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Abstract

This article deals with algorithmic investigation of a gate-type quantum computer that com-
prises the following quantum gates: Controlled-Z, R,(¢), Ry(¢) and R.(¢) for ¢ = £n/4,£7/2, 7
(hereinafter our potential computer). We investigate two topics. The first topic is to check whether
our potential computer is a universal quantum computer or not by reviewing and following the
procedures in Nielsen and Chuang[1]. We can confirm that our gate set is equivalent to the ultimate
universal set of gates in quantum computing. The availability of the ultimate set makes it possible
to construct an arbitrary unitary matrix, the key to implement a universal quantum computer;
thus, our potential computer proves to be universal. The second topic is to review to what extent
our potential quantum computer could be useful from a viewpoint of its availability to solve a
real problem, in comparison to a classical one. We can also confirm t hat our p otential computer
can implement the Deutsch-Jozsa algorithm[2] (or DJA for short). DJA makes it possible to solve
a certain problem in much less steps than classical computing; thus, our potential computer is

confirmed to p ossess quantum advantage.
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The general concern of KH, the primary author of this article, is that if we plan to imple-

ment a gate-type quantum computer that is supposed to embody a certain set of operation
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gates, it is important studying the computer from a viewpoint of quantum information pro-
cessing (or QIP for short) algorithm at the same time as producing tangible things. Here,
let us suppose the computer to embody the following quantum gates: Controlled-Z, R, (¢),
R,(¢) and R.(¢) for ¢ = £7/4,£n/2, 7. The definitions of these gates are detailed later,
and hereinafter we call such computer our potential computer. In particular, the assessment
of our potential computer’s availability to solve a problem is, among other things, vital and
should be done prior to any processing activities. This article focuses on the assessment.
Other algorithmic investigations, e.g., the development of an efficient QIP code and the
development of an error correction code, taking into account the physical characteristics of

the computer, may follow the assessment study.

B. Questions/Aims

We have two aims for the assessment of our gate-type computer’s potential availability
to solve a problem.

The first aim is to confirm its universality. A gate-type quantum computer is said to
possess universality if it is verified to be able to perform arbitrary unitary transformations on
internal data. An arbitrary unitary transformation is made possible if a quantum computer
embodies an arbitrary single-qubit gate and a CNOT gate as well[l]. In case that our
quantum computer could not embody a full set of these gates, there still might be a possibility
of it being able to solve some limited types of problems, though.

The second aim is to understand its practicality. Assuming that our potential computer
will prove to be universal in the first half of this article, to what extent our potential quantum
computer could be useful in a practical point of view, i.e., how good it is in comparison to

a classical computer in terms of solving a real problem.

C. Questions/Objectives

We set two objectives corresponding to the two aims, respectively.
The first objective is concerning universality, and we examine whether our potential
computer embodies “the /8 gate”, phase gate, Hadamard gate, and CNOT gate or not (to

be mentioned in Section ITA).
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Organisation of IT A is as follows: giving a simple definition of the gate-type quantum
information processing in a bit conceptual manner, followed by introducing the concept of
a universal set of operations or gates, then reviewing in detail how to obtain the ultimate
universal set comprising “the 7 /8 gate”, phase gate, Hadamard gate, and CNOT gate. Now,
having had these fundamental concepts, we examine our potential computer’s universality,
to confirm it.

The second objective is concerning practicality, and we plan to verify that our poten-
tial computer can exhibit quantum advantage. To this end, we demonstrate that ours can
implement the Deutsch-Jozsa algorithm[2] (or DJA for short). DJA is an algorithm that
is introduced to solve a certain problem (to be mentioned in Section IIB), and the algo-
rithm can only be implemented using the theoretical framework of quantum information
processing, i.e., a classical computer cannot implement it. Quantum advantage is the po-
tential ability of a quantum computer to solve problems faster than a classical computer
do[4] while quantum supremacy is the potential ability to solve those that cannot be done
practically by a classical computer[5].

Organisation of II B is as follows: defining a problem to be tackled, followed by introducing
DJA and reviewing how DJA makes it possible solve the problem in much less number of
steps, then confirming that DJA can be implemented with our potential computer.

The successful implementation of DJA is understood as a successful demonstration of a
quantum advantage. This advantage is among those characteristics that help to affirm that
a quantum computer is superior to a classical counterpart. The implementation of DJA
requires the Hadamard gate, which is also a centerpiece of the whole quantum information
processing.

Throughout this article, terms operation and gating, and operator and gate are used

interchangeably, respectively.

II. RESULTS
A. Universality of our potential computer
1. Definition of the gate-type quantum information processing

A gate-type quantum computer (of n-qubit) is defined as follows[1, 3]:
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a. It has a register that holds 2n complex numbers, where each qubit has two complex
numbers.

b. It changes the contents of the register (= n-qubit state) by carrying out unitary
operations repeatedly on the original register using 2n x 2n complex unitary matrices until
the intended register is obtained.

c. It measures the contents of the intended register, to produce a real number and the
intended register is projected onto one computational basis associated with the real number.
This is represented by measurement of a measurement operator M,,(= |m)(m|, where |m)
is one computational basis) with respect to the intended n-qubit state: We obtain the
probability of the state being found in the specific state |m).

The proceeding chapters deal with the issues regarding (ITA1b) above. The author
follows the mathematical notations, e.g., tensor representation, in particular, found in the

notable references [1, 6-9].

2. A universal set of gates for quantum computation

As mentioned above, QIP is basically a repetition of 2n x 2n unitary operations on the
original n-qubit state. A quantum computer might be appreciated well if it is specially built
to solve some specific problem and embody all the necessary 2n x 2n unitary operators or
gates to solve it. We, however, tend to like to have the type of quantum computer that is
available to solve any problems given. Otherwise, we will build different quantum computers
for different problems one by one. Here the concept of a universal set of gates or a universal

quantum computer came in. Details of the universal sets are described below.

3. Towards the ultimate universal set of gates

If a set of gates (referring to quantum gates in this writing) can be equivalent to an
arbitrary gate, i.e., the set is capable to replace the arbitrary gate, the set is said to be
universal for quantum computation. A quantum computer equipped with a universal set of
gates is then called a universal quantum computer. In the following, three universal sets «,
£ and v are explained. The three sets relate to others in that the set-a is decomposed to

the set-£ and the set-f3 is further decomposed to the set-v. What should be noted is that
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the set- is not exactly equivalent to the set-3. The set-f is approximated to the set-vy to
arbitrary accuracy, instead. The set-vy is called the ultimate universal set of gates.

a. set-a : two-level unitary operations

The target is to verify that an arbitrary unitary matrix with an arbitrary size is decom-
posed to two-level unitary matrices.

