ is (,/ ) and the length

of line BZ is <\/§> Therefore, we obtain that sin(6/2) = (\/> / 1) ([ )

and cos(0/2) = ( u/l) = (,/u). Because coordinate of (|¢;)) in Fig. 6.7

is (V T f) its coordinate is also equal to (cos(6/2), sin(6/2)) in the basis of

(l¢)) and (|A)). From Fig. 6.7, sin(8 + (8/2)) =<J_N X (%)) and cos(0 +

6/2)) :(—V’Vﬁ;s x (W)) are obtained. Since coordinate of |¢3) in Fig. 6.7 is

% x (M8, % x (ZH=25)) s coordinate is also equal to (cos(6 +

(6/2)), sin(@ + (6/2))) in the basis of (|¢)) and (|1 )). From Fig. 6.7, the matrix of
the Grover operator G in the basis of (|¢)) and (|1)) is

_ |:cos(49) — sin(@)j| 627)
sin(6) cos(d) |,,, ’

The matrix of the Grover operator G in the basis of (|¢)) and (|A)) is

cos(f) — sin(H)
sin(f) cos(0)

|: cos(0) sin(@)] _[ cos() sin(@)i| X|:cos(9) —sin(@)] _[1 Oi|
—sin(®) cos(®) |, , [ —sin(d) cos®) |, , | sin®) cos®) |, , [01],,/)

The eigenvalues of the Grover operator G in the basis of (|¢)) and (|1 )) are

(eﬁxg> and (fﬂ”’). (6.28)

a unitary matrix (a unitary operator) because of |:

The value of 0 is a real. The corresponding eigenvectors of the Grover operator
G in the basis of (|¢)) and (|)1)) are

eV[jTXy [ /—1

V:
Vi) 7 |

J=Tx
} and Vo) = S [_*/__1} . (6.29)
2x1 2x1

2 1

The value of y is a real.
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6.3.5 Quantum Counting Circuit to Solve a Decision
Problem with Any Input of n Bits

From Fig. 6.7, we can figure out the projection of |¢; ) onto axis lg) thatis sin(6/2) =
<\/§ / 1) = (%) The value of S is to the number of solutions that is how many
elements in the domain {u; us ... up—y u, |V u; € {0, 1} for 1 <j < n} satisfy Oy (u;
Wy ... Un_1 Uy) to have a true value. Because S = (sin(9/2))> x N and the value of
N is known, if we can determine the value of 6, then we can compute the value of S
that is the number of solutions. If the value of S is not equal to zero, then an output
is “yes” to a decision problem with any input of n bits. Otherwise, an output is “no”
to the decision problem with any input of » bits.

Figure 6.8 is quantum-counting circuits that are a real application of phase esti-
mation. In Fig. 6.8, if an eigenvalue generated from controlled Grover operations are

(eﬁ Xg), then we use controlled Grover operations followed by inverse quantum

Fourier transform to find the best approximation of ¢ bits to the value of 6. Other-
wise, we use controlled Grover operations followed by quantum Fourier transform
to find the best approximation of # bits to the value of 6. In Fig. 6.8, a superposition
of the second register is the state vector lu ). The state vector lu) is a superposition
of (|¢)) in (6.22) and (|1)) in (6.23). Because |V;) and |V, ) in (6.29) form an
orthonormal basis of the space spanned by (|¢)) in (6.22) and (|X)) in (6.23), the

[v¢°) H || |
1 M
Q E
g A
T s
ly2") H ° o Hul
Q R
g E
|}’10) H + —
[u)
|ul°) o ¢ H 6% | - — (;2“‘7|u)
0
|U2 ) H®n
|"nn)

Fig. 6.8 Quantum counting circuits to calculate the number of solutions to a decision problem with
the input of n bits
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state vector lu) in Fig. 6.8 can be expressed as a linear combination of |V} ) and | V5 )
in (6.29).

6.4 Determine the Number of Solutions
to the Independent-Set Problem in a Graph with Two
Vertices and One Edge in Phase Estimation

We assume that graph G has is a set V of vertices and a set E of edges. We also
suppose that V is {vi, ..., v,} in which each element v; for 1 <j < nis a vertex in
graph G. We assume that E is {(v,, vp)lv, € Vand v, € V}. Weuse G = (V, E) to
represent it. We assume that V1 is the number of vertices in V and |E| is the number
of edges in E. We also suppose that |V is equal to n and |E| is equal to m. The value
of m is at most equal to ((n x (n — 1))/2). For graph G = (V, E), its complementary
graphis G = (V, a in which each edge in Eis out of E. This is to say that E is {(v,,
va)llve € Vand vy € V and (ve, vg) ¢ E}. We assume that ’f| is the number of edges
in E. The number of edges in E is (n x (n — 1))/2) — m). An independent-set of
graph G with n vertices and m edges is a subset V! C V of vertices such that for all
Ve, Vg € V1, the edge (v, v4) is not in E. The independent-set problem of graph G
with n vertices and m edges is to find a maximum-sized independent set in G.

Consider that in Fig. 6.9, a graph G' _contains two vertices {v, v2} and one edge
{(v1, v2)} and its complementary graph G' includes the same vertices and zero edge.
This is an example of a decision problem that is deciding whether a graph G' in
Fig. 6.9 has a maximum-sized independent set or not. All of the subsets of vertex are
{} thatis an empty set, {v;}, {v»} and {v}, v, }. Because in {v}, v, }, the edge (v{, v2)
is one edge of graph G', {v;, v,} does not satisfy definition of an independent set. For
other three subsets of vertex that are { } that is an empty set, {v; } and {v, }, there is no
edge in them to connect to other distinct vertex. Therefore, they satisfy definition of
an independent set. So, all of the independent sets in graph G' are { } that is an empty
set, {v1} and {v,}. Since the number of vertex in them are subsequently zero, one
and one, the maximum-sized independent set for graph G' is {v;} and {v,}. Finally,
for the decision problem “a graph G' in Fig. 6.9, does it have a maximum-sized
independent set?” it gives an output “yes”.

For any graph G with n vertices and m edges, all possible independent sets are 2"
possible choices consisting of legal and illegal independent sets in G. Each possible
choice corresponds to a subset of vertices in G. Hence, we assume that Y is a set of 2"

Fig. 6.9 A graph G! has two
vertices and one edge
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Fig. 6.10 Quantum circuit for deciding whether a graph G! with two vertices and one edge in
Fig. 6.9 has a maximum-sized independent set or not
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possible choices and Y is equal to {u; us ... u,—y u, |V u; € {0, 1} for 1 <j <n}. This
indicates that the length of each element in Y is n bits and each element represents
one of 2" possible choices. For the sake of presentation, we suppose that ujO is that
the value of u; is zero and ujl is that the value of u; is one. If an element u; u; ...
u,—1 U, in Y is a legal independent set and the value of u; for 1 <j < n is one, then
uj' represents that the jth vertex is within the legal independent set. If an element
Uy Uy ... Up_1 Uy in Y is a legal independent set and the value of u; for 1 <j <nis
zero, then ujo represents that the jth vertex is not within the legal independent set. We
use superposition of a register with n quantum bits (\%( i1 ( ‘u(j > + ‘u} >)>) to
encode a set of 2" possible choices, ¥ = {uj uy ... uy—1 u, |V u; € {0, 1} for1 <j
<n}.

Deciding whether a graph G' with two vertices and one edge in Fig. 6.9 has
a maximum-sized independent set or not is equivalent to compute the number of
solution to the same problem. Therefore, we make use of the circuit in Fig. 6.10 to
determine the number of solution to the independent set problem in a graph G' with
two vertices and one edge in Fig. 6.9. It uses two quantum registers. At the left top
in Fig. 6.10, the first register (®,£=4 | A )) includes four quantum bits initially in the
state 10). Quantum bit ly,°) is the most significant bit. Quantum bit ly,°) is the least
significant bit. The corresponding decimal value of the first register is (ly,%) x 2*~1)
+ (Iy3%) x 227D+ (13,9 x 227D 4+ (19,%) x 2'71). At the left bottom in Fig. 6.10,
;
Quantum bit lu;) encodes the first vertex v; in graph G' in Fig. 6.9 and is the most
significant bit. Quantum bit lu,) encodes the second vertex v, in graph G' in Fig. 6.9
and is the least significant bit. Quantum bits lu;') lu,') encodes {v, v,} that is a
subset of two vertices. Quantum bits lu; ') lu,%) encodes {v;} that is a subset of one
vertex. Quantum bits ;%) lu,!) encodes {v,} that is a subset of one vertex. Quantum
bits lu;°) lu,°) encodes {} that is an empty subset without any vertex. Of course, the
corresponding decimal value of the second register is (Iu;%) x 2271) 4+ (%) x
2272). For the convenience of the presentation, the following initial state vector is

the second register (®?= 1 ‘u contains two quantum bits initially in the state 10).
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loo) = (®i—s W) ® (&7, |u3)). (6.30)

6.4.1 Initialize Quantum Registers to Calculate the Number
of Solutions to the Independent-Set Problem in a Graph
with Two Vertices and One Edge in Phase Estimation

In Listing 6.2, the program is in the backend that is simulator of Open QASM with
thirty-two quantum bits in IBM’s quantum computer. The program is to calculate the
number of solutions to the independent-set problem in graph G! with two vertices and
one edge in Fig. 6.9. Figure 6.11 is the corresponding quantum circuit of the program
in Listing 6.2 and is to implement the quantum circuit of Fig. 6.10 to calculate the
number of solutions to the independent-set problem in graph G' with two vertices
and one edge in Fig. 6.9.

