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[Abstract]

In this paper, we identify the factors that hinder the application of quantum computing technology to
solve meaningful real-world problems, and suggest related research trends and directions. To this end,
we summarize the basic knowledge of quantum mechanics from the perspective of computer science,
which is necessary to understand the difficulties in applying quantum computing technology, and analyze
the currently commercialized quantum computers and quantum programming layers from the literature.
Through an analysis of the current status and utilization of cloud-based commercial quantum computing
services, we identify four factors that currently hinder the practical application of quantum computing:
high barriers to entry for quantum computer programming, constraints on noisy intermediate-scale
quantum computers, a still-growing open source ecosystem, and difficulties in simulating realistic
problem sizes, and suggest trends and directions for related research. In doing so, it is expected to

contribute to laying the groundwork for practical applications of quantum computing technology.

» Key words: Cloud computing, Quantum computing, Software Application, IT Industry,
Computer architecture

o

2

g2
i Mo
-3
>

)

O

ol
==

2o Ao
ol
4
o,

o,
o

2 fo of ox ofl i

M= ol

2 b £ o AT ok o o

=
ox

ATEQ|0| IT AR ZIZE| OFF|EIX

4, OoTr

 First Author: Jaehyung Kim, Corresponding Author: Jaehyung Kim
*Jaehyung Kim (jaehyungkim@dongyang.ac.kr), Dept. of Computer Software Engineering, Dongyang Mirae University
* Received: 2023. 02. 22, Revised: 2023. 03. 10, Accepted: 2023. 03. 13.

Copyright © 2023 The Korea Society of Computer and Information
http://www ksci.re.kr pISSN:1598-849X | eISSN:2383-9945



2 Journal of The Korea Society of Computer and Information

I. Introduction

OFAt &M Quantum Mechanics)?] ¥2]S ARSI
NZ& gtaloz AARS A2lsl= A AEE(Quantum
Computer)= £l 2 9 &2t AR o) AFdA ol
T W2 St WS SR o) ot 53], YA A
7} 7129 HMEAQ] 712E(Classical Computers)7}
ol AsHA] st e TAE o2 4 s Ae=w
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II. Quantum Computing Essentials

1. Quantum Physics and Quantum Computer
VARl ZAEE(Classic Computer)3t T J=Holat
22 gio] Pyolo] ol me of2] 71A] Qire Al
Y5t AFX) S Qlujsic}. v|&sh WAoo 2 XO)5HAPH o
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A} AEE|(Quantum Computer)st AL dsko]
AFE5]
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1210] Qe 2

BAIE Qojeici1]. ¢

Az AgEs m2IAS g
(Quantum Program) T AL A I E9o}(Quantum
Software)2tal stc}. A} m2 T8-S AHdsh] Yoff gt

EA] A Gotat GAF AFEof tigh A]A]o] Bast 2
OFUR|TE Al e ey Yol ZEA0= AL At
o] 542 8ol AEHo|AS R4St Zlojag, oA}
AAHQuantum Operations)2 0|35t o E£2-0] =c}

NEY ort mzaEY clolldy Wt 2uE
(Quantum Algorithm)S AMd517] sl YA <3 A
st al8 A|Alo] @pElglot, Al 4zt A
TG oFAA it T2 gy ZeAEdA o &
2 £79) 2Y5E §ol YA BEAY 28 Lobg ol
7] 91gh §isp7} o]oj AL QleH2].

2, Quantum Bit
YAHQuantum)s  =ALAQ! oUX]  #29|(Energy
Level)& 711 7HAl(Entity)o]td, &f o} Us & Sx =
28 R & TS ojuistth. YR 2AER U] &
HE 771 dlzoll 788 olAMAIl groz ofux] AJE
S BFsh= o] 7hsstt:. ol2fgt dAE AR delE
El

S95) RS w3stY AL Alsksl= O ARRSH AHX]
7} OEK} 7—]I‘LE1E}J—_,- g _/'\_ 9}"4
Q.