Start with an arbitrary 3 x 3 unitary matrix U®):

a d g
US=1p e nl. (1)
cfyJ

Our strategy is to find three unitary matrices U1(3), UQ(S), U3(3) such that
vPuPuPu® =T (2)
For if Eq.(2) holds, U® is then decomposed as
Ue — y® e U2(3)—1 _ U1(3>TU2<3>TU2(3)T. 3)

Now we can explain that the two-level unitary matrices do this job. A two-level unitary
matrix is one that acts non-trivially on two-or-fewer vector components. First, take a first

two-level unitary matrix Ul(?’) as

(

G %0
3 3
b —a —
u® _ = 20|, As=+/lal>+[b]* (for b #0) )
0 01
I® (for b = 0).
Thus,
A3 a*uf;;b*e a*g;b*h
3 —ea —a
UPUS = | o e boah (5)
c f J
a/ d/ g/
=10 ¢€ |- (6)
Cl f/ j/
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While the deviations of Eq.(5) and Eq.(6) are done for b # 0, Eq(6) holds for b = 0, either.
Next, take a second two-level unitary matrix U2(3) as

p

010 Ay = /]|d |+ |¢]? (for ¢ #0)
3 » 73
ot =<, (7)
7 0%
\ I® (for ¢ = 0).
Thus,
(l/* C/* al*dl Cl* ’ a/* / C/* -/
o 0 o a d g/ Ag A+’3 f 91;; J
U2(3) <U1(3)U(3)> — 01 0 0 e KW|= 0 ¢ h . (8)
2_; 0 ;TZ/ J f/ j/ 0 c d;; f c gg/ga 7

Here, by recalling the unitarity of U2(3) (Ul(S)U (3)), the most RHS of Eq.(8) further reduces

to
1 0 0 10 0
— |0 e I =10 e Wl. (9)
0 C/d/;/:lfl c’g;éa’j’ 0 f// g//
Finally, if we take U:,E?’) as
10 0
T
U?E?)) — <U2(3) <U1(3)U(3)>> = |0 e f//* ’ (10)
O h//* g//*
clearly we have
vl (v (Pu)) =1 (11)

U is another two-level unitary matrix. We have just verified Eq.(3): An arbitrary 3 x 3
unitary matrix U® is decomposed to multiplications of three 3 x 3 two-level unitary matrices.

The next is regarding an arbitrary 4 x 4 unitary matrix U®):

a dg e
b e hn
c fg0
a fB v
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We take the procedures similar to the case of U®). First, take a first two-level unitary matrix

U 1(4) as

S o 00
AT OO RETR (forb£0)
, Ay =+/l]a or
U = 0 010 (13)
0 001
\ ™ (for b = 0).
Thus,
a*dtb*e a*gtb*h a*etb*
Ay SR R A
0 bd—ea bg—ah be—an
U1(4)U(4) _ Ay Ay Aq (14)
c f J 0
o B v 0
a// d/ g/ gl
0 e o
= 1 (15)
C/ f/ j/ 6/
C]{/ 6/ ’Y/ 5/

A quick reminder: as in Eq.(5) and Eq.(6) regarding U®), while the deviations of Eq.(14)
and Eq.(15) are done for b # 0, Eq(15) holds for b = 0, either.

Next, take a second two-level unitary matrix U2(4) as

g\
*
¥

L Ay = AP+ (for ¢ #0)

(16)

S
®
Il
o Zln o &

™ (for ¢ = 0)
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, to have

A/ a/*d/+cl* f/ a/*g/+cl*jl a/*€/+cl*9/

4 Ay Ay Ay
0 6l h/ /
vl (vfvey =~ 0 ) (17)
c cdd —ad f g’ —a'j cde'—a't’
Ay Ay Ay
a/ 5/ ,7/ 5/
a// d// g// 8//
0 6// h// 1/
= L (18)
0 f// jl/ 9//
Of// /3// ,7// 5//
Further, take a third two-level unitary matrix U§4) as
( 11% 1%
a7 00 %
DAY s SR (for o £0)
Ul = 001 0 (19)
00 5
\ ™ (for o” = 0)
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, to have

a//* 8//+a//* 5//

A// (l//*dl/+a//*/8// al/*g//_,’_a//*,yl/
4

A7 A7 A7
O 6/I h// T/,/
U§4) <U2(4) (U1(4)U(4)>) _ (20)
O fl/ j/// 0//
O Oé//d”—(l//ﬂ// a//g//_a/l,yll ()!//8”—0//6//
A7 A7 A7
Al 0 0 0
O e// h// ,r]//
= (21)
O f// j/// 9//
O a//dll_a//ﬂ// Oé”g”_a//"}/” CM”E\H*CLH(;//
Y A7 a7
1 0 0 0
0 e// h// 77//
= (22)
0 f// j/// 0//
0 CM”d”*a”B” a”gllfa//’y" allal/_all(sll
A7 A7 A7
10 0 O
0 e/// h/// 7],//
= (23)
0 f/// j/// 0///

0 B/// ,ylll 5///

The last matrix form Eq.(23) implies that, by using three 4 x 4 two-level unitary matrices,
an arbitrary 4 x 4 unitary matrix U® is deformed to one effectively of an arbitrary 3 x 3
unitary matrix, which has just been verified to be decomposed to multiples of three 3 x 3
two-level unitary matrices.

By repeating the procedures above, an arbitrary unitary matrix with an arbitrary size
can be decomposed to multiplications of two-level unitary matrices.

We have verified that two-level unitary matrices form a universal set in quantum com-
puting.

b. set-f : CNOT operation and single-qubit unitary operation

We will verify below that an arbitrary 2n x 2n two-level unitary operator is decomposed
to multiplications of CNOT operation(s) and single-qubit unitary operations.
Start with a case of n = 1, where an arbitrary 2 x 2 unitary matrix is supposed to operate

on a single-qubit system or a two-component spinor, which is represented by a 1 x 2 column
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matrix or vector. The corresponding two-level unitary operator to such vector is nothing
but a single-qubit unitary operation. Now, the case is verified.