Listing 6.2 The program of computing the number of solutions to the independent-
set problem in graph G' with two vertices and one edge in Fig. 6.9.

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qregq[6];

4. creg c[4];

The statement “OPENQASM 2.0;” on line one of Listing 6.2 is to indicate that the
program is written with version 2.0 of Open QASM. Then, the statement “include
“gelibl.inc”;” on line two of Listing 6.2 is to continue parsing the file “qelibl.inc” as
if the contents of the file were pasted at the location of the include statement, where
the file “qelibl.inc” is Quantum Experience (QE) Standard Header and the path

is specified relative to the current working directory.

o e e
EEEE
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o
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Fig. 6.11 Implementing quantum circuits of Fig. 6.10 to compute the number of solutions to the
independent-set problem in graph G' with two vertices and one edge in Fig. 6.9
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Next, the statement “qreg q[6];” on line three of Listing 6.2 is to declare that in the
program there are six quantum bits. In the left top of Fig. 6.11, six quantum bits are
respectively q[0], q[1], q[2], q[3], q[4] and q[5]. The initial value of each quantum bit
is set to state 10). We use four quantum bits q[0], q[1], q[2] and q[3] to subsequently
encode four quantum bits ly,), ly3), ly2) and ly;)in Fig. 6.10. We apply two quantum
bits q[4] and q[5] to respectively encode two quantum bits lu;) and lu,) in Fig. 6.10.
For the convenience of our explanation, q[k]0 for 0 < k < 5is to represent the value
0 of q[k] and q[k]1 for 0 < k < 5 is to represent the value 1 of q[k]. Since quantum
bit ly,°) is the most significant bit and quantum bit ly,°) is the least significant bit,
quantum bit Iq[0]°) is the most significant bit and quantum bit Iq[3]°) is the least
significant bit. The corresponding decimal value of the first register in Fig. 6.11 is
(Ig[01°) x 2*~1) 4+ (Iq[11°) x 271 + (1g[21°) x 2*7") + (q[3]°) x 2'™M).

Then, the statement “creg c[4];” on line four of Listing 6.2 is to declare that there
are four classical bits in the program. In the left bottom of Fig. 6.11, four classical
bits are respectively c[0], c[1], c[2] and c[3]. The initial value of each classical bit
is set to zero (0). For the convenience of our explanation, c[k]® for 0 < k < 3 isto
represent the value 0 of c[k] and c[k]' for 0 < k < 3 is to represent the value 1 of
c[k]. The corresponding decimal value of the four initial classical bits c[31° ¢[2]°
c[11° ¢c[01° is 23 x c[3]° + 2% x ¢[2]° 4+ 2! x c[1]° + 2° x ¢[0]°. This is to say
that classical bit c[3]° is the most significant bit and classical bit c[01° is the least
significant bit. For the convenience of our explanation, we can rewrite the initial state

vector o) = (®]_, [0)) ® (®§:1 ‘u? )) in (6.30) in Fig. 6.10 as follows

lp0) = (@44 [¢)) ® (®5=1 [} ) = [al01°)]al11°}[ar21°)]a[31°)|a(41°)|al51°).
6.31)

6.4.2 Superposition of Quantum Registers to Compute
the Number of Solutions to the Independent-Set
Problem in a Graph with Two Vertices and One Edge
in Phase Estimation

In Fig. 6.10, the first stage of the circuit is to implement a Hadamard transform
with four Hadamard gates on the first register (®;_, |y )) and another Hadamard

transform with two Hadamard gates on the second register ®§= . u(} >> The six
statements “h q[0];”, “h q[1];”, “h q[2];”, “h q[3];”, “h q[4];” and “h q[5];” on line
five of Listing 6.2 through line fen of Listing 6.2 is to implement six Hadamard gates

on the first register and the second register. They perform each Hadamard gate in the
first time slot of Fig. 6.11 and complete the first stage of the circuit in Fig. 6.10.
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Listing 6.2 continued...
/Mmplement a Hadamard transform on two registers

5. hq[0]
6. hq[l];
7. hql2];
8. hq[3];
9. hq[4];
10. hq[5];

A superposition of the first register is (ﬁ(®£:4(|y2>+ |y£)))> =
ﬁ(@fl:oqq[a]o) + |q[a]1)))>. Another superposition of the second register

is (1) = (&2 ([u0) + [u}))) = (@Fa(lalo) + |atb1'))). This
implies that the superposition of the second register begins in the new state
vector (Iu) = #(@?ﬂ(‘u”—i— ‘uj >)) =\/4272 (®5_4(|alb1°) + |glp1")))) and
contains two quantum bits as is necessary to store (|« )). In superposition of the
second register ( |u )), state ( |u])|u})) thatis encoded by state (|¢[4]"}|¢[5]')) with
the amplitude (1/2) encodes {v1, v, } that is a subset of two vertices. State ( [u})[u3
that is encoded by state (|¢[4]')|¢[5]°)) with the amplitude (1/2) encodes {v, } that
is a subset of one vertex. State ( |u{)|u})) that is encoded by state (|¢[41°)|g[51"))
with the amplitude (1/2) encodes {v, } that is a subset of one vertex. State ( |u1 ) |u2
that is encoded by state (|¢[41°)|¢[5]°)) with the amplitude (1/2) encodes {} that is
an empty subset without vertex. The new state vector (|u )) is an eigenstate (eigen-
vector) of G that is the Grover operator and is a unitary operator. Thus, this gives
that the following new state vector is

00 = (@) + 1) © (5 (e31(16) + 1))

Q’

(@l + b)) @ o)
(5 aowm>+ma»0®(j§@LMﬂm%wﬂmw0
- (5

®;-0(|qlal’) + |qla] ))) ® (Ju)). (6.32)

amm

24
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6.4.3 Controlled-G Operations on the Superposition
of the Second Register to Determine the Number
of Solutions to the Independent-Set Problem in a Graph
with Two Vertices and One Edge in Phase Estimation

In the new state vector lg,) in (6.32), each quantum bit in the first register is currently
in its superposition. The value of the first register is from state (®,'(:4 |y,9 )) (zero)
encoded by state (®2:0 |q[a]O )) through state (®,'(:4 | y,l >) (fifteen) encoded by state
(®Z:0 |q[a]l )) with that the amplitude of each state is (1/4). The circuit of Fig. 6.10
can precisely estimate sixteen phases. This indicates that the first register with four
quantum bits can precisely represent sixteen phases. Sixteen phases are respec-
tively (0/2%), (1/2%), (2/2%), (3/2%), (412%), (5/2%), (6/2*4), (7/24), (8/2%), (9/2%), (10/24),
(11/2%), (12/2%), (13/2%), (14/2%) and (15/2*). The corresponding sixteen phase angles
are respectively (2 x 1 x 024, (2 x T x 1/2%), (2 x T x 2/2%), (2 x 7 x 3/2%), (2
X T X 424, (2 x T x 512%), (2 x T x 6/2%), (2 x T x 7/2%), (2 x 7 x 8/2%), (2 x
T x 924, (2 x T x 10/2%), (2 x 7w x 11/2%), (2 x 7 x 12/2%), (2 x 7 x 13/2%), (2
x 7 x 14/2*) and (2 x m x 15/2%).