kel olite E4e Mg T Wit Hue el
A h7RA|(Physical carrier)S FH]E(Quantum Bit,
Qubite} ik ol pxt AREEoIA Auo] &4 Tl
2 ojujso], 1A AREAIMO] BIEBIY AT G}
S 03} 19] A8 S EAY 2 ok cheD} Zo] iy
#7|H(Dirac Notation)& Agsll FH|ES] JEiE UE}
Wic}, I3 o’E 9Ju|sh= ‘Braket' oA fafjsh Aoz
Bra'®2, >’ Ket' 02 Yerf. ol YA Halof
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Table 1. Representing information in classical bits
and qubits
Classic Bit Qubit - Dirac Qubit - Vector
Notation Notation
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=2]7|(Physical System)
5 { qulEg 75 4 oled, Bt
Arslel kR AZE]L £A ©A|(Superconductor),
o] &(lon), A2]2 7]8F ¥APH(Quantum Dot), S YA}
(Neutral atom) 5-& A}8s]] FH|ES 185t} &, ojd
Wro® FES PHshoU] st gt ZRE) &
3lo] dejxict

.ﬁ.H]E7} 77(17(40] H]EQ} qE 737(17(49_] H—‘?‘—S T
19] J¥.5 YEfYl+= 819 AJEll(Ground State)et & 4
Ei(Excited State) 2Jof] &40 2 01} 12 ZA|of BT
2 9l- ZAAME](Superposition) S ZH=r}= Aolc},

’I‘%EHE OIOHOP] HolM= WA GAE Aatof of
2z0] DAAAR] 43

Wgs e SAOl M o)F
(Wave-particle duality)o] “dsdgtct. ojuff ARl =
=& AEE o=k (Wave function)2 23T 4
th o7|A 22”9l Ayt ‘WEF =)
(Observables) olgty B3, WA & ol 2a]2ko]
2o ot 22t 1.5 (Eigenstate) S 71XIct. o]
neyeisel oz st BRE 4 slonl, 4
=2 Fol| Tt tiSkl= mhadart EXISHA ot ot
gote DQAERS UER= 7t slole ol
== 522 U= A4 Coefficients)?} Q)
Q2P Hgolee BT st 27 1S
2 nAY tjofst DA & 3t 71X LA} 1
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23(Wave function collapse)2til 3t} oS Fof
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9] &A1 1.19] ‘|+'% Ket plus' &, A1 1.29] ‘|->'=
‘Ket minus’'2 9=rh o]52 9J%H(Phase)o] A2 gt
2 O SAYEY FUES ujsic. HE YE2 17
el 7o) 34 eiel 884 Qelg olololc ol =5
£, A4l e FulEd] tiaid Qlojo)

Pt A i) chg 3o 9 e
o] 24 TA Fu|EQ] SHYE} 0%e] BB 05}
akA g20] JA&l(Born's Rule)oj]

3. Measurement
Z7)(Measurement)o|2F FH|Eo]| AAtE Ay = sto]
st Axl2 oln|stth. nAAQl AZE oA v]EQ] Ay

|1

O

£ =Isp] go) AR AE] AP AR IAE %S
A oob w2 oA AREAAE BEA an

(Observer Effect)& Q15[ AH.o] kol wpAofj A 22]&lQ]
TH|EQ] JE7F uFE 4 o}, TebA] PR ZAFE oA b
o[E & =Rlsly] ot 54 e SEHe dite= Fa
ot {H|EQ] JHIE 545k YA e 1Y QEY)
o|AZ olslislr] HsliA= HA| FHIES Z|A JEiQl
10>"2} 1> 27} 3AFY RBAQ] ZE(Z-axis)E 7150
2 (Up)e} ofZ(Down) 2 6= 71 Q= Fig. 11} Zo]
UERdCE o] £& 71502 9] AERl '10>'2 90 © 3)Hsh
AEIE 1+>7, -90 ° 33 RIS C|-> 2 YR,

Fig. 1.

Representing Qubit States on a
Bloch Sphere
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% 574 oI YRbe HEERol
3 LR SEN7Y Eojof sfng ol 574 1

SEPY 589 HEe UEWE teded As Al
o] gte Gt 10] =2 Aote &5 X1Z(Probability

Amplification)o] &A1 1.31} Z40] HE]O}U( o5 Hego
Ao}t stk ojuff A4 A Qo] H5ALE Eoteln
2 0|5 3AY A 0] AlZE}slH Fig. L} a2 225

Tgow el 4 9k

o +187P=1 (13

FHIES] AHlE 712802 C|0>'1} ([1>79] 7] AHE]
(Basis vector)E &0l BE, Fo|d &+ 7]/ & o]
goll o 77k YRl FHIEZL YAehH=A2 YERE 4
Tt ol ZF9] ZIAEEY ([0>7 T (1> Oigt YA
(Inner Product)Z &3l £74 tiAfQl FHIEY Z&0f O
g A S EEY o %‘0'31, 211 3011/\17?13* A 2
ol ohst Aohgre] Ao
o] JEE 4%t A8 Y & 9lf%. 7]%‘