Next, for a case of n=2, where an 4 x 4 arbitrary unitary matrix operates on a two-qubit
system represented by a 1 x 4 column matrix or vector. What should be noted first is that
there exist such 6 types of two-level unitary matrices only as follows, with each matrix being

accompanied by the two computational basis that the matrix acts non-trivially on:

C

- {100), [01)}, (24)

o O o R
o O o«

o = O O
- o O O

o

+{100), [10)}, (25)

o ot O 2
o O _ O
o O

— (@] @) o

o

+{100), [11)}, (26)

> O O 2
o O — (@)
(@] = (@] S
Q o o

L
N
I

- {101), [10)}, (27)

o o O =
o o

S a0

- o O O

+{101), [10)}, (28)

o IS
(@) _ o O
o

o o o
(]

o O
[a)

: {|10), [11)}. (29)

o = O

Q
o

o o O

N.B.: [vw), |[v)|w) or |v, w) are the abbreviated notations for tenso product |v) ® |w), where
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|v) and |w) are vectors of inner product spaces V and W, respectively. We define U as

a c
U= : (30)
b d

To decompose the two-level unitary matrices, we use the following five procedures:

1.

Translate the two computational bases that the matrix acts non-trivially on, which are
written next to the matrix above (Eq.(24) for instance), into two Gray code sequences.
Hereinafter, such two computational bases may be called the original computational
bases occasionally. Then, interpolate the two sequences with other Gray code se-
quences to make a series of the sequences, in a manner that the adjacent sequences

differ in exactly one bit.

Translate back the resultant sequences into the computational bases or the two-qubit
state. Now you might have new bases also that are originally not recognized as those
that the matrix acts non-trivially on. Then, read the series to determine which of the
two qubits to flip one by one to transform the basis from the initial computational basis
to one step before the final computational basis. The initial and the final computational
bases refer to the ones listed as the first and second terms of the original computational
bases, respectively. For example, |00) and |11) are the initial and the final computation

bases in case of (7354) (Eq.(26)).

To execute transforming the computational basis from the initial one, carry out the
controlled flipping operation (= Controlled-X) on the qubit that is to be flipped (=
target qubit), conditional on the other qubit being in the state |0) (or |1)) if this qubit
(= control qubit) should remain in |0) (or |1)) before and after the operation. Repeat
this Controlled-X operation until the basis is transformed to one step before the final

computational basis (as mentioned in 2).

. We need to do one more flipping (of either qubit) to reach the final computational basis.

To this end, carry out the controlled unitary (Controlled-U for short) operation, which

executes U operation on the target qubit, conditional on the state of the control qubit.

To complete the deformation, we must carry out the same flipping operations again
as have been done to reach the computational basis that will be executed with the

Controlled-U operation.
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) ?
u

FIG. 1. A diagram equivalent to U 1(4). A and B represent the first and the second qubit, respectively.
Each line indicates a time-line on which time advances from left to right. At some point in time,

B is acted on with U operations, conditional on A being in the state |0).

Now, look at U 1(4). We follow the procedures above to interpret as a decomposition of the

Controlled-X and the Controlled-U operations. The Gray code sequences corresponding to
the original two bases are (00) and (01), and as the two sequences differ in one bit only they
have already constituted the complete Gray code series, i.e., there is no need of flipping to
do prior to the Controlled-U operation. Thus, Ul(4) can be interpreted in terms of flipping
and the Controlled-U as: Simply operate the Controlled-U operation on the two-qubit state
|00), where do U operation on the second qubit, conditional on the first qubit being in the
state |0), and reach |01), which is the final computational basis. Now, by following the
procedures, we reach a diagram FIG. 1, which should be equivalent to (71(4). In the diagram,
A and B represent the first and the second qubit, respectively, and each line indicates a
time-line, on which time advances from left to right. The diagram indicates how the two
qubits A and B correlate with each other in the course of time. FIG. 1 shows that at some
point in time, U operation is acted on the qubit B, conditional on the qubit A being in |0).
The whole circle on the time-line of the qubit A indicates that the condition imposed on the
qubit A, which is linked with U, is |0). If the condition on the qubit A were |1), the circle
would be painted in solid black. We can verify that the diagram FIG. 1 indeed represents
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A -E_?_E_

B u

FIG. 2. A diagram equivalent to FIG. 1. The white circle in FIG. 1, representing that U will be
done conditional on the qubit A being in |0), is replaced to a black circle that is sandwiched by
two X operations. A black circle means that the condition on the qubit A in the Controlled-U is

now the qubit A being in |1).

Ul(4) by reading the diagram with mathematical formulas as follows:

. 1 0 .
(0)(0)A®UB+(1><1)B®JB( (1 0) ® Up + (o 1) ®Ip  (31)
0 A 1 A
A A
10 00 i
= ®Up + ® Ip (32)
00 01
A A
ac00
Up 0 U0 bdo0o
=17 == (33)
0 Ip 0 I 0010
0001
=0, (34)

The next task is to try to decompose the two-qubit operation shown in the diagram into
multiplications of CNOT and single-qubit operations. The diagram FIG. 1 indeed prompts
us to re-draw it to the diagram in FIG. 2. The conditional part on the qubit A is replaced
to one with |1), i.e., the conventional controlled operation, by flipping the qubit A using X
operation just before the Controlled-U operation. The flipping is compensated by another
X operation just after the Controlled-U operation. We can verify that the diagram in FIG.

2 also represents 01(4), i.e., equivalence between FIG. 1 and 2, as follows:
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1

B U

FIG. 3. A diagram for the Controlled-U, by which U will act on B, conditional on the qubit A

being in |1).

(xa@ 1) (100D ® T+ (1)(11), ® Us) (Xa @ In) (3)
01 . Ig 0 01 3
= ®[B b ®[B (36)
10 0 Ug 10
A
0 I Ig 0 0 I Ug 0 U o _
- " D I I | =0, (37)
Iz 0 0 Us) \Iz 0 0 Ip 01

Now our final task here is to decompose the controlled-U operation shown in FIG. 3 (not
FIG. 1) into single qubit operations and CNOT operation. A mathematical formula for the
controlled-U (FIG. 3) is

(10)(0D) 4 ® I + (I11){1) , © Up = ak (38)
0U

Here, the Controlled-NOT or CNOT is regarded as a special case of the Controlled-U. It is
defined as one that has X for U in the Controlled-U. The diagram of CNOT is shown in

FIG. 4 and its mathematical formula is

1000
B I0 0100

(1000, ® Ip+ (|1){1]), ® Xp = = : (39)
0 X 0001
0010

The Controlled-U (FIG. 3) is widely know to be re-drawn as in FIG. 5 by using the fact
that an arbitrary 2 x 2 unitary matrix U is decomposed as U = ¢ *AX BXC with three
single qubit operations A, B, and C such that ABC = I and a physically insignificant global
phase €®. We can confirm that the RHS diagram in FIG. 5 represents the Controlled-U in
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p

FIG. 4. A diagram for the Controlled-NOT or CNOT operation. It is defined as a special case of

the Controlled-U in that U is specified as X.

expdi ey O
O expll el

FIG. 5. Controlled-U (FIG. 3) can be decomposed as RHS.