Say that we are trying to compute an eigenvalue of 90°. The number of solutions
for the independent-set problem in a graph G' with two vertices and one edge in
Fig. 6.9is S = N x (sin(9/2))* = 4 x (sin(90°/2))> = 4 x (1/2) = 2. This gives that
the answer is two for determining the number of solutions for the independent-set
problem in a graph G! with two vertices and one edge in Fig. 6.9. Therefore, the
effect of one application of the Grover operator G on its eigenvector (eigenstate)
(lu)) is (G x lu) = e=V=Tx2Tx0 5 ) = VD250 1y So the effect of
repeated application of the Grover operator G on its eigenvector (eigenstate) (|u))
is

Ga|u> — eiﬁxenx&xa |u> — eiﬁxenx%xa x |M> (633)

A superposition (%(‘y?) + ‘yll)))that is encoded by (%(‘q[ﬁ%]()) + }q[3]1>))
at the weighted position 2° is the controlled quantum bit of implementing
controlled-G?' operations on the superposition of the second register that is

the state (|u)). Similarly, a superposition (\/% ([9) + |y )))that is encoded by
(\/% (Jar21°) + |q[2]1)))nat the weighted position 2! is the controlled quantum bit of
implementing controlled-G?' operations on the superposition of the second register
that is the state (Ju)). Then, a superposition (\/%(I ¥+ |vi ))) that is encoded by
(\/% (Jar11°) + |q[1]1>)> at the weighted position 2 is the controlled quantum bit of

implementing controlled-G%* noperations on the superposition of the second register
that is the state (Ju)). Next, a superposition (%2(| yff) + | yi))) that is encoded by
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(\/% (Jaro1°) + |q[0]l))) at the weighted position 23 is the controlled quantum bit of

implementing controlled-G?' operations on the superposition of the second register
that is the state (|u)).

The Grover operator G has two eigenvalues (e‘m X2 X9) and (e“m x2x XG).

. . — /1 4
We assume that it generates the eigenvalue (e e I i

The four statements from line eleven through line fourteen in Listing 6.2 are
“ul(2 * pi * 4/16 * 1) q[3];”, “ul(2 * pi * 4/16 * 2) q[2];”, “ul(2 * pi * 4/16 * 4)
q[1];” and “ul(2 * pi * 4/16 * 8) q[0];”.

Listing 6.2 continued...

/Tmplement controlled-G operations on the superposition of the second register
11. ul(2 *pi *4/16 * 1) q[3];
12. ul(2 * pi * 4/16 * 2) q[2];
13. ul(2 * pi *4/16 * 4) q[1];
14. ul(2 * pi * 4/16 * 8) q[0];

They take the new state vector (lg;)) in (6.32) as their input state vector and imple-
ment each controlled-G operation on the superposition of the second register in the
second time slot of Fig. 6.11 and in the second stage of Fig. 6.10. They alert the

phase of the state ly;') (Ig[3]")) is from one (1) to become (eﬁxzx’”%xzo) =
(eﬁ“x”x%“). They alert the phase of the state ly,') (Iq[2]')) is from one
(1) to become (eﬁxzmxliﬁle) = (eﬂxzxwlis“). They alert the phase
of the state ly3') (Iq[1]')) is from one (1) to become (em“x”lisxzz) =
(e*mxzx”%x“)nnand alert the phase of the state ly;') (Iq[0]")) is from one (1)

to become (eﬁXZX”X%X?) = (eﬁxzx’”%xs). This gives that the following
new state vector is

) = (\/_12_4 <|y2>+€~/jl><2><n><li(‘><23 B )) ® (|y§)>+e«/jl><2><n><%><22 ly) >)
® ([99)+ eV P2 |y1)) @ (|3f) + VB E 31))) @ (u))

G %) R Rt ))
p8) + TR ) @ (|af) eV i) ) @ ()
(

|q[0]0) + e\/jlx2><7r><%><8 |q[0]1 ))
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<|q[1]0)+efx2mx]6x4‘q[l 1))
(| 219) + «/7><2><rr><7><2|q >)
31°) +

oV Tx2xrx g o1 [q13] 1)))®(|u))

24—1

! 4
=| | | o du. (6.34)
Y=0

From this description above, the second quantum register stays in the state (lu))
through the computation. Because of phase kickback, the phase of the state 1Y) for O

<Y <2*— lis from one (1) to become (e¥=127x75xY ) Tn the state vector (Ip,))

in (6.34), it includes sixteen phase angles from state |0) through state 115). The front
eight phase angles are (90° x 0 = 0°), (90° x 1 =90°), (90° x 2 = 180°), (90° x 3
= 270°), (90° x 4 =360° = 0°), (90° x 5 =450° = 90°), (90° x 6 = 540° = 180°)
and (90° x 7 = 630° = 270°). The last eight phase angles are (90° x 8 = 720° =
0°), (90° x 9 =810° =90°), (90° x 10 =900° = 180°), (90° x 11 =990° = 270°),
(90° x 12 =1080° = 0°), (90° x 13 = 1170° = 90°), (90° x 14 = 1260° = 180°)
and (90° x 15 = 1350° = 270°). The phase angle rotates back to its starting value
0° four times.

6.4.4 The Inverse Quantum Fourier Transform
on the Superposition of the First Register to Compute
the Number of Solutions to the Independent-Set
Problem in a Graph with Two Vertices and One Edge
in Phase Estimation

Listing 6.2 continued...

/Implement one inverse quantum Fourier transform on the superposition of
the first

/IRegister

15. hq[O];

16. cul(—2 * pi * 1/4) q[1], q[0];
17. cul(—2 * pi * 1/8) q[2], q[0];
18. cul(—2 * pi * 1/16) q[3], q[0];

19. hq[l];
20. cul(=2 *pi * 1/4) q[2], q[1];
21. cul(-=2 *pi * 1/8) q[3], q[1];
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22. hq[2];
23. cul(—2 *pi * 1/4) q[3], q[2];
24. hq[3];

25. swap q[0], q[3];
26. swap q[1], q[2];

Hidden patterns and information stored in the state vector (lg;)) in (6.34) are to
that its phase angle rotates back to its starting value 0° four times. This is to say
that the number of the period per sixteen phase angles is four and the frequency is
equal to four (16/4). The twelve statements from line fifteen through line rwenty-six
in Listing 6.2 complete each quantum operation from the third time slot through the
fourteenth time slot in Fig. 6.11. They actually implement each quantum operation
of performing an inverse quantum Fourier transform on the superposition of the
first register in Fig. 6.10. They take the state vector (lg,)) in (6.34) as their input
state vector. Since the inverse quantum Fourier transform effectively transforms
the state of the first register into a superposition of the periodic signal’s component
frequencies, they generate the following state vector

241 241
1 g 1 T
lo3) = Z Fx2>< x 4><Y Z —V=Ix2x7 % 4><Y|l> ® (|u))
24—-124—1
1 FxeanX(%—%) .
= —_— e 2 |l) ® (|u>)
v 24 Y=0 i=0
24—124—1 Y
1 —Ix2xmx (-4 .
- 7( V(3 >> i) | ® (up. (6.35)
i=0 Y=0

6.4.5 Read the Quantum Result to Figure out the Number
of Solutions to the Independent-Set Problem in a Graph
with Two Vertices and One Edge in Phase Estimation

9 99 <

Finally, the four statements “measure q[0] — c[3];”, “measure q[1] — c[2];”, “mea-
sure q[2] — c[1];” and “measure q[3] — c[0];” from line twenty-seven through line
thirty in Listing 6.2 implement a measurement. They measure the output state of the
inverse quantum Fourier transform to the superposition of the first register in Fig. 6.11
and in Fig. 6.10. This is to say that they measure four quantum bits q[0], q[1], q[2]
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State

Fig. 6.12 A computational basis state 0100 has the probability 100%

and q[3] of the first register and record the measurement outcome by overwriting
four classical bits ¢[3], c[2], ¢[1] and ¢[0].

Listing 6.2 continued...

//Complete a measurement on the first register
27. measure q[0] — c[3];
28. measure q[1] — c[2];
29. measure q[2] — c[1];
30. measure q[3] — c[0];

In the backend simulator with thirty-two quantum bits in IBM’s quantum
computers, we use the command “run” to execute the program in Listing 6.2.
Figure 6.12 shows the measured result. From Fig. 6.12, we get that a computa-
tional basis state 0100 (c[3] = 0 = q[0] =10), c[2] =1 =q[l] =11),c[l]=0=
q[2] =10) and c[0] = 0 = q[3] = 10)) has the probability 100%. This indicates that
the phase angle is 6 = 2 x 1 x (4/16) = 90° with the probability 100%. Hence, The
number of solutions for the independent-set problem in a graph G' with two vertices
and one edge in Fig. 6.9 is S = N x (sin(6/2))> = 4 x (sin(90°/2))*> = 4 x (1/2) =
2. This is to say that the answer with the probability 100% is two for computing the
number of solutions for the independent-set problem in a graph G' with two vertices
and one edge in Fig. 6.9. Therefore, an output is “yes” to a decision problem that
is deciding whether a graph G' in Fig. 6.9 has a maximum-sized independent set or
not.