= o E7l‘?§ﬂ Bra's &9l £, S5
H

dlg Sof, ‘|+>'dl FulES
g <2 Uehd 2 9ok of7]A

El9] AX|(Transpose)S °Jufeitt. a2 542 &3l
70 FUIERRH 1§ ¥Z 52 U Aot
1= 9] <r= 01]
<A+ = <] (lo >\;%|1 >) (1.4)
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Table 2. Returns and probabilities measured on an
underlying basis

Qubit state | Basis Pr.obability. Meas.uret.:l
against basis Classic bit
10> |0> 100% 0
0> 11> 0%
11> 10> 0% 1
11> 11> 100%
[+> 10> 50%
[+> 11> 50% 0 or 1
|-> 10> 50%
|-> [1> 50%

4. Operations on Multiple Qubits and Entanglement
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III. Commercial Quantum Computers

1. Commercial Quantum Computers

A ST EAISIE Gt AREE Sl A
Wy 714 ogel FBIES At cistel 2lol w2t A9l
o= Ao # A EHA 2AR 02 JEetE] AR
o}, @ApIA] AHRetEl ot AREE FUIES o83 Ut
AArS Sefoke Wil Tet A GAF Aol E(Quantum
Gate) 7|9t HE& At TFE FAF o' 2% (Quantum
Annealing) 7]80] 54258 oxt eI T At 2
EE|(Adiabatic Quantum Computer)2 T

1.1 Quantum Computer Architecture
71N QU o] PR e oPIEIAS o

2uv 1w
= i,

Quantum =%, DSP AT Quantum
Program (Digital Signal Processor) Hardware

Quantum Computer

Fig. 2. Quantum Computer Architecture

Fig. 2014 At 2 22fY) 1o} ARESH 7t At
n 27288 1XAQ] CPU(Central Processing Unit)of| A
H3ol2 AMsstal, o] YAt AR](Quantum Hardware)

ojxf AT £ Q=T 4l5(Signals)=2 gk
DSP(Digital Signal Processor)& A HME=c} A} A
AloA ARl PP ole YA HHIE wgkskal, AL
o] HHIE &7dsts 9y Ajlez HdEof Qlu, AF
Ao g AFEAPE ERlsH Hste U= Atz g
2tk o2 ZolM IR FRIE Hdshe Wil o2t
FeRlE & 7 R3Y A AREIE RS it

%

1.2 Gate based General-Purpose Quantum Computers
He  OoFx}  AZE|(General purpose Quantum
Computer)¢t 3*‘?3943& Y SR dargES Zr e

OIAIAIAl 229 dAke R A=l Tidsteg [
Eo] FJHIE AI&3lM FXlsk= Aol ofdt). §5] SAl]
SR FAsIAl e FUIEQ 27t Fojual g2
7} ZIo|AaE o] =(Noise)’} BT &-50] ot
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SfIEsHA] Xothl FHIES tRe agolA TAste @
+5 47d(Error Correction)st= Z71AQ1 APt B4
Aolct. ol2igh {9 HE It AREE kolz B
T2 YA AEE|(Noisy Intermediate-Scale Quantum
computers, NISQ computers)2}al 3HCH7].

20199 T3(Google)|H FEF WE YAl AFEIQ
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S 71 4UAFE P02 BARE U 235]
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Table 3. Quantum devices with cloud quantum computing services

Manufacturer QPU Model qﬁb(ijtfs Architecture Amazon Azure
Harmony - 11 Trapped Ion 0 0
IonQ -
Aria - 23 Trapped Ion X 0
0oQc
(Oxford Quantum Lucy - 8 Superconducting 0 X
Circuits)
Quera Aquila - 256 Neutral Atom 0 X
Rigetti Aspen-M Aspen-M-2 80 Superconduct?ng 0 0
Aspen-M-3 80 Superconducting 0 0
Xanadu Borealis - 216 Photonics 0 X
D-Wave 2000Q - 2048 Superconduct?ng 0 X
Advantage Advantage 1.1 5760 Superconducting 0 X
(Amazon Marketplace) QPU Advantage 4.1 5760 Superconducting 0 X
Quantinuum H1 H1-1 20 Trapped Ion X 0
H1-2 12 Trapped Ion X 0
Quantum Circuits, Inc. N/A X Planned
PASQAL N/A X Planned