FIG. 3 as follows:

A0 Iz 0 B 0 Iz 0 C 0 I 0 (40)
0 A 0 X 0 B 0 X 0 C 0 eolg
ABC 0

= . (41)
0 e“AXBXC
10

_ . (42)
0U

In Eq.(40), we pay attention to the order of the matrices so that it reflects the correct order in
time (as designated in FIG. 5). For example, (# 4 ) is put in the left-most position in Eq.(40)
because the operation comes at last in the course of time. Eq.(42) uses U = ¢®AXBXC
and ABC = I[1]. FIG. 6 is an alternative diagram to represent the Controlled-U in FIG.
3. In FIG. 6 the phase operation is done on the qubit A at last in the course of time, while
it is on the qubit B at first in FIG. 5. With the diagram in FIG. 6 taken, for example, and
recalling the two X operations in FIG. 2, we finally conclude that Ul(4) is decomposed to
multiplications of single qubit operations and CNOT operation (FIG. 7).

Next, look at (72(4). The Gray code sequences corresponding to the original two compu-

tational bases |00) and [10) are (00) and (10); therefore, as is the case with U1(4), there is
no need to inset other Gray code sequences between (00) and (10). Thus, the diagram that
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1]
& ]
0 axpli )

Fo— 1 == c Lt

FIG. 6. An alternative diagram for the Controlled-U in FIG. 3. A position of the phase operation
differs from FIG. 5.

e 1 1 ?
B |i O aexplf ol ——

3 CID LB

FIG. 7. The eventual diagram to represent 01(4). The two-qubit operation shown in FIG. 6 is

sandwiched by two X operations to complete U1(4) and ABC = 1.

corresponds to U2(4) is shown in FIG. 8, where Controlled-U operation is acted on the qubit

A, conditional on the qubit B being in the state |0). The validity of the diagram is verified

I

FIG. 8. A diagram to represent 172(4). Controlled-U operation is acted on the qubit A, conditional

on the qubit B being in the state |0).
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Us @ (10)(0]) 5 + La ® (11)(1]) (43)
e c 10 10 00 (44)
b d 00 01 01
B
a0cO 0000 a0cO
0000 0100 0100 _
— + = = U, (45)
b0do 0000 b0dOo
0000 0001 0001

The basic strategy to further decompose the two-qubit operation in FIG. 8 is to deform
it to have the Controlled-U operation such that it operates U on the qubit B, conditional
on the qubit A being in |1). Once we extract such Controlled-U in FIG. 3, the section
will be decomposed to the composite two-qubit operation in FIG. 5 or FIG. 6. Following
the strategy, we deform the diagram in FIG. 8 to ones shown in FIG. 9. In the left-most
diagram, a white circle has been replaced with a black one, to change the condition on
the qubit B from |0) to |1), to become the inverted Controlled-U. In the middle diagram,
the inverted Controlled-U has been inverted (= upside down) between the two qubits by
using two swapping operations, to become the conventional controlled-U in FIG. 3. In the
right-most diagram, each swapping operation is replaced with a composite of two CNOT
gates and an inverted CNOT operation. The double oblique lines in the right-most diagram
means that a mirrored structure excluding the Controlled-U should come beyond the lines.

The decomposition of the swap gate is verified as

1000

Io\|looo1]| (IO

0x/)loo1o] \ox
0100

(46)
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FIG. 9. 02(4) in FIG. 8 is deformed further step by step. The original (72(4) has been deformed
in the left-most diagram using two X gates to replace a white circle to a black one. Then, the
inverted Controlled-U has been deformed in the middle diagram using two swap gates to have the
conventional Controlled-U. In the right-most diagram, each swap gate is replaced with a composite
of two CNOT and one inverted CNOT. The double oblique lines means that a mirrored structure

excluding the Controlled-U should come beyond the lines.

, where the middle matrix, the inverted CNOT, is obtained as

Ly @ (|0)(0]) 5 + X4 @ (J11)(1]) (47)
10 10 01 00

— ® ® (48)
01 00 10 01
1000 0000 1000
0000 0001 0001

= = (49)
0010 0000 0010
0000 0100 0100

The inverted CNOT is replaced to a composite of four Hadamard gates and one CNOT
(FIG. 10), and the validity is verified as

L [T o\, . .y, .
<IA®HB) (HA®IB) (HA®IB) (IA®HB> (50)
0 X
Hs 0\ 1 [Iz Ip I 0\ 1 (Iz Ip Hp 0
= |l —=1. — | . 3 (51)
0 Hzl V2 \iy —Iz) \o x) V2 \i; - 0 Hg
1000
0001
= (52)
0010
0100

Thus, with the results in FIG. 9 and FIG. 10 and the decomposition of the Controlled-U
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B B o= H H p—

FIG. 10. The inverted CNOT gate is replaced to a composite of four Hadamard gates and one
CNOT gate.

1 ]
o expil )

I

FIG. 11. 172(4) is decomposed to multiplications of single qubit gates —X, H. A, B,C, phase — and
CNOT gates, where ABC = 1.

(FIG. 6), we verify that (_]2(4) is decomposed to multiplications of single qubit operations —
X, H, A, B,C, phase — and CNOT operations (FIG. 11). The double oblique lines in FIG.
11 means that a mirrored structure excluding a composite for the Controlled-U should come
beyond the lines.

Next, look at U§4). With (00) and (11) being the two Gray code sequences that corre-

spond to the initial and final computational basis of the original bases, we must interpolate
another Gray code sequence (01) between them. Using these three Gray code sequences,
we can draw in FIG. 12 the diagram for U§4). The left-most operation is the white-circle
CNOT, defined in Eq. (53), by which the computational basis |00) is transformed to |01).
The middle operation in FIG. 12 is the inverted Controlled-U, by which the qubit A is acted
on with U, conditional on the qubit B being in the state |1). Finally, another white-circle
CNOT is done on the two-qubit state to compensate the flipping that has been done at first.