6.5 Summary

In this chapter, we illustrated that a decision problem is a problem in which it has
only two possible outputs (yes or no) on any input of n bits. An output “yes” in
the decision problem on any input of 7 bits is to the number of solutions not to be
zero and another output “no” in the decision problem on any input of » bits is to the
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number of solutions to be zero. Next, we described that a (2" x 2") unitary matrix
(operator) U has a (2" x 1) eigenvector lu) with eigenvalue eV =Ix2xmx6 guch that
U x |u) = e¥=1¥27x0 5 |y where the value of 8 is unknown and is real. We then
illustrated how the phase estimate algorithm with the what possibility estimates the
value of 6. We also described time complexity, space complexity and performance
of the phase estimate algorithm. Next, we introduced how to design quantum circuits
and write quantum programs for computing eigenvalue of a (22 x 22) unitary matrix
U with a (22 x 1) eigenvector lu). Next, we described how the quantum-counting
algorithm determines the number of solutions for a decision problem with the input
of n bits. We also illustrated time complexity, space complexity and performance of
the quantum-counting algorithm. We then introduced how to design quantum circuits
and write quantum programs to determine the number of solution to the independent
set problem in a graph G! with two vertices and one edge.

6.6 Bibliographical Notes

In this chapter for more details about an introduction of the phase estimation algo-
rithm, the recommended books are Nielsen and Chuang (2000), Imre and Balazs
(2005), Lipton and Regan (2014), Silva (2018), Johnston et al. (2019). For a more
detailed description to binary search trees, the recommended book is Horowitz et al.
(2003). For a more detailed introduction to the discrete Fourier transform and the
inverse discrete Fourier transform, the recommended books are Cormen et al. (2009),
Nielsen and Chuang (2000), Imre and Balazs (2005), Lipton and Regan (2014), Silva
(2018), Johnston et al. (2019). The two famous articles (Coppersmith 1994; Shor
1994) gave the original version of the Quantum Fourier transform and the inverse
quantum Fourier transform. A good illustration for the product state decomposition of
the quantum Fourier transform and the inverse quantum Fourier transform is the two
famous articles in Griffiths and Niu (1996), Cleve et al. (1998). For a more detailed
description to the quantum-counting algorithm, the recommended article and books
are Brassard et al. (1998), Nielsen and Chuang (2000), Imre and Balazs (2005),
Lipton and Regan (2014), Silva (2018), Johnston et al. (2019). A good introduction
to the instructions of Open QASM is the famous article in Cross et al. (2017).

6.7 Exercises

6.1 Prove that the transformation of the Oracle is O = In »» — 2 X |xg) {xo|, where
Xo is one element in the domain of the Oracle and x( satisfies O(xg) = 1.

6.2 Determine the matrix of the Oracle that is O = Iz 2 — 2 X |xg)(xo|, where x
= 2 and x, satisfies O(xp) = 1.
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6.3 Show that the unitary operator U (inversion about the average) is equivalent to
reflect its input state |¢, ) over |¢p;) to |¢p3) that is a reflection about |¢;) in
the two-dimensional geometrical interpretation of Fig. 6.7.

6.4 Compute the matrix of the Grover operator G in the basis of (|¢)) and (|1)) in
Fig. 6.7.

6.5 Calculate the eigenvalues and corresponding eigenvectors of the Grover
operator G in the basis of (|¢)) and (|A)) in Fig. 6.7.
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Answer Key

Solutions to Chapter 1

1.1 The problem at hand is to find the parameters based on the following equality:

0 in i 0
cosz —e'sing 01

use,o, )=\ .. .2, . 2| = =NOT
©.¢.4) |:e’¢smge’(’\+¢’)cos%:| [10j|

In the following we assume the interval [0, 7 ]. Since cos % =0, % must equal
Z,and thus = 7. Since sin 7 = 1, ¢’ = 1 as well, and hence i¢ = 0
and therefore also ¢ = 0. Again, since sin% = 1, —e'* = 1, and hence by
squaring both sides we have ¢>* = 1 and from this A = 0.

1.2 Along the same lines as in Exercise 1.1

[ iA [

: o
[ cos§s —e*sinf ] |5 B/ |
Us®.¢.0) = |:ei¢ sin§ e cos§ || S L =H

In order for cos ¢ = 9

7= %, 5 = 7 and therefore & = 7. For this value of 6,

sin % = Lz as well, and hence e’? = 1. From this it follows that ¢ = 0. Since
e!®t® = —1 and given that ¢ = 0, we have that ¢/* = —1 and therefore
A=

1.3 As in both previous exercises, we set

0 _pitgin?
(]3(9’(15’/\):|:c0s2 e sm2]=|:10]zz

e'?sin § '*+9) cos § 0-1

With cos % = 1 it follows that & = 0. Since cos g = 1, it must be the case that
¢'®9) = —1. It must therefore be the case that » + ¢ = 7. With sin $ = 0

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 307
W.-L. Chang and A. V. Vasilakos, Fundamentals of Quantum Programming in IBM’s

Quantum Computers, Studies in Big Data 81,

https://doi.org/10.1007/978-3-030-63583- 1


https://doi.org/10.1007/978-3-030-63583-1

308

1.4

L5

1.6

1.7

1.8

Answer Key

the values of A and ¢ cannot be established from the off-diagonal formulas.
For that reason, the gate Z can have many parametrizations, including when

Again, as above
) in B .
oS 3 sin 3 0—i
U3@.¢.20) = |: z<z>sm "*+¢)cos—i| - [i 0 ] =Y
With cosg = 0,0 = 7.sinZ = 1. Hence, ¢’ = i and —¢'* = —i. From
these equations we obtain the values ¢ = 7 and A = 7
As above,

cos? —e*sin? 10
U30,¢,1) = |: ip snf o O+9) COSZE] - |:0 i] -

With cos § = 1,60 = 0. Then /%) = i. This means that A + ¢ =
there are multiple parametrizations that achieve this, e.g., A = ¢ =
The ST gate differs from the S gate in the sign of the complex number i only.
Therefore, the parameters are as follows: 6 =0 and A + ¢ = 7.

The gate T differs from the S only by having the value 1}’ instead of i. There-
fore, the parameter & = 0, while for the remaining two parameters there are
multiple values for which holds that ¢/*+®) = I—\E To obtain the parameters

we use trigonometric identities

Again,

z
5.
Ly

.J;

'O = ¢ ei® — (cos A + i sin 1) (cos ¢ + i sin ¢)

This corresponds to

COSACOS¢ +isingcosA +isinicos¢p — singsin A
= (cosAcos¢ — sinAsin¢) + 1(sm¢>cosk + sin A cos ¢)
=cos(A + ¢) +isin(A + ¢) =
f [

Thus we have A + ¢ = %

The reasoning regarding the T+ gate is similar to that for the T gate. Instead of
1}’ , the T™ has its conjugate fl The parameter 8 = 0. Using trigonometric

identities

cos(A + @) +isin(A + ¢) =

-
5l
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1.9

1.10

From cos(A + ¢) = % and sin(A + ¢) = _\/LE we have that A +¢ = 315° =

7T”. Therefore, any combination of values for A and ¢ that conforms to the
condition A + ¢ = 7% is a valid parametrization.
6

Finding the parameters for the identity gate is straightforward. From cos 5 =
it follows that & = 0. Then, from ¢/**® = 1 it follows that A + ¢ = 0 and
therefore A = ¢ = 0.

For the gate

Ul(,\):[l 0}

0 eiA

6 = 0, as above. Then, from ¢'*T® = ¢* it follows that ¢ = 0.

For the gate U2(¢, 1) we have
cos§ —e*sing J% _f_ﬁ
U3(9, ¢9 )‘) = €i¢ sin 0 €i(k+¢> cos 0 = £t it = U2(¢9 )‘)
2 2 NG

6 _ 1 _
we have that cos 3= 75 and therefore 6 = 7

Solutions to Chapter 2

2.1

To obtain the required operation, 3 quantum bits and 3 classical bits are needed.
In the following circuit, g[0] represents the x operand, g[1] represents the y
operand, while g[2] is the additional bit in the OR gate introduced in the material
of this chapter. First, set the two operands into a superposition by applying to
each a Hadamard gate H. As the OR gate requires that the auxialiary quantum
bit be equal 1, apply the NOT gate to it. The OR gate would require a total
of 4 NOT gates. It can however be simplified due to the fact that one of the
operands, namely x, is negated. The equivalence of the two subcircuits can be
easily checked by writing down truth tables for each of them. Note that the
output is presented in the order c[2], c[1], c[0].