2. Quantum Computing Services on Cloud
20199 14 3[x9] Al0|E 7]¥F & IR AREHY
IBM9] Quantum System Oneo] &A% 0|2, o]2E
F(lon Trap)2 ©]8%h lonQ, £X=A| &3 Rigetti,
L EYA(Photonics)Z E835H Xanadu 59| AR UAt
AFE7E SAEAH{13-16]. o2 =% NISQ 39
Gt ARE R ARRARS S .—3‘3}05 MY A Bl AF
o AR R FA AREE AT 4 ok AH|Ady
QlZeNInfrastructure as a Service) Al Adjg]A
(Serverless) B}Al0 2 A}-85h 0H2 B] 8-S A|25H= £3F
Al WAl (Metered Payment) 0.2 AlF-Ect YAt AFEHE
F55h= Ol B H]82 ARR[stalMetE, M oR =
2)& FH|EQ] AE|E 9X|sl] Ysas ZALo]
(Near-absolute zero)o] = @5}c}. o]2{st #7343 Algst
& Q= Aldo] Hojg AlEP7E E 4 Qlon, S2HeE A
H|A AlZAKCloud Service Provider)7} UAPAREE Al
8]AS Alohs 22 @A HA0)AL & 4 T =
© W52 8 IR ARE AEAP ARz o]
El AlE1S 25t 229 &2 1500 Me|AS
AFs7|= gt} Table 3 iEAQl F2HQE MulA
AZAl AWS(Amazon Web Services)?t Microsoft
AzureoA] ARG 7hseh A& YAt ARHE UERD
[17-23]. o] Y& S2He-E MBlA AFAL 5 A AL
ARE APlAS JEoz Algske 488 didez A

At

b

3. Quantum Software Stack
29 AIAS Fol Y AFRRIE] ARG Ths

We 52 =4 BAQ o} AREE BEsP] YaIE
ot FmelEe Rt =2y ¢loj(Quantum

Programming Language)S £3ff AH/dsljo} sttt Fig. 3
o A AREE O] ge Amegol AES Uehd
ok 9t 2 2e9) Qlof J1E0] me el Qlojehs
o] gt steglols AR R ohe] $igt Qoo
2 QR Qlatol Tt 380 olsr Wasolgiry. siRlgt
&St Aol SAF e Y dolE Fdstst, Al
WS W27 9Ie AES} olold QEAA lof
Qiskit, Q# 5= &oll YA 2 IS H5 A A4
9Vl Sk sl ZRHLE AHlAL BE el
AHHIS &3t APl @52 dEof Qlil, ojof of
SDK(Software Development Kit)o] A|&E]al 910 o]
59l 97 e AR Wart ok olz el 4 2
9]
7

ek e

J

L ANHA AFAEL AFAoz Y
(Framework)E A|Afsto] AL =2 T2y Aojet A
AGsttt Azure Quantum@ 739 QDK(Quantum
Development Kit), AWS Braket?] 7Qoj= AWS
Braket SDKQ} At m@ gt Qloj¥z = zujo|f
(Provider)E Algsll A IAPEFE Avl2o g2l

S UL 4 A= AEY 4 W B

ru[o \JJ o ok
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—[ Quantum Program ]

Development Kit
for Cloud Services

T
A

Quantum Programming Language

-~
L

Intermediate Layer
(OpenQASM, Cirg, etc)
Quantum Operations
(Measure, Entanglement,
Superpomhon}
Quantum Qu

Simulator

Cloud Services
(Azure Quantum, AWS Braket)

Fig. 3. Software Stack on Quantum Computer

Delivery
"

IV. Applications and Limitations

1. Industry Applications and Trends
UM At AR A ZAlof thgh
| dieh =2 dAAlE 71Eer o5 Rl Foloh
E3 @ 250 48 PR AAHT R00ld 250 4R
wAlE sidshs dl 870l B KﬂobR ol &
= 52 Agd

5H735}L gpAlo 2 é%

WA 2YY

=2

=

OﬂHL J
( A (Chemistry  of Materlals) o Kﬂok
(Drugs), 28(Banking) ¥ =Z8{(Finance), A A&

(Manufacturing) 9] 204 A} dd]&5E Edff OH
28 TAY #32 ddsE e A AsEL 9l
(24-28]. T}g, o]aﬁ_} Al si2 063% 7]—7‘5 |

#1103 AR £5 A %xlsm_ 9101 e
200 715 2R olelet 959 =
Ao o] o|gAlL 9k,

Aol ot L2 ol AR ZHE oA A

aflof %‘ S0 GAF BFEOIA A2fslor & B2 Us
# Sl ofoluele Z2ae AU B0 S
9)ct. AWS Braketo]| A= stojd2] & At (Hybrid Jobs)
% Bl sfoluele Q-1 GBS sk

Okx} FAZEO] Lo

Ak 2 QITH3I).