0100
(1000, ® Xa + (D, @ Fs= | - 00 (53)
0010

0001

By using the various replacements mentioned above, the diagram for U§4) is further deformed
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FIG. 12. A diagram to represent 173(4), according to the three Gray code sequences (00), (01),
and (11). The last operation, the white-circle CNOT, following the inverted Controlled-U, is to

compensate the flipping operation that has been done at first.

1 o
0 expll o)

Y,

FIG. 13. The eventual diagram to represent U§4). By using various equivalent deformations, it
becomes made up of single qubit operations — X, H, A, B, C, and phase — and CNOT operations,
where ABC = 1.

so that it contains only single qubit operations and CNOT operations (FIG. 13). In FIG.
13, the white-circle CNOT has been deformed using two flipping operations on the qubit
A, so that this section comprises the conventional CNOT. Then, a swapping between the
qubit A and the qubit B is carried out, so that the inverted Controlled-U is converted to
the conventional Controlled-U. And the swapping is decomposed following FIG. 10. The
Controlled-U is decomposed following FIG. 6. The double oblique lines in FIG. 13 means
that a mirrored structure excluding a composite for the Controlled-U should come beyond

the lines.

For the rest of 2 x 2 two-level unitary matrices and all other two-level unitary matrices
with larger size, we can verify that they are all decomposed to multiplications of single-
qubit operations and CNOT operations by following exactly the similar procedures to those

explained above.

Recalling that an arbitrary unitary matrix with arbitrary size is decomposed to two-
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level unitary matrices, we have just shown that CNOT operator and single-qubit operator
constitute a universal set of gates in quantum computing.

c. set-y : CNOT operation, Hadamard operation, and “the 7 /8 operation”

It has just been verified that an arbitrary unitary operator with arbitrary size is de-
composed to multiplications of CNOT operation and single-qubit operation. That is, these
operators constitute a universal set of gates in quantum computing. Now that, what to do
next is to try to further decompose the universal operators and reach the ultimate universal
set by limiting the variety of the single-qubit operations. We will see that the single-qubit
operations are actually limited to those that are called the “7/8 gate” (or T gate for short)
regarding z-axis and the Hadamard gate H. More precisely, an arbitrary single-qubit oper-
ation is approximated using H and the “r /8 gate” to arbitrary accuracy. Here, it should be
noted that the “7/8 gate” is not coming from 7/8 but 7/4 rotation around z-axis.

It is useful to recall a notion of a quantum mechanical rotation following the notations
in [1, 6]. An operator that rotates a 2-component spinor around a unit vector [ = (s 1y, 1)

by ¢ is written as:

G\ o6 N0
R”¢>_e”p<‘”37¢>"I“ﬁé”‘zc’”>$n§ (54)
_ [ cosg—izsing (—ila—1,)sing (55)

(—ily + 1) sin % cos % + i, sin %

where ¢ = (0,,0,,0,). These three components o,,0,,0, are called the Pauli matrices

whose specific forms are

01 0 —i 10
Oy = , Oy = e— ) (56)
10 i 0 0 —1
The o0,,0,, and o, are designated as X,Y, and Z occasionally in this writing. The rotation

operators around xr—, y—, and z—axes become

4 ¢

O coss  —isin
R, (¢) = exp (—z;qb) = N 2 . ¢2 , (57)
—1781n 3 COS 5
¢ in @
o cos g —sin £
Ry(9) =eap(—iTo) = "2 "7, (58)
S 5 COS 5
50
0.\
Ro(0)=eap (i) = | (59)
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Take U as the operator that you want to implement and V' as the one that is actually
implemented instead of U. That you want to approximate U to V to arbitrary accuracy

means that the error, E(U, V), that is defined in Eq.(60) becomes negligibly small [1, 10]:
E(U,V) = maxy|| (U = V) [¥)|| = maxy, (2 — ([ (VIU+UV) [)), (60)

where max,, means that we will use |¢)) such that the argument of max, becomes maximum
and || |W)|] is the norm of a vector |U), i.e., || |¥)|| = /(V|P¥).
We derive two relations with respect to “m/8 operator” (or 1" operator for short), which

are

10 e’s 0

eIFT = '3 ‘ = . — i3 = R, <z> ; (61)
0 €7 0 e's 4
e 'SHTH = N € (1 N e"iTT =R, (E) . (62)
V2 \1 -1 0 %) Vv2\1 -1 4
Multiply both formulae, to have

e S Te " SHTH = R. (%) R, <%> — e i3ie 2 (63)
= (fcosg — iZ sin g) (fcosg — X sin g) (64)
= ] cos? g + sin% (—iZ cosg —1X COS% — ZX sin g) (65)

- T cos T sin Z cos T T
— Jcos? = — 8 X + 8§ Y+ 8 7] 4/1—cos*= (66
8 (,/1—i—cos2§ /1 +cos? g /1 +cos? g 8 (66)
=R, (6). (67)

By comparing the expression Eq.(66) and Eq.(54), we understand that e 5 Te™'% HTH is

equivalent to a rotation (defined as R; (6)) around a certain unit vector n defined as

. cos g sin g cos g (68)
n= ) ) )
V1+cos?E (/14cos?% /1 +cos?§

and by a certain angle of 6 such that

cos 5 = cos? g (69)

Next, we detail how repeated iteration of Ry (f) can be used to approximate to arbitrary

accuracy a rotation operator R («) that rotates a two-component spinor around the same
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vector 1 as in R (€) by an arbitrary angle of . Let 6 > 0 be the desired accuracy, and
let N be an integer such that N > 27/. Define 6, (k = 1,2,...,N) so that 6, € [0,27}
and 0 = k6 mod 27. Then we can say that there are distinct j and &k (1,2,..., N) such
that |0y — 0;| < 27/N < ¢. This derivation is due to the pigeonhole principle or Dirichlet’s
box principle [11, 12]. Imagine a circle of a radius of 1 and divide its circumference by N,
so that we have now N pigeonholes, each of which has an arc of 27/N. Here, the principle
states that if n items are put into m containers, with n > m, then at least one container
must contain more than one item[12]. Under the principle, we can deduce that each arc
2w /N “contains” an angle 0 one by one, or at least one arc must contain more than one
angle. This proves that |0, —6;| < 27 /N for distinct k and j. Without loss of generality, we
can assume that & > j, and we can choose k and j such that |0;_;| = |0y — ;] mod 27 < 4.
Since k # j, and 6 is an irrational mulitiple of 27 (- cosg = cos® T), Oy—; # 0. It follows

that the interaval 0,27} is filled up by 6;,—j) as [ is varied. All the adjacent members of

0i(k—j) are no more than ¢ apart.