The circuit:
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atel 1o —JHK B
an w -

al2] 1oy —PX- A\ " A 1l "
q[3] |o) ;
q[4] |o) - [
<3 o 1 2
The code:

1. OPENQASM 2.0;

2. include “gelibl.inc”;

3. qregq[5];

4. cregc[3];

5. hq[0];

6. hq[ll;

7. xq[l];

8. xq[2];

9. cex q[0], q[1], ql2];

10. xq[1];

11. measure q[0] — c[0];

12. measure g[1] — c[1];

13. measure q[2] — c[2];

The output:

Hsstogram

25TT%

N?‘“ .
il m

ate

% 24%

26485%
o0 00
5

2.2 To obtain the required operation, 3 quantum bits and 3 classical bits are needed.
q[0] represents the x operand, g[1] represents y, while g[2] is the additional
bit in the OR gate introduced in the material of this chapter. First, set the two
operands into a superposition by applying to each a Hadamard gate H. As the

Preeanites
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OR gate requires that the auxiliary quantum bit be equal 1, apply the Pauli X
gate to it. The OR gate would require a total of 4 X gates. It can however be
simplified due to the fact that one of the operands, namely y, is negated. Note
that the output is presented in the order c[2], c[1], c[0].

The circuit:

q[e] lo)

q[31 lo)

q[4] o)

c3 A 4 A 4 Y

The code:
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The output:
Histogram

F L FIET ——
ey D0rE% D%
%
5%

£ n%
"
™
»
"

m

o1

100 01
State

2.3 A possible implementation of this operation could be as below. To this end,
5 quantum bits and 3 classical bits are required. Observe that y A (x V x) =
(y Ax) V (¥ A X). Therefore, in the following, we separate the operations into
three parts: (y A x), (¥ A Xx), and the OR operation on the two. The three opera-
tions are separated by barriers (barriers are only used for convenience and they
do not contribute to the meaning of the circuit). Everything up to the first barrier,
except the two Hadamard gates, encodes the clause (y A x). Clause (y A X) is
encoded between the first and the second barrier. The OR operation on the two
clauses is encoded between the second and the third barrier. In the following
circuit, g[0] represents x, g[1] represents y, g[2] is the auxialiary quantum bit
for the AND operation in the term (¥ A x), g[3] is the auxiliary bit for the AND
operation in the term (¥ A x), while g[4] is the auxiliary bit for the OR operation
mentioned above. Note that the output is presented in the order c[2], c[1], c[0].
The circuit:

ql8] I I
Jiia = 1
al2] 10) | 9
al31 10) : :
atal 1o A -

c3 e 1 2
The code:

1. OPENQASM 2.0;

2. include “gelibl.inc”;

3. qregq[5];

4. cregc[3];

5. hq[0];

6. hq[l];

7. xq[l];
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8. ccx q[0], q[11, q[2];

9. xq[ll;

10. barrier q[0], q[11, q[2], q[3], q[4];
11. xq[0];

12. xq[1];

13. ccx q[0], q[11, q[3];

14. xq[0];

15. xq[l];

16. barrier q[0], q[1], q[2], q[3], q[4];
17. xq[2];

18. xq[3];

19. xq[4];

20. ccx q[2], q[31, q[41;

21. xq[2];

22. xq[3];

23. barrier q[0], q[11, q[2], q[3], q[4];
24. measure q[0] — c[0];
25. measure q[1] — c[1];
26. measure q[4] — c[2];

The output:

5T
FIRL A
TN

Frodabiites
#

State

2.4 A possible implementation of this operation could be as below. To this end, 5
quantum bits and 3 classical bits are required. The separation of operations is
along the same lines as in the previous exercise. Observe that x A (y V y) =
(X A y) V(X A Y). Therefore, in the following, we separate the operations into
three parts: (x A y), (X A ¥), and the OR operation on the two. The three opera-
tions are separated by barriers (barriers are only used for convenience and they
do not contribute to the meaning of the circuit). Everything up to the first barrier,
except the two Hadamard gates, encodes the clause (x A y). Clause (X A y) is
encoded between the first and the second barrier. The OR operation on the two
clauses is encoded between the second and the third barrier. g[0] represents x,
ql1] represents y, g[2] is the auxiliary quantum bit for the AND operation in the
term (X A y), g[3]is the auxiliary bit for the AND operation in the term (X A y),
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while g[4] is the auxiliary bit for the OR operation mentioned above. Note that
the output is presented in the order c[2], ¢[1], ¢[0].
The circuit:

wor o -y 5
o o TR B

2] 10) ©
©

ql3] [o}

.

qla] o)

wun

c3

The code:
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The output:

Histogram

0TS
n‘”ﬂ‘ .
on 180

State

%
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%
%
e
%
e
0%

Propasdins

"

e
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2.5 To obtain the required operation, 3 quantum bits and 3 classical bits are needed.
q[0] represents the x operand, g[1] represents y, while g[2] is the additional bit
in the AND gate introduced in the material of this chapter. First, set the two
operands into a superposition by applying to each a Hadamard gate H. The two
X gates are to account for the fact that operand x is negated. Note that the output
is presented in the order c[2], c[1], c[0].

The circuit:

ql[e]

q[1]

q[2]

q[31 [0}

ql4] Io)

c3

The code:

OPENQASM 2.0;
include “qelib1.inc”;
qreg q[51;

creg c[3];

h q[0];

hq[1];

x q[0];

cex q[0], q[11, q[21;

x q[0];

measure q[0] — c[0];

2o o=

._.
e
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11. measure g[1] — c[1];
12. measure q[2] — c[2];

The output:

Histogram

730u%

nm" .‘15 ' .
001 o
State

2.6 To obtain the required operation, 3 quantum bits and 3 classical bits are needed.
q[0] represents the x operand, g[1] represents y, while g[2] is the additional bit
in the AND gate introduced in the material of this chapter. First, set the two
operands into a superposition by applying to each a Hadamard gate H. The two
X gates are to account for the fact that operand y is negated. Note that the output
is presented in the order c[2], c[1], ¢[0].

The circuit:

atel 1oy N

q[1] lo}

P

ProGabatey
sdaanl

#

]

ql2] Io)

q[31 [0}

ql4] Io)

c3

The code:

OPENQASM 2.0;
include “gelibl.inc”;
qreg q[5];

creg c[3];

h q[0];

hq[1];

R
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7. xq[l];

8. cexq[0], ql1], q[21;
9. xgqll];

10. measure q[0] — c[0];
11. measure q[1] — c[1];
12. measure q[2] — c[2];

The output:

Histogram

28604%

%

DI nEnE%

Progabiues
#

Solutions to Chapter 3

3.1 The circuit for the satisfiability problem specified by the oracle F(xi, x;) =
X1 A X3 is very similar to the one given for F (x|, x) = x| A x; in this chapter
(see also the answer to Exercise 3.4). The difference is that the input x; is negated
(thatis g[3]). g[0] is a workspace qubit, g[1] is not used, g[2] represents 55, g[3]
is for x;, while g[4] is for x,. We introduce barriers to separate different parts
of the code. Everything up to the first barrier represents the initial encoding.
q[0] represents the state |—) = \% (]0) — |1)), as in the material, while g[3] and
q[4] are set into a uniform superposition. The oracle that negates the amplitude
of the qubit for which the condition x; A x, = 1 is fulfilled is located between
the first and the second barrier. To represent the fact that the value of x; is
negated, the NOT gate is used on the qubit representing x;. After the oracle
has completed its task, another NOT gate is applied to x| to uncompute. The
circuit part between the second and the third barriers has been introduced in the
material of this chapter and encodes the Grover diffusion operator.

The circuit:
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wor - *

al1] 1oy

awm— @@

o T - -
I P

) 7

The code:




Answer Key 319

The output:

3.2 The circuit for the satisfiability problem specified by the oracle F (x|, x;) =
X1 A X3 is very similar to the one given for F (x|, x,) = X| A x in Exercise
3.1. The difference is that the input x; is negated (that is ¢g[2]) instead of x;.
ql0] is a workspace qubit, g[1] is not used, g[2] represents s,, g[3] is for x,
while g[4] is for x,. We introduce barriers to separate different parts of the code.
Everything up to the first barrier represents the initial encoding. g[0] represents
the state |—) = LZ(|O) — |1)), as in the material, while ¢g[3] and ¢[4] are set
into a uniform superposition. The oracle that negates the amplitude of the qubit
for which the condition x; A X; = 1 is fulfilled is located between the first and
the second barrier. To represent the fact that the value of x; is negated, the NOT
gate is used on the qubit representing x,. After the oracle has completed its task,
another NOT gate is applied to x; to uncompute. The circuit part between the
second and the third barriers has been introduced in the material of this chapter
and encodes the Grover diffusion operator.