2. Challenges of utilizing quantum computing

technology
ol HoM= HAAIFOM YA HFEHY &8-S o
7l she dEske Q0152 AmEr

1.1 High Barrier to Entry

i 2y Qloje] WO HlwA e 47
FA3hE B9 23 AN ot 277t A Fols9l
ou, of 5] Yt AL ofshelr] Al At Atk
ol T o) Basict, w2, 4 £ I
DEL ME] YL V1R BAS YR ARE
of Sgo] WA WSt AAL ARo} sk o] 4
250l ot 2 ols)E 73} oj2idt ol g2 sh2
5] 9ol Aze 290t ASL S5 PRHEY T1eS
Z8sb7] 43t A7} ololA|1 9lrH32-33)

1.2 Quantum Hardware Limitations
Zeroc slute) A YRR Mular gt AR
E|S Z9X}Y(Shared Resource) FE|Z &3t} AL

APE AR A 2RO S oR ASisks EH};
HQueue)ol] A7JstaL, ARPE W T3S ASEst
S 1 ZuE AREALOA SRt mebA | Aol
e ARdliA AREsH] offithe Alofo] Qlot. &
W2 Aol YR AFEY o] =E Folal MR A
B2 S9x|5p7] 95t A7)AQ1 Sx|%z](Maintenance) &
Ao 0I5} 24AI17F YA AEE AH|AS 295H= 7l0]

ojgict AoFrr Ex|Sic) kS wo|R Z7HIER UK}
BEZ dolMe M2g FAE 5ol ol2id Aleksol o

v O

2d 7o st

1.3 Open Source Limitations

01-1\1 01_—1. ]- u]_ L]olx]—tﬂj_]( /\]-_Q_ o]:;q} 74;;514
#Al 2Alo] B3t S8 ARRle) BRI AfeiAR a%i
2 el a7} grid o Ak wolt. a7 e Al
N2 w20z Fg ot ARElS] steglojel anE

~8g DRGSR, YR 22 Afgage A
Zletstel i w2fsh Qlont, o] mhe Bo] koje} o
I QTH34-36].

m)’

1.4 Difficulties of simulation

8 ot ZREL BYS7] AR oA Anelee
OFR} AZE|Q] "iAlo 2 A|gHo]Hs7] 93t Aot 9
A} AlEdo]E(Quantum Simulator)S ¥AA|ZiCE That,
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Ao 73sb] 9

2 a7k Aol

\_.

sb7] siAlE oF 16mERto] =(Petabytes)] w|2e] B
Zro] Wasict. o]l BRI s1dst] el chaat WAl
2 ul2e] Age Folu, Algeolde Jt4sleis o

[e]
7 A&Ea 9ltt. £3], GPU(Graphics Processing
Unit)S &835] CPU Y=< 451, U2 22AEHS

ol wAIE =0k o35t fre] F7hs SHok= W
Al So] AAIE AL QJtH37-40].
V. Conclusions

Ot 739 A8 ST ARE S &8af A o] 9
+ dA S sidstele Alet 718 1A AR
B g74ollA stedojet AT EY0] Foprt WS BFAl
I} GAlSE 322 7k 9tk £ A} mg 7=iS Jfdt
sP7] g AZEQo] FebAQl ZHOAMEE QEAA

=2 M E% O}:K} 7_]%
Blo] S/dol] 7]viet m2 ey e WE URf HFE
2t steete f2AQl Alofe Ylofd 4 ot 53] 1A
ol AREZL 1A HeAo g sl IR AREQ 8

SR 71E siEsHA] X 7}
Z0jR] BRI} =& Zlo] AAo|t}, R} AEE Q] T}
AZHo AR L, 580 69 59 JEfS ogHeR &
A 2 g 2 7P et At Ales

7} kS o] dejdo] 71 AAte] wiste
OF)= AlgAo] & Ao oife|os, A
s A 7oz 7|chEct
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