A quick reminder: R; («) is the target operator that rotates a two-component spinor in
3D space around a certain unit vector n by an arbitrary angle of o while R; (6, ) is the
operator that we actually implement, aiming to approximate R; (). Ry (0pa) rotates a state
around the same vector n but its rotation angle is a multiple of a certain angle of 6 such

that cosg = cos® . The angle 6, is one that is carefully chosen with ¢ (< d) as

boa = Oio(k—j) = loa(k — j)0 mod 27 (70)
|80a—0é| =e<). (7].)

Thus, the error E (R; (), Ri (6oa)) is evaluated as
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max,, (2 = (IR} (fa) B (@) + B} (@) R (600) rw>) (72)
— max, (2— (][5 Mloalh=i)0) =ity (i herg=iF Alloa (k=) W)) (73)
— maxy (2 = (p[ei3Moalb-e) 1 omiFaloabili-a)] ) ) (74)
= max, (2 ()2 cos["é” (loa(k — )8 — a>}|w>) (75)
s (2 200]cos T4l (76)
— max;, (2 — 2()] cos g|¢>) (77)
= 2(1 — cos g) <e. (78)

See appendices A and B for the derivations of Eq.(77) and Eq.(78). We have managed to
approximate R; («) to the operator having the common rotation vector n but a different
rotation angle, to arbitrary accuracy. Next, in turn we will see that R («) is replaced, using

Hadamard gate H, with another rotation operator Ry, (o) that has the common rotation

angle o but a different rotation vector m. With /1 +cos?Z = P, /1 —cos* Z = Q,
HR; (o) H (79)

¢1§<X+Z>(ICOSQ§—¢( 5 (X +2)+ i; Y)Q)%(XJrZ) (80)

1 R T s
— (2o T —i (&2 82[(X + 2) i (X+2)Y(X+2))|Q (81)
2 8 P P
A T cos T sm— T
=Jcos’ - —i| —2—(X+ 7 1 — cost — 82
8 ( 1+c082§( )= \/1+cos2” )\/ 8 (82)
= Ry () (83)

The following identity equation for Pauli matrices is used to derive Eq.(82)(See appendix
C):
(X+2)Y(X+2)=-2Y (84)

Eq.(82) shows that HR; (a) H can be interpreted as a rotation operator Ry, (o) such that

a two-component spinor is rotated by « around m defined as

(85)

cos X sin T cos X
m = 8 — 8 8
2T’ 271’ 27 |-
\/l—l—cos g \/1+COS g \/1+cos 5
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Since n and m are linearly independent, we can decompose an arbitrary single-qubit unitary

operator U using R; and Ry, [1] as:
U = e R(B)Ra(7)Ra(n), (86)

using certain three angles 3,7, and 1, and €™ is a physically insignificant global phase.
Finally, we can verify that U is approximated to arbitrary accuracy using “mw/8 gate”
(or T gate for short) and Hadamard gate H. U is the target operator which we want to
implement and is specified with three angles 3,~, and n, and certain two unit vectors n and
m. On the other hand, we can actually implement R;(6o3), R (00y), Ri(6o,), and H, and

we construct a composite operator V' as
V' = Ru(00s) H Ry (00,) H Ri(6o).- (87)

Now let us evaluate the error E(U, V) with €7 in U being dropped:

E (Ra(B) Rn(3) Ra(n), Ra(60s) H s (60,) H Ra(6y) ) (88)
= E (R (B)Ra(v)Ra(n), Ra(Oos) Rin(00y) Ri(0oy)) (89)
< E (Ra(8), Ra(03)) + E (Ra(3), Ra(60y)) + E (Ra(n), Ra(6oy)) (90)
< 3e, (91)

where a widely-known mathematical theorem [1] is used for the derivation from Eq.(89) to
Eq.(90). Recalling that Ry (fos), Ra(6oy), and Ry (6g,) are all made up of “r/8 gate” and H,
V' is decomposed to multiplications of “7/8 gate” and H. Thus, an arbitrary single-qubit
unitary operator U is approximated to arbitrary accuracy to decompositions of “m /8 gate”
and H. Therefore, by combining the fact that an arbitrary unitary operator with arbitrary
size is decomposed to multiplication of CNOT and single-qubit unitary operator (mentioned
in ITA3b), we verify that CNOT, H and “m/8 gate around z-axis” constitute a universal
set of gates in quantum computing. Also, through the discussions in IIA3a, IIA3b, and
ITA 3¢, it is fair to say that the universal set of gates comprising CNOT, H and “r /8 gate

around z-axis” is the ultimate universal set of gates in quantum computing.

4. Eramination of our potential computer’s universality in quantum computing

We examine to what extent our potential computer under construction could be “uni-

versal.” To this end, we compare the ultimate universal set of gates and our gates under
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construction. The ultimate set is taken here among other universal ones because it is con-
stituted by most simplified, i.e., most universal, gates.

Our gates under construction are R, (¢), R,(¢), R.(¢) [1, 6], and Controlled-Z (CPHASE
or Ugyz for short) [13, 14] defined as:

COS% —1 Sin%
R, (¢) = , (92)
—isiny  Ccos 3
cos% —sin%
Ry(o)= "2 TR (93)
Sll’l§ COS§
et 0
Rz ¢ = 5 94
(¢) N (94)
100 O
010 0
Ucy = (95)
001 O
000 —1

Our gate set above will be equivalent to the ultimate set of gates if R,(¢), R,(¢), and R.(¢)
are available with ¢ = &7, 7, 7. And in fact these rotation operators are available under
precise experimental conditions. Thus, the author observes that ours constitute the universal
set of gates in quantum computing. The details of how to replace (=construct) each member

of the ultimate set of gates with ours are described as follows:

o For the Hadamard gate H

H is decomposed into various forms using rotation operators: Ry(¢), R,(¢), and R.(¢).

H = R, (m)¢" T R,(3) = TR, () Ro(m) = Ru(m)e'TR,(=3)  (96)
= TR, (5)R.(m) = ¢ TR (— )R~ 5) Rl ) (97)
= ¢F R, (3)Ro(m) Ry (=) Bo(=5) Ru(m) R (5) (98)

« For “the 7/8 gate” (or T' gate for short)
T can be prepared directly from R, (%)

¢¥ R, (f) =% (99)
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E_H_,£I__||_ B ant

FIG. 14. The left diagram HpUqcyzHp is equivalent to CNOT on the right. The proof is given in

the text.