The circuit:

atel 1oy~ . : : :

al1) L ! -

ql2] o) : : :

a1 10 -l ! - B HeE

oo -l E EEmOEEN N
2 5 1

The code:

1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qregq[S);
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creg c[2];

x q[0];

hq[3];

h q[4];

h q[0];

barrier q[0], q[11, q[21, q[3], q[4];

. xq[4];

. cex q[4], ql31, ql2];
. ¢cx q[2], q[0];

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

cex q(4], q[31, ql2];

x q[4];

barrier q[0], q[11, q[2], q[3], q[4];
hq[3];

h q[4];

xq[3];

x q[4];

h q[4];

cx q[3], q[4];

x q[3];

h q[4];

u3(2 * pi, 0, 0) q[3];

x q[4];

h q[3];

h q[4];

barrier q[0], q[11, q[2], q[3], q[4];
measure q[4] — c[0];

measure q[3] — c[1];

The output:

w
State

3.3 In theory, the circuit for the satisfiability problem specified by the oracle
F(x1,x2) = x| A Xx; should be very similar to the one given for F(xj, x;) =
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X1 A x in this chapter (see also the answer to Exercise 3.4). The difference
would be that the quantum bit g[2] is negated in order to represent the NAND
gate. g[0] is a workspace qubit, g[1] is not used, g[2] represents s, g[3] is
for x|, while g[4] is for x,. We introduce barriers to separate different parts of
the code. Everything up to the first barrier represents the initial encoding. g[0]
represents the state |—) = \/%(K)) — |1)), as in the material, while g[3] and g[4]
are set into a uniform superposition. The oracle that negates the amplitude of
the qubit for which the condition x; A x; = 1 is fulfilled is located between
the first and the second barrier. As mentioned above, the NOT gate is used on
the qubit representing s,. After the oracle has completed its task, another NOT
gate is applied to s, to uncompute. The circuit part between the second and the
third barriers has been introduced in the material of this chapter and encodes the
Grover diffusion operator. After executing the code we notice that the obtained
output is incorrect. In fact it shows the state |11) with probability 1. The correct
answer should have included equal probabilities for three states: |00), |01), and
[10). These three states are the correct outcomes for the NAND gate. The reason
we obtained the wrong answer is that Grover’s algorithm imposes a limitation
on the ratio between the number of answers (A) and the number of all possible
outcomes (O). This limitation is % < % In this exercise, this ratio is % > %
however.

The circuit:

afe] 1oy —HKH-—NH +

XT;TX

ql1] 1o}

ql2] o}

% B

qtal 10)

The code:

OPENQASM 2.0;
include “qelibl.inc”;
qreg q[5];

creg c[2];

x q[0];

h q[3];

h q[4];

h g[0];

barrier q[0], q[1], q[2], q[3], q[4];
10. xq[2];

11. ccx q[4], q[3], q[2];
12. ex q[2], q[0];

2o s =
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13. ccx q[4], q[31, q[2];

14. xq[2];

15. barrier q[0], q[1], q[2], q[3], q[4];
16. hq[3];

17. hq[4];

18. xql31;

19. xq[4];

20. hq[4];

21. cx q[3], q[4];
22. xq3l;

23. hql4l;

24. u3(0,0,0) q[31;
25. xq[4];

26. hq[3];

27. hql4l;

28. barrier q[0], q[11, q[2], q[3], q[4];
29. measure q[4] — c[0];
30. measure q[3] — c[1];

The output:

Frobanites
&

State

The circuit for the satisfiability problem specified by the oracle F(x, xp) =
X1 A xp which was given in the material of this chapter, can be simplified by
replacing the twelve gates used to represent the CCNOT operation with the
CCNOT gate itself (in code: ccx). As the procedure of deriving the circuit has
been described in detail in the material, here we only present the corresponding
circuit, the code and its output. As before, ¢[0] is a workspace qubit, g[1] is
not used, g[2] represents s,, g[3] is for x;, while g[4] is for x,. We introduce
barriers to separate different parts of the code. Everything up to the first barrier
represents the initial encoding. ¢[0] represents the state |—) = \/LE(IO) — 1)),
as in the material, while g[3] and g[4] are set into a uniform superposition. The
oracle that negates the amplitude of the qubit for which the condition x; Ax; = 1
is fulfilled is located between the first and the second barrier. The circuit part
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between the second and the third barriers has been introduced in the material

of this chapter and encodes the Grover diffusion operator.
The circuit:

wo o HHE-—@— i

al1l I

at2] o o O

a1 1o -l [ ox S B3 EEe
ata1 1o -l .‘.‘.“‘.‘.‘. F

c2

The code:
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The output:

g
g

3

7

Probabilties

s ¥EEENE

"

State

Solutions to Chapter 4

4.1 The mapping this oracle performs is ajapazas — e >Omaa —

e (3+%+%). The following table shows the particular results. Input 0/1
indicates that the respective value is either O or 1.

ai as as as %ez”i(aTz+aT3+%)
0/1 0 0 0 1/4
0/1 0 0 1 V2/8 +i/2/8
0/1 0 1 0 i/4
0/1 0 1 1 —V2/84i2/8
0/1 1 0 0 —1/4
0/1 1 0 1 —V2/8—i\2/8
0/1 1 1 0 —i/4
0/1 1 1 1 V2/8 —i/2/8
This corresponds to the sequence of rotations

0°,45°,90°, 125°, 180°, 225°,270°, 315°. As these values (see the table above)
appear twice, the expected frequency f is 2. With this the period is r = 8.

The solution follows closely that already introduced in the material of this chapter.
Quantum bits g[0], g[1], g[2], and g[3] correspond to a;, az, az, as, respectively. The
first column indicates that all 4 quantum bits are set into a uniform superposition by
applying to them the Hadamard gate. In the next column, the respective rotations are
encoded. In accordance with the mapping formula, quantum bit g[1] is rotated by
180°, g[2] by 90°, and g[3] by 45°. These operations are delineated by the barrier.
After the barrier, the inverse quantum Fourier transform is applied. This transfor-
mation is the same (starting in row 13 of the code) as introduced in the chapter
material. What changes is the application of the U1 gates to the qubits g[1], g[2],
q[3] corresponding to ay, as, as, respectively.
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The circuit:

uz: :: -I——I-T—I—I x| -
o - ! T
a1 0 B! lx

) pl

The code:
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The output:
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4.2 The mapping this oracle performs is ajaa; — 53¢ 3¢

1

me”‘”. The following table shows the particular results. Input 0/1 indicates

that the respective value is either O or 1.

ajan as ﬁzei”‘”
00/01/10/11 0 1/2v2
00/01/10/11 1 —1/2v2

The oracle oscillates between two values corresponding to rotations by 180°. The
frequency is 4, whereby the period equals 8/4 = 2. Our solution follows closely
that already introduced in the material of this chapter. Quantum bits g[0], g[1],
and ¢g[2] correspond to ay, ay, as, respectively. 3 classical registers are needed to
encode the output. The first column indicates that all 3 quantum bits are set into a
uniform superposition by applying to them the Hadamard gate. In the next column, the
respective rotations are encoded. In accordance with the mapping formula, quantum
bit g[2] is rotated by 180°. These operations are delineated by the barrier. After the
barrier, the inverse quantum Fourier transform is applied. This transformation is the
same (starting in row 10 of the code) as in the chapter material, but applied to 3
quantum bits instead of 4. What changes is the application of the U1 gate to the qubit
q[2] corresponding to as. Moreover, the swapping operation takes place between the
most significant digit and the least significant digit only.

The circuit:

atel 1o —Fl— $$
at1 10 —Jl— : ¢ | n $ R
ql2] 10) . I 1 . w | | _

c3

N
ey
D=
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The code:
1. OPENQASM 2.0;
2. include “gelibl.inc”;
3. qregq[3];
4. cregc[3];
5. hq[0];
6. hq[l];
7. hq[2l;
8. ul(pi) q[2I;
9. barrier q[0], q[1], q[2];
10. hq[O];
1. cul(—pi/2) q[1], q[0];

cul(—pi/4) q[2], q[01;
hq[1];

cul(—pi/2) q[2], q[1];
- hq2];

swap q[0], q[2];
measure q[0] — c[2];
measure q[1] — c[1];
measure q[2] — c[0];

The output:
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The mapping this oracle performs is ajaxa; —

00

State

2

1 e27{i xO.a2a3
V2

%ez’”‘(%*%). The following table shows the particular results. Input 0/1
indicates that the respective value is either O or 1.

aj a as ﬁez”i(%'ﬁ%)
0/1 0 1/2v2
0/1 1 i/23/2

(continued)



328 Answer Key

(continued)

a @ a ﬁezm(%‘%)
0/1 1 0 —1/242

0/1 1 1 —i/232

The oracle oscillates between four values corresponding to rotations by 90°. The
frequency is 2, whereby the period equals 8/2 = 4. Our solution follows closely that
already introduced in the material of this chapter. Quantum bits ¢[0], g[1], and g[2]
correspond to ay, ay, as, respectively. 3 classical registers are needed to encode the
output. The first column indicates that all 3 quantum bits are set into a uniform super-
position by applying to them the Hadamard gate. In the next column, the respective
rotations are encoded. In accordance with the mapping formula, quantum bit g[1]
is rotated by 180°, while g[2] is rotated by 90°. These operations are delineated by
the barrier. After the barrier, the inverse quantum Fourier transform is applied. This
transformation is the same (starting in row 11 of the code) as in the chapter material,
but applied to 3 quantum bits instead of 4. What changes is the application of the U1
gate to the qubits g[1] and g[2] corresponding to a, and a3, respectively. Moreover,
the swapping operation takes place between the most significant digit and the least

significant digit only.
H $ X

The circuit:

ate1 10 il
o -
a1 10 -

« 2 1 e
The code:

1. OPENQASM 2.0;

2. include “gelibl.inc”;
3. qregq[3];

4. cregc[3];

5. hq[0};

6. hq[l];

7. hql2];

8. ul(pi) q[1];

9. ul(pi/2) q[2];

10. barrier q[0], q[11, q[2];
11. hq[O];

12. cul(—pi/2) q[1], q[0];
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13. cul(—pi/4) q[2], q[0];
14. hq[l];

15. cul(—pi/2) q[2], q[1];
16. hq[2];

18. swap q[0], q[2];

18. measure q[0] — c[2];
19. measure g[1] — c[1];
20. measure q[2] — ¢[0];

The output:

Histogram
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Solutions to Chapter 5

5.1 Since the remainder » # 0, ¢ = xd + r, where xd is a multiple of d. From this
it follows that r = ¢ — xd. Let b; = gcd(c, d) and let b, = gcd(d, r). Then, on
the one hand, b|c and b, |d, and also b;|xd. With this, we have that b;|c — xd
and thus bq|r. Thus, by|b,. On the other hand, b,|d and b,|r. Hence, b,|xd,
from which it follows that by |xd + r with xd + r = c¢. Thus, b;|b,. Therefore
it must hold that b; = b,.

5.2 Let

Y
Yi=—
Yi

Since ged(y;, y;) = 1 for each i # j, it follows that ged(Y;, y;) = 1 as well.
By Bézout’s identity there exist two integers K; and k; such that K;Y; +k;y; =
gcd(Y;, y;) = 1. Then a solution can be constructed as follows:

n
7= ZCiKiYi
im1
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Each congruence relation i is then represented as
z=¢KiYi =ci(1 = k;y;) = c;(mod y;)
Moreover, any two solutions are equal modulo Y. To prove that let z; and z;
be two solutions to the given system of equations. Since yj, y, ..., y, are
pairwise coprime, it follows that y;|(z1 — z2), Y21(z1 — 22), - .. Yul(z1 — 22).

Thus, y1y2...yul(z1 — z2), or, equivalently

z1 = z2(mod y1y2 ... y,)

By the definition of binomial coefficients

(p)_ pl _ p(p=1--(p—k+D(p—k)!
k) kli(p—k! kl\(p —k)!
_plp=1---(p—k+1)
N k!

p=1)-(p=k+1)
k!

As binomial coefficients represent integers, 2 ( is an integer. From

the above equation it can be verified that (i > is a multiple of p. Hence, what

must be shown is that M is an integer. To that end we use Euclid’s

lemma. Euclid’s lemma states that if a prime n divides the product ab, where both
a and b are integers, then n must divide at least one of them. Since w
isaninteger, it follows thatk! divides p(p — 1) - - - (p — k + 1). Moreover, since
k! does not divide p because p is prime, then by Euclid’s lemma, k! must divide

(p—1)---(p—k+1)andso w is an integer. Therefore, p divides

p
(1)
This proof is due to James Ivory (“Demonstration of a theorem respecting prime
numbers”, New Series of the Mathematical Depository, 1(2): 6-8, 1806). Let a
be an integer and p be prime that does not divide a. The list of the first p — 1

positive multiples of a is

a,2a,3a,...,(p—la
By reducing each element modulo p, a new list is obtained that consists of
a permutation of the integers 1,2, 3,..., p — 1. Therefore, multiplying the

elements

a-2a-3a---(p—1a=1-2-3---(p—1)(mod p)
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5.5

5.6

This corresponds to
(p—Dla"™! = (p — D!(mod p)
and further to
a’~!' = 1(mod p)

Now let a be any integer and p be a prime. If p|a then a? = a(mod p) = 0. If
p does not divide a then multiplying the above equation by a

a-a’~! = a(mod p)

gives the required result a” = a(mod p).

Consider the multiplicative group modulo n : Z/nZ. Every element in this
group has a unique inverse. Let the elements of this group be denoted as
ki, ko, ..., kgw). Thenfora € Z/nZ the elements aky, ak,, ..., akg are also
element of Z/nZ. In analogy to the proof of Fermat’s little theorem, multiplying
the elements k; corresponds then to

kl . kz e k¢(n) = ak1 . ak2 .. ~ak¢(,,) = a¢(”)k1 . k2 o ~k¢(n)

Cancelling equal terms leads to a®?™ = 1(mod n).

The following proof has been adapted from the proof given in “Continued
Fractions, Pell’s equation, and other applications” by Jeremy Booher and holds
for any rational fraction, not only 2L

Assume 2’— is not a convergent of the continued fraction of 2’— Then r can be
picked to lie between the denominators of two convergents 5—: and % of 2L
that is, g, < r < gu+1- Suppose

(D

The determinant of the matrix in the following equation

<Pn Pn+1><u) _ (z)
qn 4n+1 v r
is 1 or —1 based on the difference between two successive convergents, which

is given by

Pyt pn_ (=D
dn+1 qn dndn+1
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Then for the system of equations

Z =Upp + Vpp+1 )

r = uqn + Vqn+1

holds that uv < 0. u and v cannot be both positive or both negative because this
would imply that |r| > |g,+| which contradicts our assumption that g, < r <

qn+1-
With (2) we have

i
e

2n

i
(upn + vpuy1) — (ug, + vq”+])2_n

i i
u<pn - qn§> + U(pn-H - CIn-HF)‘

Since even convergents are increasing and odd convergents are decreasing with
3+ lying in between them, and given that uv < 0, it must be that either (1)
u(p,, — qnzl,,) and v(pn+1 — qn+1 2’—) have the same sign, or (2) one of them is

zero. Therefore,
i i i
Z_rz_n = |u pn_QnZ_n + v pn-&-l_qu—lﬁ
i

Pn — an_n

For

[
Z—rz—n

<

to be true, either (1) |u| = 1 and v = 0, or (2) u = 0. Assuming (1) is the
case, then £ = & and is thus a convergent of 2’—" Assuming (2) is the case, then
|r| = |vgu+1], which contradicts our assumption that r < ¢,,41.

As opposed to Eq. (1) suppose that

i i
Z—”z_n = Pn—CInE
Then
i 1
Pn—4n2—n <Z

From this it follows that
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R PR S R /R S L S R B
r qn r n qn 2n 2r qdnqn+1 2rq}’l zan rqn
3)
However
L Pn| _ | TP (4)
r qn rqn
Since due to (3)
|Zq” _”Pn| = 1

and because we assumed that z and r are positive integers and therefore the
nominator in (4) has to be an integer, we have

|2gn — rpal =1

which implies that £ is a convergent of 2’—
5.7 ’1 — eie|2 = (1 - em)(l — e_m) =1—e"—¢? 41
=2 —(cosf —isinf) — (cosh +isinf) =2 —2cos6

Leté = g. Then by trigonometric identity formula for double angles cos(269) =
1 — 25sin* £ we obtain

0
2 —2cos(28) =2 —2(1 — 2sin> §) = 4sin® § = 4sin’ >

Solutions to Chapter 6

6.1 Let |xp) be the only solution of a given search problem. Then, recalling that the
inner product (x|x) = 1, we have

Olxo) = (I — 2|xo){x0l)x0) = I'lx0) — 2|x0){x0lx0) = |x0)} — 2|x0) = —|x0)

6.2 For |xg) = |2) = |10) the matrix has dimensions 4x4 and can be derived as
follows:
1000 0 10 00
0100 0 01 00
-2/ [[o0 10]-
0010 1 0010 00 —-10
0001 0 00 01
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6.3 First, derive U = 2|¢1) (1| — [

ooV |1 - [00) - [

N

Then applying U to |¢,) we obtain |¢3)

[N-S [ N—S N—4S
N N N
U =
_ /s S 3N—4S
N N N

Thus U has reflected vector |¢,) about |¢,) as shown in Fig. 6.7.