« For the CNOT gate (or Ugy for short)

Using H above, Usy is decomposed to H and Ucz as follows:

HpUpyHg = <fA ® ﬁB) Ucz (jA ® FIB) (100)
100 0
Hg 0 010 0 Hg 0
— 77 B (101)
0 Hz) o001 0 0 Hp
000 —1
1100 100 0 1100
1 11-10 0 010 0| 1]1-100
_ 1 = (102)
V29 o 01 1 001 0 |Vv2]o o011
00 1-1/\000 -1 00 1—1
1000
0100
= EUCN (103)
0001
0010

This replacement may be drawn in FIG. 14.

B. Quantum advantage of our potential computer

The author attempts to assess to what extent our potential computer under construction
could be useful from a viewpoint of its availability to solve a real problem. The problem
given here is known as one that can be solved in much less steps than usual if the computer
implements so-called the Deutsch-Jozsa algorithm[2]. To implement DJA, the multi-qubit,

say n, Hadamard gate H®" is required, where H cannot be implemented unless it is a
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ly) ——— — ly @ f(2))

FIG. 15. A schematic diagram to represent the problem to solve. Through a black box (or oracle)
Uy, the two inputs, |z) and |y), are processed to provide two outputs, |z) and |y & f(x)), where
x € {0,1}",y € {0,1}.

quantum computer. Thus, it is fair to claim that a quantum computer that H™ can be
implemented on is useful in that it is ready to exhibit so-called quantum advantage over
classical computers. In the preceding, the author defines the problem to solve and explain
how DJA works to help to accelerate problem-solving by following the procedures in [3, 15],

and examines the availability of DJA on our potential computer.

1.  Definition of the problem to solve

Let x be some n-bit sequence and let y be either 0 or 1, i.e., z € {0,1}",y € {0,1}. Now

imagine a black box (or “an oracle” in a computer glossary) Uy such that

Urle,y) = |2,y © f(2)), (104)
where f(z) takes one of the following two characteristics:

1. f(x) is a constant function: the value of f(x) is either 0 or 1 for all arguments x’s

(=n-bit sequences).

2. f(z) is a balanced function: the value of f(z) is 0 for 50% of all the possible arguments
x’s or 1 for the rest (= 50%) of the possible arguments.

When Uy is given, decide which of the two characteristics has been given to f(z). Here
“When Uy is given” means that we are allowed to know of as many sets of {|z,y), |z, y® f(z))}

as we want upon our request. The problem may be drawn in the diagram in FIG. 15.
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| 0 } H @n H @n = _"\

)

FIG. 16. A diagram to represent a solution to the problem using the Deutsch-Joza algorithm. We
set an input state |z) as |000---0), set another input state |y) as |y) = %(|O> —|1)), and measure

the first n-qubit of the output state. This diagram is taken from [3].

2. How the Deutsch-Jozsa algorithm enables us to solve it in less steps

a. Classical approach to the problem Before introducing the Deutsch-Jozsa algorithm,
let us take a look at how to solve it in a classical manner. How many trials are needed to
decide the characteristics of f(z)? In other words, how many times do we need to carry
out Uy operation? Consider it depending on the answer. In case that f(x) has been set
“balanced”, the minimum number of necessary trial is 2 if we are lucky. For if the first
output is different from the second one, this means that f(z) is not “constant” and this
implies that f(x) is “balanced.” On the other hand, the maximum number of necessary trial
is % + 1. The total number of different sequences is 2", and we cannot be sure that f(z) is
“balanced” until we try half of the input arguments plus one extra trial. In case that f(z)
has been set “constant”, the necessary number of trial of Uy is always % + 1. As is the
case of “balanced”, we cannot be sure that f(z) is “constant” until we try half of the input

arguments plus one extra trail.

Remind that even if the ket representation like |z,y) is used, this does not necessarily
mean that the problem is being treated in quantum mechanically. In fact, we have just

treated it completely classically.

b. The Deutsch-Jozsa algorithm The author will see how to handle the problem by
exploiting the concepts in quantum mechanics. First, the quantum mechanical solution to
it is represented in a form of diagram in FIG. 16, following which the solution is explained

below.
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For a n-qubit state |a);
|a) = lag) @ |ar) @ |az) @ |ar) © -+ @ |an-1), (105)
we apply the n-qubit Hadamard gate H®" ie.,
%" = Hylag) ® Hilar) ® Halas) @ « -+ @ Hyoy|an_1), (106)

where
o) = 75 (10)s +11),) (for a, = 0) (107)
75 (10)s = [1)s) (for as = 1)
A target is to deform RHS of Eq.(106) for a n-qubit state. In preparation for it, let us
examine a case of a state comprising a smaller number of qubits, 4, for example, and |a) =
11)o ®[0); ® [1)2 ® |1)5. For this |a), H®*|a) leads to,
25 (100 = 110) © = (101 + 1) @ = (10)2 = 1) & = (W) = [1s) (109
= \/—12—4(|0>0|0>1|0>2|0>3 —10%0/0)1]0)2[1)5 4+ [0)0]0)1[1)2[1)5 - - - — [1)o[1)1]1)2|1)3), (109)
where |2)o® |2)1 ® |2)2 ®|2)3 = |x)o|2)1]2)2|T)3 = |Tox12223). Here, the sign of each term is
determined as follows: |z)g = |0)¢ comes from either |ag) = |0)o or |1)¢. Recalling Eq.(107),
whichever between |0) and |1)o produces |z), |x)o does not come with (—1). On the other
hand, despite |z)g = |1)¢ comes from either |ag) = |0)¢ or |1)o, |x)o = |1)o does actually
come with (—1) when being produced from |ag) = |1);. That is, |x)) comes with (—1) if and
only if (ay = 1)&(z, = 1). Therefore, for a term |zoz1z223), (—1) is put on top of it if and
only if Zi:o xrrai is odd. Using the observation above, the n-qubit Hadamard operation on

la) leads to
') (110)

H®n| \/_ Z SR g wia

z'e{0,1}m
In our case, following the FIG. 16, we take the input |x) such that

la) = (000 - - 0) (111)

, to have

Bay = — Y ). (112)

z'e{0,1}"

=

Also, take |y) as
5 (10) = 11). (113)

5l

ly) =
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Thus, we have Uf|z,y) as

Usle,y) = o,y ® f(z)) = jz_nr /{Z}n 12, %um C) @ ) (114)
= %mle{%}n(!fﬂ\o@f@f’b—\169f(x/)>)) (115)
- > (=171 (o) = 1)) (116)

Here, the following relation was used:

(10) = 1) (for f(z') = 0)
0 f(2) — 1 f(a)) = : (117)
ety =e s (11) = 10) (for f(z') = 1)

Eq.116 surprises us that the information of f(z), which is originally expected to affect y,

appears as (—1)/@). Thus, with Eq.116, we drop the (n 4 1)th term and take the first n

terms only, to obtain

1 /
Y (=), (118)
\/2_$’€{0,1}”

We remind that this state in Eq.118 is the one that comes out from the black box Uy.

Then, let us apply H®" again on the state in Eq.118 and we will obtain

~ ]_ / ]. 7\ 73
B | == Y ()R | == Y (~)/HEE) (119)
2n 2/e{0,1}n 2n 2'e{0,1}n
1 e | ST 7
= > =D Y. (1)t z) (120)
, VoL
2'e{0,1}n ze{0,1}n

[\
3

=0 2. > (F1fErnenEz) (121)

z'e{0,1}™ Ze{0,1}"

Y Y, (FpfEEEz), (122)

2'€{0,1}n Ze{0,1}n

|~

\V)

The last form Eq.122 implies that the probability amplitude for some |Z) is

1 / /!
—1)f@eza’ 123
ol xle%;l}n( ) (123)

Now, let us calculate the probability amplitude for |Z) = |000---0). The square of the

absolute value of the amplitude correspond to the probability of |000- - - 0) being measured

when we measure the output state. The probability amplitude is found out to be

1 / ! ]. !
= >, (F)fEerT = = N (e, (124)
2 x’'€{0,1}n 2 z’'€{0,1}n
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This form means that the probability amplitude for |Z) = |000---0) is simply classified

depending on the characteristics of f(x) into,

U (i f(x) = 0)
-1 (if f(z) =1). (125)
0 (otherwise)

That is, if f(z) is “constant”, all time we measure the output, |000---0) is measured, while
if f(z) is “balanced”, we will never measure |000 - - - 0). In brief, with DJA, we can solve the
problem instantly by following the procedures in the diagram in FIG. 16, where we set an
input state |x) as [000 - --0), set another input state |y) as |y) = \/Lﬁ(|0> —[1)), and measure
the first n-qubit of the output state.

3. Ezamination of the availability of DJA on our potential computer

We examine the availability of DJA on our potential computer under construction. As
seen above, the point is whether it implements the n-qubit Hadamard gate H®" or not.
As discussed in ITA 4 above, the Hadamard gate H is available on our potential computer
under the circumstances where we can prepare R,(¢), R,(¢), and R.(¢) with ¢ = £7,+7,
and m. Thus, our potential computer can implement the Deutsch-Jozsa algorithm that can
be implemented on a universal quantum computer only. This implies that ours is ready
to exhibit the quantum advantage that quantum computer has, in that DJA enables it
to solve some certain problem in much less steps than classical computing. What should

also be pointed out is the preparation of the multiple qubit version of H is critical for the

implementation of DJA.

III. SUMMARY AND FUTURE ISSUES

We can confirm that our gate set is equivalent to the ultimate universal set of gates
in quantum computing in that each members of the ultimate set proves to be constructed
using appropriate multiplications of the members of ours. The availability of the ultimate set
makes it possible to construct an arbitrary unitary matrix, the key to implement a universal
quantum computer; thus, our potential computer proves to be universal. The Hadamard

gate H, the vital gate in quantum information processing, can be constructed using our
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three single-qubit rotation operators R,(¢), R,(¢), and R.(¢) with the rotation angles of
¢ = £5,+7%, and 7. We can also confirm that our potential computer can implement the
Deutsch-Jozsa algorithm using our computer’s universality. DJA makes it possible to solve
a certain problem in much less steps than classical computing; thus, our potential computer
is confirmed to possess quantum advantage.

We must tackle plenty of outstanding issues in the frame work of mathematical physics,
following the basic work in this article. From an aspect of a QIP algorithm, important and
urgent issues include a discovery of a new problem that is soluble on a quantum computer,
the development of an efficient QIP code for either a well-known problem or a new problem,
and the development of an error correction code [16-18], with keeping the compatibility with
the physical characteristics of the computer. From an aspect of materials physics, helping
to design QIP physical implementation from a quantum dynamical approach is among the
issues required. It might be a good idea to start it from analysing some specific structures
that are aimed to work as single-qubit gates, i.e.,R,(¢), Ry(¢), and R,(¢), and the two-
qubit gate, i.e., the CPHASE gate, by numerically calculating the time evolution of the
quantum states (See [19] for calculating a time evolution of quantum wave packet). How the
states deform as times goes by will provide information about various limiting performances,
including the maximum time limit for the structures to function appropriately as quantum
gates. Apart from above, we might have to examine the predictions that distinct two-level

quantum state can no longer be available in some extreme conditions[20-23].

Appendix A: Derivation of Eq.(77)

Pauli matrices ¢ = (0, 0y, 0,) satisty the following identity equation for an odd number

m for an arbitrary unit vector p [6],

(@-p"=1. (A1)

Appendix B: Derivation of Eq.(78)

We derive sin?z < x using a concrete example. We compare two areas inside a circle

of radius 1 with common angle z (0 < z < 7) (FIG. 17). One is a sector S; of radius

1: Sy =712 x 5= = 5. The other is a triangle S, that has base 1 and height sinz:
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Sin X

1

FIG. 17. A sector of a circle of radius 1 and angle x.

Sy =1 -sin(x) x % = % By construction, Sy < Sy, i.e.,

sin < zj (B1)
2 2
thus
sinz < z. (B2)
Combining Eq.(B2) with
sinx <1, (B3)
we have
2sin’ z < 2. (B4)
On the other hand, with /2 = 2z,
1—cos§:1—0082a::2sin2x. (B5)
Using Eq.(B4) and Eq.(B5), we reach
£
2 <1 — cos 5) <e. (B6)

Appendix C: Derivation of Eq.(82)

Using the commutation and anti-commutation relations among Pauli matrices o, (=

X),04(=Y),0.(= Z):

X, Y] = 2i7, (1)
{X7 Y} =0, (C2)
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we have
(X+2)YX+2)=XYX+IYX+XYZ+2ZYZ (C3)
=W)X +Z(—iZ)+ (i2)7Z + Z(iX) (C4)
=—ZX —iZ*?+iZ? +iZX (C5)
=21Z7X =2i(iY) = =2Y. (C6)
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