6.4 The matrix of G is
cosf® —sinf
G =
|: sinf cosf ]

From the state |¢;) we have that sin% = 1/ 5 and cos z ‘/ . From

the state |¢3) we have that sin ¥ = 3N§45,/— while cos 329 = N TS

The elements of Grovers operator can then be obtained from the following
trigonometric identities

. (39 9> . 30 0 30 . 0  2JS(N-2S5)

sinf = sin{ — — = ) = sin — cos — — cos — sin = =
2 2 2 2 2 2 N
3 6 30 0 .3 .6 N-=-2§
cosf =cos| — — = | =cos — cos = +sin — sin — =
2 2 2 2 2 2 N

With the above the matrix has the form

|: N-25 _ 2J/S(N=-9% :|
G =

N N
2/ S(N-=-S) N-2§
N N

6.5 We need to solve the equation

Gly) = rly)

where |1/) is an eigenvector and A is its corresponding eigenvalue. To that end
we find the characteristic equation

|G —AIl=0

to be
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-2 2/S(N=38)

N
2/S(N=8)  N-2§ 0 A
N N

N=2§ . _2J/S(N=-S)
— N A N
- 2/S(N=8) N-25 A
N N

(57 ()

N
2N —4S
2
=2 ———2x4+1=0
N +
The two eigenvalues are therefore (the complex value is due to the fact that
N<Y9)
- N =25 4+2i/S(N = S5)
b N
and

L N 2521 /SV=S)

: N

The corresponding eigenvectors are calculated as follows. For A;

N-2S g _2/S0V=5) _ 2i/SIN=%) _ 2/SN=9)
N ! N (V) = N N Vg | 0
2/SV=5) N-25 _ 4 VE 2SS 2508 ||y =
N N 1 N N 1,2

and hence v, ; = iy ». Therefore the eigenvector is JLE |: ll ] For X,

N=25 _ 3  _2J/SIN-5) 2i/SIN=S) _ 2J/SIN=5)
N 2 N Y1) = N N Via | _ 0
2/SIN=8) N-25 _ 3 1= 2/5(N=8) 2i/SIN=3) " =
N N 2 N N 1,2

and hence v, ; = —iy; 2. This corresponds to the eigenvector «/LZ |: _]l i|
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Group
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Grover operator, The
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304
Inverse discrete Fourier transform, 167-169
Inverse quantum Fourier transform, 179-
184, 189, 192, 199, 200, 204, 208,
216

M
Matrix Ry ¢, 173-174
Matrix Rk ¢, 173-174
Matrix swap, 175
Matrix swap, 175
Maximal clique problem, The
clique, 136, 139
complementary graph, 134
data dependence analysis, 142-143
graphG, 134
Grover’s iteration, 159
implement solution space, 144—147
implement the Grover diffusion operator,
153-155
implement the Oracle, 149-152
maximum-sized clique, 136
number of vertex, The, 139-142
Oracle, The, 147-149
quadratic speed-up, 160
quantum search algorithm, 155-160
recognize cliques, 136—139
solution space, 143—144
Measurement
multiple quantum bits, 5, 7
single quantum bit, 7, 9
Modern algebra, 53
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Multiple quantum bits, 2, 4
Multiplicative group modulo N, 240

N
NAND operation, 53, 77-82
NOR operation, 53, 88-94
NOT operation, 53-59
NP-Complete problems, 110, 135
Number theory
composite number, 220
co-prime, 220
dividend, 221
divisor, 220
factor, 220
greatest common divisor, The, 220
integers, 220
natural number, 220
non-negative integers, 220
positive integers, 220
prime factorization, 220
prime number, 220
quotient, 220
remainder, 220

(o)
One’s complement
a bit, 55-57
two bit, 57-59
Open QASM
“creg name(size];”, 5
“cx q[11.9[01:", 36

“hq[0L;”, 13
identifiers, 5
“id q[01;”, 34

“include filename;”, 5
“measure qubitlqreg -> bitlcreg;”, 5
“OPENQASM M.m;”, 5

“qreg name(size];”, 5

“sdg q[0];”, 25

“s q[0];”, 22

“tdg q[0];", 31

“t q[0];”, 28

“ul(2 * pi) q[0]”, 42
“u2(0*pi,1*pi) q[0];”, 46
“u3(0.5%pi,0%pi, 1 *pi) q[0];”, 49

“x q[0];”, 10
“y q[0};”, 19
“zq[0];”, 16

Oracular function
circle notation, 187-188, 202-204
domain, 110
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frequency, 185, 198
frequency of signals, 186, 199, 200
hidden patterns, 185, 200-201
implement a given oracular function, 190
inverse quantum Fourier transform, 192—
197, 200, 208-214, 216-217

measurement, 198—199, 214-215
period, 185, 198
period of signals, 186, 199, 200
range, 114

Order-finding, 219, 226-228, 249-252, 267,

268

OR operation, 53, 82-88

Orthonormal basis
2"-dimensional Hilbert space, The, 4
four-dimensional Hilbert space, The, 2-3
two-dimensional Hilbert space, The, 2

Outer product of two vectors, 123, 125

P
Phase, 275-277, 283, 285, 298-299
Phase angle, 283, 284, 300, 302, 304
Phase estimation, 272-304
Phase kickback, 273, 275, 284, 302
Prime factorization for 15, The, 229, 231
Prime factorization for 21, The, 231, 233
Prime factorization for 33, The, 235, 238
Prime factorization for 35, The, 233, 235
Probability amplitudes, 2—4
Public key cryptography

cryptographic protocol, 242

cryptosystem, 242

decryption, 243

eavesdropper, 242

encryption, 243

public key, 242

RSA Cryptosystem, The, 242, 243

secret key, 242

Q
Quadratic congruence, 222-223

Quantum algorithm, 53, 109
Quantum assembly language, 1, 5
Quantum bit, 1-4, 7
Quantum computer, 1-5, 7
Quantum counting, 287, 294
Quantum Fourier transform, 169-178
Quantum gate
CNOT gate, The, 34-39
controlled-swap gate, 244-249
Hadamard gate, The, 11-13
identity gate id, The, 31-34
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NOT gate, 7-11
phase gate U2(¢, \), The, 43-47
phase gate U3(¢, \), The, 46-50
S gate, The, 19-22
S*gate, The, 22-25
swap gate, 175, 176, 178
T gate, The, 25-28
T* gate, The, 28-31
UI(\), The, 40-43
Y gate, The, 16-19
Z gate, The, 14-16
Quantum register, 5
Quantum search algorithm, 109, 130-134,
155-160
Quantum supremacy, 1

S
Satisfiability problem, The
an example, 110
data dependence analysis, 113-114
definition, 110
domain, The, 111
flowchart, 111-113
Grover’s iteration, 134
Grover diffusion operator, The, 123-125
implement solution space, 115-118
implement the Grover diffusion operator,
125-130
implement the Oracle, 119-122

Index

Oracle, The, 118, 119
quadratic speed-up, 134
quantum search algorithm, 130-134
range, The, 114
solution space, 114
Search problem, The, 109-110, 114-115
Shor’s order-finding algorithm, 249-252
Subtree, 288-290
Superposition, 2-5

T
Time complexity
inverse quantum Fourier transform, 184—
185
quantum Fourier transform, 178-179
Shor’s order-finding algorithm, 267-268
Toffoli gate, The, 60-63
Traditional digital computers, 1
Tree, 288-290

U

Unitary matrix, 8, 11, 14, 17, 20, 23, 26, 29,
32, 35, 40, 43, 47

Unitary operator, 8, 11, 14, 17, 20, 23, 26,
29, 32, 35, 40, 43, 47

Unit vector, 2—4

Unsorted databases, 109
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